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Stimulated-emission-induced enhancement of the decay rate of longitudinal
optical phonons in IlI-V semiconductors
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We explore the feasibility of reducing the lifetime of longitudinal optical phonons in InP by injecting
coherent longitudinal acoustic modes of frequency given by the difference between those of the
longitudinal and transverse optical phonons. Calculations show that a ten-fold reduction in the
lifetime can be attained using a 40 mW acoustic source. The increase in the phonon decay should
reduce the scattering rate of hot electrons in fast device0@2 American Institute of Physics.
[DOI: 10.1063/1.1471567

In high-speed electronic and optoelectronic devicemonequilibrium conditions, the LO LA +LA process be-
based on polar IlI-V semiconductors, the performance ixomes dominant in the presence of a large density of LA
ultimately limited by the scattering of carriers by phondfs. modes. To attain occupation numbers for the “daughter” LA
Due to the dominance of the Hriich interaction, and its phonons close to unity, the phonon generation rate needs to
long-range nature which favors long wavelength, the carriere as large as ¥hcm™3s™*, which is quite high. In Ref. 5,
interact primarily with LO phonons of wave vectgr~0.  only the Klemens LO-LA +LA channef was considered
The scattering rates increase with increasing LO density an@ven though, according to Ref. 3, 95% of the decay is due to
in the absence of a mechanism to remove these modes, th&— LA+ TA processes. . . . .
electron mobility is drastically reduced leading to a deterio- ~ Here, we propose a scheme in which stimulated emis-
ration of the device performance, particularly for the speedion is the result of externally injected coherent LA phonons
and power consumption. Since the phonons produced by tH¥ relatively low (~1 THz) frequency. We predict that a sub-
scattering of the electrons are LO phonons close to the zorgrantial (more than tenfold reduction in the effective LO
center and, thus, with near-zero group velocity, removal b)}lfetlme can be achieved at relatively low LA densities. Our

diffusion is very slow. Hence the only process preventing theapproach IS |Ilustrated in Fig. 1 where the LA phonons are
LO phonon from buildup is their decay into various combi- generated in the region on the left. It has been shown that

. A coherent LA modes can be generated optically, via transient
nations of lower frequency modesvhich interact weakly . o . . )
: . . . stimulated Brillouin scattering or using stimulated Raman
with carriers. Unfortunately, in many semiconductors LO . . . _
. . . >~ scattering by folded acoustic modes in superlatticé$We
phonons live quite a long life, mostly due to the low joint

also note that the possibility that phonon scattering by inter-
(two-phonon density of final TO, TA, or LA states into b y P g by

subband transitions in quantum wells may lead to coherent

which LO phonons decay. This applies in particular to theemission as discussed in Ref. 11.

case of InP where the LO phonon lifetime-is200 p¢ and In our mechanism, the injected LA phonons enter the

H H 3,4 . . ) .
the dominant decay channel is LOTO+LTA. _ active region of the device where hot carriers are present,
In this letter we explore the possibility of enhancing the

LO phonon decay rate in InP by injecting coherent acoustic

phonons of the proper frequency to induce stimulated emis . Hot Corsiers
sion. In some sense, what we propose to do is to create Hot Carriers T bLo
parametric amplifier of acoustic phonons where, by analog' s LA . L‘A;
with the optical counterpart, the zone-center optical mode: - -
p ” . —*__yT0 —*
would act as the “pump,” the externally injected LA —
phonons as the “signal” and the TO mode as the “idler.” =1 Other Phonons
Within this context, we note that the population of the signal 2, =
LA phonons is expected to be amplified as a byproduct of the i ) S 0.5 (THz), 5
stimulated process. = R
The possibility that stimulated emission may shorten the S : TOE
lifetime of the LO phonons in polar semiconductors was first Coherent 2 | i
. . . oheren 1.26] % :
considered in Ref. 5. This work shows that for GaAs, under | 5. o 3 5 LAE
| . :K
| o . -k k
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9Electronic mail: merlin@umich.edu FIG. 1. Stimulated phonon cooling@nergy diagram in the inget
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TABLE I. Parameters for InP. times of the LO and TO phonons. Since the lifetime of the
> A o TO phonons in InP is by far the shortesto~10 psitis a
good approximation to assume tHgt~# /1. Performing
Group velocity (16 cm/s) 45 the summation in Eq2), we obtain for the rate of stimulated
Frequency(THz) 10.5 1.26 9.24 emission
Spontaneous lifetiméps) 204 6000 10.6%5
Ry= M2V (NoN; + NO[|~\|2_ N:N3)
typically a channel of a field-effect transistor where LO TE
phonons are generated. As mentioned earlier, the main decay (NoN{+NgN>,—N{N>)
channel in InP is LO>TO+LTA.® Thus, if the energy and ~Msp NoNih ' ©)

momentum of the LA phonons is properly chosen, stimulated . ) o

LO decay will follow. The LA modes continue to propagate where we have introduced a threshold density of injected
towards the sink on the right-hand side, while the TOPhONons\Ny=g(fiwo)7I'e. The physical meaning of this
phonons decay into various combinations of LA and TAParameter is chaNth is th_e volume density of states whose
phonons. Since thédeformation potential interaction of ~ ©€nergies are within the Imewidt_h of the externally injected
these modes with carriers is relatively weak, the electrork” phonons. It follows that stimulated decay overcomes
transport behavior will not be affected much by the associSPontaneous decay when the density of injected coherent
ated increase in the density of TO phonons. phononsN; exceeds that oNy,. .

Using the optical analogy and the fact that phonons are A rough estimate oNy, for InP can be obtained as fol-
bosons, the proposed scheme can be described as an “acolfd¥s- Assuming the Debye approximation, we get for 1.26
tic parametric amplifier.” Since the group velocities of LO THZ LA phonons  Ny=2mf?a(7ror’a) *~1.03
and TO phonons are close to zero, they can be loosely cor 1_019 _Cm_g- The corresponding energy density is 8 mJfem
sidered to be the upper and lower states of a LA phonoH‘{h'Ch is not e_xceedlngly large. With this in mind, we con-
amplifier, and the whole scheme then bears a close relatioifider the kinetic equations for the phonon densities

ship to laser cooling. N No  NoN;+NoN,—N;N,

We also note that, if proper feedback is provided, our 7=GLO— —— N , 4
scheme leads to a phonon laser. Our proposal involving only 7o 7o
phonon lsgfate_s is significantly different _f_rom other IN, IN;  NN;+NgN,—N;N, N
scheme¥3which rely on sharp resonant transition between ot + Vit T N T ()
two electronic states. oh !

Let us now estimate the LA phonon density and, corre- AN, N,  NoN;+NgN,—N;N, N,
spondingly, the strain necessary for an appreciable reduction ——~— Voo T 7oNg, T (6)

t

in the LO phonon lifetime. The relevant parameters for InP
are shown in Table I. Consider the general expression for the Here we have introduced the spontaneous LO lifetime,
decay rate of LO phonons of frequenay, (LO), whose 7o '=M2Vg(%w,), and their generation rates o. The
occupation number is, into a pair of lower-energy phonons boundary conditions ard,(x=0)v,=J, wheredJ is the flux

with frequenciesw; (LA) and w, (TO):>514 density of the injected LA phonons, and for the TO modes
N,(x=L)w»,=0. The TO phonon velocity, in the region of
R= Y wh2U4(ANmPwywiw,) 18(hwe—hwi—hw,) interest kro~1.75< 10" cm™ ) is ~1000 cm/s, i.e., the dif-
k1.ka fusion length,~1 A, is very short so that the motion of the
X 8, kl+k2[n0(n1+1)(n2+1)_(n0+1)n1n2]1 (1) TO phonons can be disregarded. Let us now consider the

steady-state solution of Eq&4)—(6) under the assumption
whereU, is the strain energy densitiy is number of unit N;>N,, i.e., for an injected acoustic density that is much
cells, andm is the average mass of the atoms. Introducinghigher than that of TO phonoriae will check the validity of
the density of phonondy;=n;/V, the matrix element for the this assumption later With zero group velocity for the LO
interaction M?= 772U 2V(32Nm*=3f,f,f,) "1, and the and TO modes, the steady-statN(Jt=0) solutions are
two-phonon density of states g(hwo)ZV*Ekl,kz

. N7
X 8ok, +k,0(Nwo—hw; —hw,), we can rewrite Eq(1) as N,=G o7 Nt N11(07-0+72)’ @
R=M2VNog(hwo)+M2Vk2k L(hw;)8(hwg—hw;—hw,) e Nnro+Nim, _ Giomo ®
v 0 TNy o+ Ny( 7o+ 75) ag
X 8ok, +k,(NoN1+ NoNa =~ NaN,) = Rt Ry, )

whereag is the enhancement factor of the LO phonon decay
here,Rg, is not a function ofN;, so it stands for the sponta- due to stimulated processes; its dependence on the density of
neous decay. And we udg(iw,)=Tgm Y[(hw;—hw,)?>  externally injected LA phononbl; is shown in Fig. 2. One
+1I"£?] to account for the fact that the incoming LA phonons sees that, for,> 7, at a high LA phonon density, the effec-
are not monochromati¢they exhibit a distribution of fre- tive LO-phonon lifetime approaches asymptotically the
qguencies around the central frequensy that satisfies the much smaller TO-phonon lifetime. The densities of LO and
energy and momentum conservation conditjorfsurther- TO phonons are also shown in Fig. 2. They approach each
more, the transition itself is broadened due to the finite life-other asymptotically at high LA phonon densities.
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X 10?° cm, which, for a 10Qum? device, corresponds to a

L I A I 140 total flux of 5x 10'° phonons per second, or 40 mW. We note
= & that a substantial improvement can be achieved by using a
= s cavity for acoustic phonons. One can also consider using a
s ] 155 superlattice to reduce the velocity of LA phonons by zone
(;9 £ folding.® This would lead to an increase in the effective
55 {105 interaction time thereby reducing the required power. It is
i § also of interest to consider the strain associated with the re-
a 1s E quired LA density. A simple analysis shows thdi,% w| a

=pw A°X?[2, wherep is the density and is the atomic
displacement. From this, we obtain-0.0078 A represent-
00 " 20 40 60 80 100 120 140 160 180 208 ing a strain of 0.13%. Strains of this magnitude can be ob-
N/N,, tained using ultrafast optical excitatién.

It is unlikely that our scheme can be applied to materials
for which the dominant process of LO phonon decay does
not involve TO phonons. When both final states of the LO
Now, we check the validity of the assumption made ear—ﬁgca/ozree ?Zoui‘?’]“fh;ngol?_:{_'e;Lrjae:gzqgizrrehj:gfgeg::;?e
lier that the TO phonons density is always much smaller than P y

) . ) . .~ of injected LA phonons is at least a factor of 20 larger than in
the LA phonon density. Since we are interested in the S|tua]—np Furthermore. the mean free path of LA phonons at 5
tion when N;>10Ny,, we haveN,~ G, o7o<10Ny,. For ' ' P P

INP, we obtairP_ o< 10% woNy,/ 7~ 0.7x 101 W em 3. For THz is rather small<100 nm, making their delivery into the

. . . . . active region a very difficult task. Finally, if the decay
a typical electronic device with an active volume of, 8, mechanism involves TA phonons, we note that their lifetime
0.2 mXx1 mx100um, this results in 1 W power dissipa- b ’

tion which is at least two orders of magnitude larger than tha[iirilcjtlg?;g tlrzrr?;:i(:Ea}‘rs]etlg?;rr%finlégnpr']’()ineonZtt;eirrlgf)lr(Ien?)ntlhe
for a field-effect device. Therefore, we can disregard the TQ 9. 1€, y

i . In a pulse mode.
honon density for any practical values of the LO phonon . . -
generation ratg yp P In conclusion, we have considered the feasibility of us-

To include the spatial dependence of the LA phonon denn9 stimulated emission induced by externally injected co-

sity, we solve Eq(5) under the assumptior, > 10N, and herent LA phonons to reduce the lifetime of_LO _modeg. For
B e InP, we have shown that a ten-fold reduction is attainable
dN,/dt=0 obtaining

using a 40 mW source of external phonons. Our results hold

FIG. 2. Ng, N,, andag change as functions &, /Ny, for InP.

_ X X promise for using phonon engineering to improve the prop-
N1~N3(0) =N, (0) T +GL0V_' ©)  erties of electronic devices.
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