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We demonstrate coherent optical control of phonon oscillations using a femtosecond control pulse.
The experiments were performed in InGaN/GaN multiple quantum wells. Coherent acoustic phonon
oscillations was initiated with an UV femtosecond pulse. The subsequent manipulation, including
magnitude and phase, of the coherent acoustic phonon oscillations was achieved using another UV
femtosecond pulse by controlling the pulse time delay and intensity20@1 American Institute of
Physics. [DOI: 10.1063/1.1350598

Progress in femtosecond lasers and ultrafast spectrosentrol with terahertz radiatiof?. We extended the concept
copy technology has enabled us to generate and directly olof coherent optical control to the manipulation of coherent
serve coherent oscillations of phonon modieé.Oscillation ~ phonon oscillations. Strong magnitude and relatively long
changes in optical properties have been observed in &As, dephasing time of the coherent acoustic phonon oscillation in
Ge.! and a number of other materigt8. These optically ex- the InGaN/GaN MQW system make it suitable for this study.
cited coherent optical phonon modes behave like classical Optical control experiments were performed at room
oscillators and have nonzero time-dependent displacerfentsemperature on 14 period InGaN/GaN MQWsBecause of
This is different from spontaneous phonon emission, whiclthe large piezoelectric constants along [(6@01] orientation
is an incoherent process that populates the phonon mod@s group-IIl nitrides, a strain-induced piezoelectric field on
with the expectation value of each mode being zero. Fothe order of megavolts per centimeter is expected. The
acoustic phonons, semiconductor superlattices exhibit zongGaN/GaN MQW samples were grown osplane sapphire
folding of the acoustic branches within the mini-Brillouin using atmospheric pressure metalorganic chemical vapor
zone enabling the observation of coherent oscillations of theleposition. After annealing the substrate at 1050 °C, a 19-
zone-folded acoustic phonons in AlAs/GaAs superlattic8s. nm-thick GaN substrate was deposited at 525°C. The tem-
However, the observed reflection modulation was extremelyerature was then raised to 1080 °C to grow GaN of b
small. Acoustic vibrations of nanoparticf@élzwere alsore- thickness. The 14 period drGa, JN/GaN MQW was then
cently observed through impulsive excitation of their funda—grown on this thick GaN Iaiyer ét a temperature of 790 °C.
mental expansion modes. The oscillation damping was domithe barrier width was 43 A while a well width of either 50
nated by fast energy loss from the nanoparticles to theipr 62 A was deposited. The sample was finished with a 0.1-
surrounding media. Recently, we have reported the genergim-thick Alg,Gay N cap layer. Room temperature absorp-
tion of coherent acoustic phonon oscillations in InGaN/GaNtion measurements indicated that the band gaps of the
multiple quantum wellfMQWSs) with strain-induced piezo- MQWs were around 422 nif2.92 e\j and 430 nn{2.88 e\}
electric field*® Strong oscillations can be easily generatedfor 50 and 62 A MQWs, respectively. The crystal structure
with induced absorption modulation on the order of\yas wurzite.
10_2—10_3. The oscillation frequency, on the order of tera- The experiments were performed using a Kerr-lens-
hertz, can be linearly varied by changing the sample perioghode-locked Ti:sapphire laser with an 82 MHz repetition
width. The uncertainty of carrier distribution wave vectorsate. The experimental setup is shown schematically in Fig.
due to finite sample width was found to determine the ob- The laser output pulses were frequency doubled using a
served oscillation dephasing tiitWith 14 quantum wells, BBQ crystal to reach band gap energy of the InGaN/GaN
dephasing time on the order of 10 ps was observed. MQWs. The frequency-doubled pulses had a pulse width of

In this letter, we demonstrate optical control of the co-1g0 fs at a wavelength of 390 nm measured by a two-photon-
herent acoustic phonon oscillations using a separate opticghsorption-type pump-probe autocorrelation in a bulk GaN
(contro) pulse. The concept of coherent control was previ-hin film 2! The femtosecond pump pulses photoexcited car-
ously applied to many interesting fields including molecularyiers ijn the MQWs. Because of the periodic distribution of
motion manipulatiort, electronic quantum dynamics  the photoexcited carriers, carrier population with a wavevec-
control;**" electron-phonon scattering contfSlphotocur- o =2 7/a wherea is the MQW period width©3 or 105
rent generation in semicondcutdfsand charge oscillation &) ‘\yas thus created. Coherent oscillation, of the selected

acoustic phonon modéwith wave vectorq), was then
dElectronic mail: sun@cc.ee.ntu.edu.tw initiated** With a new equilibrium position due to the pho-
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FIG. 1. Schematics of the experimental setup. Time Delay (ps)

FIG. 3. The differentiated transmission changes versus probe delaybyith

: : : : : Mats ¢), (d) and without(a) the control pulse. The experiments were performed
tocarrier screening ?ﬁeCt’ displacive .cosme OSCI'||at|0nS Oll(n the 62 A InGaN MQW sample. Oscillation phase shifts-620 [trace
the coherent acoustic phonons was induced. With a SpaQ@)], +35 [trace(c)], and +135 [trace(d)] degrees were achieved with the

charge field much smaller than the built-in piezoelectriccontrol pulses.
field, the displacive force was proportional to the photoge-
nerated excess carrier densifyAfter initiation of the oscil- _ . .
lation, an UV control pulse was directed into the same arezShen mampulatfad using a foII(_)wed control puise, with con-
to perform the oscillation manipulation with time delay con- trolled optical intensity and time delay. For the example
trolled by a 0.1um stepping stage. The relative pump/ ghown in Fig. 2-, the control pulse arnvgd .at 4 ps after zero
control pulse intensities were managed through adjustabléme delay and induced another transmission background in-
neutral-density filters. In order to have a maximum spatia'€ase, indicating absorption of control pulse energy. The
overlap between the pump and control pulses, the inciderifcident control power inside the sample was 5.7 rti-
angles of these two pulses were carefully tuned so that the§al fluence~4.5x 10~° J/cnt) with an induced 2D/3D pho-
were identical. The generated and manipulated acoustic ph&carrier density ~2.6x10“cm~%/5.2x10'%cm™° under
non oscillations modulated the MQW absorption spectrunthe existence of pump-induced carriers. Due to imperfect
through quantum-confined Franz-Keldysh effécand was pulse overlap and absorption modification with pump-
detected with a weak probe pulse by measuring the prob#@duced carriers, it is less accurate to estimate the displacive
transmission change as a function of probe pulse time delajorce ratio using control/pump optical fluence. We estimated
Figure 2 shows an example of the measured transierihe displacive force ratio exerted by the control and pump
transmission change due to the pump and control pulses fgulses using their induced positive step responses as shown
the 50 A MQW sample at a wavelength of 390 nm. Incidentin Fig. 2. Due to the bandfilling effect, the magnitudes of the
pump power was 4.6 mW with a corresponding optical flu-positive transmission increases induced by the control/pump
ence of 3.6<10 °J/cnf. By measuring the reflected and pulses were proportional to the deposited carrier densities in
transmitted optical power before and after the sample, pumpthe probed MQW region, which reflected the relative displa-
induced two-dimensional2D)/three-dimensional3D) car-  cive forces. The bandfilling step ratio of control and pump
rier densities were estimated to be2.4x10’cm %/4.7  pulses in Fig. 2 is 1.15, in close agreement with our esti-
X 10'®cm~* with a measured focal spot diameter of .  mated photocarrier density ratie-1.1), indicating excellent
After pump excited carriers at zero time delay, a cosinusoidahump/control pulse overlap in the probing region.
acoustic phonon oscillations with a period of 1.38 ps can be  For easier study of the oscillation magnitude and phase
observed in the transient transmission measurements, on tQ@riation, we differentiated the obtained transmission traces.
of a large positive background due to the bandfilling efféct. Figure 3 shows typical differentiated transmission signals
The magnitude and phase of the coherent oscillation wergjithout [trace(a)] and with the control pulsitraces(b), (c),
(d)] performed in the 62 A MQW sample at a wavelength of
395 nm. The average incident pump power inside the sample

0.20 was 4.5 mW(optical fluence~3.6x 10 °J/cnt) with esti-
mated 2D/3D photocarrier densities ofx30%cm 2/5

0.15 x 10 cm™3. The optical fluence of the control pulse was
1.31 times of the pump pulséoptical fluence ~4.7
E 0.10 X 105 J/en?), with an estimatedmeasureficarrier density

1.28 times that of the pump pulse due to the absorption
modulation effect. The bandfilling step ratio between control
and pump was around 1.2. Due to a different sample period

0.05

0.00

L . . width, an acoustic phonon oscillation period of 1.54 ps was
0 5 10 15 observed in the 62 A sampté For tracegb), (c), (d) of Fig.
Probe Delay (ps) 3, phase shifts of-20, +35, and+135 degrees were dem-

. _ Pnstrated by exciting with the control pulses at delay time
FIG. 2. Transmission change vs probe delay with both pump and contro .
pulses in the 50 A InGaN MQW sample. The excitation wavelength WascorreSpondmg t0-90 (4'2_4 IOS), +90 (5'0_ pS), an_d "’_160
390 nm. (3.76 ps degrees of the first induced cosine oscillations.
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3.5 lay, the magnitude of the 180° phase-shifted oscillation
30 ®%00 o o would also decrease and then reached a point of zero mag-

o 25l ° 0 © ° nitude. The solid circles in Fig. 4 represent the experimental

® 7 ° 4 <><> ° data corresponding to the earlier-mentioned zero-magnitude

% 201 e 3 PO T situation. The corresponding pump/control pulse energy and

B 15} « % & ¢ step response ratio are the same as those of Fig. 2. With a

’é 1ol . ©0” o control delay of 3.45 p$§2.5 qscillation perioq)s the control .

g . R ] pulse was able to stop the induced acoustic phonon oscilla-
05¢ ’ ® tion. However, with this control/pump ratio, the maximum
0.0t ) phase shift between 2 and 3 oscillation period delay was only

250 275 3.00 3.25 3.50 3.75 4.00 425 on the order of£45. With even decreased control pulse in-
tensity, we were not only not able to cancel the oscillation or
< 180F o change the oscillation direction at 3.45 ps time delay, the

g 135} & amount of achievable phase variation at different time delay

S 90 069 will also be smaller than that shown in Fig. 4.

T 45f AN In summary, after initiation of strong coherent acoustic

2 ol o2 §e *, & phonon oscillations in InGaN/GaN multiple quantum wells,

% 45[ ®e 0 .00“’ we demonstrated coherent control of the initiated coherent

> 9ol °° acoustic phonon oscillation. Both magnitude and phase ma-

% 135[ <>° nipulations can be achieved by controlling the intensity and

£ -1sol o time delay of an optical control pulse. This is different from

250 275 300 3.5 350 375 4.00 225 most previous co_herent pontrpl experiments where phase co-
herence or special engineering on the control pulse shape
Control Delay (ps) were required.
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