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The band offsets between an amorphous LaAlO; dielectric prepared by molecular-beam deposition
and a n-type Injs3GagqsAs (001) layer have been measured using synchrotron radiation
photoemission spectroscopy. The valence and conduction band offsets at the postdeposition
annealed LaAlO;/InGaAs interface are 3.1+0.1 and 2.35+0.2 eV, respectively. The band gap of
LaAlQ;, as determined by Al 2p and O 1s core level energy loss spectra, is 6.2+0.1 eV. Within the
resolution of the medium energy ion scattering technique, no interfacial oxide layer is seen between
the InGaAs and the 3.6 nm thick amorphous LaAlO;. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2783264]

As we approach the fundamental limit to the scaling of
the conventional complementary metal-oxide-semiconductor
(MOS) transistors, high dielectric constant (high-«) materials
and high mobility, smaller band gap III-V channel materials'
such as indium gallium arsenide (In,Ga,_,As) and indium
antimonide are being actively investigated for future logic
technology generations.z’3 To act as a barrier for both elec-
tron and hole injection, sufficient valence and conduction
band discontinuities between the insulator and the semicon-
ductor is desirable in such devices.*’ Furthermore, to
achieve less than 1 nm equivalent oxide thickness, an abrupt
interface without an undesirable lower-« interfacial layer is
needed.

Due to several promising electrical and physical charac-
teristics of molecular-beam deposited amorphous LaAlO;
with Si,°”® we have begun to explore the possibility of its
inclusion as the gate dielectric in InGaAs-based devices.
Minimal frequency dispersion, <40 mV hysteresis, and
low leakage current density have been measured in
LaAlO3/Ing 53Gag 47As MOS capacitors.10 In addition, using
high-resolution transmission electron microscopy and elec-
tron energy loss spectroscopy, the insulator layer was found
to be amorphous and no undesirable oxide layer was ob-
served at the LaAlO; and InGaAs interface despite annealing
up to 500 °C." In this letter, we report the structural, chemi-
cal and electronic properties of thin amorphous LaAlO; on
n-Ing 53Gag 47As as measured by medium-energy ion scatter-
ing (MEIS) and synchrotron radiation photoemission spec-
troscopy.

Y Author to whom correspondence should be addressed; FAX: 1-408-653-
6790; electronic mail: niti.goel @intel.com

0003-6951/2007/91(11)/113515/3/$23.00

91, 1135151

A 100 nm thick Si-doped Inj 53Gag 47As epilayer was de-
posited on a 100 nm thick n-type Ing 5,Al, 4gAs buffer layer
grown on n* InP (001) substrates in an Intevac GEN II
molecular-beam epitaxy (MBE) system. The InGaAs
samples were capped with an amorphous arsenic layer to
minimize the interfacial defect density as well as native
oxide formation during air transfer.'" The arsenic cap was
desorbed in an EPI 930 MBE in the absence of an arsenic
overpressure. Amorphous LaAlO; was then deposited at
80 °C substrate temperature by a technique described
previously.&lo

The electronic properties such as the valence band (AEy)
and conduction band offsets (AE;) between LaAlO; and
n-type InGaAs were then determined by photoemission
spectra taken on beam lines 8-1 (photon energy range of
30-170eV) and 10-1 (photon energy range of
200-1200 eV) at the Stanford Synchrotron Radiation Labo-
ratory (SSRL). The Gaussian broadening by the analyzer and
the beam line was about 0.15 eV. MEIS was performed, us-
ing an instrument described in detail elsewhere.'*"?

The MEIS spectrum of a 3.6 nm thick LaAlO; film on
InGaAs (Fig. 1) has well separated oxygen, aluminum,
gallium/arsenic, and lanthanum/indium peaks. The MEIS
backscatter model analysis is consistent with an abrupt inter-
face between the LaAlO; and InGaAs, assuming LaAlOj
film stoichiometry of La:Al:O=1:1.1:3.1, within the
0.2—0.3 nm resolution of this analysis. Furthermore, nearly
identical Al and O profiles (Fig. 1, inset) indicate the absence
of any other oxygen-containing phase at the interface. Thus,
no interfacial oxide layer is observed for the as-deposited
LaAlOj; (not shown) or after annealing at 440 °C (Fig. 1) or
500 °C (not shown).

© 2007 American Institute of Physics
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FIG. 1. MEIS energy spectrum (dots) of a 3.6 nm thick amorphous LaAlO;
film on InGaAs after an in situ postannealing at 440 °C. The MEIS spectra

were taken with a double channeling geometry in the InGaAs [112] scatter-
ing plane, the incoming beam aligned with a [100] channeling direction, and
the detector axis aligned with an InGaAs [111] axis. A H* beam with
130 keV energy and a scattering angle of 125.3° were typically used. The
quantitative model data (line), where an oxide-free interface is assumed, is
also shown. In the inset, the overlap of the Al peak with the O peak is shown
(normalized, background subtracted).

14,15
L

The model proposed by Kraut et a was used to

determine AFEYy.

AEU = (EAS 3d— Ev)InGaAs - (EAI 2p Ev)LaAlO3
= (Eas 30— Eal 2p)LaAI0y/1nGaAs» (1)

where E, 3, and Ey ,, are the core level positions, Ey for
InGaAs and LaAlOj are the valence band maximum (VBM)
of these bulk materials, combined with the core level differ-
ence of the heterojunction (LaAlO;/InGaAs). The
LaAlO;/InGaAs samples were either as deposited or an-
nealed at 440 or 500 °C in an UHV chamber to remove the
adsorbed hydrocarbon and hydroxyls (OH) on the film
surface.” To remove the native oxide from InGaAs, the bulk
sample was ex situ cleaned in dilute HF followed by anneal-
ing at 200 °C in UHV for a few minutes to eliminate the
surface elemental arsenic (As—As) contribution to the refer-
ence As 3d peak.16 The As 3d signal of clean bulk InGaAs
consists of a doublet with As 3d5,, and 3ds), peaks where As
3d5,, is at higher binding energy.

Appl. Phys. Lett. 91, 113515 (2007)
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FIG. 2. Valence band and shallow core level synchrotron radiation photo-
electron spectra for bare bulk n-type Inj 53GaAs (001) [(a) and (d)], a 15 nm
thick amorphous LaAlO; film [(b) and (e)], and a 1 nm thick
LaAlO5/InGaAs heterojunction [(c) and (f)]. LaAlO5 was in situ annealed at
440 °C. In (c), the simulated VB spectrum (solid line) is compared with the
experimental VB spectra (open circles) of the as-grown LaAlO;/InGaAs
heterojunction. The core levels and valence bands were measured with a
photon energy source of 140 eV at normal incidence with the electron en-
ergy analyzer pass energy of 11.75 eV. For clarity, each spectrum is plotted
with the maximum intensity scale for the respective peak.

The valence band (VB) spectra and core levels (Fig. 2)
were used to establish the VB offsets. Using linear extrapo-
lation method,17 the VBM energies for clean bulk InGaAs
and a 15 nm thick amorphous LaAlO; were determined. The
VBM and measured core level energies for annealed and
as-deposited samples are summarized in Table I. The AE,
between LaAlO5 and Inj 53Gag 4;As was then calculated us-
ing Eq. (1) (listed in Table I). Comparison of the LaAlO;
(1 nm)/n-type InGaAs annealed interface spectra [Fig. 2(c),
dots] with a simulated VB spectrum (line) suggests that there
is negligible contribution of any interfacial layer. The simu-
lated VB spectrum was produced by shifting and summing
the VB data for the annealed 15 nm thick LaAlO; and clean
bulk InGaAs."” Similar data are seen for as-deposited and
500 °C annealed dielectric samples.

The band gap values of the dielectric were obtained from
the photoemission spectra using the onsets of the electron
energy loss signal for the Al 2p and O 1s core level peaks18

TABLE 1. Summary of core levels, valence bands, conduction band offsets (AE.), and valence band offsets
(AEy) for bulk n-type Ings3Gay4,As, as-deposited and UHV-annealed amorphous LaAlO; films on n-type

Ing 53Gag 47As.
UHV szneal EAs 3d EAl 2p EVBM AEU AEC
Sample (°C) (eV) (eV) (eV) (eV) (eV)
Bulk clean InGaAs 200 40.8 0.37+0.05
15 nm LaAlO;/InGaAs Unannealed 75.15 4.36+0.05 3.12+0.1 2.33+0.2
440 74.75 4.21+0.05 3.09+0.1 2.36+0.2
500 74.7 4.19+0.05 3.12+0.1 2.33+0.2
1 nm LaAlOs/InGaAs Unannealed 41.04 74.52
440 41.05 74.25
300 40.95 7415
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FIG. 3. Energy loss spectra of (a) Al 2p and (b) O 1s photoelectrons of 9.5
and 15 nm-thick amorphous LaAlO; films postdeposition annealed at
440 °C. The two curves in each plot are offset along the intensity axis for
clarity. The band gap was determined by linear extrapolation, shown by the
dashed lines.

by linearly extrapolating the segment of maximum negative
slope to the background level, Fig. 3."° The band gap of the
as-deposited and annealed amorphous LaAlO; (E,)paal0,
was thus determined to be 6.2+0.1 eV.

From the VBM and E, values, the conduction band off-
set between LaAlO; and InGaAs given by

AEc=(Eg)raaio, — (EgdmGaas — AE, )

is calculated and listed in Table 1. Here, (E,)1,Gaas is the band
gap of Inj53Gay 47As. We determined AE,=3.1+0.1 eV and
AE-=235+£0.2eV for annealed LaAlO; on n-type
Ing 53Gag 47As.

For comparison, reported experimental values of AE),
and AE. between MBE LaAlO; and Si are 3.2+0.1 and
1.8+£0.2 eV, respectively, for an amorphous LaAlOj; film de-
posited by same technique.7 Using the charge neutrality level
method, the calculated AE and AE), of LaAlO; are 1.5 and
2.6 eV with GaAs and 2.5 and 2.7eV with InAs,
respectively.4 Considering that the band gap of crystalline
LaAlO; (5.6 V) used in these calculations % is different than
the band gap of our amorphous LaAlO; layer (6.2 eV), the
experimental band offset values obtained here on
Ing 53Gag 47As are close to a linear interpolation between
these calculated band offsets.

In summary, we have used a combination of shallow
core level and valence band photoemission measurements to
directly determine the valence and conduction band offsets at
the amorphous LaAlOs/n-type Injs3Gaj4;As interface and
the band gap of the dielectric. Within the resolution of MEIS,

Appl. Phys. Lett. 91, 113515 (2007)

no interfacial oxide layer was observed between InGaAs and
a 3.6 nm thick LaAlO; overlayer.
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