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Abstract

The angular and polarization dependences of acoustic phonon emission from
a quasi-2D hole gas in quantum wells are theoretically investigated. The
contribution of both deformation potential and piezoelectric coupling is
considered in the hole—phonon interaction. We have also taken into account the
effect of anisotropy of the valence band which gives rise to the hole—phonon
interaction due to deformation potential coupling for both LA and TA phonons.
Finally, the theory is applied to calculate the rates of acoustic phonon emission
in GaAs quantum wells.

1. Introduction

The carrier—phonon interaction in semiconductors plays a very significant role in the
performance of their opto-electronic devices. One of the powerful experimental methods to
study the effect of carrier—phonon interaction is the phonon spectroscopy using the technique
of time-of-flight measurements [ 1-3], which enables us to investigate the angular and phonon-
mode dependences of the charge carrier—phonon interaction, because it is then possible to
resolve the emission of longitudinal (LA) and transverse acoustic (TA) phonons. The angular
dependence of phonon emission is influenced by several physical factors such as sound waves
[4, 5], screening effects [4—6], electronic band structures [7], etc. Within the isotropic
model of the sound waves, electron—TA phonon interaction via the deformation potential (DP)
vanishes and only LA phonon interaction is non-zero in most III-V cubic semiconductors
because the conduction band of such semiconductors near the band minimum is isotropic. In
these semiconductors, electrons can interact with both LA and TA phonons only through the
piezoelectric (PE) coupling. However, the valence band of most semiconductors near the band
maximum is generally anisotropic, which leads to a non-zero hole—acoustic phonon coupling
through DP for both LA and TA phonons. As a result, the hole—acoustic phonon interaction
becomes non-zero for both LA and TA phonons from DP as well as PE couplings. On the
other hand, for elastically anisotropic solids, three types of sound waves can propagate in a
given direction and generally none of them is purely longitudinal or transverse (so they are
called quasi-longitudinal, fast and slow quasi-transverse waves) except for specific directions
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such as symmetry axes [8]. Therefore, it is to be noted that for such elastically anisotropic
solids, the electrons in the isotropic conduction band can interact with the quasi-TA phonons
due to acoustic anisotropy [4, 5] since the direction of the polarization vector for the quasi-TA
phonons is not exactly perpendicular to that of the propagation of the quasi-TA phonons.

During the last two decades, a considerable number of experimental [1-3, 9—-15] and
theoretical [4, 16—20] studies on acoustic phonon emission from 2D electrons have been
reported. However, fewer research activities have been devoted to the hole—acoustic phonon
interaction in semiconductor nanostructures. Using the current pulses, Strickland ez al [21]
have studied the phonon emission from a hot two-dimensional hole gas (2DHG) in (31 1)
GaAs/AlGaAs heterojunctions. Their result shows that the phonon emission from a 2DHG in
the (3 1 1) GaAs/AlGaAs heterojunction is restricted to angles less than & = 30°. Recently,
Kent et al [22, 23] have investigated experimentally the hole—acoustic phonon interaction
using the phonon absorption [22] and emission [23] from a 2DHG in GaAs heterojunctions.
They have also calculated the phonon absorption [22] and emission [23] as a function of the
angle for both LA and TA modes by using an average effective DP constant for both LA and TA
modes, i.e. identical and isotropic DP for both LA and TA phonons. More recently, Lehmann
et al [6] have studied the phonon emission from both 2D electrons and holes in a GaAs
heterojunction using the same DP as a parameter for both LA and TA phonons. However, the
study of acoustic phonon emission from a 2DHG in GaAs quantum wells (QWs) has not yet
been done either experimentally or theoretically. In this paper, we present a comprehensive
theory of acoustic phonon emission from a 2DHG in QWs considering both anisotropic DP
and PE couplings.

This paper is organized as follows. In section 2, we present the derivation of a Hamiltonian
which describes the hole—acoustic phonon interactions due to both DP and PE couplings in
QWs. The phonon emission rate from a 2DHG as a function of angles, hole and lattice
temperatures, hole density and phonon energy is derived in section 3, and in section 4, the
results of the rate of emission in GaAs QWs are presented and their significance is discussed.

2. Hole-acoustic phonon interaction

Strains due to acoustic phonons in non-centrosymmetric semiconductors give rise to a
deformation in the bandstructure as well as a change in the macroscopic electric potential
energy. The former is related to DP coupling and the latter is related to PE coupling with
charge carriers. An electronic transition of charge carriers can also induce strains in such
semiconductors via DP and PE couplings. In this section, we derive expressions for the hole—
acoustic phonon interactions due to both DP and PE couplings within the isotropic model
of acoustic waves where the displacement vector of lattice, i.e. polarization vector, for LA
phonons is parallel to the direction of propagation, i.e. wave vector, and that for TA phonons
is perpendicular to the wave vector.

The DP energy w of the valence band due to a strain caused by A-mode (LA, TA; or TA,)
acoustic phonons with wave vector ¢ can be written as [24]

W Oy ig =Y Bijttij(r 0y 0, j=1,2,3 )
ij

where the subscript ‘v’ denotes the valence band. The strain tensor u;;(r, t),4 due to a single
phonon is given by

1 /0u; OJu;
Mij(rst)kq=§< + ]> (2)

axj axi
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where u; is the ith component of the displacement vector u(r, 1), of the lattice associated with
a A-mode acoustic phonon with wave vector ¢. It can be written in terms of phonon creation
and annihilation operators bj\q and b4, respectively, as [25]

/ h PO R .
u(r, t)y = deq (bkqe'(q"_”*q') + bj\qe—l(w—qu)) 3)

where p,, is the material density, V the volume, v, the sound velocity and d;, the polarization
vector associated with the A-mode phonon. Using equations (2) and (3) in equation (1), the
DP energy becomes

hq
2)0m Up 1%
where c.c. stands for complex conjugate and the effective DP constant is given by
1

@ =5 X]: S (digej +dlger) €= g. )

w(r, 1)y sy =i El(q) (byge @™ 4" —c.c.) )

(1]

Here e = (ey, €2, €3) is a unit vector in the direction of phonon propagation. The detailed
derivation of the effective deformation potentials E2(g) for each acoustic phonon mode
associated with the valence band edge is given in [7].

In non-centrosymmetric crystals such as III-V and II-VI polar semiconductors, a strain
associated with the acoustic phonon can induce macroscopic electric polarization in the crystal,
which is known as the PE effect. For the cubic crystals of such polar semiconductors, the
electric potential ¢, due to the PE fields produced by a single A-mode acoustic phonon with
wave vector g can be written as [24]

q-Py
K€g?

(6)

Dg = —i

where P, is the electric polarization induced by a A-mode phonon, « the relative dielectric
constant and ¢, the electric permittivity in the vacuum. The ith component of the electric
polarization is given by
Piq = Zhijkujk(rs g @)
jk
where h;j; is the PE tensor. Using equations (2) and (7) in equation (6), we get the electric
potential energy U,, for a charge carrier with electric charge Q as

on; n
Upg = = by g€ 1T —cc. 8
a = QPig (Keo SoraV (brge c.c.) ®)

where h:} is the effective PE constant for a A-mode phonon given by

1 .
Wy =5 D e (e +diye;) ©)
ijk

A detailed derivation of the effective PE tensor h; in the cubic ITI-V and II-VI semiconductors
for both LA and TA phonons is givenin [7]. Itis to be noted that a comparison of the expression
of the potential in equation (4) and that of the PE potential in equation (8) reveals that there
exists a critical A-mode phonon wave vector ¢gg given by

(o
" (Eé(q)) o
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such that for phonons with wave vector g < gy, the PE coupling is dominant and for ¢ > ¢qo
the DP coupling is dominant for a given charge carrier and a given direction of phonon
propagation.

Using the expressions for the two types of hole—phonon interactions as described above,
we can get the corresponding hole—phonon interaction Hamiltonians H, . duetoDP (I =D)
and PE coupling (I = P) as

thfp (r)k,q = g;h(q)eiq'rl;)hq + C.C. (1 l)
where
hq
A . —A
- = 12
gp(@) i ooV “(g) (12)

: <k 13
gp(q) = W K_eo . (13)

Introducing the creation (annihilation) operators 6}1 K, (Cn.k,) of a hole in the nth subband
of QWs with the wave vector kj, the field operator ¥ for holes can be written as

U(rp,2) = —= D Mg, (2)enk, (14)

1
Ao n.kj

where Ay is the 2D area of quantum wells and ¢,(z) is the hole wave function for the nth
bound state for the hole motion along the z-axis which is assumed to be perpendicular to the
wall of quantum wells. Using equations (11) and (14), we obtain the hole—phonon interaction
Hamiltonian in the second quantized form as

ol ot . A R
Hh—l%)“ - /dr” /dz v Hh[—p,)ﬁﬁ = Z I:g?(q)F"’”/(qZ)b*qC;];/,ku“IuC"’k”

ky,n,n’'
Ak F* BT ’*Jf A 15
+87 @F, ,(q2) agCn’ ey —gq, Cn-k (s)

where the form factor F), ,(q.) is obtained as

Fon(q.) = / dz67 () (2)6. (16)

3. Phonon emission rate

The rates of transitions of a hole from an initial state to a final state involving emission or
absorption of a single phonon are derived. We represent the initial state by |i) and the final
state by | f) as

=1 flhs ...,f;(km”,...>|...,n;,...> (17)
and

|f)=|...,fnh/’k“—1,...,f,f',’kﬁq”+1,...)|...,n;:i:1,...) (18)

where f! k, 18 the occupation number of the nth hole state with wave vector kj and n; is that of
a phonon state with wave vector ¢. The upper (lower) sign corresponds to a phonon emission
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(absorption) process. Using equations (15), (17) and (18), we can get the transition matrix
element of phonon emission and absorption as

M (n kg — ' Ky F gy q2) = (FIH],, (g g)li) = Fli(n,n'; gy, q2)

h h 1 1
X \/(1 - n’,k"q:qH) n.k; (n?]L + 2 + E) (19)

where

f){i(n, n/; q||v QZ) = f){:(nv I’l/; q||1 qz) = g%(q)an’(QZ)

We assume that the 2D hole gas and phonon systems are separately in their own thermal
equilibrium before the transition. Thus fnh K, Can be replaced by the average value obtained
from the Fermi—Dirac distribution as

hy, = [l BRI/ 1]*1 (20)
with
nki
E,(k) =¢, !

Yoo T
2mh” (k”, LZ)

where p is the chemical potential of 2D holes, T}, the hole temperature, ¢, the hole energy
in the nth subband and mj, (ky, L;) the in-plane hole effective mass. It is to be noted that
the in-plane band structure of a hole in QWs is anisotropic, non-parabolic, complicated and
dependent on the well width L, and it can only be determined numerically [26].

Likewise, n; can be replaced by the average value obtained from the Bose—Einstein
distribution as

nh = [hen/lT 1] 1)

where T is the lattice temperature.

Applying the Fermi golden rule and using the transition matrix elements in equation (19),
the rate of such transition with emission or absorption of a A-mode phonon of wave vector ¢
can be written as

2 2
I . LA .
Wi, ky — n' k) F q5 9. = . ‘Mﬂ: (n, ky — n', ky F qy3 q2)

X 8(Ew (ky F q)) — En(ky) £hoog ). (22)

Using equation (19) in (22), we get
2 2
Witn ky — n' ky Fq: q.) = - |7l (n.n'; q,q.)| (1 - fn}f,km") fnh,kH
1 1
X (nz *+3 + 5) S(Ew(ky F q)) — En(k)) £haog,;). (23)

The total scattering rate for a hole with wave vector kj in the nth subband due to emission
(absorption) of a phonon is then obtained by summing over all ¢, and ¢ in equation (23) as

Wit (n, ky) = Z Wit by — n' ky F g1 ). (24)
n'.q.9;

Equation (23) can be used to study the total phonon emission from all the processes of
hole relaxation as the functions of phonon wave vector ¢, hole density and hole temperature.
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Taking into account the reverse transition processes involving phonon emission, the net phonon
emission rate of a A-mode phonon with wave vector ¢ can be written as

an’
== 2 Wmn'ig.q {[(1 - ,jz’k“fq") fl (k1)
n,n', 1k,
- (1 - fr?’,ku) fn]fku—qu”;] S(En (ky — q)) — En(ky) +hawy,s)
- [(1 - f"hﬁkuﬁlu) f"}tkun:l\ o (1 a frf"vku) f'ﬁkuﬂlu (n; + 1)]
X 8(Ey (ky +qy) — Eq(k)) —Tiwy) } (25)
where
1 l 2n 1 l 2 2n 1 / 2
Wi, n's 4y, = == | Flnn's gy, a0 = == |F_ (0’5 gy, 4] (26)

Using equation (25) the rates of phonon emission are calculated numerically as a function of
phonon wave vector, hole density and hole temperature as presented in the next section.

4. Results and discussion

We have presented a theory to calculate the rate of phonon emission due to the processes
of hole relaxation in QWs. In studying the acoustic phonon emission from a 2DHG in
GaAs QWs, one needs to consider the anisotropies of sound waves, effective mass and
coupling constants. Here we have focused only on the effect of anisotropy in coupling
constants of DP and PE interactions. Therefore, we have used isotropic sound waves and hole
effective masses, i.e., vta, (€) = vra,(€) = vra, vLa(€) = vLa and ml’;” (ky, L;) = ml’;” in the
calculation presented in this paper for [0 0 1] GaAs/Al Ga;_,As QWs to calculate the rate of
phonon emission as a function of the angles of phonon emission (6 and ¢), hole temperature
(T},) and density (n;,), phonon energy (Epyn) and QW width (L;). The material parameters
used in the calculation for GaAs QWs are as follows: effective masses of heavy holes [27]
ml’;” = 0.11m, (m, = 9.10953 x 10731 kg), m;, = 0.33m,, DPs of valence band [28], [ =
—2.24eV,m=2.86eV,n=—7.88 eV, relative dielectric constant x = 12.9 [27], PE constant
his = —0.16 C m~2 [27], material density p,, = 5.3175 x 10° kg m? [27], sound velocity for
LA mode via = 5.29 x 10° cm s~ ! [27], sound velocity for TA mode vty = 2.48 x 10°cms™!
[27] and lattice temperature 7T = 4.2 K.

Experimentally, the density n, of a 2DHG can be adjusted by changing the p-type
doping density and its temperature 7), can be controlled by changing the strength of the
current pulses [22, 29]. The angular and mode dependencies of phonon emission can
be measured by an appropriate configuration of a superconducting bolometer (Pb or Al
bolometer) [2]. The phonon energy dependence of acoustic phonon emission can also be
studied by using the superconducting bolometers since a Pb bolometer acts as a narrow-band
detector (approximately 650—800 GHz) and an Al bolometer behaves as a broad-band detector
(approximately 100-800 GHz) [2].

The theory developed in the previous section is general and can be applied for both inter-
and intra-subband transitions. However, here we have calculated the rates of acoustic phonon
emission only through the intra-subband transitions within the first subband for QWs of width
L. = 10—160 A and using the valence-band discontinuity AE,(x) = 0.17xeV [27] at
x = 0.3. The numerical calculations producing the results shown in figures 1-6 are made
for a narrow QW of width L, = 28 A where only one hole subband exists and therefore no
inter-subband transitions can take place. Our results reveal that there is only one subband in
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Figure 1. LA phonon emission rate due to DP coupling plotted as a function of phonon
emission angles (6, ¢) for GaAs/Alg3Gag7As QWs with well width L, = 28 A, phonon energy Epn
= 0.1 meV, hole density n, =3 x 10! cm_z, hole temperature Tj, = 15 K and lattice temperature

T=42K.
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Figure 2. LA phonon emission rate due to PE coupling plotted as a function of phonon
emission angles (6, ¢) for GaAs/Alg3Gag7As QWs with well width L, = 28 A, phonon energy Epn
= 0.1 meV, hole density n, =3 x 10! cm_z, hole temperature Tj, = 15 K and lattice temperature

T=42K.

QWs of widths 10-47 A, there are two subbands in QWs of widths 48-94 A, three in widths
95-141 A and four in widths 142-160 A. In QWs of widths 48—160 A, the energy separation
A€y, between the first and second subbands ranges from A€, = 34meV (in L. = 48 A) to
9meV (in L, = 160 A). Thus, even the lowest energy separation of 9 meV in QWs of 160 A
is much larger than the Fermi energy of 3.27 meV at T;, = 0 K and a hole density of n, = 1.5 x
10" cm~2. Therefore, at such a low hole density (n;, = 1.5 x 10'! cm~2?) and temperature
(T, = 15 K), although acoustic phonon emission may occur due to both intra- and inter-subband
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Figure 3. TA phonon emission rate due to DP coupling plotted as a function of phonon
emission angles (6, ¢) for GaAs/Alg3Gag7As QWs with well width L. = 28 A, phonon energy Epn

= 0.1 meV, hole density 1, = 3 x 10'" cm~2, hole temperature T, = 15 K and lattice temperature
T=42K.
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Figure 4. TA phonon emission rate due to PE coupling plotted as a function of phonon
emission angles (6, ¢) for GaAs/Alg3Gag7As QWs with well width L, = 28 A, phonon energy Epn

= 0.1 meV, hole density n, =3 x 10! cm_z, hole temperature Tj, = 15 K and lattice temperature
T=42K.

transitions, the contribution of the inter- and intra-subband transitions in higher subbands is
expected to be relatively very small and can be neglected. The results shown in figure 7 are
thus obtained by applying this condition. However, for higher densities and temperatures of
2DHG in QWs of wider widths, possibly 200 A or more, inter-subband transitions involving
acoustic phonon emission may become important. In QWs of narrow widths, only LO phonon
emission may be dominant through inter-subband transitions at higher hole densities and
temperatures. However, LO phonon emission is not considered in this paper. Therefore, the
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Figure 5. Rate of acoustic phonon emission due to both DP and PE couplings plotted as a
function of density (n,) and temperature (Tj,) of 2DHG for GaAs/Aly3Gap7As QWs with well

width L, = 28 A, phonon energy Eph = 1.0 meV, 6 = 5°, ¢ = 25°, and lattice temperature T =
4.2 K.
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Figure 6. Rate of acoustic phonon emission due to both DP and PE couplings plotted as a
function of hole density (1) and phonon energy (Eyn) for GaAs/Alg3Gag7As QWs with well
width L, = 28 A,6=5°, ¢ = 25°, hole temperature 7), = 15 K and lattice temperature 7= 4.2 K.

neglect of inter-subband transitions at low hole densities and temperatures as considered here
is fully justified for acoustic phonon emission.

It may be considered desirable here to discuss the assumption of separate states of
equilibrium for holes and phonons as considered in the theory presented in section 3. It is
possible to maintain the crystal at a temperature by mounting the sample in a helium cryostat
and heat 2DHG (or 2DEG) by passing current pulses [22, 29] to any higher temperature
different from the lattice temperature. Since the thermalization of holes is quicker than that
of phonons, one can assume, as an initial condition, that holes and phonons are separately in
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Phonon emission rate | 10° s

Figure 7. Rate of acoustic phonon emission due to both DP and PE couplings plotted as a function
of well width (L;) and angle 6 for GaAs/Aly3Gag7As QWs with phonon energy Epy = 1.0 meV,
¢ = 25°, hole density n;, = 1.5 x 10'! em~2, hole temperature T, = 15 K and lattice temperature
T=42K.

their own thermal equilibrium but not in thermal equilibrium with each other. Thus holes can
be set initially in thermal equilibrium at a temperature 7}, higher than the temperature of the
thermal equilibrium of the lattice.

Using the phonon energy Ep, = 0.1 meV, lattice temperature 7 = 4.2 K, hole density n;, =
3 x 10" cm~2 and hole temperature T}, = 15 K, we have plotted in figure 1 the rate of LA
phonon emission from a 2DHG due to DP coupling for L. = 28 A QWs as a function of
the angles 6 and ¢ in the spherical coordinate system with the z-axis perpendicular to the
QW plane. The result shows that the rate of LA phonon emission is very sensitive to the
angle 6 but it is almost independent of the angle ¢. This trend is very similar to the result of
LA phonon emission from a 2DEG calculated using an electron—phonon interaction without
the screening effect and without phonon focusing [5]. A peak rate of 9.8 x 108 s~! occurs at
6 = 1° in a direction nearly parallel to the z-axis, and another small peak value of 1.7 x 108s~!
is found to occur at & = 40°. As the phonon energy increases, the first peak rate reduces
rapidly but the angle & = 1° at which the peak rate occurs, remains unchanged. However, the
second peak rate decreases very slowly and its angular position shifts first towards a larger
angle 6 and then a smaller angle 6. These results are given in table 1, which shows that at
larger phonon energies both peak rates become comparable. For example, the first peak rate of
phonon emission due to DP coupling at the phonon energy of £y, = 0.1 meV is 9.8 x 108 s7!
and it occurs at # = 1°, and the second peak rate of 1.7 x 10% s™! occurs at § = 40°. At
Epn = 2.5 meV, the first peak rate reduces to 2.1 x 10® s™! still occurring at & = 1° and the
second peak rate of 1.4 x 10% s™! occurs at & = 62°. Then at E,, = 3.0 meV, the first peak
rate of 1.2 x 108 s~ occurs at & = 1° and the second peak rate becomes 1.0 x 10% s~! at
0 = 54°. A comparison of our results with the previous theoretical results [5] for phonon
emission from a 2DEG may imply that the occurrence of the first peak is due to the exclusion
of the screening effect. However, as the intensity of the first peak reduces with increase in
phonon energy, it is difficult to compare the two results directly. First, because in the present
paper we have focused primarily on the effect of anisotropy in the valence band and not on
the screening effect. In the previous paper by Lehmann and Jasiukiewicz [5], the effect of
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screening on phonon emission due to electron—phonon interaction in the conduction band was
studied. Moreover, as emission was integrated over the phonon energy, the dependence of
emission on phonon energy could not be assessed [5]. It may also be pointed out here that
the screening effect for holes is quite different from that of electrons. Therefore, a direct
comparison may not be possible without considering the screening effect on phonon emission
from a 2DHG.

Table 1. Peak rates and the corresponding angle 6 for LA phonon emission due to DP and PE
coupling calculated at different phonon energies Eph.

DP PE

Epn First peak value 6 Second peak value 6 Maximum value 6
(meV)  (s7h (GG e 6H )
0.1 9.8 x 108 1 1.7 x 108 40 1.4 x 10! 51
1.0 7.3 x 108 1 1.5 x 108 45 13 x 10° 53
1.7 44 % 108 1 1.4 x 108 54 43 x 108 56
2.5 2.1 x 108 1 1.4 x 108 62 2.0 x 108 60
3.0 1.2 x 108 1 1.0 x 108 54 1.0 x 108 55
3.5 6.8 x 107 1 5.6 x 107 45 3.7 x 107 47

Using the same lattice temperature, hole density, hole temperature and QW width as used
for calculating the rates shown in figure 1, we have plotted the rate of LA phonon emission due
to PE coupling in figure 2 at a phonon energy £, = 0.1 meV. Unlike the rate of LA phonon
emission due to DP coupling, the rate of phonon emission due to PE coupling is very sensitive to
both the angles 6 and ¢ and it has only one peak value. The maximum rate of phonon emission
due to PE coupling is 1.40 x 10'' s~! at @ = 52° and ¢ = 45° which is about three orders of
magnitude higher than the maximum rate due to DP coupling shown in figure 1. This means
that the rate of LA phonon emission at the low phonon energy of £, = 0.1 meV is dominated
by PE interaction. The maximum rates of phonon emission due to PE coupling at different
phonon energies are also tabulated in table 1 along with their angles. According to table 1,
the maximum rate of phonon emission at different phonon energies occurs at different angles.
This behaviour is similar to the second peak rate obtained through DP coupling. For example,
the maximum rate of phonon emission due to PE coupling at the phonon energy of Ey, =
0.1 meV is 1.4 x 10" s7! and it occurs at 6 = 53°, at Ey;, = 2.5 meV, the maximum rate of
2.0 x 108 s~! occurs at 6 = 60° and at Eg, = 3.0 meV, the maximum rate of 1.0 x 108 ¢!
occurs at = 55°. As far as the maximum rate of LA phonon emission is concerned, our
calculation shows that the emission rate is dominated by PE coupling for phonon energies
Epn S 1.7 meV and by DP coupling for Ep, 2 1.7 meV.

Figures 3 and 4 show the rate of TA phonon emission calculated as a function of phonon
emission angles due to DP and PE couplings, respectively. The material parameters and the
conditions of configuration for QWs are the same as those in figure 1. The 6 angle dependence
of phonon emission due DP coupling is similar to that in figure 1, but the maximum rate of TA
phonon emission is 5.3 x 10'! s~! at = 0.5° which is much larger than that of LA phonon
emission due to DP. This means that the phonon emission near & = 0° is dominated by the
TA phonon through DP coupling. The rate of TA phonon emission due to PE coupling is very
sensitive to both 6 and ¢ angles (see figure 4). There are three peaks: (1) the first peak value
of 43 x 1019 s at @ = 22° and ¢ = 45° and the second 4.7 x 109 s~! at & = 90° and
¢ = 45° are due to TA; phonons; (2) the third peak value of 7.2 x 1005~ at 6 = 36° and
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¢ = 0° corresponds to TA, phonon. Here also the peak value rates decrease as the phonon
energy increases.

We have plotted the rate of acoustic phonon (i.e. LA + TA) emission in figure 5 as
a function of the hole density 7, and hole temperature 7, for a 2DHG with the following
conditions: T, = 5-60 K, nj, = (0.1-30) x 10" cm™% L, = 28 A, E;, = 1.0 meV, 6 = 5°,
¢ = 25°and T = 4.2 K. At a given temperature of 2DHG, phonon emission increases to a
peak value and then decreases with increasing density of 2DHG. At higher temperatures, the
peak value occurs at higher densities n;, (see figure 5). For example, the peak rate for T), =
10 K occurs at n;, ~ 5.6 x 109 cm=2 and for T, = 20 K it is at n, ~ 1.1 x 10" cm~2. This
information is very important for designing a ultrasonic generator device using QWs to be able
to control the density of 2DHG through controlling p-type doping density and the temperature
of 2DHG by the current pulse.

Figure 6 shows the rate of acoustic phonon emission as a function of density 7, of 2DHG
and phonon energy Ey,. We have used the following values in the calculation: nj, = (0.1-30) x
10°em=2 Epp,=0.1-2meV, L, = 28 A,0 = 5°,¢ = 25°,T;,= 15K and T=4.2K. Itis found
that first the phonon emission increases rapidly to a maximum value and then it decreases very
slowly with increasing the density of 2DHG. The maximum rate of acoustic phonon emission
occurs at 1, ~ 4.6 x 10'° cm™ and does not change with E;,. Therefore, it is suggested
that the p-type doping should be controlled such that the value of n;, ~ 4.6 x 10'° cm™2
in order to get the maximum acoustic phonon generation for the above configurations of QWs.

Finally, we have plotted in figure 7 the rate of acoustic phonon emission as a function of
width L. of QWs and emission angle 6 using the following values: L, = 10—160 A, 8 =
0—90°, Epp = 1.0meV, ¢ = 25°, n, = 1.5 x 10! cm=2, T}, = 15K and T = 4.2 K. Maximum
phonon emission can be achieved at L, = 15 A for & < 42°. For @ > 42°, the rate of acoustic
phonon emission decreases as the width of QWs increases.

In summary, we have presented a comprehensive theory to calculate the rate of acoustic
phonon emission from a 2DHG in QWs as a function of phonon emission angles, phonon
energy, phonon mode, width of QWs and density and temperature of 2DHG. Our results
show that TA phonon emission via DP coupling is dominant at smaller 6 angles over the other
processes. We have found that the rate of acoustic phonon emission is very sensitive to phonon
energy, density of 2DHG and width of QWs. It is expected that the present results will be
found to be very useful in designing ultrasonic generators using QWs and in enhancing our
understanding of the hole scattering processes through acoustic phonons in QWs.
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