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Terahertz acoustic oscillations by stimulated phonon emission in an optically pumped superlattice
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A source of nanometer wavelength, transverse-polarized, sound waves based on stimulated emission of
phonons in a semiconductor superlattice inside an acoustic cavity and pumped by a low-average power
nanosecond pulsed laser is described. The experimental evidence for sound laser (saser) action in our device is
a superlinear increase in emitted acoustic intensity and an increase in emission directionality above a threshold
in the peak optical pumping power at ~500 W cm™. We also show that saser action is theoretically possible
in the device due to strong electron-phonon coupling, the achievement of population inversion under optical
pumping and effective phonon confinement in an acoustic cavity.
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I. INTRODUCTION

In recent years, there has been a rapid growth in interest
in developing techniques for the generation and detection of
nanometer-wavelength sound in solids. In typical solids, with
the speed of sound a few thousand meters per second, this
means a sound frequency of order a terahertz (10'?> Hz).
Such high-frequency sound waves are a useful tool for study-
ing embedded nanostructures and would complement other
nanometrology techniques such as atomic force microscopy,
scanning tunnel microscopy, and TEM which probe surfaces
or require destructive processing of the sample. An example
is the use of nonequilibrium phonons to probe embedded
quantum dots.! However, the work described in Ref. 1 used
incoherent phonons with a broad, Planck, frequency spec-
trum. Application of acoustics to the study of nanostructures
would benefit from access to a source of coherent
nanometer-wavelength sound. Such sources of coherent tera-
hertz sound have been demonstrated (see, e.g., Refs. 2—7 and
references therein) but these require the use of specialized
equipment including expensive femtosecond pulsed laser
systems. A device which is the acoustic equivalent of an
optical laser, e.g., a saser [for: sound amplification by stimu-
lated emission of (acoustic) radiation], would emit an intense
beam of coherent sound under electrical or optical pumping,
and could potentially transform the field of terahertz acous-
tics, just as the laser has transformed optical spectroscopy
and imaging.

The operation of lasers is based on the fundamental phe-
nomenon of stimulated emission in systems having a popu-
lation inversion. Stimulated emission is not restricted to pho-
tons, it is possible for any elementary excitation obeying
bosonic statistics. In solids, for example, stimulated emission
is demonstrated for photons, plasmons® and optical
phonons.® For high-frequency acoustic phonons, the theoret-
ical possibility of sound amplification by stimulated emission
of radiation has been discussed in the scientific literature; see
for example Refs. 10-12. Practical demonstrations of stimu-
lated emission of acoustic phonons are few, and include the
case of inversely populated impurity states subject to very
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strong optical pumping and for acoustic frequency up to only
about 50 GHz corresponding to a wavelength of about 200
nm (see Ref. 13 and references therein). Recently, stimulated
emission of terahertz longitudinal-polarized acoustic
phonons from GaAs/AlAs superlattices (SLs) under hopping
electron transport has been demonstrated.'* In that case the
population inversion was created between the Stark levels
under electrical bias.

A large class of contemporary semiconductor laser de-
vices is based on heterostructures having nanoscale feature
sizes, which present many opportunities to engineer the elec-
tronic states and provide strong population inversion under
pumping. When considering the possibility of a saser, it is
necessary to take account of the fact that, in crystals, the
speed of sound is about 5 orders of magnitude less than the
speed of light. As a result, for a given frequency, acoustic
phonons have a much shorter wavelength than photons. In
particular, for the terahertz frequency band, the wavelength
is only a few nanometers. This suggests that for a
heterostructure-based saser not only the electron states, but
also the phonon states and their coupling with electrons can
be tailored to facilitate its operation. On the other hand, the
short wavelength of terahertz sound as well as its relatively
strong scattering in comparison to light'> brings about severe
requirements for design of the acoustic cavity. It has been
demonstrated, however, that modern epitaxial growth tech-
nologies enable the production of high-quality acoustic cavi-
ties for terahertz frequencies.'®

Here we present evidence of saser action for transverse
(shear) acoustic modes at 500 GHz in an optically pumped
semiconductor SL without applied electrical bias. The device
exploits the effect of strong enhancement of the piezoelectric
electron-phonon interaction in SLs.!” The enhancement is
due to “resonance” of the acoustic wavelength with the pe-
riodicity of the piezoelectric coupling constant in the SL, and
occurs only for transverse-polarized phonons, propagating
very close to the SL growth axis and having energy 7w
=2mnhic,/d where d is the repeat period of the SL, ¢, the
velocity of sound and 7 is an integer. One might expect such
an enhanced interaction to facilitate transfer of the system
into the regime of stimulated emission.

©2009 The American Physical Society
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FIG. 1. (a) Structure of the optically pumped saser device; (b)
calculated frequency-dependence of the reflectivity of the Bragg
mirror and active superlattices for transverse-polarized sound.

The structure of the paper is the following: in Sec. II we
describe the devices under investigation and the experimen-
tal system. The results of measurements suggesting stimu-
lated character of phonon emission in our system are pre-
sented in Sec. III. In Sec. IV we present a theoretical analysis
explaining the observed behavior.

II. DETAILS OF EXPERIMENT

The structure of the experimental device is shown in Fig.
1. It was grown by molecular-beam epitaxy on a 0.38-mm-
thick semi-insulating GaAs substrate. From top to the bot-
tom, the structure consists of: a 40-period GaAs/AlAs SL
(which we will call the active SL) with the quantum well
(QW) and barrier layer thickness dow=6.3 nm, and dj
=1.1 nm; a 0.5-um-thick GaAs spacer; and another 40-
period GaAs/AlAs SL (the mirror SL) with the GaAs and
AlAs layer thickness of 1.7 and 2.2 nm, respectively.

Due to the different acoustic impedances of GaAs and
AlAs, sound is partially reflected at the heterointerfaces.
Bragg reflection of sound occurs at wavelengths 2dy/n,
where n is an integer and dy; is the mirror SL period (dy
=3.9 nm). The parameters of the active and mirror SLs were
selected such that the phonons in the spectral band for which
the piezoelectric electron-phonon interaction is enhanced in
the active SL are also strongly reflected by the mirror SL (see
Fig. 1). Thus, the phonons are confined in the Fabry-Pérot
cavity between the sample surface, which acts as a mirror,'#
and the SL Bragg mirror. In addition to the structure shown
in Fig. 1, we also produced a control structure which was the
same, except that it had no mirror SL.

The experimental setup is illustrated in Fig. 2. The active
SL was subject to interband optical excitation by a tunable
CW Ti:sapphire laser focused to a spot of about 50 um di-
ameter on the sample surface It should be noted that the
presence of the relatively thick GaAs spacer between the
active SL and mirror SL prevents light absorption in the lat-
ter. The laser beam was chopped by an acousto-optic modu-
lator to produce pulses of duration about 30 ns. The acoustic
emission from the structure was detected using a supercon-
ducting aluminum bolometer fabricated on the surface of the
GaAs substrate opposite the SL structure. The measurements
were performed at temperature of about 2 K, on the bolom-
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FIG. 2. Experimental arrangement, showing a typical time-
resolved bolometer trace. The onset of the bolometer signal is about
120 ns after the laser pulse hits the sample.

eter superconducting transition. At this low temperature,
most of the terahertz acoustic phonons reach the bolometer
ballistically with no scattering. The longitudinal and
transverse-polarized phonons travel at different speeds and
so can be discriminated by their different arrival time. A
typical bolometer signal is also shown in Fig. 2. The onset of
the signal occurs about 130 ns after the laser pulse is incident
on the sample, which corresponds to the ballistic time of
flight of low-frequency (<1 THz) transverse-polarized
acoustic phonons in the substrate. Very little signal is de-
tected at the expected arrival time for longitudinally polar-
ized phonons (~80 ns, not seen on the scale of Fig. 2). The
peak in the signal at about 190 ns is followed by a slowly
decaying tail which is normally attributed to quasidiffusive
propagation of the acoustic phonon decay products of emit-
ted optical phonons.

III. EXPERIMENTAL SIGNATURES OF STIMULATED
PHONON EMISSION

The results of measurements of the peak intensity of the
transverse-acoustic phonon signal as a function of pumping
power density are shown in Fig. 3(a), for the case when the
excitation laser spot is aligned on the part of the SL directly
opposite the bolometer and for two values of the laser exci-
tation wavelength, 720 and 750 nm (these values correspond
to the photon energy exceeding the effective band gap of the
SL by about 100 and 30 meV, respectively). The most im-
portant feature is the threshold observed at a pumping power
density of about 500 W cm™2. No such threshold is observed
if the laser photon energy is below the fundamental band gap
in the active SL or if the laser spot is not positioned directly
opposite the bolometer. By analogy with measurements on
optical laser structures, the pumping threshold suggests the
stimulated character of the transverse-acoustic phonon emis-
sion.

Figure 4(a) shows the bolometer signals for a pump
power density of 1650 W cm™2 and photon energies both
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FIG. 3. (a) Bolometer signal as a function of the pump power-
density incident on the sample for two different pump wavelengths,
720 and 750 nm. (b) Detail of the region close to the threshold for
750 nm wavelength pump, and, for comparison, the pump power-
density dependence of the signal for the sample without an acoustic
Bragg mirror.

below and above the SL fundamental band gap. There is a
clear difference between the signals in the first 130-180 ns
where the signal is strongly enhanced when the photon en-
ergy is larger than the gap. As both photon energies are well
above the bulk GaAs band gap, we conclude that the change
in the nature of the signal must be due to optical excitation of
the SL which emits largely low-frequency acoustic phonons.
Similarly, as shown in Fig. 4(b), for photon energy larger
than the gap, the dependence of the signal on pump power
density shows a significant increase in the low-frequency
acoustic phonon component when the pump power density is
increased above the threshold value. Note that in Fig. 4(b)
the signals have been normalized to the pump power so that
the change in shape of the pulse is not masked by the large
overall increase in intensity. The signals shown in Fig. 4
were all recorded with the pump spot positioned directly
opposite the bolometer. The dependences of the signal on
pump photon energy and power were very much weaker if
the pump spot was moved so that it did not overlap with the
active area of the bolometer.

Previous measurements of the phonon emission by opti-
cally excited bulk GaAs (Ref. 19) also showed a superlinear
increase in the ballistic low-frequency acoustic phonons with
increasing excitation power density above a few hundred
W cm™2. The authors attributed this to the formation of a
dense electron-hole plasma at high optical power density.
Rapid intercarrier scattering within the plasma and acoustic
phonon emission bypasses the optical phonon emission chan-
nel which dominates at much smaller excitation power den-
sities. There are some important differences between the
measurements described here and in Ref. 19: in our case,
optical pumping of a SL is taking place, and the pump pho-
ton energy is at the most only a few units of the optic phonon
energy above the effective band gap. However, stronger evi-
dence that the observed threshold is probably due to stimu-
lated phonon emission and not the process described in Ref.
19, was obtained by performing the same measurements on
the control sample having no mirror SL. The mirror SL does
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FIG. 4. Phonon signals for the pump spot directly opposite the
bolometer: (a) comparison of the bolometer signals at two different
pump photon energies, corresponding to below and above the fun-
damental band gap of the SL, and for constant power density of
1650 W cm™2; (b) comparison of the bolometer signals in the tem-
poral range corresponding to the arrival of low-frequency
transverse-acoustic phonons at four different pump power densities,
two below and two above the threshold level. The signals have been
normalized to the power density and were taken at a pump wave-
length of 750 nm.

not influence the propagation of sound of frequency outside
the narrow bands where Bragg reflection occurs. Therefore,
if the process described in Ref. 19 was responsible for the
observed threshold, then we should expect to observe it us-
ing both samples. The detailed dependences up to
1500 W cm™2 for both samples pumped at A=750 nm are
shown in Fig. 3(b). There is clearly no threshold seen for the
sample without the mirror SL, which means that stimulated
emission of phonons, combined with their accumulation in
the Fabry-Pérot acoustic cavity, is the more likely explana-
tion for the above-threshold enhancement of the phonon
emission in the sample with an acoustic mirror SL.
Additional experimental evidence for stimulated phonon
emission and saser action of the structure is the more direc-
tional character of sound emission above the threshold. We
have already pointed out that the threshold and enhancement
of the ballistic transverse-acoustic phonon signal is only ob-
served when the pump-laser spot is directly opposite the bo-
lometer. Here we make measurements of the spatial depen-
dence of the ballistic phonon intensity using the phonon
imaging technique,”® where the excitation laser spot is
scanned over the surface of the SL opposite to the bolometer.
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FIG. 5. (a) Image of the bolometer signal intensity as a function
of the pump spot displacement. The position (0; 0) corresponds to
the pump spot directly opposite the bolometer. The horizontal line
through the centre of the image indicates the y position of the above
and below-threshold line scans shown in (b). For clarity, the line
scans have each been normalized to their peak.

Fig. 5 shows an image of the emission from the structure
with a mirror SL and line scans of the acoustic intensity at
pump powers corresponding to below and above threshold. It
is clear that as the pump power is increased above the thresh-
old, the angular width of the emission reduces. For below-
threshold pumping, the spatial distribution of the phonon flux
is as expected for TA phonon focusing in the cubic GaAs
substrate,”’ but broadened to allow for the finite size of the
laser spot and bolometer. Above threshold, the observed spa-
tial distribution can be quantitatively accounted for by the
overlap of the laser spot with the bolometer, with only a
small correction due to phonon focusing effects. This sug-
gests that, when pumping above threshold, the emitted pho-
non wave vectors are in a direction very close to the normal
to the SL layers. On the other hand, for the sample without
the mirror SL, increasing the pumping gave rise to a small
angular broadening of the emission. This is to be expected
since, in the absence of sasing, pumping at higher power
would normally result in the emission of higher energy
phonons which will be more strongly scattered on their way
to the bolometer.

We claim that the observation of the pumping threshold
and concomitant narrowing of the angular range of the
acoustic emission provide compelling experimental evidence
for stimulated emission and sasing in the structure with a
Bragg mirror SL. This is also supported by the absence of
both a threshold and increased directionality in the control
sample which has no acoustic cavity.
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IV. THEORY OF THE ACOUSTIC PHONON POPULATION
INSTABILITY

In this section we go on to show that these experimental
observations are consistent with a theoretical model of the
electron inversion and phonon amplification produced in the
active SL by optical pumping. Pumping of the active SL with
interband light having photon energy greater than the effec-
tive band gap, E’, leads to the creation of nonequilibrium
photoexcited electrons and holes in the QWs. In isolated
QWs, the initial nonequilibrium electron distribution will re-
lax to the bottom of the band and, due to fast scattering,
inversion is lost. However, because the AlAs barrier layers of
the active SL are sufficiently narrow, electrons are able to
tunnel through them and an extended electron miniband is
formed.?! This ensures fast escape of nonequilibrium elec-
trons from the SL and so maintains the inversion electron
distribution produced by the optical pumping. The escape
time is determined by the length of the active SL and the
electron velocity. For the active SL used in our experiments,
the electron escape time was estimated to be approximately 5
ps (see below). This is much less than the electron-scattering
time, provided that the electron energy is less than the optical
phonon energy, and suggests that electrons escape the SL
ballistically, giving rise to the inversion. Note that such a
method to maintain inversion is analogous to that used in
molecular microwave oscillators.?> The electron distribution
is illustrated in Fig. 6(a), where we show the region of popu-
lated states in electron momentum space. Here k, and k, are
parallel to the layers of the SL and correspond to free in-
plane motion, and k, is normal to the layers and corresponds
to the electron motion in the SL periodic potential. The elec-
tron distribution is determined by the energy and momentum
conservation under the process of photoexcitation,

KO = E + h2(k; + k) (m, + my)/(2mm,)
+ (A, + A1 =cos k.d)/2, (1)

where the so-called tight-binding model of the electron mini-
band is assumed,” %) is the pumping photon energy, Ej, is
effective gap of the SL; m, j, and A, , are the effective mass
and miniband width for electrons and holes. Since the spec-
tral width of the pump-laser radiation is quite narrow, about
0.5 meV, the populated states are concentrated around the
“surface” shown in Fig. 6(a) of “thickness” determined by
the mentioned spectral width, or, in other words, dispersion
of 7). In the particular case of Fig. 6(a), the photon energy
7Q) is chosen such that ﬁQ—EZ=3O meV, and all photoge-
nerated carriers have nonzero in-plane wave vector. Appar-
ently, such a distribution is characterized by a population
inversion. However, such an inversion electron distribution
does not necessarily give rise to amplification due to stimu-
lated emission of any phonon mode. This is because elec-
trons may make transitions to empty higher or lower energy
states with, respectively, the absorption or emission of a pho-
non. Each of these processes is controlled by the momentum
and energy conservation laws. For amplification of a particu-
lar mode to occur, the probability of emission must be
greater than the probability of absorption. If this is the case,
the population of the mode will become unstable and be
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FIG. 6. (a) Electron distribution in the photoexcited SL. (b)
Illustration of the feasibility of sound amplification in SL. The black
ring represents the populated electron states at particular value of k_,
and the gray rings inside (outside) show scattered electron states
with emission (absorption) of a transverse phonon frequency
=2mc,/d=470 GHz, and transferring no z component of momen-
tum to electrons. For the lateral component of the phonon wave
vector directed along the y axis, the horizontal lines at ky,=k,,,,kq,
mark the possible electron states capable of emitting (absorbing) the
phonon, and their white portions show such states which are actu-
ally populated. One can see that in this case emission prevails ab-
sorption and sound amplification is theoretically possible.

amplified. A qualitative illustration of the feasibility of am-
plification of a particular mode having frequency
=2mc,/d, and for which phonon-assisted electron transitions
occur with conservation of k., is shown in Fig. 6(b). In this
case, the electron transitions are within the planes obtained
from the distribution of Fig. 6(a) by cross sections at con-
stant k.. Due to the isotropic electron dispersion in the x-y
plane, in such cross sections the populated electron states are
within a ring, part of which is shown in Fig. 6(b) by the
black curve. Similarly, the scattered states after the phonon
emission (absorption) must be within the rings of smaller
(larger) radius. If we assume the phonon in-plane wave vec-
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tor is directed along the y axis and is of magnitude ¢, then
elementary consideration of the energy and momentum con-
servation under the electron-phonon scattering process pro-
vides that for electrons emitting such a phonon, k,=¢g/2
+m,w/(hq) =k,,,, while for electrons absorbing such a pho-
non k,=q/2-m,w/(hq) =k,,. A particular case correspond-
ing to relatively small ¢ is shown in Fig. 6(b). According to
the wave vector constraint, the emitting electrons are situated
on the white portion of k,,, line, while the absorbing elec-
trons are on the white portions of the k, line. As can be seen,
in this particular case, the number of emitting electrons ex-
ceeds the number of absorbing electrons, suggesting ampli-
fication of this phonon mode is possible.

It should be mentioned that, in our case, the electron den-
sity in the active SL is as low as 10! m~. It is unlikely that
for such density conventional bulklike mechanisms of
electron-phonon coupling can provide strong enough ampli-
fication of phonons even in the presence of inversion. How-
ever, we found recently that, in an SL, the piezoelectric
electron-phonon interaction can be enhanced dramatically
for particular phonons, which we call resonant.'” These
phonons have energy %o close to 27fic/d and are emitted or
absorbed at a very small angle 6 to the SL normal. For reso-
nant phonons, piezoelectric coupling in the GaAs/AlAs SL
can exceed bulklike coupling by more than an order of
magnitude,17 which facilitates achievement of amplification.
To determine the theoretical possibility of saser action, it is
necessary to analyze rigorously the value of the phonon
increment:a=P,,,— P ,,,, where P,, and P, are, respec-
tively, the probabilities of the phonon emission and absorp-
tion. We start first with consideration of the electron contri-
bution to .

In the tight-binding approximation, the spectrum and
wave functions of electrons in a SL are determined as

KA
E,(kyk) = ——"+ —“[1 - cos(k.d)],
“ 2m 2 ’

e

N-1

1
= ——explikx + ik,y) 2, exp(ik.dn)x(z—nd), (2)
\SN T n=0

where S is a normalizing area, N is the number of periods in
the SL, and y is the orbital corresponding to the electron
wave function confined in an individual QW. The electron-
phonon interaction is determined by the piezoelectric poten-
tial, ¢, induced by the phonon-related strain. The Poisson
equation for ¢ is

V2¢>=LV P, (3)

€&
where ¢ is the dielectric permittivity and g, is the absolute
dielectric constant. The polarization, P, induced due to the
piezoelectric effect has components: P;=e;;(z)u;, where u;
is strain tensor and e;j; are piezoconstants, which are differ-
ent in the QW and barrier layers of the SL. In our case,
where elastic mismatch of the layers of the SL has very little
effect on its phonon spectrum, it is possible to assume the
plane-wave character of the phonon. The periodic z depen-
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dence of e gives rise to a complex form of ¢, which for a
phonon of wave vector q can be presented as a series

. . . R exp(igonz)
¢=—explig.z+igx+ lCIyy) 2 - 2, 2°
n=—00 (Clz + qu) + qH

(4)

Here q”=\e"qi+q§, qo=2/d, and the coefficients R, are de-
termined by the symmetry of the QW and barrier materials as
well as the direction of SL growth (see Ref. 17). The form of
the denominator suggests a strong potential for resonant
phonons [(g.+gon)d,qd<<1], which is a smooth function of
z. Note, that a similar resonance also occurs when the actual
Bloch-like structure of the SL phonon modes is considered.

Neglecting the overlap of the neighboring orbitals while
calculating the matrix element of electron-phonon scattering,
we obtain for the probabilities of the phonon emission and
absorption the following expression:

(2m,)*? f flek.)
Ponar=—>—J,| dedk, —=—. 5)
,ab SﬂzpwﬁSq” q II ZV/S—H _Eem,ab (

Here g =fi%(k}+k2)/2m, and f is electron distribution func-
tion. The characteristic energies for emission and absorption
are  E,, ,={E,*ho+A[cos k.d—cos(k.F q.)d]/2}*/ (4E)),
where #iw is the phonon energy and E”=ﬁ2qﬁ/(2m6). The
limit of the integral over g, in Eq. (5) is &> E,,, 4, which
reflects energy and momentum conservation under the pho-
non emission and absorption processes. In Eq. (5), Jq corre-
sponds to the form factor of the electron-phonon coupling in
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multiple quantum well structures analyzed in Ref. 17 and
determined as

2

. (6)

Jq= ‘fX2¢dZ

where normalization of ¢ is selected such that the amplitude
of the displacement is unity. As it was shown in Ref. 17, for
resonant transverse phonons (g.=—qo+d8q,, 69.<qq) of
horizontal and vertical polarizations (i.e., having displace-
ment normal or parallel to the plane of the phonon incidence
on the SL interfaces, correspondingly) in a (001) GaAs/AlAs
SL

2062 2
e“de d
JTAR) - 21‘; 261” 5 ZsinzqO Beos? 2dpns
g“eyd” (8q; + qy)
202 2
e“de d
JTAD) 14 q in? q02 B gin2 2¢y. (7)

S
e2eed’ (84* + )

Here de;, is the mismatch of the piezoelectric constant in
GaAs and AlAs and ¢, is the polar angle of the phonon
in-plane wave vector. As we see, the coupling of horizontally
and vertically polarized transverse phonons can be distin-
guished only by the dependence on ¢,,. In the following, we
analyze the case of angle ¢,, for which the increment is
maximal.

Under the laser pumping, the distribution function can be
approximated as

fo(kz), |hQ - E; - Ee(k”,kz) + Eh(k\|7kz)| < 5EM/(2mE)
f(ku,kz) = . > (®)
0, otherwise
I
where OF is the spectral width of the laser and M lations we restricted the minimal value of v,:v,

=mm;,/ (m,+my) is the reduced mass. The parameter f; can
be estimated from the condition of balance of the electron
photoexcitation and ballistic escape,

. ﬂzﬁzplaserg
7Ok M SEv (k)

fo )
where P, is the laser power density, ¢ is the fraction of
photons absorbed in SL, and k,, is the maximum value of k,
for states populated by electrons. The characteristic velocity
of electron escape, v,, can be determined from the electron
dispersion, Eq. (2), as v,=A,d/(2h)sin k.d. In our case A,
~10 meV and A,d/(2%)~6X10* m/s. Apparently, for k,
=0,m/d we get zero escape velocity due to electron Bragg
reflection and unphysical divergence of the electron popula-
tion. In general, for such electrons, removal can be due to
scattering. In our case, however, we suppose that faster leak-
age rate can be provided due to the finite length of the SL, /,
which gives to rise to an uncertainty in electron wave vector
ok, ~2m/l. According to this estimate, in our further calcu-

> aA,d/ (N#), where N is the number of periods in the active
SL.

Analysis of the increment in the general case is a compli-
cated problem. However, it is easy to consider a particular
case of 6g,=0. In this case E,,, ,, do not depend on k, and
E,,=E,+hw. Figure 7(a) shows the populated electron
states by the shaded region in k,-g; plane. We show also by
the horizontal lines E,,, and E,, for two values of g;. In the
case corresponding to the superscript (1) both phonon emis-
sion and absorption are possible for any k,. However, the
form of expression (5) suggests that the probability of emis-
sion exceeds that of absorption and the increment is positive.
In case (2) only absorption is possible, and the increment is
negative. Figure 7(b) shows the dependence of E,,, ,, on g
for resonant phonons. As we see the dependence is very
sharp in the region of small g;. This means that very small
variation in ¢, changes the increment significantly.

The results of numerical calculations for « are shown in
Fig. 8 for the pumping power of 2 kW cm™2, hQ—E;
=30 meV, the materials parameters used are given in Ref.
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kdin

q, (10°m™

FIG. 7. Tllustration of the electron population inversion (a). The
shaded area marks the region of electron in-plane energy and k,
where the electron distribution function is concentrated. The char-
acteristic energies E,, ,, are marked for two particular values of g,
and 6g,=0. (b) The dependence of E,, ., on g for resonant
phonons.

23, and £=0.49 (the latter value assumes 30% reflection of
light from the sample surface and 70% absorption within the
active SL). In our case we do not know the exact value of
OE. Experimentally, it was determined to be, in any case, less
than 0.5 meV. Due to this uncertainty, we show results of for
the increment for the two different values of oE, 0.5 and 0.1
meV, in Figs. 8(a) and 8(b), respectively. We see, that in
accordance with the above analysis, in very narrow range of
in-plane phonon wave vectors « is positive and has large
magnitude.

The contribution of the photogenerated holes to the incre-
ment can be calculated in a way similar to that of electrons.
The important point here is feasibility of hole inversion. In
our case we calculated the heavy-hole miniband width to be

1.0 1 7 1
_----q”:1.25x10 m
——1.3 . a
'TA 0.5-_1.35 n
o 1----14
2 0.0-
“GC'J' 4
€ -0.54 ]
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o ]
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2 1.0+ ﬁ
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FIG. 8. Numerical results for the electron contribution to the
phonon increment for different values of the in-plane phonon wave

vector. The cases (a) and (b) correspond to the spectral width of the
pumping laser radiation 0.5 and 0.1 meV, respectively.
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FIG. 9. As Fig. 8 but for the hole contribution to the
increment.

A,=2 meV, and the characteristic escape time about 25 ps.
This time is short enough to provide ballistic escape of holes.
For this case the results for the hole contribution to the in-
crement are provided in Fig. 9. As we see, it is greater than
that of electrons, which is a direct result of slower escape of
holes and their stronger accumulation in the active SL. Due
to different values of the lateral effective masses of electrons
and holes, they provide large value of increment to the
phonons of slightly different lateral wave vectors. Note, that
for the wave vectors corresponding to the large electron in-
crement shown in Fig. 8, the contribution of holes is nega-
tive, giving rise to considerable decrease in increment. On
the other hand, electron contribution to the increment in the
range of lateral wave vectors corresponding to Fig. 9 is
small. This suggests that provided that the hole inversion
exists in the system, stimulated phonon emission is mainly
due to their coupling with holes. However, we have to men-
tion here that fluctuation of the thicknesses of the layers of
the SL can give rise to localization of holes, which leads to
their thermalization. Since thermalized holes do not interact
with the phonons of interest due to energy and momentum
conservation, the phonon emission in this case would be due
to electrons. Unfortunately we cannot be certain in our par-
ticular case on the ballistic character of hole removal from
the active SL and to conclude weather electrons or holes
provide the major contribution to stimulated phonon emis-
sion.

To estimate the feasibility of stimulated emission, we
have to take into account finite quality factor of the phonon
cavity. Consider the active SL of length / within a Fabry-
Pérot cavity of length L between a SL Bragg mirror, reflec-
tivity R,,, and the top surface of the structure, reflectivity R,.
Using the same analysis as for a laser (see, e.g., Ref. 24), the
round-trip gain is given by

245313-7
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(al L)
G=R,R,exp{2|——-—],
s 7
where ¢, is the velocity of transverse sound and € is the
phonon mean free path. The first term in the brackets ac-
counts for growth of the acoustic intensity due to amplifica-
tion and the second term accounts for losses due to scattering
in the cavity. The threshold condition for saser oscillation to
occur is G=1, giving

e, | L 1 1
ap=—"1—-+<In . (10)
Ily 2 \R,R,

Substituting the values for our structure: ¢,=3500 ms™!; [
=0.3 um; L=1 um; €=0.8 mm (Ref. 25); R,=0.8 (Ref.
26); and R,,~ 1, gives a,,~1X 10° s~!. Therefore saser os-
cillation is theoretically possible for pumping at less than
2 kW cm™. This is in a reasonable agreement with the ex-
perimental observation of a threshold at about 0.5 kW cm™2.

We have to note that, in our case, phonon generation is
not steady state, at least in some interval of pumping power
around threshold. This conclusion can be drawn immediately
by comparison of the predicted increment and inverse dura-
tion of the pumping pulse, 7-'. Experimental evidence is
provided by the character of the dependence of the phonon
signal on the pumping power. If no nonlinear process respon-
sible for saturation of the phonon radiation power in steady
state is present, then the bolometer signal is proportional to
expl(a—a,)TI/L], where a scales linearly with P,,,. In
Fig. 10 we plot the power dependence of the bolometer sig-
nal on P, for A=750 nm. From this graph exponential
dependence is clearly seen. From the slope of this depen-
dence and bearing in mind the threshold power value about
0.5 kW/cm? we obtain a,,~2X10% s7!. Taking into ac-
count the rough character of the model used we think this
number is in a reasonable agreement with the theoretical es-
timate given above. Finally, we should mention also that in
non steady-state regime we deal with multimode stimulated
emission with relatively low degree of coherence.
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FIG. 10. Bolometer signal with the extrapolated linear below-
threshold contribution subtracted as a function of the pump power
density (data points). The exponential character of the power depen-
dence is clearly seen in the fit to the experimental data (line).

V. CONCLUSIONS

In conclusion, we have observed experimental evidence
of saser action in the emission of terahertz transverse
phonons from a GaAs/AlAs superlattice under interband op-
tical pumping. The primary evidence for saser action was a
strong increase in the TA emission in a direction normal to
the SL layers when pumping above the threshold intensity.
We have shown that the important conditions for saser op-
eration are met in our device structure: formation of an in-
version charge-carrier distribution in the optically pumped
SL; resonantly enhanced piezoelectric electron-phonon cou-
pling for phonons propagating close to the SL axis; and re-
alization of a Fabry-Pérot phonon cavity. Such a source of
monochromatic nanometre-wavelength sound could poten-
tially be used for acoustic spectroscopy and imaging of nano-
scale materials and structures.
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