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We have experimentally proven the Cerenkov generation of optical phonons by drifting electrons in
a semiconductor. We observe an instability of the polar optical phonons in nanoscale
semiconductors that occurs when electrons are accelerated to very high velocities by intense electric
fields. The instability is observed when the electron drift velocity is larger than the phase velocity
of optical phonons and rather resembles a “sonic boom” for optical phonons. The effect is
demonstrated inp—i—n semiconductor nanostructures by using subpicosecond Raman
spectroscopy. €2003 American Institute of Physic§DOI: 10.1063/1.1563730

When electrons are accelerated by an electric field suchhonon occupation number is observed when the applied
that their drift velocity exceeds the sound velocity of theelectric field intensity is larger than 10 kV/cm. We attribute
semiconductor, a large number of acoustic phonons are emithis anomaly in the LO phonon population to the amplifica-
ted coherently. This so-called “Cerenkov acoustoelectric eftion of LO phonons produced by electrons during their tran-
fect” was predicted? and demonstratéd® in the 1960s in  sient transport in the GaAs-baspei—n nanostructure.
semiconductors with large piezoelectridisuch as CdS, and The GaAs-based nanostructures used in this work con-
multivalley crystals with electron—phonon interaction via thesisted of an AlAs—GaAs—AlAg—i—n structure grown by
deformation potential. A similar effect, but for optical molecular beam epitaxy on(@01-oriented GaAs substrate.
phonons, was also predictéd:' but has never been directly Details of the sample structure has been described
observed. This is in spite of the fact that optical phonons play|sewheré? The sample was excited and probed by the out-
such a major role in the energy relaxation of fést) elec-  puts of two optical parametric amplifiet©PA1 and OPA?
trons in semiconductorS.If an optical phonon instability is  pumped by a common pulse from a Ti—sapphire amplifier
induced by hot electrons during their transport, it will havesystem which is composed of the ultrastable Millennia/
enormous impact on the carrier dynamics in semiconductorsunami short pulse oscillator and the Spitfire regenerative
devices; particularly, in nanostructure devices which inheramplifier with the Merlin Nd:YLF pump laser. The output
ently have large applied electric fields and electron drift vefrom OPA1 having a pulse width of about 600(fall width
locities. In addition, the instability leads to amplification/ of half maximum is chosen to operate at photon energy of
generation of coherent optical phonons. It can be suggestegl, . =1.65 eV and is used to excited electron-hole pairs
that a number of applications will become possible on thgn GaAs-based p—i—n semiconductor nanostructures,
basis of the electric methods of generation of coherent optiyhereas, the output from OPA2 having the same pulse width
cal phonons. is used to probe both the phonon populations and electron

In this work, we use subpicosecond Raman spectroscopyistributions with a variety of photon energies and wave-
to study both the transient electron and the transient phonogector transfers, as indicated below.

dynamics in GaAs-basep—i—n semiconductor nanostruc- Details of our experimental technique have been re-
tures. An anomalous increase of the longitudinal optit@l)  ported in Ref. 14. All the data reported here were taken at
T=10 K and at zero time delay between the pump and probe
3Electronic mail: tsen@asu.edu pulses. The electron—hole pair density excited by the pump
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TABLE |. Measured electron drift velocity as a function of the applied cupation number with wave vectqe=1.096x 108 em ! ex-
electric field intensity for a GaAs-basq@-i—n nanostructure taken at hibits a very different behavior. The nonequilibrium phonon

=10K.
population first increases smoothly as the applied electric
E (kV/cm) Vy4 (X107) E (kV/cm) Vq (X107 field intensity increases up t&7.5 kV/cm. It increases very
1 16501 0 6205 sharply to a maximum aE=10 kV/cm, then,.de_crea}ses
2 230+0.2 45 6.1-05 slowly to an almost constant value at an electric field inten-
3 2.62+0.2 50 6.0:0.5 sity of 60 kV/cm and higher. Two aspects are worthwhile
4 2.95:0.3 55 6.2:0.5 pointing out: first, the observed phonon occupation for the
5 3.01+0.3 60 6.3-0.5 = —1 i cinnifi
phonon wave vector aj=1.096x 10° cm™? is significantly
7.5 3.80-0.4 65 6.1:0.5 ller than that ai=6.44% 10 em- for electric field i
10 55:05 70 6.0-0.5 smaller than that afj=6.44x cm- = for electric field in-
125 56-05 75 6.1-0.5 tensity up toE=7.5 kV/cm; second, the phonon occupation
15 5.5:0.5 80 6.0:0.5 is much larger for the phonon wave vector g&1.096
20 5.7£0.5 85 6.0-:0.5 X 10° cm™! than atq=6.44x 10° cm™* for electric field in-
25 58-0.5 90 6.1-0.5 tensity E=10 kv/cm. The former can be very well under-
30 6.0:0.5 95 6.1:0.5 o b
35 6.1+ 0.5 100 6605 stood by considering the 47 dependence of the Hntich

interactiort® for the emission of LO phonons by energetic
electrons. However, the latter is contrary to this expectation.
pulse isn=2.5x10"" cm 3. The effective electric field in- For electric field intensitfg= 10 kV/cm, the LO phonon oc-
tensity inside the laser-irradiated area was estimated by usirgupation forq=1.096< 10° cm™! increases by a factor of
the Franz—Keldysh effect similar to Ref. 15. about 3 over that fog=6.44x 10° cm™ !, instead of the ex-

If 15(w;), | as(w;—w o) are the measured Raman scat-pected decrease by a factor of aboutifdthe 1/9°> depen-
tering intensities for Stokes, anti-Stokes lines taken withdence is assumed

photon energiesiw;, i(w;—w o), respectively, then the The effects of intervalley scattering will significantly re-
population of nonequilibrium LO phonons(w, o) is ob-  duce the number of electrons in thevalley after about 1 ps
tained by, (Refs. 20—23B and the intraX or intra-L valley electron re-
(o) 1 laxation emits much larger wave-vector LO phonons than
N(w o) =| ————— } =1.096x10° cm ! as a result of their much heavier elec-
las( @i~ @io0) tron mass; therefore, the effects of intervalley scattering pro-

(see Refs. 16 and 17The electron drift velocity as a func- Ccesses cannot account for our observed results. The penetra-
tion of the applied electric field intensity, deduced from thetion depths for the probe laser @&1.096<1¢° cm™* and
measured electron distributions, is listed in Table I. q=6.44x< 10> cm™* are about 900 and 5000 A, respectively.
The measured transient nonequilibrium LO phonon oc-The influence of the carrier excitation at the cap GaAs layer
cupation number as a function of the applied electric field for(50 A) and thep-type AlAs layer(100 A) is, therefore, mini-
a GaAs-basegh—i—n nanostructure is shown in Fig. 1 for mal. Under the application of an electric field, electrons ac-
two phonon wave vectors as indicated. The nonequilibriunfitire a significant drift velocity, and tend to escape from the
LO phonon occupation number with wave vectpe=6.44  probing volume of the laser. However, due to the consider-
x10° cm ! gently increases as the electric field intensityation of the penetration depth, this effect will tend to reduce
increases te=10 kV/cm, and then flattens out. This can bethe measured LO phonon occupation more for the phonon
reasonably well explained by ensemble Monte Carlo calcuwave vector atg=1.096<10° cm * than for the phonon
lations that include conventional electron—phononwave vector atg=6.44x10° cm™*; therefore, this cannot

scattering® In contrast, the nonequilibrium LO phonon oc- €xplain our experimental results. We attribute the anomalous
increase of the phonon-occupation observed for electric field

3.0- GaAs-based p-i-n nanostructure intensity E=10 kV/cm to the amplification of LO phonons
- n=25x10"cm in the GaAs-basegp—i—n nanostructure during the elec-
-.% 2.54 tron’s transport from the to n regions.
g 204 A simple way to evaluate the criterion of the optical
S q=1.096 x 10%m’” ph(_)nor_1 instability is to use a macrpscopic approx_imati(_)n,
§ 159 which is based on well-known equations for the optical dis-
s ro\p-o\o\o‘ At ; 24
2 - 0—0—o. placement, the polarizatiorP, and the fieldE.
£ 101 q=6.44 x 10%m o e ; . S .
s ghas PSR APSRA The criterion of optical phonon instability is then given
2 o0s- by?5
(=]
Z 00 2me? 1 1 fi
. L) T T T T n
0O 20 4 60 8 100 r(q="2 e®Lo _) f(m+ ;q*)
E (kV/cm) hq €x £ q 2m;
FIG. 1. Measured nonequilibrium LO phonon occupation as a function of . wLO_ ﬁq 1
the applied electric field intensity for GaAs-bagedi —n nanostructures for q 2m§ Vs )

phonon wave vectorsj=6.44x10° cm ! and q=1.096x 10° cm™?, re-

spectively. The injected electron—hole pair densitynis2.5x 10 cm™3.

— enler * H
The abrupt increase of the nonequilibrium phonon populationEat Wherew,_o— @TOVEQ/Ex0; & me_ are_t.he Charge and Effec.tlv_e
=10kV/em is attributed to the detection of amnlification of GaAs LO mass of an electron, reSDeCt'Veh’e is the electron density;
phonons. A =h/2a, his Planck’s constant; andis the electron distri-
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= Experimental data optical phonons is observed. Therefore, our results confirm

4.0+ —o— Theory that optical phonon instability is a universal phenomenon for
c 35 polar semiconductors.
§ 301 .4_)4, In semiconductor nanostructure devices, electron trans-

i . S .

3 551 f ?1“?%%% port |sl££émarlly governed by elgctron v_elocny overshoot
o effects;®“°as a result, electron drift velocity usually can be
§ 201 as high as 1®cm/s. This extremely high electron drift ve-
6_-‘3 151 locity means that optical phonon modes will be amplified for
g 104 . a wide range of the phonon wave vectors. The phonons with
£ 05 " the smallest wave vectors from this wave-vector interval can
z 0.0 be probed by Raman spectroscopy, as demonstrated in this

4 56 7 8 9 10 11 12 13 14 15 16 17 work. Since the strength of the Hrich interaction is in-

q (x10%m™) versely proportional to the square of the phonon wave vector
for nanostructures of sizes500 A in which quantum con-
FIG. 2. Comparison of the measured nonequilibrium LO phonon occupatioffinement effects are minimal, our experimental results indi-
with the theory of phonon amplification. The data were taken at an appliectate that instability/amplification of LO phonons will have
electric field intensity oE=10 kV/cm. . . . .

an enormous impact on the carrier dynamics and relaxation

. _ _ _ in semiconductor nanostructure devices.
bution function.eq, &, are the static and high frequency
dielectric constants, respectivelyro is the angular fre- This work is supported in part by the National Science
quency of the transverse optical phononsis the phonon foundation under Grant No. DMR-9986706.
damping constant. Here, since the lifetime of LO phonons

H 27 ~
for GaAs atT=10K is about 9 p§,6’ we have ’y=11 1G. Weinreich, Phys. Revl04, 321 (1956.
x 10" s71, Because the phonon occupation is proportional K. B. Tolpygo and Z. I. Uritskii, Sov. Phys. JET30, 929 (1956.
. 3 H
to the square of the amplitude of the phonon wave, the mea-ﬁ-g'g]-) Hutson, J. H. McFee, and D. L. White, Phys. Rev. L&{t237
sured phongsn occupa}tlon |s_exp§cted to bg propqrtlonal 104 "M, Toxen and S. Tansal, Phys. Rev. L0, 481 (1963,
exf 2I'(g)7],”> where 7 is the time interval during which the sy, pomerants, Phys. Rev. Lett3, 308 (1964.
intensity of the phonon wave grows. For a review, see H. N. Spector, Solid State PHg.291 (1966.
. . . 7 7 H

Figure 2 shows the measured LO phonon intensity as g ¥ L- Gurevich, Sov. Phys. Solid Stat 1015(1962.
function of the phonon wave vector at an applied electric I. Yokota, Phys. Lett10, 27 (1964).
!“mC . . p i pp °1. A. Chaban and A. A. Chaban, Sov. Phys. Solid S&t2913(1964).
field intensity of E=10 kV/cm. The best fit between the 203 B. Gunn, Phys. Rev. A38 A1721(1964).
theory and experimental data is obtained when500 fs. 1S, M. Komirenkoet al, Proceedings of the 2nd IEEE Conference on

; - ; ; _ Nanotechnology, Washington, DC, Augy2002, p. 1.

.Thls value is consistent with the fact that the ele.Ctron veloc 123, Shah, irHot Carriers in Semiconductoredited by J. ShatAcademic,
ity overshoot phenomenon lasts for about 1 ps in GEAs.  gocion, A, 1992 p. 279,

Therefore, the experimental results shown in Fig. 1 cari®E. D. Grann, K. T. Tsen, D. K. Ferry, A. Salvador, A. Botcharev, and H.
be interpreted as follows: The LO phonon occupation in- Morkoc, Phys. Rev. B3, 9838(1996.
creases as the applied electric field intensity increases for upE: D Grann, K. T. Tsen, D. K. Ferry, A. Salvador, A. Botcharev, and H.

. . . Morkoc, Phys. Rev. B56, 9539(1997).
to Ez 7.5 kvicm, p”m_amy as a result of relaxation of ener- 15k 1 tsen, R. P, Joshi, A. Salvador, A. Botcharev, and H. Morkoc, J. Appl.
etic electrons by emitting LO phonons. The measured pho- Phys.81, 406 (1997).
g y g p p
non Occupation rough|y follows q? dependence, as ex- 168ee, for gxample, P.Y. EU and M. Cardofandamentals of Semiconduc-
pected from the Filich interaction. As the electric field ,i0's (SPInaen New Yok 1996 @ @ e ohys. Rev
intensity increases to and beyoReF 10 kV/cm, the electron et 67, 2557(1991. ' ' '
drift velocity increases with the applied electric field inten- 1:D. K. Ferry (private communications
sity (as indicated in Table)| the phonon occupation with the —E. M. Conwell,High Field Transport in Semiconductofdcademic, New
~ —1 ; York, 1967.

wave vector atq=6.44x10° cm ! decreases slightly be- 200 3. Kim and P. Y. Yu, Phys. Rev. B3, 4158(1991)
cause of the effect of intervalley scattering processes and the; -y, igot, M. T. Portella, R. W. Schoenlein, J. E. Cunningham, and C. V.
drifting away of electrons from the probing volume. On the _Shank, Phys. Rev. Let65, 3429(1990.

other hand, phonon occupation having wave vectpr 223, Shah, B. Deveaud, T. C. Damen, W. T. Tsang, A. C. Gossard, and P.
; Lugli, Phys. Rev. Lett59, 2222(1987).

- -1 i
=1.096<10° cm™! increases very rapidly for E 27 Eaesser, J. Shah, L Rota, and P. Lugli, Phys. Rev. 661757
=10 kV/cm due to the amplification of optical phonons, the (1992.

electron drift velocity increases with the applied electric field**M. Born and K. HuangDynamic Theory of Crystal Lattice€Oxford

; ; i i ; ; University Press, New York, 1954

intensity (as mdlcgted n Ta.'ble)’l the phonon o.ccupanon. 253 M. Komirenko, K. W. Kim, V. A. Kochelap, I. Fedorov, and M. A.
then decreases with fgrther increase of _eIectrlc field INteNSity siroscio, Phys. Rev. B3, 165308(2002).

due to the effect of intervalley scattering and the drifting2°D. von der Linde, J. Kuhl, and H. Klingerberg, Phys. Rev. L&t 1505
away of electrons from the probing volume. (1980.

- . . . . 27 i - ibi
We have also carried out similar experiments in an ga\ég'z‘ig;gd F. Bogani, Phys. Rev4B, 12049(1991); F. Vallee, ibid. 49,

INg 54Ga 47AS-based p_—i —n nanOSt_rUCtur_e_(WhiCh are th 28K, T. Tsen, inUltrafast Phenomena in Semiconductoeslited by K. T.
shown herg The optical phonon instability for GaAs-like  Tsen(Springer, New York, 2001 p. 191.



	Virginia Commonwealth University
	VCU Scholars Compass
	2003

	Observation of optical phonon instability induced by drifting electrons in semiconductor nanostructures
	W. Liang
	K. T. Tsen
	Otto F. Sankey
	See next page for additional authors
	Downloaded from
	Authors


	tmp.1429641037.pdf.BZIYu

