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Terahertz electron distribution modulation in piezoelectric In,Ga;_N/GaN multiple quantum
wells using coherent acoustic nanowaves
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We observed ultrafast electron distribution modulation following the strain oscillation of coherent acoustic
nanowaves up to a THz frequency range. Through piezoelectric effects, the acoustic nanowave modifies the
electronic subband structure, and further modulates the energy distributions of electrons and holes. With
amplitude-fixed acoustic waves, a pronounced enhancement of transmission modulation due to acoustic modu-
lation of electron distribution was observed when the optically probed energy position is close to the Fermi
level.
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Dynamic control of electronic systems using acousticcan also be utilized to detect the propagating coherent acous-
waves has made great progress in recent yearSeveral tic wavel®?® This technology resembles the principle of a
applications of electronic or optoelectronic devices driven bytypical transducer nowadays, however, the acoustic wave-
surface acoustic wavdSAWSs) have been demonstrated in- length determined by the period of the MQW can be smaller
cluding SAW-induced carrier transport in quantum wites, than 10 nm. Therefore, the MQW structure based on piezo-
dynamic band-structure modulation of quantum wélis)d  electric materials is a suitable candidate for ultrahigh band-
dynamic storage of light in quantum wefisdowever, the  width transducers to generate coherent NAWSs with a nanom-
wavelength of SAWSs in these studies was longer than a feweter wavelength and a THz frequency.
microns, the corresponding modulation frequency was thus In this report, we demonstrate that NAWs can be applied
in the range of~100MHz to 4GHz. Restricted by the long to control electronic devices through piezoelectric effect with
acoustic wavelength and the relatively low operation fre-a speed up to the THz range. We treat an InGaN/GaN piezo-
quency, these demonstrated SAW devices thus have limiteglectric MQW as an acoustic transducer and generate NAWs
operation speed and spatial selectivity. with a femtosecond optical pulse. After the NAWSs left the

Laser induced coherent acoustic phonons in sbiidsre  MQWS, propagated in the cap layer, reflected at the inter-
with frequency up to THz range. A thermal based superconface, and returned back into the piezoelectric MQW with a
ductor bolometer was widely used to detect the energy of th85—55 ps time-delay, the NAWs are found to modify the
generated coherent or incoherent acoustic phofidhsith a  electronic subband structure of the MQW according to its
relatively poor temporal resolution. Taking advantage of timephase oscillation, resulting in THz carrier distribution modu-
resolution provided by femtosecond optical pulses, the phadation. This observation was confirmed by treating the same
oscillations of the THz coherent acoustic phonon were preinGaN/GaN piezoelectric MQWs as a carrier-populated
viously resolved through various pump-probe technida&s. electronic device and studying the carrier distribution modu-
We previously demonstrated the generation of huge cohereifdtion under the presence of the echoed NAW. By probing
LA phonons in piezoelectric semiconductor MQWs and thewith different wavelength light and by controlling the carrier
optically detected oscillation signal was greatly enhancegbopulation, we confirm that the carriers follow the band
due to piezoelectric coupling mechanidfn?3 while the ex- modulation with a time scale less than the period of NAW.
periments can be performed at room temperature with mucfihis observed THz frequency carrier modulation indicates
lower excitation power. Because the induced LA phonon hashe possibility to apply NAW for the ultra-high speed elec-
a high degree of coherence in time, its generation and proparonic control in piezoelectric-semiconductor-based quantum
gation can be modeled by a macroscopic continuum elastidevices, with potentially a much higher spatial accuracy due
theory?222 This semi-classical viewpoint of coherent LA to the much shorter acoustic wavelength.
phonon oscillation as an acoustic nanowag@ nano- We used a 14-period 50 A/43 A JaGa, ]N/GaN MQW
acoustic wave, NAW is valid in the coherent regime in samplé®as our experimental acoustic transducer, which was
which thermal and quantum fluctuations can be neglectedyrown on a 2.2um-thick Si-doped GaN thin film and capped
Analogous to an interdigital transducer, in which electricwith a 0.1 um Al ,Ga, N layer. Because of the large piezo-
pulses change the electric field in a piezoelectric material t@lectric constant along thg001] orientation in group Il
generate SAWSs with wavelength determined by the electrodaitrides, a strain-induced piezoelectric field on the order of
interval?* ultrashort optical pulses can excite carriers thatMV/cm inside the well region is expected. A room tempera-
screen the electric field in the piezoelectric quantum wells tdure absorption spectrum indicated that the bandgap of the
induce coherent acoustic waves. Through the transient trandBQW is ~2.92 eV . The UV pulse applied in the experiment
mission modulation of an ultrashort optical pulse due towas with a pulsewidth of 180 fs, while its central frequency
quantum confined Franz KeldysCFK) effect, the MQW  was between 370 and 390 nm with FWHM e#4 nm. We
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FIG. 1. Measured differentiated probe transmission changes ver- giG. 2. Measured differentiated probe transmission changes ver-

sus probe delaga) without and(b) with injecting.excess carriersby g5 probe delaga) without and(b) with injecting excess carriers by
Pump-2 at—~16 ps. The probe photon energy is 3.35 eV. Pump-2 at~16 ps. The probe photon energy is 3.17 eV.

first used a femtosecond UV pump pulse to excite NAWS in _ _ o
the MQW. The initiated NAWSs traveled in two counter- 20 p9, the carriers can be assumed to be in Fermi distri-
propagation directions, one toward the GaN lag& um)  bution at room temperature. From the trdef we can ob-
and the other toward the cap lay@r1 um). Due to the total ~ Serve that the initiated NAW completely left the MQW re-
internal reflection at the cap-air interface, the NAW propa-gion after ~16 ps, corresponding to the acoustic traveling
gating into the 0.1um-thick cap layer will be reflected at the time across the MQW region, and the echo from the cap
cap-air interface and travel back into the MQW again. Welayer side starts to reenter the MQW-a85 ps. Figure (b)
then treated the piezoelectric MQW as a carrier populateghows the measured differential transient transmission result
electronic device, of which the spatial periodicity matcheswith the Pump-2 applied for increasing the carrier density in
the acoustic wavelength of the incoming NAW, and studiedthe MQW. The fluences of Pump-1 for bai and(b) cases
the possible carrier distribution modulatigBDM) under the ~were kept the same. The optical fluence of pump 2 was
presence of the echoed THz frequency NAW. We performed-4.8x 107> J/cn?, which induced an extra 2D carrier den-
both probe-wavelength and carrier-density dependent trarsity of 4X 102 cm?, resulting in a total carrier density of
sient transmission studies to investigate the interaction be8x 10" cm™. We injected extra carriers with Pump-2 at
tween the carrier population and NAWS. In order to control16 ps while the studied NAW was in the cap layer, and in-
the echoed NAW intensity and carrier density as two indevestigated the probe oscillation variation induced by the echo
pendent variables, we fixed the power of the first pump puls@f the studied NAW while NAW-2 was in the cap layer. By
(called Pump-1to generate fixed amplitude NAW. To con- comparing traceb) with trace(a) in Fig. 1, our studied re-
trol the carrier population inside the MQW before the echoedsults reveal that the 3.35 eV-probed optical oscillation mag-
NAW reentered, we injected excess carriers using an extraitude, induced by the echo of a fixed-amplitude NAW, re-
femtosecond UV pulsécalled Pump-2 after the studied mains unchanged as the carrier concentration in the MQW
NAW left the MQW region but before the echo reentered.doubles. This study also indicates that after thermalization,
Although Pump-2 also initiated another NAWalled NAW-  the change of the electron-hole wavefunction overlap, which
2), we selected the proper injection time so that the studieavill also modify the optical absorption strength because of
NAW reentered into the MQW while NAW-2 was in the cap the enhanced electric field screening with an increased car-
layer. We then investigated the absorption modulation infier concentration, is negligible under our experimental con-
duced by the fixed amplitude NAW with different carrier dition.
concentrations in the MQW. All experiments were performed However, by lowering the photon energy down to 3.17 eV
at room temperature. (390 nm, the probed optical transition was close to the
Figure 1a) shows the differentiated probe transmissionquasi-Fermi level of the total injected photocarriers after
change as a function of time delay relative to Pump-1 withthermalization and was thus sensitive to the possible THz
out Pump-2. The signal was differentiated for easier studieacoustic modulation of the carrier distribution. Figure 2
of NAW oscillations with a frequency of 0.72 THZ.The  shows the differentiated probe transmission changes as a
average power of the incident Pump-1 was 3.7 mW with &unction of time delay withoufFig. 2@] and with [Fig.
corresponding optical fluence of 48L0°° J/cn?. By mea-  2(b)] Pump-2 with a pump/probe photon energy of 3.17 eV.
suring the reflected and transmitted powers before and aftérhe optical fluences of Pump-1 were again kept the same
the sample, the Pump-1-induced 2D carrier density per well~1.3x 10# J/cn?), and photocarriers with 2D densities of
was estimated to be %102 cm? with a measured focal 9.0X 10 cm? were generated at zero time-delay. The
beam diameter of 1m. The pump/probe photon energy Pump-2 (optical fluence ~2.0x10* J/cn?) entered the
was 3.35 eM370 nm), of which the corresponding transition sample at approximately the same time de{ayl6 p9 as
position was far from the quasi-Fermi level of the generatedrace(b) in Fig. 1 and extra photocarriers with a 2D density
photocarriers after thermalization estimated by kap  of 1.2x 10" cmi 2 were injected, resulting in a total 2D con-
method2%28 Note that since the photocarriers relax to quasi-centration of 2. 103 cm 2. Although the Pump-1-induced
equilibrium with a time constant less than 138%as a re- NAWSs have the same amplitudes for both traces of Figs. 2
sult, when the echo pulse came back to MQWfter and 2b), the returned echo causes a much higher optical
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_ e @ 180 ®) o piezoelectric MQW at the acoustic frequency. Our observed
S 1607 strong enhancement effect as shown in Figs. 2 and 3 implies
g ::g ::g that the carriers can follow the THz-modulated quantization
§ 1001 100 oo energy. This ultrafast carrier population modulation due to
S sol ? 80 the NAW can thus enhance the total modulation amplitude of
< ] ] optical transmission as reflected in the second term on the
S 0] o 60 pucal _ Seco
F w0l * 40 L right side of Eq(1), when the probing position is close to the
5 20| o® 20 ° carrier population. In Fig. 1, the probed energy position is far
© e ole from the Fermi surface, the acoustic wave-induced variation
0 30 60 90 120150180 0 30 60 90 120150180 of carrier concentration at the probe energy is so small that
Carrier Increase (%) Aacpy can be neglected.

. S Through electron-phonon interactions, the NAW produces
FIG. 3. Probe modulation enhancement versus carrier increase. . - . . .

The initial 2D carrier concentrations wefa 1.35x 102 cm™2 and an mstantaneous modulation c.)f carrer smglg—partlcle er_1erg.y.
(b) 0.69x 1013 ¢, The enhancement is set as 0 without F,wmp_zFor the case of ideal parabol_lc subband, th|§ modulation is
to inject excess carriers. The probe photon energy is 3.17 eV. due t? the instantaneous shift of the quantized ban_d-edge
energiesAE. andAE,, for electrons and holes, respectively.
For an incident probe photon with energ@y,, there corre-
§ponds a resonant in-plane wave vedkprobtained from
energy and momentum conservation. The shift of band-edges
results in a shift of resonant wave vectok, which is related
to energy shifts ad\k, =(mg/fik)AE., Wherem, is the
effective mass of electron and hole, respectively. Assuming
that the carriers adiabatically follow the band-modulation,

{ve obtain the followin ion for t iSSi h
ment in Fig. 2 and varied the power of Pump-2. The mea; ue to CDM: g expression for transmission chianges

sured enhancement of the transmission modulation is plotte

transmission modulation with increased background carrie
population(called “CDM enhancement” It is amazing to
observe such a high frequency modulatienTHz) of the
carrier population distribution due to NAW.

To further study the relation between the carrier concen

versus carrier increase in Figgagand 3b). The initial 2D AT df

concentrations were 1.3510" cm™ and 0.69< 10 cm™2 (—) o — ag(Afo(Epy) + Afp(Epy)) = — AE, —*

for (a) and(b). The differentiated transmission changes inthe \ T /com dE|e-g,,

echo region(39-53 p$ of the traces with different carrier df

increases were Fourier transformed. The enhancement was - AE, d_Eh . (2)
E=E,

then determined according to the optical modulation ampli-
tudes at the oscillation frequen€.72 TH2 in the Fourier With a small and fixed oscillation amplitudeE, or AE
v

spectra. F_igu_re 3 shows th_at the_ optical enhancement irBf the quantized energy levetletermined by NAW ampli-
creases with increasing carriers with a probe photon energmda, the amplitude of the probe transmission oscillation can

of 3.17 eV ;
' . be found to be proportional to the slope of the electron and
The THz CDM enhancement of the observed opticalyyie Fermi distributions at the probed energy positions.

r.nodu'lati.on can .be ('explained'by ultrafast modulatjon Of.car'Since the effective mass of the electron is much lighter than
rier distribution in piezoelectric MQW due to the incoming ¢ of the hole, i.e., the Fermi energy shift of the hole dis-
THz NAW. ]E)ptlc_al absorrglon_m lserglcon_%uziors undir theribution is comparatively insensitive to the increasing popu-
presg?ce Of carriers can be simply describe _39‘0(1_ e lation in the well, the observed CDM enhancement should be
—fn),*" whereay is the absorption constant without consid- himary from the modulation of the electron population.

ering Pauli exclusion principld, is the electron distribution, From Egs.(1) and (2), the slope of the electron Fermi
and f, is the hole distribution. The variation of absorption gistribution partially determines the optical modulation sig-
can be derived as nal with different background carriers in the MQWSs. With a

Aa=Aay(l - fo— ) + ag(= Afe— Afy) = Aagcrk + Aacpu- higher Fermi Ievel(qr higher carrier con_centr_atimn the _
1) value of(dfe/dE)e=g_ increases and the optical signal thus is
( enhanced as shown in Fig. 3. The quasi-linear behavior in the
The first term on the right hand side represents the variacase of(a) shows the Fermi level does not shift seriously. But
tion of absorption constant,. Under the presence of coher- for the case ofb), higher increased carrier population causes
ent longitudinal NAWs,Aay was modulated through the the enhancement behavior to deviate from the linear regime.
QCFK effect at the acoustic frequency due to strain and pi- In summary, we observed ultrafast carrier distribution
ezoelectric field modulations. Our study in Fig. 1 indicatesmodulation up to a THz frequency by NAW in a piezoelec-
that the modulation of absorption constant is not stronglytric InGaN/GaN MQW. Under the presence of the coherent
affected by the increased carrier population under our experiongitudinal NAW, the quantization energy of the piezoelec-
mental condition, and thus is not responsible for the obtric MQW oscillates at the- THz acoustic frequency due to
served enhancement phenomenon. strain and piezoelectric field modulations. The carriers in the
On the other hand, strain and piezoelectric field modulawells follow the THz quantized-level shift and enhance our
tions also result in the quantization energy oscillation of theobserved optical modulation when the probed transition is
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