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We investigated carrier recombination in InAs thin films obtained by epitaxial lift-
off and van der Waals bonding on low-k flexible substrates. Photoconductors are
fabricated from the InAs thin films bonded on flexible substrates, and also from
films grown on GaAs(001) substrates. By irradiation of 1.55-μm-wavelength laser
light with intensity modulation, we characterized frequency responses of the InAs
photoconductors by S-parameter measurements. From an analysis of the frequency
dependence of the S-parameters, we obtained carrier recombination lifetimes, which
are long for the InAs thin films bonded on flexible substrates in comparison with
those grown on GaAs(001), attributed to the lower dislocation density in the former.
Copyright 2012 Author(s). This article is distributed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4757943]

I. INTRODUCTION

Heterogeneous integration of narrow-gap III-V compound semiconductors on foreign host sub-
strates can lead to superior or novel functionalities, such as optical and ultra-high-frequency signal
processing. As a method of the heterogeneous integration, we investigated epitaxial lift-off (ELO)
and van der Waals bonding (VWB) of the narrow-gap compound semiconductors obtained by lattice-
mismatched growth with nano-scale thin sacrificial layers,1, 2 while most studies on ELO-VWB had
been restricted to GaAs lattice-matched systems3, 4 with a few exceptions.5 Among the narrow-gap
compound semiconductors, InAs is important for ultra-high-speed electron devices,6–13 mid-infrared
optical devices,6, 14 and also interband tunnel devices.15–17 In the previous work, we demonstrated
ELO-VWB processes to realize formation of high-quality InAs thin films bonded on low dielec-
tric constant (low-k) flexible substrates (k � 3), exhibiting very high electron mobilities.18 The
low-k flexible substrates with extremely high resistivities, such as polyethylene terephthalate (PET)
substrates, have advantages for high-speed applications due to low parasitic capacitance and low
leakage current, and also for light-weight, portable, and flexible electronic apparatus applications. In
addition, we recently elucidated electron scattering mechanisms dominating electron mobilities in
the InAs thin films on low-k flexible substrates,19 giving insights for applications to unipolar devices,
such as field-effect transistors. On the other hand, carrier recombination dynamics are important
for applications to bipolar devices, such as optical devices, and are sensitive to crystal qualities.
The purpose of this work is to investigate carrier recombination dynamics in the InAs thin films
bonded on low-k flexible substrates, in comparison with films grown on GaAs(001) substrates. While
there are recently several reports on carrier recombination lifetime measurements for InAs-related
superlattices by time-resolved photoluminescence20 and modulation response technique,21, 22 in this
work, we fabricated photoconductors from the InAs thin films bonded on flexible substrates, and
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FIG. 1. Using InAs thin films of 250 nm thickness on a low-k flexible substrate (FS) and a GaAs(001) substrate, we
fabricated InAs-on-FS (left) and InAs-on-GaAs (right) photoconductors, whose channel length and width of 6 μm and
100 μm, respectively.

also from the films grown on GaAs(001) substrates, for characterization of carrier recombination
dynamics. Because of the InAs bandgap of 0.36 eV, photocarriers are excited by irradiation of
1.55-μm-wavelength laser light with intensity modulation. The frequency responses of the InAs
photoconductors are characterized by S-parameter measurements, whose analysis gives carrier re-
combination lifetimes. This is the first report on carrier recombination dynamics in the InAs films
obtained by ELO-VWB.

II. FABRICATION OF PHOTOCONDUCTORS

By means of molecular beam epitaxy, we grew a heterostructure for ELO-VWB, InAs layer
(500 nm)/AlAs sacrificial layer (4 nm)/InAs buffer layer (2500 nm)/semi-insulating GaAs(001). The
top InAs layer was separated and bonded on a host low-k flexible substrate (FS), PET coated by
bisazide-rubber, by ELO using HF selective wet-etching of the sacrificial layer and normal VWB
process as in the previous work.18 We also prepared InAs layer (500 nm)/semi-insulating GaAs(001),
namely InAs directly grown on GaAs. After wet-etch thinning of the InAs layers down to 250 nm
by H3PO4-based etchant, we fabricated InAs-on-FS and InAs-on-GaAs photoconductors with InAs
of 250 nm thickness, as shown in Fig. 1, where Ni/Au non-alloy Ohmic electrodes were formed.
The channel length and width of 6 μm and 100 μm, respectively. As shown in the previous work,
we obtain low dislocation densities and consequently high electron mobilities for the InAs-on-FS in
comparison with the InAs-on-GaAs.18 In fact, we can estimate dislocation density in the InAs-on-
FS, �1 × 109 cm−2 near the surface and ∼2 × 109 cm−2 at the interface, while the InAs-on-GaAs
possesses estimated dislocation density ∼3 × 109 cm−2 near the surface and >1010 cm−2 at the
interface.23 As a result, the InAs thin films of 250 nm thickness on FS and GaAs exhibit electron
mobilities of 9600 cm2/V-s and 5300 cm2/V-s, respectively, where the sheet electron concentration
is ∼2 × 1012 cm−2 in spite of the undoped InAs films, owing to the Fermi level pinning above the
conduction band bottom.24, 25
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FIG. 2. The carrier recombination lifetime measurement setup. The 1.55-μm-wavelength laser light is modulated by an
optical modulator and irradiated to the InAs photoconductors through an optical fiber. The optical modulator and the InAs
photoconductor are connected to the 1st and 2nd ports of the network analyzer, respectively.

III. CHARACTERIZATION OF PHOTOCONDUCTORS

The fabricated InAs-on-FS and InAs-on-GaAs photoconductors were characterized, where we
focused on room-temperature characterization because low temperature measurements unfortunately
tend to cause damages of the InAs-on-FS photoconductors due to the thermal expansion coefficient
difference between InAs and FS. We employed a carrier recombination lifetime measurement setup
shown in Fig. 2, utilizing electron-hole generation in InAs by 1.55-μm-wavelength laser light excita-
tion. The laser light is modulated by an optical modulator and irradiated to the InAs photoconductors
through an optical fiber. The separation between the fiber head and the photoconductors is several
hundred μm, and the light spot size is ∼50 μm with a power of 1.4 mW. The optical modulator,
whose cut-off frequency is 11 GHz, makes ∼5% power modulation of the light by −12 dBm RF
signal from the 1st port of the network analyzer in the frequency range from 10 MHz to 10 GHz. As a
result, the photoconductivity of the InAs photoconductors, connected to the 2nd port of the network
analyzer and biased with 0.1–0.5 V, is modulated. We can characterize frequency responses of the
InAs photoconductors by S-parameter measurements. In Fig. 3, we show the measured S-parameters
for the InAs-on-FS photoconductors under several bias-voltages of 0.1–0.5 V. We can confirm uni-
lateral properties by the extremely small S12 as a matter of course. From the S-parameters, we obtain
a component of the non-dimensional Y parameter

y21 = −2S21

(1 + S11)(1 + S22) − S12S21
, (1)

which is directly related to the carrier recombination process as26

|y21|2 ∝ τlife
2

τtr
2

1

1 + ω2τlife
2
, (2)

where τ life is the carrier recombination lifetime and τ tr is the channel transit time. Figure 4 shows
frequency dependence of |y21|2 for several bias-voltages of 0.1–0.5 V. Since the results are consistent
with Eq. (2), indicating effectiveness of this measurement method, we can obtain the carrier recom-
bination lifetime τ life. In Fig. 5, we show obtained carrier recombination lifetimes as functions of the
bias-voltage. The lifetimes are in the sub-ns order, and long for the InAs-on-FS in comparison with
the InAs-on-GaAs. Moreover, we observe the lifetime slightly depending on the bias-voltage for the
InAs-on-FS, while the almost constant lifetime is obtained for the InAs-on-GaAs. Although the true
mechanism is not elucidated, we assume that this is related to heat release properties. The InAs-
on-FS, in comparison with the InAs-on-GaAs, has a poor heat release property and consequently
prominent temperature increase by self-heating, which may influence the lifetime.

We also carried out Poisson-Schrödinger calculation27 of electronic states in the InAs film as
in.19 Figure 6 shows the bandbending and the electron distribution in the InAs film. The position
along the thickness direction is denoted by z with the origin at the center of the thickness. The
electron distribution is given by the electron density ρ(z) = ∑

i ρ i(z) = ∑
i ni|ψ i(z)|2, where ρ i(z) is
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FIG. 3. Measured S-parameters for the InAs-on-FS photoconductors under several bias-voltages of 0.1–0.5 V.
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FIG. 4. Frequency dependence of |y21|2 obtained from measured S-parameters for the InAs-on-FS and InAs-on-GaAs
photoconductors under several bias-voltages of 0.1–0.5 V.

the i-th subband electron density, obtained by the i-th subband sheet electron concentration ni and
the i-th subband eigen wavefunction ψ i(z). Owing to the Fermi level pinning above the conduction
band bottom, the electron distribution exhibits accumulation near the top and bottom surfaces, given
by two main independent conduction electron layers corresponding to ρ0(z) and ρ1(z), namely the
electron density of the ground and the 1st excited subband, where the two subbands are degenerate.
We find the peak electron density � 3.7 × 1017 cm−3 in the accumulation region near the top and
bottom surfaces. Since the carrier recombination lifetime by CHCC Auger recombination is given
by τA = 1/γ n2, where γ � 6.0 × 10−27 cm6/s is the Auger coefficient of InAs28 and n is the electron
density, the peak electron density � 3.7 × 1017 cm−3 in the accumulation region near the top and
bottom surfaces gives the Auger lifetime τA � 1.2 ns. This is slightly larger than the obtained
carrier recombination lifetime τ life. This suggests that, although the lifetime is mainly dominated
by the Auger recombination in the accumulation region near the top and bottom surfaces, there
are additional recombination mechanisms which are strong (weak) for the InAs-on-GaAs (InAs-on-
FS). We consider that the additional recombination mechanisms are related to dislocations, whose
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FIG. 5. Carrier recombination lifetimes as functions of the bias-voltage for the InAs-on-FS and InAs-on-GaAs.
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FIG. 6. Bandbending and electron distribution in the InAs film, obtained by Poisson-Schrödinger calculation.

density is high (low) for the InAs-on-GaAs (InAs-on-FS); the lifetime difference is attributed to the
dislocation density difference, and is consistent with the mobility difference. It should be noted that
the diffusion length

√
Dτlife, where D ∼ 10 cm2/s is the hole diffusion constant, is larger than the

InAs thickness 250 nm, which is consistent with the dominant recombination near the surface.

IV. SUMMARY

In summary, we investigated carrier recombination in InAs thin films obtained by epitaxial
lift-off and van der Waals bonding on low-k FS. From the InAs thin films bonded on FS, and
also from films grown on GaAs(001), we fabricated photoconductors for carrier recombination
lifetime measurements. The frequency responses of the InAs photoconductors are characterized
by S-parameter measurements, under irradiation of 1.55-μm-wavelength laser light with intensity
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modulation. As a result, we obtained carrier recombination lifetimes of sub-ns order; they are longer
for the InAs-on-FS than for the InAs-on-GaAs. Even though the carrier recombination is dominated
by the Auger process, there are additional recombination mechanisms, whose difference is attributed
to the dislocation density difference, consistent with the mobility difference.
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