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We demonstrate that, in (11n)-oriented GaAs/In0.1Al0.9As strained multiple quantum wells, the

terahertz electromagnetic wave from the coherent GaAs-like longitudinal optical (LO) phonon is

enhanced by a piezoelectric field originating from a tensile strain in the GaAs layer. The presence

of the tensile strain is confirmed using Raman scattering spectroscopy. The Fourier power

spectrum of the terahertz waveform shows that the intensity of the terahertz band of the coherent

GaAs-like LO phonon increases as the index n approaches 1. The amplitude of the GaAs-like LO

phonon is proportional to the piezoelectric field in the strained GaAs layer. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4729125]

Intense monochromatic terahertz electromagnetic waves

have been an attracting issue in the research field of the tera-

hertz waves.1 Coherent optical phonons are characterized by

oscillating polarization. Accordingly, the coherent optical

phonon has a potential to emit a monochromatic terahertz

wave. Historically, in the initial stage, bulk semiconductor

crystals were applied to the terahertz emitters utilizing the

coherent optical phonons; however, the emission intensity of

the terahertz wave from the coherent optical phonon is typi-

cally low.2–8 The major reason is attributed to the fact that

the dynamical dipole moments resulting from the coherent

optical phonons are canceled by the translational symmetry

of the lattice. This means that only the surface region con-

tributes the terahertz emission because the lattice symmetry

is broken in the surface region. In contrast to the bulk crys-

tals, recently, Mizoguchi and Nakayama et al.9–11 reported

that the intense terahertz waves are emitted from GaAs-like

longitudinal optical (LO) phonons confined in the GaAs

layer in (001)-oriented GaAs/AlAs multiple quantum wells

(MQWs). The intense emission of the terahertz wave origi-

nates from the fact that the confinement of the LO phonons

corresponds to the symmetry breaking at each GaAs/AlAs

interface. In the earlier works, only the (001)-oriented

MQWs were used as samples for terahertz emitters. Here, we

focus on the advantage of using GaAs-based strained MQWs

with a (11n) orientation because the GaAs layer under an

orthorhombic biaxial strain produces a piezoelectric field

along the [11n] direction. The presence of the piezoelectric

field (E) results in the enhancement of the polarization (P) of

the LO phonon along the direction of the electric field, which

is well established as the following equation: P¼ [v]E,

where [v] is an electric susceptibility tensor. The enhance-

ment of the polarization connects with the enlargement of

the initial displacement of the LO phonon. The initial dis-

placement is released by an instantaneous change of the pie-

zoelectric field by the screening effect due to photogenerated

carriers, which launches the coherent oscillation of the LO

phonon, i.e., the coherent LO phonon.12 This phenomenon

leads to the oscillation of the LO-phonon polarization pro-

ducing the terahertz wave. It is noted that the enlargement of

the initial displacement results in the enhancement of the

amplitude of the coherent LO phonon. Consequently, the

presence of the piezoelectric field leads to the enhancement

of the terahertz-wave intensity from the coherent LO pho-

non. Thus, the GaAs-based strained MQWs with the (11n)

orientation give an additional degree of freedom to the strat-

egy for enhancing the monochromatic terahertz wave from

the coherent optical phonons.

In the present paper, we demonstrate that (11n)-oriented

GaAs/In0.1Al0.9As strained MQWs emit the intense terahertz

waves from the coherent LO phonons at room temperature.

We used Raman scattering spectroscopy in order to charac-

terize the presence of biaxial tensile strains. We observed a

strain-induced frequency shift of the GaAs-like LO phonon.

The result of the Raman scattering measurement ensures that

the GaAs layers are actually under the biaxial tensile strain

in the (11n)-oriented strained MQWs. We measured the tera-

hertz waves from the (11n)-oriented strained MQWs in time

domain. We found that the amplitude of the terahertz wave

from the coherent GaAs-like LO phonon increases as the ori-

entation index n approaches 1. The Fourier transform spectra

of the terahertz waveforms show an intense monochromatic

terahertz band resulting from the coherent GaAs-like LO

phonon. The origin of the intense monochromatic terahertz

band is discussed in terms of the effects of the piezoelectric

field peculiar to the (11n)-oriented strained MQWs.

The present samples, the GaAs/In0.1Al0.9As strained

MQWs, were grown on (11n)-oriented semi-insulating GaAs

substrates by molecular beam epitaxy. The orientation index

n took values of 2, 3, 4, and1, where the value of1 corre-

sponds to the (001) orientation. In advance to the growth of

the MQW layer, an In0.1Al0.9As buffer layer with a thickness

of 1.0 lm was grown in each sample. The thickness of

1.0 lm is relatively large, so that the buffer layer plays a role

0003-6951/2012/100(24)/242107/4/$30.00 VC 2012 American Institute of Physics100, 242107-1

APPLIED PHYSICS LETTERS 100, 242107 (2012)

http://dx.doi.org/10.1063/1.4729125
http://dx.doi.org/10.1063/1.4729125
http://dx.doi.org/10.1063/1.4729125
http://dx.doi.org/10.1063/1.4729125
http://dx.doi.org/10.1063/1.4729125
http://dx.doi.org/10.1063/1.4729125


of a quasi-substrate; namely, only the GaAs layer in the

MQW structure is under the biaxial stain resulting from the

lattice mismatch between GaAs and In0.1Al0.9As, which pro-

duces the piezoelectric field in the (112), (113), and (114)-

oriented GaAs layer. The MQW structure of each sample

consisted of 20 periods of the GaAs and In0.1Al0.9As layers.

The thicknesses of the GaAs and In0.1Al0.9As layers were

the same: 10 nm. The biaxial tensile strain e in the GaAs

layer is estimated from the lattice mismatch to be 0.84%,

where the lattice constants of GaAs and In0.1Al0.9As are

0.5633 and 0.5701 nm, respectively.13 Hereafter, we simply

call the (11n)-oriented GaAs/In0.1Al0.9As strained MQW as

the (11n) MQW. All of optical measurements were per-

formed at room temperature.

In advance to the measurement of terahertz waves, we

measured the Raman scattering spectra of the present samples

and of a reference sample that is a (001)-oriented GaAs single

crystal. The photon energy and power of the excitation beam

were 2.33 eV and 1.3 mW, respectively. The diameter of the

beam spot on the sample surface was about 10 lm. Figure 1

shows the Raman spectra in the frequency range of the GaAs

optical phonons. In the GaAs bulk crystal, the Raman spec-

trum shows the band peaking at the frequency of 292 cm�1.

This band is attributed to the GaAs LO phonon.14 We note

that the peak frequencies of the GaAs-like LO phonon bands

in the (11n) MQWs are shifted by �4 cm�1. According to

Ref. 15, the strain-induced frequency shift, Dx, of the

GaAs-like LO phonon is in the following relation with e: Dx
� �3.8� 102e (cm�1). The value of e is estimated from the

phonon-frequency shift to be 1.0% that is almost in agree-

ment with the estimated value described above. In addition,

the transverse optical (TO) phonons are observed at

264 cm�1 in the (112), (113), and (114) MQWs. Since the

TO-phonon mode is allowed in (111)-oriented GaAs, it is evi-

dent that the crystal orientation of the (11n) MQW actually

approaches the (111) orientation. Accordingly, the above-

mentioned facts suggest the presence of piezoelectric fields in

the GaAs layers of the (112), (113), and (114) MWQs. We

note that the frequencies of the LO and TO phonons do not

depend on the crystal orientation of the samples. This is con-

sistent with the fact that the stain-induced frequency shifts of

the optical phonons of GaAs in the [001] and [111] directions

are almost the same.16 The piezoelectric fields in the GaAs

layers of the (112), (113), and (114) MQWs are estimated

from e to be 41, 72, and 144 kV/cm, respectively, according

to the theory in Ref. 17. In the (001) MQW, the piezoelectric

field is not produced because the tetragonal biaxial strain in

the (001)-oriented GaAs layer does not have the ability to

induce the piezoelectric field.17 As shown in the calculated

results, the piezoelectric field increases as the orientation

index n approaches 1. This is because the GaAs crystal has a

polar axis along the [111] direction.

Next, we performed the terahertz-wave measurement

under the condition of dry N2 purge, using a Ti:sapphire fem-

tosecond pulse laser. The duration time and repetition of the

laser pulses were about 50 fs and 90 MHz, respectively. The

pump beam was focused on the sample with the incidence

angle of 45�. The diameter of the beam spot on the sample

surface was about 100 lm. The emitted terahertz wave was

collected with use of two off-axis parabolic mirrors, and was

detected by an optically gated dipole antenna with a gap of

6.0 lm formed on a low-temperature-grown GaAs layer. The

powers of the pump and gate beams were fixed to 100 mW

and 10 mW, respectively. The photon energies of both the

beams were the same value of 1.55 eV. The terahertz wave-

form of each (11n) MQW is shown in Fig. 2. The monocycle

signal, which originates from the surge current of photogen-

erated carriers,18 appears around the time delay of 0 ps. The

monocycle signal is followed by the relatively long oscilla-

tion pattern with a period of 115 fs. We emphasize that the

amplitude of the oscillation pattern is enhanced as the orien-

tation index n approaches 1.

In order to analyze the oscillation pattern, we applied

the Fourier transform to the terahertz waveform. Figure 3

shows the Fourier power spectrum of each MQW. The weak

signals in the frequency range from 0 to 5 THz correspond to

FIG. 1. Raman scattering spectra of the (001)-oriented GaAs single crystal,

(001), (114), (113), and (112) MQWs at room temperature. For clarity, each

spectrum is normalized at the peak intensity.

FIG. 2. Amplitudes of the terahertz waveforms of the (001), (114), (113),

and (112) MQWs as a function of time delay at room temperature. For

clarity, each waveform is vertically shifted.
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the monocycle signals of the terahertz waveforms around

0 ps. The noteworthy phenomenon appears in the frequency

range from 8 to 9 THz. The intense terahertz bands have a

peak at 8.7 THz in the (114), (113), and (112) MQWs. Tak-

ing account of the fact that the frequency of the GaAs-like

LO phonons in the (11n) MQWs is 288 cm�1 (¼ 8.64 THz)

as shown in Fig. 1, the terahertz band peaking at 8.7 THz is

attributed to the coherent GaAs-like LO phonon. The inten-

sity of the coherent GaAs-like LO phonon band markedly

increases as the orientation index n approaches 1. As men-

tioned in the results of the Raman measurement, the piezo-

electric field is enhanced as the orientation index n
approaches 1 because the GaAs crystal has the polar axis

along the [111] direction. It is, therefore, concluded that the

intensity of the terahertz band of the coherent GaAs-like LO

phonon is enhanced by the piezoelectric field.

Finally, we discuss the relation between the terahertz-

band intensity of the coherent GaAs-like LO phonon and

piezoelectric field. It is well known that the coherent

LO-phonon amplitude is proportional to an electric field.12

Taking account of this fact, as shown in Fig. 4, we plot the

square root of the Fourier power intensity of the coherent

GaAs-like LO-phonon band (solid circle), which corresponds

to the amplitude, as a function of estimated piezoelectric

field. We note that the line widths, the full widths at half

maximum, of the coherent GaAs-like LO-phonon bands are

the same value of 0.12 THz in all of the samples. The line

width corresponds to the phonon relaxation time, so that the

phonon relaxation times are the same in all of the samples.

This means that it is reasonable to directly compare the val-

ues of the square root of the Fourier power intensity among

the samples. The solid line is the fitted result using a linear

function. The fitted result well explains the experimental

results; namely, the amplitude of the coherent GaAs-like LO

phonon is actually proportional to the piezoelectric field.

This means that the initial polarization, which is produced

by the piezoelectric field, dominates the amplitude of the ter-

ahertz wave from the coherent GaAs-like LO phonon. The

fitted line has an offset value at 0 kV/cm of the piezoelectric

field. This offset originates from the intrinsic surface built-in

potential in the (001) MQW.

In summary, we have systematically investigated the

terahertz wave from the coherent LO phonon in the (11n)-

oriented GaAs/In0.1Al0.9As strained MQWs with n¼ 2, 3, 4,

and 1. We estimated the biaxial tensile strain from the fre-

quency shift of the GaAs-like LO phonon, using the Raman

scattering measurement. We also estimated the piezoelectric

field from the strain and confirmed that the piezoelectric field

is enhanced as the orientation index n approaches 1. The in-

tensity of the terahertz band of the coherent GaAs-like LO

phonon band in the (11n) MQW markedly increases as the

orientation index n approaches 1. Consequently, we conclude

that the piezoelectric field in the strained GaAs layer of the

(11n) MQW enhances the terahertz wave from the coherent

GaAs-like LO phonon. The present conclusion is supported

by the fact that the amplitude of the coherent GaAs-like LO

phonon is proportional to the piezoelectric field.
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