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Multiple harmonic components have been observed in the Fourier spectra of the coherent acoustic phonon
oscillations in InGaN/GaN multiple quantum wellsIQW's). The dependence of the relative magnitudes of
the first two Fourier components on the sample geometry was analyzed by conducting time-resolved pump-
probe measurements on MQW samples with different well-to-barrier ratios. The results were also compared
with the recently proposed loaded-string moldehys. Rev. B64, 235316(2001) ], and an overall agreement is
obtained which validates the picture of string oscillation with inhomogeneous loadings. We also demonstrated
manipulation of the spectral components using the coherent optical control technique. Our demonstration can
be regarded as a first step to the realization of wave-form synthesis of nanoacoustic waves.
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Following recent advances in femtosecond lasers and ul- In the present Rapid Communication, we report the spec-
trafast spectroscopy technology, generation and control afal analysis of the coherent acoustic phonons in the InGaN/
acoustic phonons with a high degree o_f spatial and temporabaN MQW's. Higher harmonic oscillation@ip to the order
coherence at the terahefEHz) frequencies have been dem- of 3) were also observed from the spectral analysis. By con-
onstrated in bulk solids;* semiconductor superlatticeS,  ducting pump-probe measurements on different MQW
quantum dot$, metallic nanoparticle$,and a number of samples, we studied the dependence of the spectral compo-
other materials. The progress in coherent acoustic-phondRents of acoustic phonons on MQW duty ratioefined as
generation has opened possibilities for research in fundamegse ratio of well thicknes4.,, to the MQW periodL). The
tal phonon physicsand material characterizatidfiwith the experimental results are compared with the loaded-string
ability to generate intense coherent acoustic waves, many, o 4e|20-21 Finally, similar to previous coherent control
potential applications can be exploited, for example, pfrl]}onoréxperimenté?'lg second-harmonic oscillation was enhanced
control of electron transport in quantum heterostructures by injecting another control pulse, while the fundamental

and phonon control of the ionic motidetc. Recently, we oscillation was suppressed due to destructive interference
had reported large coherent longitudinal-acou€tis) pho- PP . ‘
We performed our measurements using standard femto-

non oscillations with E)iezoelectric InGaN/GaN multiple o )
quantum well¥MQW's).1314 Coherent control within a few second transmission pump-probe technique based on a Kerr-

oscillation cycles was also demonstrated in this sysfetf. 1ens mode-locked Ti: sapphire laser. The laser output pulses
Such nitride-based piezoelectric MQW structures acting a¥ere frequency doubled using a beta barium borate crystal to
coherent nanowavelength acoustic sources opens a new p&gach the band-gap energy of the InGaN/GaN MQW's. The
sage to phonon engineering. Furthermore, the propagatirigedquency-doubled pulses had a pulse width of 180 fs at a
nature of coherent acoustic phonons makes it possible toyavelength of 390 nm measured by a two-photon-
realize the analogy of laser, a saSefThe observed large absorption-type pump-probe autocorrelation in a bulk GaN
oscillation amplitude renders this nitride-based MQW a posthin film.}*°> Because of the large piezoelectric constants
sible candidate for constructing a phonon laser. along the[0001] orientation group Il nitrides, a strain-
Contrary to its optical-phonon counterpart, the characterinduced piezoelectric field on the order of MV/cm is ex-
istic frequency of the coherent acoustic phonons is mostlypected. This large piezoelectric field is also important for the
determined by the length scale of the underlying heterostruageneration of coherent acoustic phondh€ The widths of
tures. Through a linear dispersion relation, the observed tenbarrier and well are in the range of 10-130 A, depending on
poral oscillation reflects the spatial spectrum of the heterosamples. The In composition in the MQW'’s was determined
structure. In most cases, there also exist non-negligible zon¢e be 10%. The MQW samples consist of 14 peritds.
folding phenomena, for example, in GaAs/InAs Figure Xa) shows the measured differential transmission
superlattice$.As a result, coherent acoustic phonons usuallychange at a wavelength of 390 nm after the same wavelength
have multiple spectral components. By utilizing coherentfemtosecond pulse excitation in a 14 period InGaN MQW.
control technique, it is possible to manipulate the spectralhe well and barrier widths of the MQW are 2.2 and 7 nm,
composition of a phonon pulse, and therefore, synthesize itespectively. All the quantum wells have the same well and
temporal wave formt®!® For example, Bartelet al. have  barrier widths. After zero time delay, a clear transmission
demonstrated the coherent control of zone-folded acoustioscillation due to the induced coherent acoustic phonons can
lattice vibrations in GaAs/AlAs superlattices by time sequen-be observed. The observed oscillation period is 1.27 ps, cor-
tial excitation with femtosecond pulses. In their experimentsyesponding to an acoustic frequency of 0.8 THz. With an
they silenced the first back-folded mode negr0, while  acoustic wavelength the same as the quantum well period,
selectively enhancing the coherent amplitude of higher-orde®.2 nm, a longitudinal acoustic velocity of 7200 m/s in the
back-folded mode¥® MQW structure can be obtainé@i Due to the highly asym-
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0.020 phonons in such MQW structurés.The eigenmodes are
0.015 (a) found to obey the loaded-string equation. The generation
- 0.0101 mechanism can be understood as folld#& Due to large
5 0.005 piezoelectric field in the well, the photoexcited electrons and
T 0.000 W holes are spatially separated, resulting in a periodic space
5 -0.005] charge density within the MQW. This charge density par-
E -0.010] tially screens the piezoelectric field and impulsively changes
O o015 the mechanical equilibrium state to an inhomogeneous one
00201 : : : through piezoelectric and deformation potential couplings.
0 2 4 6 As a result, the lattice relaxes to this new inhomogeneous
Time Defay (ps) equilibrium and thereby initiates the coherent acoustic oscil-
lations.
10"} (b) Let u=uz be the displacement field, heredirection is
£ chosen to be along the crystahxis, which is the case of our
E 102 samples discussed in this Rapid Communication. The loaded
g string equation fou is?*%
o 3|
2 10 Pu Pu ess ap,
o 10l N/\ POW_ F:_S_Spsc"' V;e,h dVSE:fpiezo"'fdefv
TR T ¥ i Tl @
Phonon Frequency (THz) whereT = Cg;+ €5/ is the effective elastic module along

FIG. 1. (a) Measured differential transmission change versus[oooﬂ direction, Cg3, &3, andes; are the stiffness, dielec-

probe delay for a 22 A/70 A InGaN/GaN MQW. The modulated tric, and piezqelectric tensor elements.in Mrection.psc
transmission change with a period of 1.27 ps reflects the photo-: |e|(pe—_ph) is the space charge dens_lty, s the hum-
induced coherent acoustic phonon oscillation. The laser Wavelengtner de_nS|ty of Species (v=e,h). dy3 is the ‘?'ef‘?fm"?‘“on
was 390 nm.(b) Fourier power spectrum of the temporal trace potential coupling ConStant'_The sound V(_aloc_'ty is given by
shown in(a). Acoustic frequency components of 0.8, 1.6, and 2.4Cs= VI'/po. The contracted index convention is used for the
THz can be observed with corresponding acoustic wavelengths densors. We also introduce two driving forces in Eg):
9.2, 4.6, and 3.1 nm. fpiezo @nd fer, coOrresponding to piezoelectric and deforma-
tion potential couplings. The resulting strain is given dy
metric well-to-barrier ratiq2.2 versus 7.) higher harmonic = du/dz and the electric field i =E .~ (es3/£3)s.”" Here
oscillations were expected according to the loaded-stringhe space charge field satisfies/Es./9z=ps.. The Fourier
model?*%! component of strairs then satisfies the well-known simple
Figure ib) shows the Fourier power spectrum of the tem-harmonic-oscillator equatih?®
poral trace shown in Fig.(&). One sharp peak at 0.8 THz
can be seen in the figure, which corresponds to the funda-
mental oscillation frequency of inverse 1.27 ps in the tempo-
ral trace[Fig. 1(a)]. There are also smaller peaks at 1.6 THz 5
(4.6-nm acoustic wavelengtiand 2.4 THz(3.1-nm acoustic Heref is the Fourier transform of the driving force and the
wavelength corresponding to the second- and third- angular frequency,=Csq. Assuming the pump pulse has a
harmonic oscillations in the temporal trace shown in Fig.width much less than the oscillation period, the solutiois of
1(a). It is worth noting that there is negligible splitting of s given by>%
oscillation frequencies caused by zone-folding effect. This is

2

1%
2
W'i‘(x)q

~ 10~
s(g,t)= —f(q,1). 2
Po

due to the small difference of the elastic constants between S(0,t)=[iT(a)/poC2qI[1—T(wq)co wyt)]. (3)
well and barrier materials. The splitting is estimated to be s a a
less than 1% using available sound velocities. HereT(q) =T‘(q,t>rp) is the steady-state value anglis the

In order to investigate the second-harmonic component ofaser pulsewidth. There are two terms on the right-hand side
the generated coherent acoustic phonons, we have to lo@f Eq. (3). The first term corresponds to the steady state of
into the generation process. Recently, Sar}m;al. devel—. the carrier-induced strain fielgo(q)=i7(q)/poC§q. The
oped a microscopic theory for the photoexcitation of Carmersecond term corresponds to the oscillating part of the strain

and subsequent generation of coherent phonons in thg, 4 j e the coherent acoustic waves. The magnitude of the

1 20 i i it

MQW's.”  Under _typ|cal prerlmental condrqons_,_ they é:oherent acoustic wave is also proportional to the steady-
showed that the microscopic theory could be simplified an . ~ di duced by th |
mapped onto a loaded-string problem that can be easil§tate strain componersy(q) and is reduced by the pulse

solved and understodd.On the other hand, based on piezo- SPectrum factofl (wg).*?* The strain fields has the same
electric constitution relations, continuum elastic mechanicsperiodicity as the source terfy which is a periodic function
and Maxwell's equations, we also developed a macroscopiwith a period equal td.. Their Fourier components have
theory for the generation and propagation of coherenpeaks ag=maq, with qo=2=/L andmintegers. As a result,

121303-2



RAPID COMMUNICATIONS

SPECTRAL ANALYSIS OF HIGH-HARMONIC COHEREN.. .. PHYSICAL REVIEW B 67, 121303R) (2003
0.35[ ' ' ' ' ] 0.10
030} \ ] (a)
g o2l [\ ] e 005
8 o2l \ ] 2
8 o015} ] T 000
3o
g 010r % ] E-oos T T
0.05} ] a8
0.00l \.\. ] Excitation Pulse Control Pulse
) s . s s - . 010 — s . s
02 03 04 05 06 07 0 2 4 6
MQW Duty Ratio Time Delay (ps)

FIG. 2. Amplitude ratio of second harmonic to fundamental os-
cillations [s(2q0)|/[s(qo)| versus duty ratio of MQWL,, /L. The
InGaN/GaN MQWs considered here have a fixed well thickness
L,=22 A. The solid line is calculated by using the loaded string
model. The open circles are measured results, corresponding to bar-
rier thicknesses of 30, 70, and 90 A.

(b)

il

the characteristic oscillating angular frequencies @, 05 10 15 20 25 30
=mCyy. The relative magnitudes of the Fourier compo- Phonon Frequency (THz)

nents depend on the structure of the MQW. _ ) .
In Fig. 2, we show the relative oscillating amplitude of FIG. 3. (a) M_easured differentiated transmission changes_ver_sus
probe delay with a control pulse at 2.5 fundamental oscillation

second harmonis(2d) to s(q) (the left vertical axisver-  cycles after the first pump pulse. Second-harmonic oscillation with

sus the MQW duty ratid.,, /L (solid ling). In the calculation, 4 period of 0.63 ps can be clearly observed after applying coherent
the well thickness was kept 22 A, and the barrier thicknesgontrol with a control pulse(b) Fourier power spectra of the tem-

was varied from 10 to 90 A. Here we assume a $éoten-  poral traces shown i) after the incidence of the control pulse.

sity profile (autocorrelation full width at half maximum The enhancement of the second-harmonic component is evident.
equal to 255 fs for the calculation of the spectrum factor

T(wq). An increase in the second-harmonic component withtively enhance the second-harmonic component while
a more asymmetric well-barrier width ratio can be observedsuppressing the fundamental and third-harmonic ones. This
Also shown in Fig. 2open circles are the observed Fourier was done by applying another femtosecond uv putsdéled
component ratios (@, to wg) of the measured T/T corre-  control puls¢ into the pump region at 3.18-ps time delay,
sponding to traces from different samples with different well/which is equal to 2.5 fundamental oscillation cycles, 5.0
barrier width ratios of 22 A/30 A, 22 A/70 A, and 22 A/90 A second-harmonic oscillation cycles, or 7.5 third-harmonic
InGaN/GaN MQWs. Since the observed phonon-inducedscillation cycles. This control pulse thus generated another
transmission modulatioA T/T is through the guantum con- coherent acoustic-phonon oscillation of which fundamental
fined Franz-KeldyslQCFK) effect?* it depends on the rela- and third-harmonic oscillations destructively interfered
tive overlapping of strain field with the electron and holewith the original ones and second-harmonic component
envelope wave functions. The modulation efficiencies of coconstructively interfered with the original second-harmonic
herent oscillations with different spatial Fourier componentscomponent.
are also different. It is expected that the first-order compo- Figure 3a) shows the measured differential transmission
nent would have a larger QCFK effect due to a greater overchange induced by the pump pulse and a 3.18-ps delayed
lap with the envelope functions. It can be seen from Fig. 2control pulse. In the coherent control experiment, after ini-
that the observed modulation ratio is slightly lower than thetiation of the oscillation, an uv control pulse was directed
calculated strain amplitude ratio. An overall agreement of thénto the same area to perform the oscillation manipulation
measured values with expected values from the loaded-stringith time delay controlled by a 0.4 stepping stage. In
model is obtained. order to have a maximum spatial overlap between the pump
In order to selectively enhance the second-harmonic comand control pulses, the incident angles of these two pulses
ponent of the initiated coherent acoustic phonons, we alswere carefully tuned so that they were identical. A clear sec-
apply coherent optical control to perform the coherent canend harmonic oscillation with an oscillation period of 0.63
cellation of the fundamental and third-harmonic componentps, half of the fundamental oscillation period, can be ob-
with simultaneous enhancement of the second-harmoniserved after applying the control pulse at 3.18 ps. Figuiog 3
component. We have previously demonstrated coherent coishows the Fourier intensity spectra of the trace after inci-
trol of acoustic phonon oscillations in InGaN/GaN MQW'’s dence of the control pulses. Consistent with time-domain ob-
for coherent manipulation, including magnitude and phaseservations, the magnitude of the second-harmonic oscillation
of the initial fundamental oscillatiofr''® The fact that the was significantly enhanced relative to the fundamental one. It
LA phonon oscillation in InGaN/GaN MQW has multiple is also interesting to notice the suppression of the weak third-
harmonic components is a special feature compared to otirarmonic oscillation, since we are also performing destruc-
ers. By applying the coherent control technique to the gentive interference for the third-harmonic oscillation.
erated acoustic-phonon oscillations, we are able to selec- In summary, we have presented experimental spectral
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analysis of the coherent LA phonon oscillations in InGaN/of different Fourier acoustic wavelength components. This
GaN MQW'’s. By conducting time-resolved pump-probe simple realization of spectral manipulation is a first step for
measurements on MQW samples with different barrier thickcomplicated wave-form synthesis, which might lead to po-
ness, we studied the dependence of the spectral componeésitial applications including material characterizations,

on the sample geometry. The results were also compared totigne-domain phonon spectroscopy, nanoacoustic imaging,
loaded-string model and an overall agreement was obtainegnd even nanononlinear acoustics.

Simultaneously, cancellation of the fundamental oscillation

and enhancement of the second harmonic was also demon- The InGaN MQW sample was kindly provided by
strated through optical coherent controls. Our demonstratio. P. DenBaars. The authors would like to acknowledge
indicates the possibility for nanoacoustic wave-form synthestimulating scientific discussions with C. J. Stanton, G. D.
sis. Different acoustic frequencies can be predesigned to b®anders, and F. Vake This work was sponsored by National
embedded in the MQWs or superlattices with different pe-Science Council of Taiwan, R.O.C. under Grants Nos. 91-
riod widths and well-to-barrier width ratios. Acoustic wave- 2112-M-002-050 and NSC91-2215-E-002-021. K.-H. Lin
form synthesis up to a level of nanometers should then baould like to thank SiS Education Foundation for financial
possible by coherently controlling the phases and magnitudesssistance.
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