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Ultrafast Acoustic Phonon Ballistics in Semiconductor Heterostructures
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Using a two-color ultrafast surface deflection spectroscopy, we demonstrate the time-resolved
observation of acoustic phonon wave packets emitted from a single buried GaAs quantum well. A
longitudinal acoustic phonon pulse is generated at a preselected depth within a highly confined region
(=10 nm thick) through the coherent nonequilibrium deformation potential which was previously
unobserved in such structures. Subsequent detection with subpicosecond resolution at the surface
resolves propagating high-wave-vector ballistic phonons and quasiballistic or “snake” phonons which
subsequently merge into a quasidiffusive phonon pulse. [S0031-9007(97)03074-3]

PACS numbers: 73.20.Dx, 42.65.Re, 63.20.Kr, 78.47.+p

Much is known about the energy relaxation of electrondnitial results show ballistic phonon wave packets emerg-
in semiconductors, mainly due to the success of opticalhg from the quantum well and a quasiballistic and quasi-
spectroscopies [1]. These can track both the hot carriemiffusive phonon cascade from the GaAs substrate. These
and the emitted optic phonons which absorb the bulk oexperiments open the way to the investigation of the gen-
the excess electron energy. Detailed studies have beemation, propagation, and detection of acoustic phonons in
driven by new theories which cope with the many-bodygeometries relevant to heat transport and carrier relaxation
electron-electron and electron-phonon interactions, and biyp optoelectronic devices such as semiconductor lasers.
growing numbers of technological applications. Recently Samples grown by molecular beam epitaxy on (001)
developed ultrafast laser sources with pulse widths shortesemi-insulating GaAs substrates contain single quantum
than a single oscillation period of the optic phonon inwells of GaAs. These are placed at different depths rela-
semiconductors now enabliirect temporal observation tive to the sample surface, surrounded by #a ;As
of the high-frequency long-wavelength lattice responsearrier layers, and capped at the surface with GaAs
[2]. However, in spite of this, only part of the system is [Fig. 1(a)]. Growth was characterized by electron diffrac-
ever being probed—the ultimate sink of the excess carrigtion, and produced samples of high quality as shown by
energy is an acoustic phonon cascade. Initially, the acousub-meV photoluminescence linewidths with negligible
tic phonons are highly nonthermal and coherent, undergdstokes shift. The 70 fs pulsed output of a mode-locked
ing both rapid energy conversion and elastic scattering offi:sapphire laser is tuned to excite electron-hole pairs in
isotope and alloy fluctuations in the semiconductor [3].the lowest quantum-confined subband of the GaAs QWs
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with small excess carrier energiés50 meV) to prevent are observed on the 100 ps time scale. Hence we are
intervalley scattering. A phonon wave packet is generaable to monitor both the electronic and acoustic phonon
ted at the QW depth and propagates towards (and awajynamics of a low-dimensional heterostructure within the
from) the sample surface. In order to time resolve the arsame experimental arrangement.
rival of the wave packet, a portion of the pulse train is The time-resolved phonon deflections shown in
split off into a probe beam which is time delayed and fre-Figs. 2(a) and 2(b) display a small feature at zero delay
quency doubled to produce blue pulses that are reflectezbmposed of a subpicosecond spike in the response, fol-
from a focus overlapping that of the pump pulse. Thelowed by a persistent deflection. This response originates
phonon pulse causes a deformation of the sample surfadem the GaAs cap layer which is frequently ignored be-
and also changes the refractive index within thé6 nm  cause of its proximity to surface states. The initial spike
skin depth penetrated by the probe photons. As depictechn arise from optical nonlinear mixing in the reduced
in Fig. 1(b), both these effects induce a deflection of thesymmetry of the surface layers or, alternatively, from
reflected beam if the focus is slightly displaced laterallyphotogenerated carriers being trapped on ultrafast time
with respect to the pump focus [6]. scales<1 ps. The subsequent long-lived deflection is
The reflected probe beam is incident on a balancedaused by thermally and electronically induced variations
photodiode pair to record the deflection. Phase-sensitivim the cap layer refractive index. The initial response thus
detection of the residual current is sampled at the 372 kHghows unusual sensitivity to the dynamics of the surface
modulation frequency of the pump beam, and the resultintpyers of GaAs.
output digitized as the interpulse time delay is scanned at After ~20 ps, an oscillating transient is observed whose
8 Hz. The detection sensitivity is strongly enhanced byarrival time corresponds roughly to that expected from lon-
probing at the 3 eV GaAs absorption resonances tedfiped gitudinal acoustic (LA) phonons emitted in the buried QW
andE; + A, [7]. Efficientaveraging, together with strong (v, = 4930 ms ! in Aly3Gay;As [8]), but which is pre-
suppression of contaminating pump light using bandpasseded by a smaller amplitude pulse. Figure 3 shows the
wavelength filters, allows the signal frosinglequantum response for samples with different quantum well and sub-
wells to be isolated at carrier densitied0'> cm™2. strate depths [Fig. 1(a)]. In each case, the arrival time
Figure 2(a) shows the initial transient response forexpected for LA phonons from the quantum well and sub-
sample A at 295 K. Identification of the phonon-inducedstrate layers is indicated by a vertical line and shows clearly
surface deflection signal is confirmed by translatingthat phonon wave packets are identified. The theoreti-
the probe spot to the other side of the pump focus taal curves are the result of a simulation discussed be-
generate the opposite deflection [Fig. 2(b)]. The surfacéow. This experimental arrangement realizes an extremely
phonon deflections vary little with the pump or probe desirable goal for phonon physics—the ability to create
polarizations relative to the crystal axes of the samplephonons within a buried highly localized region of the
The selectivity of the technique depends on the differensample, and probe their arrival at another precisely defined
interaction depths of the pump and probe pulses due tpoint, in this case, the sample surface. Through band struc-
their widely separated photon energies. Probing insteatlire engineering, these impedance-matched regions can be
with infrared pulses [Fig. 2(c)] yields a hundred timesclose enough to explore the physics of high-wave-vector
larger signal, from changes in refractive index induced
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FIG. 2. Typical time-resolved deflection signals from sample

A: (a) Probe beam aligned to one side of the pump focusFIG. 3. Time-resolved phonon deflections for the samples of
(b) Probe aligned to the other side—the signal is invertedFig. 1 on identical vertical scales. Expected LA arrival times
(c) An infrared probe pulse is used. Nothing is seen, even ifrom QW (solid) and GaAs buffer (dashed) are marked as
the residual, after subtracting a fit to the dominant relaxation. vertical lines. The simulated curves are described in the text.
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phonons before their decay and before the onset of distotew, there will be little phonon confinement within the
tions from phonon focusing. Many previous experimentsvell. Using a one-dimensional elastic continuum model
in both metals [9] and bulk semiconductors [4] were re-[11], the lattice displacement, is given by

stric_:ted_ in the maximum emitted phonon freq_uency by the Pu(z,t) 5 an(z,1) _ dAo(z,1) 1
rapid diffusion of electrons after laser excitation. In con- P—gp TPV 0z 0z ’ (1)

trast, here the electrons are confined to a precisely knOWRlhare the stresd o drives the strain andy = du/dz

localized distribution given by their QW wave function. for sound velocityv and densityp. This wave equation
Several mechanisms are known to produce acoustigyoqces a unipolar strain pulse [Fig. 1(c)] if the induced

phonons from the relaxation of photoinjected hot carriersagg decays slowly compared tg, = dow/v, the

[1]. The conventional scenario posits ultrafast emission; o taken for phonons to leave the QW. The phonon
of longitudinal optic (LO) and interface phonons (within signal is smaller for the wider 250 A QW because the

200 fs) if sufficient excess electron energy is ava”ableresulting stress gradient driving in Eq. (1) is weaker.

f°"°_W6d by SlQW?r acoustic Pho,”on_ emissj(mlO P The phonon wave packet is reflected by the free surface
to give a Fermi-Dirac carrier distribution which cools and 5 into the sample. If the phonon deflection signal

recombines at the band edge. These processes all resiii o sensitive only to the geometric bowing of the sample
in acoustic phonons since the LO p.honons subsequentglurface, a step change is expected when the phonons
decay into LA and transverse acoustic (TA) products ovef e  |nstead, the observed oscillations indicate that a
several picoseconds [1,2,10]. Such a thermal expansiogy.qng detection mechanism dominates, due to changes in
is normally invoked to explain the generation of high-ihe gielectric constants within the strain field, acting as
frequency sound waves from picosecond optical pulseg ens. |n this case the net phase of the reflected probe

[11]; however, as discussed below, the expected delayqghnt myst be calculated by integrating down through the
onset of phonon emission is not seen here. Much prompte%r

: . . penetration depth/( = # ~ 16 nm for refractive index
acoustic phonon pulses can be formed via the deformation™, ;. " Fo|1owing [11]. we find the change in reflection
potential, acting coherently, when a high-density electron- s

. ; o 4 coefficient,
hole plasma is deposited within the 70 fs optical pulse

width. In the subsequent 100 fs, there is insufficient Ar = M{a—n + ia—K}
time for energy transfer from the electrons to the ions, Al Tt ix)* Lo an
but the excitation of the valence electrons and screening X / dzm(z)e 2/¢F4minz/A
by the plasma weaken the interatomic bonds. The ions, 0

which are still moving at their thermal velocities, are and extract the relative phase as a function of time to
freer to move, and they attempt to rearrange to increasmodel the induced phonon deflection. The oscillatory
the ionic separation. The resultant increase in stress dérms are due to interference between induced lens con-
the quantum well region launches a displacement impulstibutions at different depths. The solid curves in Fig. 3
which propagates through the surrounding AlGaAs and tehow the simulation for a slowly decaying i) in-
the surface. This mechanism can be viewed as the initialuced stress using the photoelastic coefficients from [7].
nonequilibrium contribution of the deformation potential Although the general features are reproduced, there are
(which is normally averaged over time, electron energymajor discrepancies which we are unable to explain us-
etc.), and is strongly related to ultrafast laser-inducedng trivial modifications. In particular, the signal in A is
melting of semiconductors [12], where a large enougttlearly phase shifted, and extra oscillations arrive earlier
plasma density instantaneously destabilizes and melts ttend last longer than expected from the QW width. One
lattice without it being directly heated to its melting point. possible explanation, the attenuation of high-frequency
The phonon pulse in the QW can substantially alter thgghonons (her¢ = 0.5 THz) by scattering with the ther-
carrier cooling in the coherent reginte5 ps), where the mal bath is considered insignificant since the required ab-
anomalous carrier dynamics is now under intense scrutingorption would have to b&0? times larger than in bulk
[13]. Thus, at the earliest stages of optical excitationGaAs [14], exceeding even that of amorphous glasses
of a semiconductor using ultrafast pulses, the lattice i$15]. Itis also unlikely to be from an extended probe skin
simultaneously responding to an impulse that couples nadepth since the falloff of the wave-packet signal remains
just LO phonons, but LA phonons as well. sharply defined, and minimal attenuation is clearly seen
In the present case, the acoustic phonon wave packétr the phonon wave packet emitted by the underlying
follows to first order thels confined electron probability GaAs substrate498 ps in Fig. 3(c)]. A third possibility
density [the injected stresd o (z,¢ > 0) = |¢1,(z)|?’] and s the failure of the idealized phonon generation assumed
moves out of the quantum well at the sound velocity. Thusiere: The fits are improved by wave-packet lengths
the frequencies in the phonon pulse are tunable by suitablyouble that expected from the QW widths. Such depar-
engineering the QW wave functions using band-structuréures from simple theory suggest the influence of nonequi-
engineering, allowing the production of phonons up tolibrium dynamics during the=25 nm localized phonon
several THz. Because the acoustic impedance mismatgeneration or<100 nm propagation; however, more de-
between the GaAs QW and the (AlGa);As barriers is tailed theoretical and experimental work is required.
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An additional unexplained feature [at 70 g8) in  phonon population. This also supports our thesis that
Fig. 3(a)] matches the arrival of fast TA phonons propa-the phonon wave packets emitted by the QW are caused
gating along[110]. Although oriented TA phonons are by a coherent deformation potential which should give
seen in bolometric measurements of gub-phonon negligible delayed thermal rise.
pulses in bulk GaAs [16], this relies on the directional In conclusion, we have developed a dual-color time-
selectivity of phonon focusing. We tentatively suggestresolved surface deflection phonon spectroscopy that, in
that inelastic scattering of the initial high-wave-vector LO conjunction with band-gap-engineered semiconductor het-
and LA phonons also selects particular orientations, asrostructures, enables the generation, propagation, and
noted theoretically [17]. detection of phonons in localized well-defined geome-

The rise in phonon deflection on longer time scaledries. Ultrafast phonon wave packets produced in single
is due to the successive arrival of quasiballigig,, =  GaAs quantum wells by a previously neglected coherent
Thallisic), quasidiffusive (752 ~ 300 ps), and diffuse  deformation-potential mechanism can be resolved as they
53¢ ~ 4 ng) phonons [3] transporting the heat depositedarrive at the surface. At later times, quasiballistic snake
by the pump pulse in the underlying substrate (Fig. 4)phonons contribute to a 300 ps buildup of the surface de-
This signal, previously unresolved due to unfavorable exformation. Such experiments demonstrate the capability
perimental geometries, contains detailed information orf quantum-confined electronic systems to probe phonon
phonon scattering at early times. The observed rise iphysics on short spatial and temporal scales.
always coincident with the ballistic phonon pulse from Enthusiastic discussions are noted with Oliver Wright
the substrate (Fig. 3), implying that these phonons do noand our colleagues at HCL.
come from the QW. Because the onset of the rise im-
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