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Abstract.  This paper describes a new acoustoelectronic effect in 
laser nanoheterostructures, which is caused by hole energy modula-
tion and intermixing of hole wave functions in the quantum well of 
a laser structure in response to ultrasonic deformation. Experimental 
data are presented which indicate that the laser output intensity and 
polarisation direction vary periodically, with the acoustic wave 
period. Theoretical analysis of experimental data is used to assess 
parameters of the quantum well and the strain distribution in the 
heterostructure.

Keywords: acoustoelectronic interaction, heterostructure laser 
emission polarisation, hole states in a quantum well.

1. Introduction

Tunable IR sources are an important component of ultra-
high resolution laser spectroscopy and optical communica-
tion systems. Monitoring systems for fast processes and opti-
cal communication systems need techniques for rapidly tun-
ing the frequency, polarisation and direction of radiation.  In 
this connection, there is great interest in phenomena related 
to the modulation of the energy and wave functions of elec-
tronic states in semiconductor laser nanostructures by exter-
nal alternating strain because this enables direct detection of 
the spectroscopic effects accompanying such modulation 
[1 – 7]. Akimov et al. [1] examined the optical properties of 
semiconductor structures (including resonance structures) 
exposed to acoustic solitons at liquid helium temperature. 
Such studies are, however, rather rare because of the complex 
experimental procedure.

We were the first to initiate research, continuing at pres-
ent, into the effect of ultrasonic deformation on the room-
temperature spectral characteristics of InGaAsP/InP hetero-
structure laser emission. Such experiments are easy to carry 
out and offer the possibility of producing uniaxial strain in a 
quantum well of an active (laser) heterostructure having dif-
ferent orientations relative to the quantisation axis. Moreover, 
ultrasonic studies enable real-time observation of various 
processes.

It follows from previous results [2 – 6] that, in semiconduc-
tor structures, one can control rapid and continuous periodic 
tuning of the spectrum of heterostructure lasers, while main-
taining the spectral distribution, intensity and direction of the 
laser output unchanged.

In recent years, much of our attention has focused on a 
new aspect of the action of deformation: the influence of 
ultrasonic deformation on the fine spectrum of quantum 
states of charge carriers in the active zone of a laser hetero-
structure. It is known that, in most cubic semiconductors, 
strong spin – orbit coupling plays a key role in determining 
their valence band and is responsible for the presence of 
levels in a quantum well, which differ in the projection of 
the total magnetic moment of a hole onto the quantisation 
axis. Elastic stresses   change quantum size splittings and 
intermix heavy and light hole states, thus changing both 
frequency and polarisation characteristics of the radiation. 
Alternating strain may lead to further splitting and the cor-
responding variation in the polarisation characteristics of 
the radiation with ultrasonic deformation periodicity. The 
study of this effect is of fundamental interest and opens up 
new possibilities for utilising it in information processing 
systems.

We are currently investigating the effect of ultrasonic 
deformation caused by bulk waves on the room-temperature 
polarisation characteristics of InGaAsP/InP heterostructure 
laser emission. It has been shown [7] that ultrasound causes 
intensity modulation of linearly polarised light and rotates its 
plane of polarisation. Note that the light remains linearly 
polarised and that the plane of polarisation is rotated with the 
period of the acoustic wave. The effect is the consequence of 
the strain-induced intermixing of the wave functions of heavy 
and light holes. We have determined the energy splitting of 
the hole levels in the quantum well and estimated the engi-
neering strain in the heterostructure.

In this paper, we report new findings regarding the strain 
effect on the polarisation parameters of radiation due to sur-
face acoustic waves in an InGaAsP/InP quantum well laser 
heterostructure.

2. Experimental

We used InGaAsP/InP structures operating at room tempera-
ture in pulsed mode (pulse duration up to 3 ms; emission 
wavelength of 1.48 mm). Rayleigh surface acoustic waves 
(SAWs) (alternating strain source, F = 10 MHz) were excited 
by interdigital transducers deposited onto a Y-cut single-crys-
tal LiNbO3 piezoelectric substrate (Fig. 1). After the substrate 
was coated with a thin metallic film, a laser structure was 
mounted on it.
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Figure 2 shows energy level diagrams of a quantum well in 
the active layer. The laser structure and experimental setup 
were described in detail previously [2, 5, 7]. A wave propa-
gates along the active layer (along the z axis of the substrate). 
As in previous experiments, the acoustic wavelength (350 mm) 
considerably exceeds the width of the active layer (~6 mm) 
along the SAW direction. Under such conditions, the strain 
can be thought to be constant along the quantum well and to 
vary only with time, with the SAW period: e(t) » e0 sinWt.

A collimated laser beam passes through a polarisation 
analyser (Glan prism) and is then detected by a high-fre-
quency photodiode (photocurrent rise time within 5 ns). After 
a broadband amplifier, the photodiode signal is visualised 
using a Tektronix TDS 2022B 200-MHz oscilloscope. The 
signal is measured with an accuracy of 20 mV. The sensitivity 
threshold in averaging mode approaches the measurement 
accuracy of the oscilloscope. The experiments were carried 
out in repetitive-pulse mode (pulse repetition rate of 100 Hz). 
The signal was locked to the trailing edge of the operating 
current pulse. The measurements were made in quasi-single-

frequency lasing mode [5, 6] at operating currents (Iop) from 
the threshold level (Ith) to 2Ith (output power near 100 mW). 
The gain bandwidth reached 0.2 meV.

3. Results and discussion

Without ultrasound, the pulse shape was nearly rectangular 
(Fig. 3a) and the variation of the output intensity with a (the 
angle between the polarisation direction at the analyser out-
put and the polarisation direction corresponding to the maxi-
mum laser output intensity, which coincided with the direc-
tion of the z axis to within 1°) was well represented by the 
relation I= = 2I0 cos2 a = I0(1 + cos2a) (Fig. 4a). This suggests 
that the laser output was linearly polarised in a wide range of 
operating currents.

At Iop » Ith (Ith » 40 mA), ultrasound causes strong mod-
ulation of the laser output intensity with the period of 
the acoustic wave (Fig. 3a), and the angular dependence of 
the amplitude of the alternating component (Ĩ ) is the same 
as without ultrasound. With increasing operating current,   Ĩ  
(a = 0) decreases rapidly, to below the sensitivity threshold at 
Iop » 2Ith. The alternating component of the output intensity 
is only observed at nonzero a values. Also, the modulation 
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Figure 1.  Schematic of surface acoustic wave excitation.
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Figure 2.  (a) Laser structure: radiation propagates along the x axis. 
Energy level diagrams of (b) an unstrained quantum well in the active 
layer of the heterostructure and (c) a quantum well in the presence of 
mechanical stress ( y is the quantisation axis).
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Figure 3.  Oscilloscope traces of an operating current pulse and the out-
put intensity at (a) Iop » Ith ( 1 ) without ultrasound and ( 2 ) in the pres-
ence of ultrasound and (b) at Iop » 2Ith in the presence of ultrasound for 
a = ( 1 ) 85° and ( 2 ) 95°.
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phase changes sharply to the opposite one when the analyser 
is rotated through 90° relative to the maximum intensity 
direction (Fig. 3b), and the intensity amplitude has maxima at 
a = 45° and 135° (Fig. 4b). At Iop » 2Ith , the angular depen-
dence of the amplitude of the alternating intensity component 
is well represented by the relation Ĩ » B̃   sin2a, where B̃   = 
0.22 V. Thus, the total intensity can be represented in the 
form

I = I0[1 + cos2a + (B̃    /I0)sin2a].	 (1)

It follows from (1) that, at a = 0, SAWs cause no intensity 
modulation, in contrast to bulk waves [7, 8]. However, like in 
the case of bulk waves, the polarisation rotates with the SAW 
period through an angle whose amplitude is j » B̃    /2I0 »7 ´ 
10–3 rad » 0.4°. This relation persists for Iop > Ith.

To analyse the data obtained, it is necessary to determine 
the magnitudes of and the relationship between the ampli-
tudes of different alternating strain components, |eij (z)|, that 
are excited by an SAW in the active layer of a heterostruc-
ture mounted on a Y-cut LiNbO3 substrate (with metallic 
film) and propagate in the z-axis direction. The |eij (z)| distri-
bution was calculated by the finite element method (details 
of the calculational approach can be found in Ref. [9]). In 
modeling the structure under consideration, we used param-
eters of single-crystal InP (Fig. 5), which is similar in elastic 
properties to the InGaAsP/InP structure. The laser mea-
sured 100 ´ 400 ´ 900 mm in dimensions (Fig. 5). The dis-
placement amplitude of the SAW at the input end of the 
structure was taken to be 1 Å, and diffraction in the xz plane 
was left out of account. The calculated strain amplitude (eij) 

distributions in the active zone of the laser (–5 mm < z < 5  mm, 
y » 2 mm) are presented in Fig. 6. It follows from these data 
that SAWs excite three strain components in the structure. 
Detailed calculations of radiative transitions in a previous 
study [8] indicate that all these components should influence 
the polarisation parameters of light. According to theoreti-
cal predictions [8], the output intensity in the presence of a 
SAW (with allowance for all the strain components pro-
duced by the SAW) is given by

I = I0(1 + cos2a + Bsin2a),	 (2)

where

3

[ ( ) ( )]
, ( )I N

E

b r t t
r1

3

2 2
2
3yy zz

xx zz0 2

2

.
e e

e e
D

+
-

=- -) 3 ;	 (3)

( )
B

E

d t

3

4 yz
.

e

D
;

the coefficient N is proportional to the matrix element of the 
momentum operator for the k = 0 transitions from the con-
duction band to the valence band; DE is the energy separation 
between the heavy and light hole states; b and d are constants 
in the deformation potential; and the parameter r quantifies 
the engineering strain asymmetry.

Analysis of the experimental data, calculation results 
(Fig. 6) and relations (3) and (4) leads us to the following con-
clusions:
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Figure 4.  Angular dependences of the output intensity at Iop » 2Ith (a) 
without ultrasound (the points represent the experimental data and the 
solid line shows the best fit to 2I0 cоs2a, with I0 = 14 V) and (b) in the 
presence of ultrasound (the points represent the experimental data and 
the solid line shows the best fit to B̃sin2a, with B̃ = 0.22 V).
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Figure 5.  Schematic of the model configuration used to calculate the 
amplitudes of different strain components excited by an SAW in the 
structure under investigation.
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Figure 6.  eyy, eyz and ezz ultrasonic strain amplitude distributions in the 
yz plane of the active zone of the heterostructure.
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1. The rotation angle is j » B/2 » 7 ´ 10–3 rad. Using the 
estimated energy splitting DE » 14 meV [7, 8] and d = 4 eV, 
we obtain  |eyz| » 2 ´ 10–5.

2. According to calculation of the relationship between 
the amplitudes of the other alternating strain components in 
the active layer of the laser (Fig. 6) with eyz » 2 ´ 10–5, these 
amplitudes are ezz » 3 ´ 10–5 and eyy » 4 ´ 10–5.

3. The modulation depth of the linearly polarised alternat-
ing intensity component, Ĩ0 /I0, is determined by the second 
term in (3) and is ~2 ´ 10–3 at b = 3 eV and r = 3 ´ 10–3 [8]. 
We failed to detect this alternating component, which was 
probably the consequence of the insufficient sensitivity (detec-
tion limit Ĩ0 /I0 ~ 10–3) because of uncertainties in our calcula-
tions.

An increase in the excitation efficiency using either elec-
tronic means for increasing the SAW intensity or complex 
excitation configurations (e.g. simultaneous excitation of 
both bulk and surface waves) would allow more detailed 
information to be gained.

Of special note is that the birefringence induced by exter-
nal shear deformation may have a significant effect on the 
polarisation of light that passes through the Fabry – Perot 
cavity of a semiconductor laser. The rotation angle of the 
plane of polarisation is determined by the photoelastic con-
stant p44 of the waveguide material and (in passive mode) by 
the waveguide length. Estimates for GaAs crystals (basic to 
the heterostructure under consideration) far away from their 
absorption edge for eyz » 2 ´ 10–5 and the experimental condi-
tions of this study (0.9-mm-long heterostructure) give a rota-
tion angle of ~1.5°. This means that, when there is alternating 
strain, the effect in question should be observed even below 
threshold, but no effect was detected below or near threshold 
for bulk or surface waves.

On the other hand, the p44 of cubic semiconductors is 
known to depend on the wavelength of light. In particular, 
the p44 of gallium arsenide near its optical absorption edge is 
almost zero. This fact was analysed experimentally and theo-
retically by Higginbotham et al. [10].

That the induced birefringence has no effect on the rota-
tion angle of the plane of polarisation confirms that a consid-
erable rotation in the lasing regime via multiple photon passes 
through the cavity would lead to lasing breakdown because of 
the rotation of the plane of polarisation through 90° and that 
optical transitions with light polarisation parallel to the 
growth axis of the quantum well (the y axis in our experi-
ments) are forbidden. Lasing breakdown caused by an acous-
tic wave through the structure would show up at least as 
appreciable modulation of the laser output intensity at twice 
the ultrasound frequency, but nothing of the kind was 
detected.

All this leads us to conclude that, in our experiments, 
induced birefringence played no significant role.

4. Conclusions

We have studied the effect of Rayleigh surface acoustic waves 
on the polarisation properties of the output radiation of a 
quantum well semiconductor laser. The results demonstrate 
that, like in the case of bulk waves, the SAW-induced strain 
rotates the polarisation direction (but the light remains lin-
early polarised), which is the consequence of the intermixing 
of the wave functions of heavy and light holes. Using mea-
sured rotation angles, we have estimated the amplitude of the 
shear component of the SAW-induced strain. We have calcu-

lated the distribution of the SAW-induced strain components 
in a model laser structure and determined all the SAW-
induced ultrasonic strain components in the laser structure 
studied.
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