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The surface reactions of La,Al,_,O5 ultrathin films deposited on atomically clean In,,GajgAs by
atomic layer deposition are studied by in sifu high resolution x-ray photoelectron spectroscopy.
Using 1:2 alternating cycles of La,03 and Al,Oj5 results in a La:Al concentration ratio of 1:10. We
found that the La,Al,_,O3/InGaAs interface consisted of interfacial Ga-suboxides and As—As bonds
but no As- or In-oxides were detected. This suggests an interface formed by Ga—O—-Al and Ga—O-La
bonds from the precursor reaction. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.3009303]

The search for a suitable high-« dielectric on III-V high-
mobility substrates for surface channel metal-oxide-
semiconductor (MOS) applications has led to resurgence in
interest of interface studies. For scaled structures beyond
20 nm gate lengths, the dielectric constant for Al,O3
(k~9) can be enhanced by the addition of other high-« ox-
ides (HfO, or La,05) while preserving its useful thermal
stability.l’2 Recent reports have investigated molecular beam
deposited® LaAlO; and atomic layer deposition (ALD) of
HfAIO; on InGaAs," due to the higher electron mobility and
mitigation of Fermi level pinning problems associated with
GaAs surface states impacting MOS devices.”™

Differences in the initial surface leads to different reac-
tion channels and therefore to different interface bond
arrangements.&9 The nucleation of ALD grown AlL,O;
can depend strongly on the availability of surface—-OH
groups rather than on the deposition conditions.'” Lim
et al. reported the deposition of LaAlO; (LAO) films on Si
using a La  amidinate  precursor  (tris(N-N'-
diisopropylacetamidinato)La [(‘Pr,-amd);-La]) and water."
They reported a low C contamination (~1%) and no self-
decomposition below 350 °C.

In this letter we report on the surface chemical
reactions of La,Al,_ O3 and Al,O5 deposited on atomically
clean InGaAs substrates by ALD. A recently developed
La-amidinate precursor'> (tris(N-N'-diisopropyl-
formamidinato)La [(‘Pr,-fmd);-La]) together with water is
employed for La,O; deposition and trimethyl aluminum
(TMA) with water for Al,O5. In situ ALD and x-ray photo-
electron spectroscopy (XPS) analyses are used to study the
interface bonding arrangement and the relevant reaction
paths are discussed as well.

The 1X1cm? substrate consisted of a 13.5 nm
Ing ,Gay gAs layer grown by molecular beam epitaxy13 on a
semi-insulating GaAs(001) wafer with an intermediate
535 nm thick GaAs buffer layer. The InGaAs and GaAs
buffer layers were doped with Si (n-type, 1X 10"7cm™3). The
InGaAs native oxides were removed using an in sifu atomic
H treatment (AHT) at a substrate temperature of 450 oc 14
This surface preparation method provides an atomically
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clean InGaAs surface reconstructed (2 X 4). After the surface
cleaning, either 1.4 or 10 nm La,Al,_ O; films were depos-
ited in situ using an integrated SUNALE™ ALD reactor."’
For comparison, a 1 nm thick Al,O5 film was deposited un-
der identical ALD conditions on an InGaAs sample sepa-
rately. The La,Al,_ O3 ALD deposition was carried out at a
substrate temperature of 200 °C to minimize the thermal de-
sorption of volatile As and In in a base pressure of flowing
N, of 10 mbar. The La,Al,_ O film was deposited by re-
peating 1 cycle of La,O; (i.e., La precursor+water) and
2 cycles of Al,O3 (i.e., Al precursor+water+Al precursor
+water) for a total of five times. The integrated ALD reactor,
transfer chambers, and XPS system enable the interrogation
of the surface without spurious contamination.'® The XPS
data were obtained using an Al Ka; monochromatic x-ray
source (0.25 eV line width) and a hemispherical analyzer
(pass ener_%y: 15 eV) equipped with seven Channeltron®
detectors.'” The take-off angle from the substrate surface was
45°, with an analyzer acceptance angle of 16°. The deconvo-
lution of XPS spectra was performed self-consistently using
the software AANALYZER (Ref. 18) with fixed values for pa-
rameters such as Lorentzian/Gaussian ratios, spin-orbit split-
ting, and branching ratios, which are either known or deter-
mined directly from the atomically clean InGaAs substrate."*

Figure 1 shows the Al 2p and O 1s XPS spectral regions
for a 1.4 nm thick La,Al,_,O5 film grown using alternating
cycles of La,03 and Al,O5 on atomically clean Inj,GajgAs
as well as the comparison spectra for the 1 nm thick pure
ALO;." The binding energy of the Al 2p (74.9 eV) is con-
sistent with O-Al-O bonding environment.**! The O s
shows two peaks for the pure Al,O; films (at 531.6 and
533.6 €V) and three peaks for the La,Al,_ O; film (531.6,
533.0, and 530.0 eV). The first peak is as attributed to oxy-
gen in the Al-O-Al bonds,zo’21 and the second to AI-O-H
and La—O—H bonds.”** The third peak, appearing only in
the La,Al,_ O3 film, is chemically shifted by —1.6 eV with
respect to the AI-O-Al peak and is identified as oxygen
forming Al-O-La bonds. The chemical shift is likely caused
by an additional charge transfer”* from the La to the O atom
as the Al and La atoms possess different electronegativities
(1.61 and 1.10, respectively).” No La-O-La bonding
(528.8 eV) is detected.”® The O 1s in Fig. 1 shows no sig-
nificant difference in the observed amount of hydroxides be-

® 2008 American Institute of Physics
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FIG. 1. (Color online) Normalized Al 2p and O 1s XPS peaks for 1 nm of
LaAlO; vs 1 nm of Al,Os. In both cases Al 2p shows a single chemical
component around 74.9 eV corresponding to fully oxidized Al. O 1s shows
a main peak around 531.7 eV corresponding to La—O—-Al and Al-O-Al bond
arrangements for LaAlO; and Al,O3, respectively. The small feature at 2 eV
above corresponds to hydroxyl groups.

tween the two samples. From the XPS analysis, the AI-OH
amount is ~10% of the total oxygen in the film and is at-
tributed to residual water incorporated during the ALD
growth at 200 °C.

The total C content detected in the films (not shown)
measured by the XPS C 1s feature to be ~4% for the 10 nm
LAO films. For the 1.4 nm LAO film, C-O, C-O-H, and
C-C bondings were detected, while the thicker 10 nm LAO
film indicated the presence of C—O and/or C-O-H bonding
without any observation of carbonate peaks. By comparison,
XPS measurement of the Al,O5 film indicates the presence
of C—C bonding with a C concentration ~4%. We note that
these levels of C are somewhat higher than previously re-
ported secondary ion mass spectroscopy results for
La(‘PrAMD); on Si at 300-330 °C,"" and may be attributed
to the lower deposition temperature employed here for the
InGaAs substrates.

Figure 2 shows the XPS spectra of the As 2p;),,
Ga 2p;3p, and In 3ds, for the clean InGaAs surface
(bottom), 1 nm Al,0;/InGaAs (middle), and 1.4 nm
La,Al,_,O3/InGaAs (top). The In, Ga, and As peaks in the
clean substrate show a single chemical component that is
free of detectable surface oxides and As—As bonds as a result
of the AHT." After the deposition of 1 nm of Al,O;3 or
La,Al,_ O3, the In 3d5,, region still shows a single chemical
component (444.2 eV), indicating that the In-deficient
surface'® results in no In substrate reaction with the overly-
ing oxide.

In contrast, the Ga 2p region shows an additional chemi-
cal component at 0.4 eV above the Ga-bulk component and
is associated with the formation of Ga-suboxide.”””® The
chemical shift found here is substantially lower than in
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FIG. 2. (Color online) As 2ps,, Ga 2ps,, and In 3ds,, showing the surface
reaction at the initial growth of LaAlO5; vs Al,O5. The formation of As—As
and Ga-suboxides occurs in a similar manner for the two films. The forma-
tion of In oxide is not observed.

Ga,0; suggesting the formation of a Ga-suboxide most
likely in the following bond environment: substrate-Ga—
O-Al (or La).”® Similarly, the As 2p5,, shows an additional
component at 0.63 eV above the position of the As-bulk peak
(1322.4 eV) and is associated with As—As bonding.27 The
area ratio of the nonbulk/bulk Ga and As components are
0.31 and 0.49, respectively. Assuming that these chemical
species are confined at the interface forming a layer, the
above amounts correspond to a full monolayer for each
case.”’? Given the amounts of reacted Ga and As at the oxide-
substrate interface and chemical bonding detected, we de-
duce that the reacted interface is chemically abrupt.14

Figure 3 shows the Al 2p, O 1s, and La 3d peaks com-
paring 1.4 nm versus 10 nm thick La,Al,_ O3 films.*® Oxi-
dized Al and La species are evident in both films, with the
expected XPS satellite structure for La.*! The relative atomic
concentrations were calculated using calibrated atomic sen-
sitivity factors obtained using XPS and Rutherford back-
scattering spectroscopy from sputter deposited LaAlO5 thick
films. From the calculated atomic concentrations the anion to
cation atomic ratio is 3:2. The Al:La atomic ratio is 11.5
which gives an x=0.16 for La,Al,_,O;.

In conclusion, we have shown that the ALD growth of
Laj 16Al; 3403 and pure Al,O; on atomic hydrogen-treated
InGaAs results in similar interface bonding arrangement
while producing the equivalent of one monolayer of As—As
bonding and Ga—O-Al(La) bridging between the substrate
and the film. The employment of an atomically clean InGaAs
substrate and ALD deposition of La,Al,_,O; using TMA/
water and (iPrz-fmd)3La/water chemistry results in the for-
mation of a single monolayer interfacial layer.

The authors thank J. Suydam, D. Shenai, and M. Rous-
sean of Rohm and Haas L.LC for the La precursor cmploved
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FIG. 3. (Color online) Al 2p, O 1s, and La 3d comparison of 1 vs 10 nm
LaAlO; films. There are no detectable differences in the LaAlO; films com-
position or chemical bonding. The atomic composition calculated from XPS
is Lag 03Al9,3700.60-
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