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Monochromatic transverse-polarized phonons from femtosecond pulsed optical excitation
of a GaAdAIAs superlattice
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We have generated pulses 6f0.5 THz, monochromatic transverse-polarized acoudtf) phonons by
resonant excitation of €001) GaAs/AlAs superlatticéSL) structure using femtosecond optical pulses. The
phonons were detected using superconducting bolometers. Spectral resolution was obtained by using the filter
effect of the frequency-dependent phonon scattering in the GaAs substrate and also using a second superlattice
as a notch filter placed between the generator and bolometer. We propose that the detected TA phonons are due
to the leakage of optically excited coherent SL modes into propagating phonons. We discuss various mecha-
nisms by which TA phonons, which are not Raman activ€0idil) GaAs, may couple with the optical pump

pulse.
DOI: 10.1103/PhysRevB.69.125341 PACS nuni®er63.20.Dj, 63.20.Ls, 63.22.m
I. INTRODUCTION tion mechanisms, e.g., displacive excitatidmave been pro-
posed.

Beams of coherent terahertz acoustic phonons have nu- The SL vibrations were observed to decay within a nano-
merous potential applications in science and technology, insecond after the pump pulse. This was due to leakage of the
cluding: THz light modulation, generation of THz electro- SL modes into propagating monochromatic phonons. Using
magnetic radiation, sources for phonon spectroscopycoherent(pump-probg detection schemes, these phonons
acoustic microscopy of solid-state nanostructures, etc. On@ave been detected at distances of up tob from the
way to generate such phonons is by ultrafast optical excita>L~ Propagation of the monochromatic LA phonons across
tion of semiconductor superlattiSL) structures, for re- Mmacroscopic distances;1 mm, at liquid helium tempera-
views see Refs. 1,2: the periodicity of the acoustic imped-tures has alsp been observ?ci using Incohergnt detection by
ance of the layers making up the SL gives rise to folding Ofsuperconductmg boIomgtegrsl. Superconducting bolom- .
the acoustic phonon dispersion into a mini-Brillouin zoneete(r]lS have a_LTsponse tllme ﬁf tBeIIQrQer nanog,econc:]s which
extending fromg=0 to q= w/dg, , whereds, is the super- made it possible to resolve the ballistic LA and TA phonon
lattice period, see Fig. 1. This makes it possible to opticallyr.nOdeS du_e to their different speeds and therefore_ dlffer_ent

) ' T . X times of flight between the SL and bolometer. The intensity
excite zone-folded acoustic phonons havipg0 but with ¢ 16 pajlistic LA mode was observed to increase sharply
high (~THz) frequency. The(00) GaAs/AlAs SL has \yhen the condition for coherent phonon generation in the SL
proved an ideal system for coherent phonon generation bggas met, i.e., the excitation photon energy was resonant with
cause it is possible to accurately grow by molecular-beanghe E1-HH1 transition in the GaAs QWPsThe spectrum of
epitaxy (MBE) SL structures with excellent interface quality the propagating phonons was studied using the frequency
and which show optical absorption at wavelengths within the
tuning range of Ti-sapphire ultrafast oscillators. The genera- ..
tion process has been investigated using ultrafast pump ~. Tl
probe measuremerftsn which a high-intensity femtosecond T AlAs
pump pulse is followed, after an adjustable time delay, by a |, T GaAs | ‘st
low-intensity pulse which probes changes in the surface re-4 .
flectivity. It was observed that when the pump photon energy@
was resonant with the E1-HH1 optical transition in the GaAs >
guantum wellsSQW'’s), coherent longitudinal acoustitA)
phonons were excited in the SLThese were observable
through oscillations in the surface reflectivity with a period 400 A
equal to the reciprocal of the phonon frequency. Detailed " GaAs substrate
measurements of the spectrum of generated phSnas -
vealed a triplet of modes consisting of a dominant line at 7~
frequencyv=c a/dg. (c s is the speed of LA phonoins %0 02 04 05 08 10
corresponding to the first mini-zone-center modga and g vd.)

a pair of sidebands at= 2k s, due to backscattering. The *

results were found to be consistent with the generation pro- FiG. 1. Folded acoustic phonon dispersion, calculated using the
cess being impulsively stimulated-Raman scattefigRS method described in Ref. 3, for a typical superlattice structure con-
in which the photoexcitation of an electron-hole pair is ac-sisting of 40 periods each containing 7 ML of GaAs and 7 ML of
companied by LA phonon emission. However, other generaAlAs (dg, =4 nm).
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dependent phonon scattering in the substrate as a low-pass 50

filter'® and by using a second SL as a notch filter between the o~ : :

generator SL and the bolometérThese measurements § 40

showed that the propagating phonon beam was monochro- £ A I SN

matic at the design frequency of the generator SL. As noted = 30 ; ,‘I P

in Refs. 9—-11, a strong transverse acouéfik) signal was % ' [ TS
also detected by the bolometer. This was attributed to the 2 20 ! e
decay products of optid.O) phonons emitted during energy ‘g . ‘,’  v=l62¢V
relaxation by carriers photoexcited in the GaAs substrate. < 10 LA! [ -—- hv=160¢eV
However, more recent measurements with improved tempo- = \ i

ral resolution found that the intensity of the ballistic TA i

mode was also enhanced when the condition for coherent 0 100 200 300 400 500
phonon generation was me&tThree possible reasons for this time (ns)

have been suggeste(l) the TA phonons were emitted by .
carriers photoexcited in the GaAs QW's relaxing their excess F!G- 2. Bolometer signals for pump photon energy below reso-
energy; (2) the TA phonons were produced by the anhar-nance and resonant with the E1-HH1 transitir62 e\j in sample
monic aecay of the THz LA SL modes; ar@) coherent A. The box highlights the region where the increase in the ballistic
transverse acoustic SL modes were being excited optical@A signal is seen.
and these were leaking into propagating TA phonons in the i ,
same way as for the LA mode. At first, the latter seemed The measurements were carr_led out with the samples
unlikely because the generation of coherent TA phonons hagounted in an optical-access helium cryostat and held at a
not been observed in pump-probe measurement068) constant temperature on the superconductmg transfltlon of the
GaAs/AlAs SLs. This is believed to be due to TA phonons bolometers~2 K. Pulses from a_tunable Ti-sapphire oscil-
propagating along001] in GaAs not being Raman actié.  |ator were focussed to a 40m-diameter spot on the SL
The aim of the work described in this paper was to deterSurface, opposite a polometer. The pulses had a durat|on. of
mine the origin of the additional ballistic TA phonon signal =100 fs and a maximum energy of 2 nJ. An acousto-optic
which appeared under resonant photoexcitation of the SLPUIS€ picker was used to reduce the pulse period from 82
We report measurements, made using superconducting bHz at the laser to<100 kHz at the sample. This was to
lometer detectors and filter layers, of the temporal, fre-allow the sample and bolometer sufficient time to return to
quency, angular, and excitation wavelength dependence dpermal equilibrium betw_een pulses. Mqlnple reflecfuons of
the TA signal intensity. The results are discussed in relatioi® beam between a pair of double-chirped negative-GVD

to the three possible generation processes given above. Mirrors precompensated the pulse for dispersion caused by
optical components in the beam path.

The bolometer was biased with a constant current of
Il. EXPERIMENTAL METHOD 10 wA. Phonons incident on the bolometer caused a tran-
sient change in its temperature and hence its resistance. The
corresponding voltage pulse was amplified and recorded us-
ﬁ1g a high-speed digital signal averager. Figure 2 shows typi-
cal signals after photoexcitation of the SL in sampleThe

The experimental samples were all grown by MBE on
semi-insulating GaAs substrates. Four different sample
were produced. Sampk contained a single 40-period pho-

?“?Irc)ge?taégfr SLaejcl\k)lee??AdlA(\:on?st|ng oIfGBZZtmorAc())layerRNo traces are for phonon energies corresponding to the on-
-) O ; S an ' 0 S "N Samples, WO 24" resonance  condition hp=E;=1.62 eV) and the off-
period SL's were grown: each period of the SL closest to theresonance conditionh<Eo). The peak at=0 is due to
substratg consisted of 7 ML of GaAs and 7 ML of AlAs; on direct optical excitation of the bolometer by PL. The signal
top of this was grown a 0.mm GaAs spacer and then a

. due to the arrival of LA phonons is market80 ns). This
generator Slithe same structure as in sampl. The lower o0 oo been studied in great detail in previous Work.

vavg?jpdk?;%nfgntgrggtoﬁoa:p:?gg:l_ ’nf;?htg'giirr;’:'rt:irﬁ_narThe larger peak observed '&%1.20 ns is mostly due to TA
zone boundary mode. Samm?‘ediffered from sampld3 only phonons and is the focus of this paper.

in the generator layer composition; 24 ML of GaAs and 8

ML of AlAs. The SL of sampleD was as samplé, but [ll. RESULTS AND DISCUSSION

grown on a 2-mm-thick substrate. The SL's were character-
ized by photoluminescence and Raman spectroscopy.

The back surface of the substrates, opposite the SL's, were Close inspection of Fig. 2 reveals that when the resonance
polished and 48 40 wm? active area granular aluminum bo- condition is satisfied the TA component of the signal is en-
lometers were fabricated by photolithography. Sanipleas  hanced on its rising edge and reaches a higher peak. At times
polished at an angle, 2 mm thick at one end and 0.5 mn&500 ns following the peaknot shown on this scalethe
thick at the other. A row of bolometers were fabricated alongtail signal is reduced compared to the off-resonance case.
the wedge allowing us to study the effect of changing pho-The effect at early times following the pump pulse can be
non propagation distance, by optically exciting the SL atseen more clearly when the off-resonance signal is subtracted
points opposite different bolometers. from the on-resonance signal. This effectively removes the

A. The experimental results
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FIG. 3. SampleA bolometer signals after subtraction of the off-  FIG. 4. Ballistic TA signal component as a function of excitation
resonance signdtraces are offset for clarity The increase of the photon energy for samplé® andC.
LA and ballistic TA phonon pulses takes place over a 40 meV
energy range centered on 1.62 eV, consistent with the spectral widifjeneration processes outlined in Sec. I. Initially, we limit our
of the ultrafast laser excitation pulse. discussion to sampl@. Consider first the possibility of car-
rier relaxation in the GaAs QW'’s as being responsible for the
large background due to carrier relaxation in the GaAs. Th&A enhancement. The excess energy of carriers photoexcited
background subtracted signals are shown in Fig. 3. Wheim the QW's is less than the GaAs LO phonon energy, and so
hv=E,, there is a strong increase in the observed TA signalenergy relaxation is by emission of acoustic phonons. Mo-
This behavior is similar to the LA mode enhancement firstmentum conservation considerations lead to an upper fre-
reported in Ref. 9. The TA peak also shifts slightly to earlierquency cutoff for emission near perpendicular to the QW
times. Note that the TA signal increase occurs over a narrowgrowth direction, v, ,,= c/2w,*® which in this sample gives
but finite range of excitation energy consistent with the specv,,,,=200 GHz. Next consider anharmonic decay of the co-
tral width of the transform limited 100 fs laser pulses. herent LA superlattice modes: there are two possible decay
The appearance of the off-resonance signal is well underhannels, LA-LA +TA and LA—TA+TA, *® both of which
stood. At these wavelengths, there is little optical absorptiomwould result in sub-THz transverse phonons, since we know
in the SL, and the phonon signal is largely due to energythe LA mode is of frequency 650 GHz. Finally, if the in-
relaxation by carriers photoexcited in the GaAs substrategcrease in TA signal was due to optically excited TA superlat-
Since the excess enerdyy—Ey (Eq= GaAs band-gapis  tice modes leaking into propagating monochromatic
greater than the GaAs LO phonon energyiv(o phonons, their frequency would be 450 GHz.
=36 meV), most of the excess energy is lost by LO phonon It is clear that using sampl& alone, we are unable to
emission. These modes decay in a few picoseconds to largdentify the origin of the signal enhancement. To determine
wave-vector LA modes which subsequently undergo anhamwhether the TA phonons were monochromatic we used
monic decay to large wave-vector TA phonons. Isotope massamplesB andC which contain the notch filter SL structure.
defects, impurities, and other crystalline defects stronglyThese samples, as itemized previously, consist of 2 SL's
scatter these large wave-vector modes, and so diffusiveeparated by a GaAs spacer layer. The filter layer was de-
propagation results in delayed arrival of the phonons at theigned to block the propagation of transverse phonons of a
bolometer compared to the ballistic flight time. The observedrequency 450 GHz. The generator layers were then fabri-
signal shows a broad, delayed peak and a long tail, which isated so that in samp TA superlattice modes would have
generally accepted as being characteristic of the arrival of tha frequency ofv;,=450 GHz, whilst in sampleC, vra
delay products of emission of LO phonaoifs. =360 GHz. Figure 4 shows the dependence of the bolom-
The additional TA signal we observe on resonance arrivegter signals on the excitation energy for samesxdC. We
at a time corresponding to the ballistic time of flight see that in samplIB unlike for sampleA, no sudden increase
(=120 ns). This suggests the origin of the signal is due tmf the ballistic TA signal is observed when the pump photon
phonons of frequency<1 THz) which are not scattered in energy is tuned onto resonance with the E1-HH1 transition in
the substrate, rather than being the result of diffusive propathe GaAs QW's. This result provides strong evidence of the
gation. Further evidence for the ballistic nature of the on-monochromatic nature of the additional TA component. The
resonance TA signal is provided by the shift of the peak tooptically excited TA modes would be filtered since the gen-
slightly earlier times as a larger proportion of the TA signal iserator layer frequency matches the stop band of the filter
due to ballistic phonons. The signal at the ballistic time oflayer. However, in sampl€, we still see an increase in the
flight is accompanied by a reduction in the tail of the signal,phonon signal when the resonance condition is satisfied.
probably due to the increase in optical absorption by the SiSince the generator layer of sampglewas designed to a
resulting in less direct excitation of the substrate. phonon frequency outside of the filter stop band, the filter
Having discounted the possibility that the TA signal en-should have no effect. This is indeed what is observed, prov-
hancement is due to diffusive propagation of decay productig that the filter SL is frequency selective and does not
from the substrate, we will now move on to consider thesimply block all TA phonons.
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ject this explanation. Transverse acoustic modes are not Ra-
man active in(001) GaAs’® This means that generation by
ISRS (the mechanism by which generation of the LA mode
occurg is not expected. Also, because the surface reflectance
is proportional to the first-order Raman tensor, TA phonons
will not modulate the reflectance. Our measurements using
incoherent, bolometric detection show that, in most respects,
o the TA and LA modes behave in a very similar way under
resonant excitation. However, the ratio of the on-resonance
02 to off-resonance signal intensities is much smaller for the TA
mode than for the LA. This is due to the overall TA signal
being dominated by the products of carrier energy relaxation.
source to bolometer distance (mm) Since ISRS is not expected to generate TA phonons, we
must consider the possibility of nhon-Raman processes. A
possible candidate is displacive excitation of coherent

1) /1,

0.5

1.0 1.4 1.8

FIG. 5. (Ig—1g)/1, for TA phonons as a function of the propa-

gation distance along001], measured using the wedge-shaped 717 - . S .
sampleD. Herely is the signal intensity under resonant excitation phonons(DECR,™""the physical basis of which is that ions

and | is the signal intensity for off-resonant excitation. The solid a}re Set into motion via the .COUp“r.]g to the photoe).(C|ted car-
line is a best fit to the data and gives a phonon mean free path of 0/gers or.a sudden Change In carrier tempera_ture |nduced by
mm. absorption of the optical pulse. If the optically induced
changes occur on a time scale that is very short compared to
the phonon period then coherent modes are excited. How-

The notch filter experiment rules out the possibilities that

the TA enhancement is due to carrier relaxation or anhar(-aver’ DECP excites only the vibrational modes/qf sym-

. : metry, i.e., LA modes if001) GaAs/AlAs. Brillouin scatter-
monic decay of LA SL modes because neither of these |0r0|_ng IYneasurements orrl6 CC}S have allowed observation of
cesses would result in generation of monochromatic phononf%rbidden TA modes, and this has been attributed to piezo-
and then we would have expected samilendC to behave o coupling® Due to the piezoelectric effect, the slow
in the same way. However, the possibility that the decay o

. . A phonon carries a longitudinal electric field and it is this
the propagatingLA modes can account for the increased TAthat couples with the light. However, as discussed in Ref. 18
component must be examined further. In this case, becau b gnt. ’ '

the filter layer prevents propagation of the monochromatic?ﬁls mechanism should not be effective @01) GaAs be-

LA phonons, the TA signal would also be attenuated. cause pure TA ph_ono_ns propa_gati_ng aldeg1) have no
To eliminate this possibility, we have studied the effect Ofcomponent of Io.nglltud_lnal polarization. . .
phonon propagation distance on TA signal enhancement us- Ano_ther.p053|b|l|t)_/ IS that the effects of acoustic anisot-
ing sampleD. Figure 5 shows the difference between on- and oPY 9Ive nse to excitation of the TA modes. This was sug-

. : . ested as a possible reason for the observation of Raman
off-resonance TA signals as a function of dlstance .betwee'gcattering by TA phonons 10 GaAs/AlAs SLs® Acous-
source and detector. To account for geometrical effeas : i

X . tic anisotropy has also been shown to have a large effect on
the change in solid angle subtended by the detector as t
e mode and angular dependence of the electron-phonon

propagation distance increa}s,es_ve have r_10rma|ized th_e coupling in GaAs OW's and heterojunctiofsand this has
traces to the off-resonance TA signal amplitude. In previoug o “opserved in  hot  carrier energy  relaxation

work using samplé®, we observed that the LA signal inten- . X
. o ) ; ; measurements. Acoustic anisotropy effects are very strong
sity decreased with increasing propagation distance due tf)

isotope scattering or LA deca§.If the additional TA signal or TA phonons propagating clogwithin a few degregsto

was due to the arrival of LA decay products, we would Ob_[001] in GaAs and it is this that leads to the characteristic
serve an increase of the TA component ;/vith increasin strong TA phonon focussing patterffsin these directions,

propagation distance. Instead, we see a decrease of the %e TAmodes are not “pure” transvers, i.e., the wave vector

intensity as the source-detector separation is increased, pro%rJd po_Ianza_;ltmn vector are not exactly pe_rpe_ndlcular. '_I'he_TA
mode in this case carries a small longitudinal polarization

ably due to scattering in the substrate and consistent with a . . o ) .
honon mean free path £0.8 mm. This rules out the de- component which may permit (.axcnatlon.of sllghﬂy off-axis
P . ' . TA phonons by ISRS or the piezoelectric coupling mecha-
cay pr_ogiucts of propagating monochromatic LA phanons 3Rism described in Ref. 18. The TA signal is expected to be
the origin of the additional TA component. : T ;
weak and easily obscured by the LA mode in pump-probe
measurements. It is the ability of the bolometric detection
B. The origin of the additional transverse phonon signal technique to resolve the phonon modes due to their differing
We now turn our attention to discussing the possible exlimes of flight that has allowed us to observe this enhance-

citation mechanisms. Having discussed and subsequentga‘iir:figfj the TA mode when the condition for resonance is

discounted the various possible causes of the additional T,
signal, the one which remains is that the TA signal is due to
coherent TA modes leaking into propagating phonons. The
fact that these SL modes have not been previously observed Acoustic phonons generated by femtosecond pulsed opti-
in pump—probe measurements is not sufficient reason to real pumping of a GaAs/AlAs superlattice have been detected

IV. CONCLUSIONS
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using superconducting phonon detectors. Enhancement ebmponent longitudinal polarization may allow generation
the ballistic transverse acoustic phonon signal was observdity ISRS of monochromatic TA modes which propagate
when the excitation photon energy was brought into resoelose to[001]. We believe these effects of acoustic anisot-
nance with the E1-HH1 transition in the GaAs QW's. Mea-ropy can account for our observations.

surements using samples which comprised a notch filter SL
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