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Abstract— We fabricated and characterized

InAs/high-k/low-k structures, InAs/Al2O3/AlN

bonded on low-k flexible substrates (FS). Hall-bar

devices obtained from the InAs/Al2O3/AlN bonded

on low-k FS exhibit higher electron sheet concentra-

tions ns than those obtained from the InAs bonded

on low-k FS. In order to elucidate the origin of the

higher ns, we carried out electron energy-loss spec-

troscopy for the InAs/Al2O3 interface. As a result,

we found satellite peaks suggesting donor states

in Al2O3, which can lead to the higher ns through

modulation doping at the InAs/Al2O3 interface.

1 Introduction

InAs is a narrow-gap compound semiconductor suit-
able for applications to mid-infrared optical devices,
ultra-high-speed electron devices, and also interband tun-
nel devices. Heterogeneous integration of InAs thin films
on host substrates is important for such device applica-
tions. Previously, by using epitaxial lift-off (ELO) and
van der Waals bonding (VWB) method [1], we realized
InAs/low-k structures [2–5], InAs thin films with high
electron mobilities bonded on host low-k flexible sub-
strates (FS), which provide low parasitic capacitances.
However, we found serious effects of surface/interface
charge scattering and thickness fluctuation scattering on
the electron transport properties and low-frequency noise
of the InAs/low-k structures [3, 5]. Such electron trans-
port properties can be modified for InAs/high-k/low-k
structures, in which thin high-k insulators are employed
almost keeping low parasitic capacitances of the low-k
substrates. In this work, we fabricated and characterized
InAs/Al2O3/AlN bonded on low-k FS; the electron trans-
port properties are compared to those of the InAs bonded
on low-k FS. In relation with the electron transport prop-
erties, electron energy-loss spectroscopy (EELS) results
for the InAs/Al2O3 interface are discussed.

2 Fabrication of InAs/Al2O3/AlN bonded on
low-k flexible substrates

We fabricated InAs/Al2O3/AlN bonded on low-k
FS (InAs/Al2O3/AlN/FS) as follows. Using a het-
erostructure, InAs device layer/sacrificial layer/InAs
buffer layer/GaAs(001), we carried out ELO, separa-
tion of the InAs device layer attached to an adhe-
sive sheet, followed by bonding onto an intermediate
support (IS), a sapphire(0001) coated by resists. Af-
ter removal of the adhesive sheet, a high-k insulator
deposition was carried out on the InAs/IS to obtain
AlN/Al2O3/InAs/IS; Al2O3 (∼ 50 nm thickness) and
AlN (∼ 30 nm thickness) were formed by atomic layer
deposition using trimethylaluminum-H2O and by sput-

tering deposition using an AlN target, respectively. The
AlN/Al2O3/InAs was separated from the IS, followed
by “inverted” VWB on low-k FS [2, 3, 5]; we obtained
InAs/Al2O3/AlN/FS. The choice of the AlN/Al2O3 as a
high-k insulator is helpful for easiness of the VWB. From
the InAs/Al2O3/AlN/FS, Hall-bar devices were obtained
as shown in Fig. 1(a), by isolation, Ohmic electrode for-
mation, and channel thinning by wet etching. Several
InAs channel thicknesses d ≃ 10-100 nm are obtained,
where the “inverted” VWB is advantageous to obtain a
high crystal quality after the thinning according to the
growth-direction dislocation distribution [6]. From the
heterostructure, we also fabricated InAs bonded on low-
k FS (InAs/FS) and Hall-bar devices shown in Fig. 1(b),
using the “inverted” VWB without the high-k insulator
deposition.

3 Characterization of InAs/Al2O3/AlN bonded
on low-k flexible substrates

From room-temperature measurements of the
InAs/Al2O3/AlN/FS and the InAs/FS Hall-bar de-
vices, we obtained electron sheet concentrations ns as
well as electron mobilities µ. Figure 2 shows ns as
functions of InAs thickness d, with the inset showing µ
as functions of d. We find that InAs/Al2O3/AlN/FS
exhibits higher ns with a smaller dispersion than
InAs/FS. We also find that InAs/Al2O3/AlN/FS ex-
hibits similar but slightly lower µ than InAs/FS. This
suggests scattering centers existing near the InAs/Al2O3

interface.
In order to elucidate the origin of the above results, we

carried out EELS for the InAs/Al2O3 interface using a
scanning transmission electron microscope (STEM) with
an acceleration voltage of 120 kV. Figure 3 shows a high
angle annular dark field (HAADF) STEM image of the
InAs/Al2O3 interface, where the origin of the position x
is determined by the O1s edge peak height shown below.
Figure 4 shows examples of EELS spectra for the posi-
tion x = −2-+3 nm. While clear O1s edge peaks near
539 eV are observed for x & 0 nm, clear satellite peaks
at 532 eV are observed for x & 1 nm. Figure 5 shows
O1s edge peak and satellite peak heights as functions
of x, which are fitted by ∝ [1 + erf[(x − x0)/

√
2σ]]/2

using the error function. We obtain x0 = 0 nm (the
definition of the origin) and σ ≃ 1.6 nm for the O1s
edge peak, while x0 ≃ 1.4 nm and σ ≃ 0.35 nm for
the satellite peak. The satellite peak height increases
for 1 nm . x . 2 nm, becoming almost constant for
x & 2 nm. It has been reported that, electrons occupying
oxygen-vacancy donor states in Al2O3 can be the origin
of the satellite peak, while unoccupied oxygen-vacancy
donors (ionized donors) do not give the satellite peak [7].
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Therefore, we consider that oxygen-vacancy donors are
ionized near the InAs/Al2O3 interface, while not ionized
for the Al2O3-inside. This suggests that modulation dop-
ing takes place at the InAs/Al2O3 interface leading to the
higher ns; the oxygen-vacancy donors near the interface
provide electrons in the InAs channel, and become ion-
ized donors and scattering centers.

4 Summary
We fabricated and characterized InAs/Al2O3/AlN/FS,

which exhibits higher ns than InAs/FS. EELS results
indicate that modulation doping takes place at the
InAs/Al2O3 interface leading to the higher ns.
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Fig. 1: Schematics of Hall-bar devices obtained from (a)
InAs/Al2O3/AlN/FS and (b) InAs/FS.
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Fig. 2: Electron sheet concentrations ns and mobilities µ as
functions of InAs thickness d.
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Fig. 3: A HAADF STEM image of the InAs/Al2O3 interface.
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Fig. 4: EELS spectra for the position x = −2-+3 nm.
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Fig. 5: (a) O1s edge peak and (b) satellite peak heights as
functions of the position x.
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