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Abstract:  GaAs metal-oxide-semiconductor devices historically suffer from Fermi-level
pinning, which is mainly due to the high trap density of states at the oxide/GaAs interface. In
this work, we present a new way of passivating the interface trap states by growing an
epitaxial layer of high-k dielectric oxide, La,«YxOs, on GaAs(111)A. High-quality epitaxial
La; 4 YxOs thin films are achieved by an ex-situ atomic layer deposition (ALD) process, and
GaAs MOS capacitors made from this epitaxial structure show very good interface quality
with small frequency dispersion and low interface trap densities (Dj). In particular, the
La,03/GaAs interface, which has a lattice mismatch of only 0.04%, shows very low Dy in the
GaAs bandgap, below 3x10'"" cm?eV™ near the conduction band edge. The La,O3/GaAs
capacitors also show the lowest frequency dispersion of any dielectric on GaAs. This is the

first achievement of such low trap densities for oxides on GaAs.
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High-mobility InGaAs metal-oxide-semiconductor field-effect transistors (MOSFETS)
have shown promising performance compared to Si-based devices for high-speed
complementary MOS (CMOS) logic applications. However, GaAs MOS devices suffer from
Fermi-level pinning, which is mainly due to the high trap density of states at the oxide/GaAs
interface.™ 2 In this work, we present a new way of passivating the interface trap states by
growing an epitaxial layer of high-k dielectric oxide, LayxYxO3z, on GaAs(111)A, which

effectively reduces the trap density and minimizes the frequency dispersion of capacitance.

For GaAs MOS structures, usually the dielectric oxide is either amorphous or
polycrystalline, and therefore a high density of dangling bonds exists at the oxide/GaAs
interface. These dangling bonds form interface states in the midgap,® which trap carriers and
produce a large frequency dispersion of capacitance and Fermi-level pinning. GaAs MOS
devices with epitaxial dielectric layers should have a low interface trap density of states (Dj),
since a perfect epitaxial interface is supposed to have no dangling bonds. Also, contrary to
polycrystalline oxides, a perfect epitaxial oxide should contain no grain boundaries,* which
preserves the desired features of the low leakage current and uniformity. However, growing
epitaxial oxides on GaAs is rather challenging, since GaAs is neither chemically stable nor
thermally stable: GaAs can be oxidized easily to form low quality surface oxides that
compromise the interface quality;® and GaAs starts to lose As over 400 °C.° Hong et al.”®
have demonstrated a method of using in-situ electron beam evaporation to grow epitaxial
(Ga,Gd), 03 or Gd,O3 layers on GaAs(100) with the epitaxial relationships
(110)Gg203//(100)Gaas, [001]ca203//[011]cans, and [-110]cd203//[01-1]cans. Their capacitance-
voltage measurements do show a significant decrease in Di;,® which suggests the importance
of epitaxy in reducing interfacial defects.” However, the frequency dispersion of the
capacitance was still fairly large,® and the drive current of the inversion-mode MOSFETSs

made from (Ga,Gd),03/GaAs was less than 1 mA/mm.*® This may be due to the relatively



large in-plane mismatch between Gd,Ozand GaAs (1.9 % and -3.9% in the [011] and [01-1]
directions of GaAs, respectively). Getting MOSFETs even of this quality also requires that
there is no air-break between growth of the GaAs and the oxide, so that complex multi-
chamber MBE systems are necessary. Several follow-up structural analyses of
Gd,04/GaAs(100)™ revealed that perfect strained epitaxy only occurs in the first few layers.
When the oxide film thickness exceeds ~3 nm, the Gd,O3 film starts to relax by generating
misfit dislocations, so that the film is no longer perfectly epitaxial.® Unfortunately, simply
substituing Gd,O3; with other lanthanide sesquioxides cannot accommodate the mismatch
simultaneously in two orthogonal in-plane directions, since the in-plane lattice spacing of
Gd,03 is greater than GaAs in one direction but smaller in the other. Very recently, epitaxial
growth of cubic high-k oxide, LaLuOs3, on GaAs(111)A has been achieved by an ex-situ
atomic layer deposition (ALD) process in our group.’* The heteroepitaxy relationship was
found to be (111)Laru03//(111)caas (ALaruos = 2acaas) With a relaxed interface.™ Since the (111)
plane has a three-fold symmetry, the in-plane mismatch between oxide and GaAs can be
simultaneously engineered with lanthanide sesquioxides that have appropriate cation sizes.
Initial electrical characterizations showed quite promising results, as the MOS capacitors
made from epitaxial ALD LaLuO3/GaAs showed an order of magnitude reduction in interface
trap density (D ~7>10" cm™ eV™?) compared with amorphous ALD Al,03/GaAs (~8x10
cm? eV™h).2 But, still LaLuOs has a fairly large lattice mismatch with respect to GaAs (-
3.8%), and another concern is that Lu is one of the rarest elements on earth, which would be

problematic for large scale fabrication.

In this work, we report an ALD process for depositing another high-k oxide, La,xYxOs,
epitaxially on GaAs(111)A. The k value of La,YxOs was reported as high as 27,** and the
terrestrial elemental abundance of Y is much higher than Lu. The ternary oxide, La,«YxOs,

can be considered as a mixture of La,O3 and Y,0s. The lattice constant of cubic La,O3is very



slightly larger than 2 times the GaAs lattice constant, while the lattice constant of cubic Y,03
IS ~6% smaller than that of La,O3. Therefore, we can adjust the lattice constant of the ternary
compound, La,«YxOs, to study the effect of mismatch by varying the ratio of Laand Y. As an
ALD process grows films in a layer-by-layer manner, the compositional ratio of these two
cations can be tuned by varying the ratio of La,O3 and Y,03 cycles. A high-resolution X-ray
structural analysis indicates a high-quality heteroepitaxy of La,,YxO3 on GaAs(111)A.
Electrical measurements on MOS capacitors show a promisingly small frequency dispersion
of capacitance and a low Dj; ~2x10*" cm™@eV™ in the GaAs bandgap close to the conduction
band edge. In addition, our process tolerates an air-break between growth of the GaAs and
ALD of the epitaxial oxide. ALD is known to produce uniform films over large areas with
good reproducibility,® so we believe that this process is very promising for large scale

manufacturing.

La,xYxO3 films were grown by ALD from precursors including lanthanum tris(N,N’-
diisopropylformamidinate), yttrium tris(N,N’-diisopropylacetamidinate) and H,O in a home-
built tube reactor. In particular, pure La,O3 or pure Y,03 films can be made by using the
corresponding single metal precursor source. When films were deposited on amorphous SiNy
substrates, the as-deposited pure La;O5; and pure Y,03; films were polycrystalline in their
cubic phases, respectively. But alloying these two oxides did not form a polycrystalline film
on amorphous SiNy, on which the La;1Yo90;3; film was almost amorphous (Supporting
Information Figure S1). However, when La,«Y O3 films were grown on GaAs (111)A, the as-
deposited films, including La,03, La; Y0203, La;1Y0903 and Y,03 were all well crystallized
and, in fact, they were highly epitaxial due to induction by the substrates. Cross-sectional
transmission electron microscopy (TEM) of La,.xYxO3/GaAs interfaces indicates a cube-on-
cube epitaxy with a twin boundary relation at the interface, and the interface is atomically

abrupt with no interlayer. A representative TEM image of a La; gY203/GaAs(111)A sample



is shown in Figure 1a. The twin boundary relation at the oxide/GaAs was also confirmed by
the selective area electron diffraction pattern as shown in Figure 1b, where the two sets of
diffraction patterns belonging to cubic-phase La; sY203 and GaAs are well aligned vertically.
Especially, the diffraction spot of GaAs (111) overlaps with the La;gY203; (222) spot,
suggesting that the cubic lattice constant of La; gY20s3 is very close to twice that of GaAs.
However, TEM does not have enough resolution to determine precisely the small difference
between their lattice constants. Therefore, high-resolution X-ray diffraction (HRXRD) was

used to investigate the detailed epitaxial structures.

Coupled 26-0 HRXRD scans were performed for the oxide/GaAs(111)A samples. The
peaks from the GaAs substrate were used as the internal references, and the oxide/GaAs
lattice mismatch, which is defined as (aoxige — 28caas)/2acaas, Was calculated from the relative
shift of the oxide peak with respect to the GaAs peak, assuming a fully relaxed heteroepitaxy
relation at the interface.’* For the La;1Y903/GaAs sample, the coupled 20-o scan clearly
shows both peaks of the GaAs(111) and La;1Y0903(222) reflections, as shown in Figure 2a.
The corresponding o rocking curves of GaAs(111) and La;1Y0903(222) reflections have a
similar shape with the same full width at half maximum of ~32” (Supporting Information
Figure S3). This indicates a high quality heteroepitaxy of La;1Y903/GaAs over a large area
(several mm?). The 20 angle of the Lay.1Yq00s (222) peak was found to be 0.958° greater than
that of the GaAs(111) peak, which corresponds to a lattice mismatch of -3.32% for
Lai1Y0.903with respect to GaAs. For the La; gY.203/GaAs sample, the 20-o scan (Figure 2b)
shows that the peaks of GaAs(111l) and La;gY203(222) are much closer, indicating
LaisY0203 has a smaller lattice mismatch to GaAs. Thus, we performed a 26-A reciprocal
space mapping (RSM) on this sample, and the RSM contour is plotted in the inset of Figure
2b, where the contour levels are chosen to highlight the peaks. The 26 angle of the La; gY 0203

(222) peak was found to shift by +0.18° from the GaAs(111) peak, indicating a lattice



mismatch of -0.64% for La; §Y .03 with respect to GaAs. As for the La,03/GaAs sample, the
peaks of GaAs(111) and La,03(222) in the 20-o scan were found to be entirely overlapping
with each other (Supporting Information Figure S4). Therefore, we performed another 26-o
scan around the GaAs(333) reflection to determine the mismatch with greater sensitivity. As
shown in Figure 2c, the 20 angle of the La,O3(666) peak was only ~0.046° smaller than that
of the GaAs(333) peak, suggesting a much smaller lattice mismatch of only +0.04% for La,03

with respect to GaAs.

In summary of the above structural analysis, both of the TEM and HRXRD results
suggested a high-quality heteroepitaxy relation of La,xYx03/GaAs(111)A (x =0, 0.2 and 0.9)
with smaller lattice mismatch for higher La-content oxide. The measured lattice mismatch
approximately follows Vegard’s law (Supporting Information Figure S6). In addition, we also
found that pure Y,03 on GaAs(111)A is also epitaxial (Supporting Information Figure S5).
Therefore we believe that epitaxy can be achieved for mixed La,«YxO3 oxides with any La:Y
ratio. This epitaxial relation is quite similar to the LalLuO3s/GaAs(111)A case, where the

LaLuOs film was grown by a similar ALD process in our lab.*

Since epitaxial La,xYxO3/GaAs structures are expected to provide a better interface
quality with a lower interface trap density for electrical devices, we fabricated the
corresponding La,YxO3/GaAs MOS capacitors to examine the electrical properties. Both p-
type and n-type MOS capacitors of La,xYxO3/GaAs(111)A (x = 0, 0.2 and 0.9) were
fabricated and characterized by capacitance-voltage (C-V) and conductance-voltage (G-V)
methods. Due to the hygroscopic nature of La,xYxOs, an in-situ ALD capping layer of 6.5 nm
Al,O3 was deposited right after the deposition of La,.xYxO3 on GaAs(111)A. Capacitors with
only amorphous ALD Al,O; as the dielectric material (Al,O3/GaAs(111)A) were also
fabricated for comparison. The C-V response was measured at room temperature with the

frequency of the small AC signal ranging from 1 kHz to 1 MHz. Figure 3 shows the
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normalized C-V curves measured on these capacitors. A general trend for the frequency
dispersion is that the capacitors with amorphous Al,Oj3 dielectric show the largest frequency
dispersions compared with the capacitors with epitaxial La,«YxOs dielectric. Among these
La,.xYxO3 capacitors, those with smaller lattice-mismatch La,«Y O3 (higher La content) show
smaller frequency dispersion. For p-type GaAs MOS capacitors, the frequency dispersion in
the accumulation region (AC/Cax) is reduced from 7.6% to ~2% by replacing the amorphous
Al,O3 with epitaxial Lay.xYxOj3 as the dielectric (2.5%, 1.9% and 2.6% for x = 0.9, 0.2 and O,
respectively), and with a better lattice-matched oxide, La,Os, the dispersion in the depletion
region (V~0) is further reduced. A similar trend was also observed for the n-type GaAs MOS
capacitors: Al,O3 shows the largest frequency dispersion of 19.0% in the accumulation region,
and La;1Y090s3, LaigYo203, and La,O3 show decreasing frequency dispersions of 18.6%,
15.6%, and 9.9%, respectively. We also measured the Dj; by the conductance-voltage method
(Supporting Information Figure S7).}" The distribution of Dj; within the GaAs band gap is
plotted in Figure 4. Consistent with the C-V results, the interface of the amorphous
Al,O3/GaAs showed much larger interface trap density compared to the epitaxial La,.
«YxO3/GaAs interfaces. Among these epitaxial La,xYxO3/GaAs devices, the La,O3/GaAs
capacitor with a lattice-almost-matched interface showed the smallest Dj; on the order of 101
cm?eV?, and in particular, the interface trap density in the upper half of the band gap is
below 3x10™ cm™ eV in the whole region measured. Notice that typically the Dj; close to the
conduction band edge is quite high for other oxides on GaAs, and those traps severely pin the
Fermi level. The traps hinder the Fermi level from moving away from the center of the
bandgap up to the conduction band edge, preventing the realization of high-performance
inversion-mode GaAs MOSFETSs. With a lattice-matched La,Oj3 dielectric layer, a very good
interface with low trap density was achieved. The decreasing trend of D;; with smaller lattice
mismatch indicates the importance of matching the lattice constant of the oxide with GaAs. In

addition, the k values of Laj;1Y903, LaigYo203, and La,Os were estimated from the
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capacitance to be 20, 22, and 16, respectively. The above excellent electrical results show that
the epitaxial La,«YxOs is a very promising gate dielectric candidate material for future high-
performance GaAs MOS devices. In addition, we believe that the strategy of using epitaxial
dielectrics can also be extended to other substrate material systemes, such as Ge, InP, and

InGaAs.'®

Conclusions. In this letter, we demonstrated an ex-situ ALD process for growing
epitaxial Lay<YxO3 on GaAs(111)A. High-quality epitaxy of La,xYxO3/GaAs(111)A was
achieved for x = 0 (i.e. pure Lay,0O3), 0.2 and 0.9. GaAs MOS capacitors made from this
epitaxial structure showed very good interface quality with small frequency dispersion and
low interface trap densities. In particular, the La,O3/GaAs interface, which has a lattice
mismatch of only 0.04%, showed very low Dj; in the GaAs bandgap, below 3x10** cm?2eV™
near the conduction band edge. The La,O3/GaAs capacitors also showed the lowest frequency
dispersion of any dielectric on GaAs. This is the first achievement of such low trap densities
for oxides on GaAs. We believe that these new results will expand the nearly 50-year research

on the oxide/GaAs interface to an unprecedented level.

Methods. La,O3 and La,YxO3 films were grown by ALD from precursors including
lanthanum tris(N,N’-diisopropylformamidinate), yttrium tris(N,N’-diisopropylacetamidinate)
and H,O in a home-built tube reactor. The pure La,O3 films were deposited by alternately
supplying the La precursor vapor and water at a deposition temperature of 385 °C, and the
ternary La,«YxO3 oxides were deposited by repeatedly growing one or multiple cycles of
La,O3 followed by one or multiple cycles of Y,03 at 300 °C. Details of these ALD processes
can be found in our previous publications.’*? The exposures of the La and Y precursors were
estimated to be 0.003 Torr s and the exposure of H,O was 0.06 Torr s in each cycle. After

each H,O pulse, the chamber was purged under nitrogen flowing for 80 s to minimize the
9



amount of water and/or hydroxyl groups trapped in the oxide films,?* as they considerably
degrade the crystallinity and permittivity and cause large frequency dispersion.’> By
controlling the cycle ratio of La,O3;and Y03, the elemental composition of the ternary oxide
La,xYxOs (i.e. X) can be tuned. In this letter, two cycle ratios of (La:Y)cy = 1:3 and 3:1 were
used, and their compositional ratios, which were determined by Rutherford backscattering
spectroscopy, were (La:Y)comp = 1.1:0.9 and 1.8:0.2, respectively. Before depositing La,.
xYxO3 on the GaAs(111)A substrates, all the GaAs substrates were first dipped into a 3M HCI
solution to remove the native oxide and then soaked in a 10% (NH4),S solution for 20 min for
sulfur-passivation. Cross-sectional TEM images were taken with JEOL 2100. HRXRD
spectra were taken by a Bruker D8 HRXRD with the incident beam Cu Kol being
monochromated by a Ge (022) x 4 asymmetric monochromator. Due to the hygroscopic
nature of La,«YxOs, all the films for HRXRD analysis were capped by a 6 nm in-situ ALD
Al,O3 layer before being taken out from the deposition chamber. For characterizing the
electrical properties, n-type and p-type GaAs(111)A wafers with doping concentration of 5-
710" cm™ were used as the substrates. To fabricate MOS capacitors, either 7.5 nm Lay.cYxOs
(for x =0.9 and 0.2) or 9 nm La,O3 was first deposited on the GaAs substrates, and then an in-
situ ALD layer of 6.5 nm Al,O3 was deposited on top to prevent the hygroscopic La,YxOs
from being exposed to air. All the La,.YxO3/GaAs capacitors were subjected to rapid thermal
annealing (RTA) at 800 °C for 30 s in N, ambient. Capacitors with amorphous ALD Al,O3 as
the dielectric material (Ni/8nm Al,O3/GaAs(111)A) were fabricated for comparison. The
Al,O3/GaAs(111)A capacitors were subjected to RTA at 600 °C for 30 s in N, ambient. Ni/Au
circular electrodes for MOS capacitors were patterned by a lift-off process with a diameter of
150 um. The capacitance-voltage/conductance-voltage measurements were carried out at
room temperature by using an HP4284A precision LCR meter with frequency varying from

1kHz to 1MHz.
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Figure 1. (a) Cross-sectional TEM image of La;gY(,03/GaAs(111)A interface, and (b) the
corresponding electron diffraction pattern with the electron beam aligned along the [01-1]

direction of GaAs. (“La; gY 203" is labeled as “LYO” in the diffraction pattern.)
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Figure 2. HRXRD coupled 26-® scans of (a) La; Y903, (b) La; Y0203 and (¢) La,O3 on
GaAs(111)A. The scans of (a) and (b) were performed around the GaAs (111) reflection, and
the scan of (c) was performed around the GaAs (333) reflection. The inset of (b) shows the

20-Aw reciprocal space map around the GaAs(111) peak for the La; 3Y(,03/GaAs sample.
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Figure 3. C-V characteristics of p-type and n-type GaAs MOS capacitors with stacks of (a, e)
Ni/8nm Al,O3/GaAs(111)A, (b, f) Ni/6.5 nm Al,O3/7.5 nm La; 1Y(903/GaAs(111)A, (c, g)
Ni/6.5 nm ALLO3/7.5 nm La;gY(,03/GaAs(111)A, and (d, h) Ni/6.5 nm Al,03/9 nm

La,03/GaAs(111)A, respectively.
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Figure 4. D;, distribution in the GaAs band gap obtained on both (a) p-type and (b) n-type
MOS capacitors with Al,O3/GaAs(111)A, La;1Y0903/GaAs(111)A, La;3Y(203/GaAs(111)A

and La,03/GaAs(111)A as the interfaces, respectively.
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