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Magneto-optical transport properties of GaAs/Ga;_AlAs parabolic potential quantum-wells (PQWSs) under the
effects of Al-contents, hydrostatic pressure, and temperature is examined by studying their effects on the ab-
sorption power (AP) for magnetophonon resonance (MPR) and on the full width at half maximum (FWHM) of the
optically-detected-MPR (ODMPR) peak due to modes confinement represented by slab-mode model, Huang-Zhu

(HZ) model, guided-mode model. The numerical results indicate the Al-contents, pressure, as well as temperature
which have great effect on the AP and FWHM in PQWs. Moreover, the results are also compared to bulk phonon
modes for both two processes of phonons (emission and absorption). The results denote that phonon absorption
process is always much more dominant compared to phonon emission process for four types of above phonons. In
particular, the influences of pressure, Al-concentration in Ga; _,AlAs barriers on the magneto-phonon resonance
AP and FWHM in PQWs are more pronounced as confined modes are taken into account.

1. Introduction

The considerable development of semiconductor structures deposi-
tion technologies have led to unusual wells for instance, the triangular
potential wells and parabolic potential wells. The parabolic-potential
wells have considerable difference from square-potential wells, where-
fore the parabolic wells have received significant interest of many
theoretical and experimental physicists in the past few years [1,2].
Two-dimensional (2D) structure is one of the material structures has
been interested significantly in recent years, most of the considerations
on materials have been carried out on semiconductors for material III-V,
among them, the Ga;_,Al,As/GaAs material heterostructures is notice-
able. One of the reasons of this is the optical properties of this
Ga;_ Al As/GaAs semiconductor heterostructures are of fair importance
in possible optoelectronic device application [3-8]. The alloy
Ga;_AlAs/GaAs system is a useful material for many photonic and

optoelectronic devices with high speed because of GaAs material has
insignificant difference from the lattice parameter of Ga; Al As mate-
rial, and at system’s temperature about 300 K it may be neglected, this
promises an insignificant concentration of states of inexpedient inter-
face. Besides, the optoelectronic natures of these heterostructures
largely change as it be scaled down to single or one little atomic layers
[9,10]. Alloy-composition-dependence of band gap energy for material
Gaj_ Al As is one of the most necessary structural parameters of devices
for technology of nano semiconductor and it has attracted the attention
of physicists [11]. Moreover, 2D electrons systems have received sig-
nificant interest is because of the tunable wide band gap energy and
vigorous confinement of them [12,13]. To have realistic estimates for
electron—optical-phonon scattering intensity we should consider under
the influence of the confined optical modes in wells, because it plays an
important roles for change the state density for optical phonon in
low-dimensional structures whenever the width of the well, L,, being
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smaller than the phonon coherence length. Also, the physical natures of
the electrons and phonons confinement have a considerable difference,
for instance the confinement of phonons is because of the reflection of
phonons-wave at the heterointerfaces of layers of semiconductor, while
that of electrons caused by the reflection at the electric potential barriers
of electron gas [14-17]. This physical nature of confined phonon modes
can lead to a increase in electrophonon scattering possibility wherefore
the FWHM of the peak enhances. The FWHM is known to be sensitive to
the type of scattering-mechanisms effecting on the electron transport
behaviors [18-20], and as the profile of the curve represents the
dependence of iw on AP [18,21]. Therefore, it is a good tool to consider
the electrons scattering mechanism in semiconductor heterostructures.
According to this definition, our group has found a technique, and it can
be called the profile method [22]. Utilizing this technique we obtain
FWHMs of peaks from graphs of AP. This technique has been applied
successfully for some works in low-dimensional semiconductor struc-
tures [23-31] as well as monolayer materials [32-34]. The study of the
absorption FWHM we can directly observe magneto-phonon resonance
(MPR) which is defined to be because of the resonance scattering of
electron between LLs (Landau levels) along with phonon bsorption
(emission), this effect occurs as separation of two LLs being equal to
energy of LO-phonon [35,36]. This observation is called ODMPR [35,
37]. In other to obtain useful information on band structure parameters
of material as well as scattering mechanisms of carriers in
low-dimensional structural semiconductors, the ODMPR effect should
be considered [35,38]. The combined effect of temperature, Al contents,
and hydrostatic pressure is a good tool to modify the effective mass of
the electron, band structure, confined potential, as well as dielectric
constant and they lead to modify in the property of elementary excita-
tion in heterostructures [39,40]. These combined effects due to the
electrophonon scattering have been theoretically investigated previ-
ously in quantum wells [39,40], superlattices [41], and quantum wire
[42]; as well as experimentally studied [43]. However, these studies was
only considered under the effect of bulk modes. Therefore, further
investigation is necessary to understand the combined influences of Al
contents, temperature, as well as pressure on absorption AP as well as
FWHMs of ODMPR peaks for GaAs/Gaj Al As parabolic-potential wells
as confined modes are taken into account. The obtained results can
resupply good information in field of the electronic-devices and
optoelectronic-devices fabrication. The organization of paper is as fol-
lows. Electron-bulk and confined phonons interaction in parabolic po-
tential GaAs/Gaj_ Al As wells is calculated in Sec. 2. Absorption power
in parabolic potential GaAs/Ga; _,Al,As wells under the influences of the
Al contents, temperature, and hydrostatic pressure, and is obtained in
Sec. 3. Sec. 4 will be result and discussion. Sec. 5 is devoted to
conclusion.

2. Electron-bulk and confined phonons interaction in parabolic
potential GaAs/Ga; _,Al,As quantum wells

We consider a GaAs/Ga;_Al,As well with parabolic confinement
potential V(z) =m*(x,P,T)w222/2, in which electrons in the z-direction,
they are confined through confinement potential V(z) while free in the

(x, y)-directions. With magnetic field, B, is in the z-axis, the eigenfunc-
tions and eigenvalue are given as [2,44-46].

- 1
Winn (1) = bl s ), 2, M
Evsepr = N+ ko (e, P, T) + (n-+ o, @
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where yy is referred to as the harmonic oscillator function, centered at
Xo = — afky, wy, is the electron confining frequency. N and a, denote the

LLs and the cyclotron radius, where N=0, 1, ...and a, = W . The
cyclotron frequency is symbolled to be w.(x, P, T) = eB/m*(x, P, T). L,
and k, respectively denote the normalization-length and wave-vector
along the y-axis. For parabolic confinement potential, the correspond-
ing eigenfunction ¢,(2) for electron along z-direction can be described
by the expression as below

2

COH(), ®)
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NIV AT

with H,, are Hermite polynomials, and a, = (7/ (m*wz))l/ 2

Where m*(x, P, T) is referred to as the effective mass, and it has a
vigorous dependence on the Al-contents k, temperature of system T, and
hydrostatic pressure P, and it is described by Refs. [31,39,42].

$.(2) =

my

m’ (K7 P, T) = )
I (x) 2 1
1+ 3 (Eg(k,P,Y') + E(‘;(KP.T)%»B(K)) + G(K)

4

where my is referred to as the free electron mass. Eg (x,P,T) is the energy
gap function for point I in the Brillouin zone, and it is given as [31,39].

2
oT ) )

r _ 2
Eg(K’PvT)—ﬂl"‘,”zK"'%K +CP_U+T'

where y; = 1519.4 (meV), uz = 1360 (meV), u3 = 220 (meV), { = 107
meV (GPa)™. O(x) = —3.935 + 0.488k + 4.938«? is referred to as the
remote band effects. 6 = 0.5405 meV K’l, 9(x) = 314 — 6k (meV) rep-
resents the valence band spin orbit splitting, in which v = 204 K. I1(x) =
/28900 — 6290« (meV) refers to the inter-band matrix element.

2.1. In the case where electron is scattered by bulk optical phonon

The matrix element of electrophonon interaction because of bulk
phonon is expressed by [18,47-51].

[GEZ N = V- (e, P T)P I (g W ()6 4 2y ©)
where the term V& (x, P, T) represents the coupling factor, and is given by

»  EhopE)y*(x,P,T)

@)
2e0Vo(q% + ¢2)

V-, P,T)

for optical phonon modes. Where — e is the electron charge, Vo = SL,.
The term I,y(g;) is the overlap integral over dz and is describe by the
expression as follows

hila) = [ d@explia:)dy () ®
and Jyn(w) is given by expression below

2 nzlefuunlfrﬂ nl—n2 2
U (@) =" (@]’ ©

where L7172 (u) denotes the Laguerre polynomial, and nl = max{N, N'},
u = (aq L)Z /2, and n2 = min{N, N'}. Also, ¢ is referred to be vacuum
dielectric constant.

In GaAs/Ga; Al As quantum wells with parabolic confinement po-
tential, the longitudinal optical (LO) mode energy depends on the
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aluminum concentration « is represented by awrp = 36.25 + 1.83k +
17.12¢* — 5.11«° (meV) [11,31,52]. Moreover, yo(P, T) denotes the
static dielectric constant, and it is presented by [31,42].

Aexp[—tP + & (T — T1)]

for T < 200 K,
%P T) = { oexp[—tP + &(T — T)]

for T > 200 K, ao
w1th1'—1 73 x 10721/GPa, £1=9.4 x 105K~ ,52 20.4 x 10°K 1,

=75.6 K, To = 300K, 4; = 12.47, and A3 = 13.18. Also, y(x, P, T) is
referred to as the high-frequency dielectric constant, it is given by [11,
31].

YooK, P, T) = —2.73k + 10.89, an

and then, we set

1 1
“(k,P,T) = + : 12
2P == ) T e BT a2

2.2. In the case where electron—confined mode scattering

When electron is scattered by confined mode described by HZ model,
slab modes, guided modes with the interaction matrix element is
expressed as follows [53-58].

7.,
¥ (6, P, T) hog“ [Y% (2 )\ oy 13
2e0Vo  apqt +bf’o/L2| KkiEan

GlH )] =

where, the term ¥ ﬁ’ () is the overlap integral over dz, where it is written
by

Y@ = [ o). 14)

o0

with vgy(z) denotes the composition along parallel direction of the
displacement vector of confined mode #th. Also, § = +, § = — which
refer to odd modes, even modes, respectively. The term v¢4(2) is given by
the expressions as

Ve (2) = sin(%) % ¢ =3,51,.
Sk (15)
ve_(z) =cos (%) - (—l)m7 £ =246,...,
for HZ model, and
Ve (2) :cos(fLﬁz) ¢ =1,3,5,...,
P ) (16)
ve_(z) = sin<£>, ¢ =2,4,6,...
L,
for slab modes, and
ve(z) = mn(fLﬂZ) £ =1,3,5,...,
) a7

ve_(2) :cos(%), £=246,...,

for the guided modes.
Also, for HZ model, the factors azy and by are expressed as follows

1 1
) bf+:g§ﬂ2_ci7 f:375777"'7 (18)

_ 2
+—1+cf(6—g§7,

where ¢, ¢y are described by
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tan(g;ﬂ) %” o= 251n(g; ) £—1<¢, <t 19)

ar- =3,by. =01, £ =2,4,6,.... (20)

These factors respectively are

SR =1 bR = Pt £ =1,2,3, .., 21)
for guided and slab modes.

3. Absorption power in parabolic potential GaAs/Gaj_,Al,As
wells under the combined influences of Al contents,
temperature, and hydrostatic pressure

We calculate the AP in GaAs/Ga;_Al,As quantum-wells with para-
bolic potential subjected to an electromagnetic wave by using the bulk
mode and confinement mode. The expression of the AP is given by
Ref. [59]:

AP(0,x,P,T) =

2
Lo St (e, P, 7P
20 &7 Y

[fa(Kv P, T) 7.fa+l (K7 P7 T)}h[rfl(w’ ) P’ T)]
[ho — ha(x, P, T)]* + [ATu(@, x, P, T)]"

(22)

where electromagnetic wave with amplitude and frequency respectively
are Ey and o, and the quantity, j/ («,P,T), is given by
i (e, P, T)P = (N + 126 o, (x, P, T) /m* (<, P, T), (23)

falx, P, T) and f,.1(x, P, T) are respectively the Fermi-Dirac distribution
functions for electron at state « and state a + 1.

3.1. For bulk optical phonon modes

When electron is scattered by bulk mode, the term [y(w, «, P, T) in
expression (22) is expressed by

ra(K7 P7 Ta (U)

ey (x, P, T)hwyo(k
=4/ 7 G,
87[ th ZZ wl VN+])1(K P T)

=00k, P, T,w)

1
—fwa(c, P, T)]

- TP
X / Y\8E; (x, P, T)] + Y,8[E] (k, P, T)) Mmﬂ
0 q. 24)
e 2y (k, P, T)hapo (k
871' flé[]

1
ZZG"" [fNHn(K P, T an(K P, T)]

<[ {mE; (. P.T)] + Vil (x. P, T)]}’”*:]ﬂdqr,

i

where

- V2(1 4 An), (2An + E)nr(An + 1)
— 2 2
Gnu |I ( Z) z - /
—o an'n'! (25)

11 1
X3®@y(—n, An +§,§§ An+ 175 - 1),

where  ;®,(—n,An+}, 3 An+1,

function,An = n’ — n, here

,3—m1) is the hypergeometric
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= (a);(b);(c); /¥ e
@, (a,b,c;d, g h) =y L 26 To(w,x,P,T) =Ty(w,x,P,T)
2(a.b,e;d, g:h) /Zoj @) (26)
far
in which Pochhammer’s symbol (a); is described by =3z fzeo L ;;NZM} 4 (k,P,T)
(b); =b(b+1)-(b+j—1) =T(b+j)/T(b). 27) o
Y, =[1+N- (K)]fN+]_n(K7 P, T)[ —fv. . (K, P, T)] [fviia(x, P, T) = faun(c, P, T)]
N-(x )fN' o (kP T = fern(, P, T)), (28) s
x / Vi6lEs (6, P,T)] + Vool P, 1) b1 @
Vo = Ne (k)fvral, P T = fyr o (6, P T))— 0 PR
ap,q + 2
(1 N- () lfay e (6 P, T)[1 = fvin (i, P, T, (29)
fai
Yo =[N (0)lfy o (6, P.T)1 = fiun(k, P.T)] = N-(k)fiva(x, P, )1 87rheoLL ;;;h{” 6 (P, T)
—fyw (P, T,
(30) Lol
[fN+1,n(K7 P, T) 7fN,n(K7 P, T)]
Yo =N-(fy 0 (6, P, T)[1 = fiuu(, P,T)] = [1 A N-() v (i, P, T)[1
00 / 2
_fN/ r(K‘ P, T)] ></ Y35[E;(K, P, T)] i Y4§[E;(K, P, T)] ‘]L|JN+1.N (":)| dg.,
(31) 0
aquL + ?
Ef(c,P,T) = ho+(n —n)ho,+ (N —N — 1)ho.(x,P,T) (37)
ifleg(K),
where
E (6, P, T) = ho + (n—n)ho. + (N =N )ho (P, T) £ howo(). - (32)  y (1 4N,y (0)lfiernle Py T[] —fiv s (6, P, T)] (38)
i . . _Nb”m( )fN’ ’(K P,T) [1 — fria(K, P, T)]
Where the Dirac delta functions §(Ey (x,P, T)),8(E5 (x,P, T)) in Eq. (24)
are replaced by width Lorentzians y» (k, P, T), 7", \ (P, T) asfollows  ¥> = Neg, ()fus1(k, P,T)[1 = fiy s (k, P, T)]
[60]: —[1+ Neg, () (k. P, T)[ —fwiia(k, P, T)], (39
+
S(EF (. P,T)) = Vo (6P T) _ 33) Ys = [1+Ney, ()fiy (P, T)[1 = fun(x, P,T)] (40)
a{[EE (k. P, + [rs,, (&, P.T)]'} ~Ne g, (K)fwa(x, P, T)[l —fw . (P, T)],
vE L (k,P,T) Yy =Ny (&)fy 0 (6P, T)[1 = fyulc, P, T)] 41
8(E5(x,P.T)) = Akl . 34 —[1 4 Npy, ()fyn(c, P, T)1 = fyr s (6, P, T (41
(b P T0) = e P + b P T oo L
Ef(c,P,T) = ho+(n —n)ho, + (N —N — 1)ho.(,P,T)
where ’
+hwpg" (x),
2 Ehwo)y (k,P,T) 11 gy v @]
[ w (&P = L;,,sf,—onS[N;("HEiE]G“"’/O T B P T) = ho 4 (n— a1 (N — N ho,(x, P, T) + ho 4 (x).
(35) s (e P.T)
Ky £y
BEF (. P.T)] = - LT . (42)
T [Eli(K7P7 T)} + [Y;N’ (K7 P7 T)]
2 Ehwo(K)y (x, P.T) 11 I Ol
[ylt+l,N’ (x,P,T)] WW‘; (x) +§i§]Gm{/0 dcuT» (36)
3.2. For confined optical phonon modes
: 3 + 1 yli\;Jrl.N’ (K’ P, T)
When electron is scattered by confined mode, the term I',(w, , P, T) OE; (x,P,T)] == (43)

in Eq. (22) is expressed as below

2 2’
TET + 1y, (kP T)]

where



L.T.Q. Huong et al.

2 1 1
= P, T =— _|N 4o
[YN _N(K/ I )] 8ﬂ2h2€0V0 q1 (K) +2 2
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(44)
m |‘IN,N’ (u) ‘2
X ‘hdfh—bﬂa
0
aua
2
. 2 -~ e 1.1
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°° J (u)[?
[ g, L,
0 ‘n

“?'H‘IZL + 17

According to the analytical results of Eq. (14), in the Huang-Zhu and
guided mode models with even confinement modes, and in the slab
mode model with odd confinement modes which contribute to the 0 —
0 transition. Meanwhile, in the Huang-Zhu and guided mode models
with odd confined modes, and in the slab modes model with even
confinement modes which contribute to the 0 — 1 transition, namely:

For the HZ model, we have.

When n and n’ are even/odd, then we have

) a2 P rrd O rta
¥t _ : [0 SRR
() g {ew( e s RS
¢ —2.4,6,-.

When n’ and n respectively are even and odd, or vice versa, then we have

YO (nn') =0, £=2,4,6, . (47)

When n and n’ respectively are odd and even, or vice versa, then we have

: 1
Yt’.+(nn ) = n 2,'
n:
Hema; ex ( ”;ﬂza%) 1 (ﬂ?’ﬂza?) + ( + 1) Ced; (48)
n
L P g L |
£=3,57,.

When n and n’ are even or odd, then we have
Y () =0, £=3,57,-. (49)

For the slab mode model, we have.
When n’ and n respectively are even and odd, or vice versa, then we
have

n—n' 2.2 2
N n!2 ¢ra, Cma
Y~ (nmn) = e ( L exp( iz )
: (50)
f2”2a2
LNEE2), £ =2,4,6, .
) ,
When n and n’ together are even (odd), then we obtain
Yo (nn) =0, £ =2,4,6,. (51)

When n and n’ together are even (odd), the we obtain
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AP (arb.units)

fiw (meV)

Fig. 1. The magneto-optical AP in GaAs/Ga;_.AlAs parabolic potential
quantum wells as a function of @ (energy of photon) for all four kinds of
various phonon modes: bulk modes (the black solid curve), guided modes (the
magenta dashed-dotted curve), slab modes (the red dotted-dotted curve), and
HZ model (the blue dashed-dashed curve) at temperature of system T = 300 K,
hydrostatic pressure P = 2, and Al-contents x = 0.3 GPa. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

, 12n—r o N
Yot () = | e )70 5 £ =1,3,5, . 52
') = et -, £ =135 52)

When n’ and n respectively are even and odd, or vice versa, then we have

Y (nn') =0, £=1,3,5,. (53)

For the guided mode model, we have.
When n’ and n respectively are even and odd, or vice versa, then we
have

YO (nn) =0, £ =2,4,6,-. (54

When n and n’ are even/odd, then we have

. 1 Ordd, O rtd
Yo () = | oo —e 10 ), £ =246,
(nn') 7 exp( a2 )L, ( e ), € =12,4,6, (55)

When n and n’ respectively are odd and even, or vice versa, then we have

n—n' 2 2 2
o n!2 Crna, ' na;
Y't(nn) = - (L; exp(— e )
) (56)
s
Ll 4, £=1,3,5-.
)
When n and n’ are even/odd, then we have
Yot (nn') =0, £=1,3,5, . (57)

Based on these analytical results, we present the numerical result and
discussions in Sec. 4.

4. Results and discussions

Assuming only following levels are occupied by electron: N=0, N' =
1 and n=0,n' =0, 1. Our results for effect of Al contents «, temperature
T, and pressure P on the FWHM and AP in GaAs/Ga;_AlAs wells are
presented and discussed in detail at the electron confining frequency w,
= 0.3wy0 and the value of magnetic field B satisfies the magnetophonon
resonance condition.
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AP (arb.units)
AP (arb.units)

hiw (meV) hiw (meV)

Fig. 2. The magneto-optical AP as a function of #w at phonon absorption (left Fig.) and emission (right Fig.) peaks with different Al-contents of GaAs/Ga;_,AlAs
PQWs for all four kinds of different phonon modes: bulk modes (the black solid curve), guided modes (the magenta dashed-dotted curve), slab modes (the red dotted-
dotted curve), and HZ model (the blue dashed-dashed curve). Here, T = 300 K, P = 2 GPa. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 3. Variation of the FWHM with Al contents « of the phonon absorption process (left Fig.) and phonon emission process (right Fig.) for all four kinds of various
phonon modes (bulk, guided, slab, HZ) in GaAs/Ga; _Al,As PQWs. Here T = 300 K, P = 2 GPa.

Fig. 1 indicates five peaks numbered from (1) to (5). Peaks (1) and
(5) locate at photon energies are 11.46 (meV) and 87.86 (meV),
respectively. These peaks are called the ODMPR peaks because they
accord with conditions that 2w = (W' — n)Aw, + (N' — N)hw(x, P, T) F
hwpo(x). It indicates that electron move from n = 0 to 1 together with N
= 0 to 1 due to Aw-absorption along with zwpo(k)-absorption/emission.
Peak (2) is at photon energy, 26.74 (meV), and is called the ODMPR
peak due to it accords with condition iiw = (n — n)Aw,Awpo(x). This
indicates that electron move from 0 — 1 of n levels caused by absorption
of hw together with Awpp(x)-emission. (3) peak locates at energy 38.20
(meV). It describes the transition intra-electric subbands because it ac-
cords with condition 7w = hwpo(x). (4) peak is at energy 76.40 (meV).
This peak is called the ODMPR peak because it accords with following
conditions: 7w = (N’ — N)hw.(x, P, T) + hwo(x). It refers to the electron
transition from 0 — 1 of N levels because of absorption of 7z together
with Awpo(k)-emission.

Fig. 2 represents the AP intensity of phonon absorption/emission
peak rises with aluminum concentration « under all bulk phonon and
confined phonon is due to Al-contents effects on the AP intensity
through the factors N;l(rc) and [1 — fy n(x, P, T)]fn,n(x, P, T). Meanwhile

the position of the resonance peak shifts toward photon has lower en-
ergy. This can be explained that the Al contents explicit dependence of
the arguments of Dirac delta functions in expressions (32), (32) and
(42), (42).

Fig. 3 shows the FWHM of phonon absorption/emission peak which
is displayed as function of composition x under all bulk phonons and
confinement phonons. This denotes the composition « affects not only on
the peak position, as well as AP intensity but also on the FWHM. Fig. 3
also displays that the FWHM slightly increases as composition « in-
creases under all phonon emission as well as absorption processes in all

@)
——
|

FWHM (meV)
o

\S]

Fig. 4. Comparison of the value of FWHM and its variation with « in GaAs/
Ga; Al As PQWs of the phonon mode absorption peak (blue filled circles (HZ
model), red filled triangles (slab modes), magenta filled rectangles (guided
modes), black filled squares (bulk modes) curves) with that of the phonon mode
emission peak (blue empty circles (HZ model), red empty triangles (slab
modes), magenta empty rectangles (guided modes), black empty squares (bulk
modes) curves) for all four kinds of various phonon modes. Here, T = 300 K, P
= 2 GPa. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

confinement phonons and bulk phonons cases by reason of the electro-
ns-LO-phonons scattering probability increases as composition « raises.
Our obtained result is qualitative consistent with previous experimental
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Fig. 5. The magneto-optical AP as a function of photon energy, 7w, at phonons absorption (left Fig.) and emission (right Fig.) peaks with different pressures in GaAs/
Ga; Al As PQWs for all four kinds of different phonon modes: bulk modes (the black solid curve), guided modes (the magenta dashed-dotted curve), slab modes (the
red dotted-dotted curve), and HZ model (the blue dashed-dashed curve). In which, x = 0.3, T = 300 K. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 6. Comparison of the value of the FWHM and its variation with pressure, P, at phonon absorption peak (left Fig.) and phonon emission peak (right Fig.) in GaAs/
Ga; Al As PQWs for all four kinds of various phonon modes (bulk, guided, slab, HZ). Here, x = 0.3, T = 300 K.

data in Refs. [11,61-63]. Specially, the value of the FWHM for the
confined modes case is found to be always larger that for the bulk modes
case under all absorption and emission of phonons. Because the
confinement of phonons in parabolic wells leads to a decrease in scat-
tering rate of electrophonon due to LO-phonons, i.e., the electron
mobility increases, wherefore the electrons-LO-phonons scattering
possibility raises. This is consistent with experimental result in Ref. [64].

We compare the value of the FWHMs and their variation with Al-
contents, k, of absorption-peak of phonon to those of emission-peak of
phonon under all confined phonon and bulk phonon, as denoted clearly
in Fig. 4. Our result represents the value of the FWHMs as well as their
variation with Al-concentration « for absorption-peak of phonon are
much bigger as well as much faster than those of emission-peak of
phonon for both bulk phonons and confinement phonons. For instance,
the value of the FWHM at x = 0.3 for phonon absorption process caused
by HZ, slab modes, guided modes, and bulk modes models respectively is
about 2.39, 2.26, 2.07, and 2.00 times as large as phonon emission
process is. This implies that the electrophonon interaction caused by
absorption of phonon is much stronger in comparison to that caused by
emission of phonon for both four kinds of phonon modes. This is
explained that the phonon absorption process leads to a increase of
electron energy, the electron-phonon scattering rate decreases [65], i.e.,
the mobility of electron increases wherefore the electrophonon scat-
tering possibility increases, i.e., the absorption FWHM rises [64]. The
phonon-mode absorption dominates over phonon-mode emission in
quantum wells here is good qualitative consistent with that obtained by
scattering rates of electrophonon in quantum wires [66,67] and scat-
tering rates of electron with confined phonon in wurtzite hetero-
structures [68]. However, this behaviour shows the difference between
quantum well structures and monolayer MoS; [69] where the emission

FWHM (meV)

Fig. 7. Comparison of the value of the FWHM and its variation with P caused
by the phonon mode absorption process (blue filled circles (HZ model), red
filled triangles (slab modes), magenta filled rectangles (guided modes), black
filled squares (bulk modes) curves) with that caused by the phonon mode
emission process (blue empty circles (HZ model), red empty triangles (slab
modes), magenta empty rectangles (guided modes), black empty squares (bulk
modes) curves) for all four kinds of various phonon modes in GaAs/Ga; Al As
PQWs. Here, «k = 0.3 and T = 300 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 8. The magneto-optical AP as a function of photon energy, 7w, at phonon absorption (left Fig.) and emission (right Fig.) peaks with different temperatures for
GaAs/Ga; _Al,As PQWs for all four kinds of different phonon modes: bulk modes (the black solid curve), guided modes (the magenta dashed-dotted curve), slab
modes (the red dotted-dotted curve), and HZ model (the blue dashed-dashed curve). Where, « = 0.3, P = 2 GPa. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Variation of the FWHM with T of the absorption of phonon (left Fig.) and phonon emission (right Fig.) for all four kinds of various phonon modes (bulk,

Guided, Slab, HZ) in GaAs/Ga;_,Al,As PQWs. Here, k = 0.3, P = 2 GPa.

process of phonon-mode is always more dominant than absorption
process of phonon-mode.

Fig. 5 indicates that the AP intensity of the peak with phonon ab-
sorption as well as that of the peak with phonon emission decreases with
the hydrostatic pressure P for all bulk and confined modes because of the
hydrostatic pressure effects on the AP intensity by the factor fy s(x, P, T)
[1 — fww(x, P, T)]. However, the position of the peak remains un-
changed with variation of the pressure P.

Fig. 6 shows the FWHM as a function of P in two bulk phonons and
confinement phonons cases under all emission and absorption of phonon
modes. The FWHM vigorously decreases as P increases under all four
cases of phonons (confinement phonon and bulk phonon; emission and
absorption of phonons). This result can be physically explained by a
reduction in electrons-LO-phonons scattering possibility, in other words
the electron mobility decreases as hydrostatic pressure increases.
Especially for the confined phonon, the FWHM is always biggest and it
fastest reduces for the HZ model while smallest and slowest reduce for
the guided modes model. This refers to the electrophonon scattering is
strongest with Huang-Zhu model but weakest with guided mode model
among three different models of the confinement phonon (HZ, slab, and
guided models). It is good consistent with previous results of Bhat et al.
[70,71], in which who showed that the Huang and Zhu model which has
been wide accepted and it best describes the electrophonon scattering in
2D structures. On the other hand, our results may be useful to orient for
experimental consideration in the future [72-74], where they showed
that only the confined phonons model which proposed by HZ agrees
both quantitatively and qualitatively with experimental results.

Comparison of the value of the FWHM and its variation with hy-
drostatic pressure, P, of emission-peak of phonon with that of
absorption-peak of phonon in two cases of confinement phonons and

FWHM (meV)
B o o

2,
50 100 150 200 250 300 350
T (K)

Fig. 10. Comparison of the value of the FWHM and its variation with T due to
the phonon mode absorption (blue filled circles (HZ model), red filled triangles
(slab modes), magenta filled rectangles (guided modes), black filled squares
(bulk modes) curves) with that due to the phonon mode emission (blue empty
circles (HZ model), red empty triangles (slab modes), magenta empty rectangles
(guided modes), black empty squares (bulk modes) curves) for all four kinds of
various phonon modes in GaAs/Ga; _,Al,As PQWs. Here, x = 0.3 and P = 2 GPa.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

bulk phonons, as described in Fig. 7. The figure also indicates the value
of FWHM and its variation with P of emission-peak of phonon are always
much smaller and much slower than absorption-peak of phonon under
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Fig. 11. Comparison of the value of the FWHM and its variation with x (left Fig.) and hydrostatic pressure P (right Fig.) at various values of the electron confining
frequency w, in GaAs/Ga;_,Al,As PQWs for confined phonons described by Huang-Zhu. Here, T = 300 K, P = 2 GPa and x = 0.3, respectively.

all confinement phonons and bulk phonons. This refers to the intensity
of phonon scattering for phonon emission process is much weaker
compared to that for phonon absorption process under all four kinds of
above phonon modes. This result is found to be in qualitative agreement
with that obtained by scattering rates of electron with confined mode in
wurtzite heterostructures [68].

Fig. 8 shows that with increasing temperature T, the position of the
resonance peak remains unchanged. However, the AP intensity of the
phonon absorption/emission peak decreases under all bulk phonon and
confined phonon is due to temperature effects on the AP intensity by the
factors N{-I(K) and[1 — fy »(x, P, Dfnn(x, P, T).

Fig. 9 shows the variation of FWHMs for phonon absorption/emis-
sion peaks with T for all four types of different phonon modes models
(bulk, guided, slab, HZ models) in GaAs/Ga; _,Al,As parabolic quantum
wells at « = 0.3 and P = 2 GPa. We can see from Fig. 9 that the FWHMs
increase with rising T under all bulk phonons and confinement phonons
is because of the FWHM is proportional to the electrophonon scattering
probability which is enhanced when increasing temperature T. Our
obtained results are in good qualitative agreement with experimental
data in Refs. [61,75-80]. In particular, the FWHMs caused by phonon
confinement of the HZ model which are found to fastest increase and
have a largest value among three different modes kinds of phonons
confinement (HZ, slab modes, and guided modes models), as clearly
illustrated in Fig. 9. This implies that the electron interaction with
confined mode is strongest for the HZ model while that is weakest for the
guided modes model.

Effect of T on the FWHM of phonon absorption-peak is compared to
that of phonon emission peak at x = 0.3 and P = 2 GPa in GaAs/
Ga; Al As parabolic quantum wells under all two kind of modes of
phonon (bulk phonon and confined phonon), as indicated clearly in
Fig. 10. The Fig. also shows the absorption of phonon modes is more
dominant in comparison to emission of phonon modes, and in particular,
for phonons confinement, the more pronounced this property is. Also,
the strength of the electrophonon scattering is strongest for confined
mode absorption which described by HZ model among four type of
above modes.

Fig. 11 shows the variation of FWHM with « (left figure) and P (right
figure) at different confining frequencies of electron, w,, in GaAs/
Gaj_AlAs PQWs for confined mode which described by HZ model. We
can see from the figures that the FWHMs always increase with increasing
electron-confining frequency w,. However, for variation of FWHM with
P (right figure), the rise of the FWHM with w, is slight and it becomes
saturated rapidly at large confining frequency of electron (@, > 0.5wr0)
in comparison to that for the variation of the FWHM with « (left figure).
This implies that the hydrostatic pressure weakly depends on the elec-
tron confining frequency in GaAs/Ga;_AlAs parabolic quantum wells
while the Al-concentration strongly depends on that, as clearly shown in
left figure.

5. Conclusions

Magneto-optical transport properties of GaAs/Ga;j _AlAs parabolic
wells under the combined influences of temperature, Al-concentration,
and hydrostatic pressure have been studied. Using the projection oper-
ator and profile methods to analytically and numerically calculate the
absorption power and FWHM, respectively. The obtained results show
that (i) the FWHMs slightly increase with increasing aluminum con-
centration, temperature, but decrease with increasing hydrostatic pres-
sure for both emission and absorption of phonons under all confined
phonon and bulk phonon; (ii) the value of the FWHMs and their varia-
tion for phonon absorption process are fair bigger and much faster than
those for phonon emission process under all confined phonon and bulk
phonon, i.e., the intensity of electron—phonon scattering for phonon
emission process is much weaker compared to that for phonon absorp-
tion process under all four types of above modes; (iii) the value of
FWHMs for confined modes case is found to be always larger that for
bulk modes case under all phonon modes emission and absorption, i.e.,
the strength of the electron-phonon scattering for confined modes is
stronger in comparison to that for bulk modes under all two processes of
phonon, and that is strongest for confined mode described by HZ model;
(iv) the FWHMs always increase with increasing electron-confining
frequency w,; (v) the increase of the FWHM with electron-confining
frequency is slight and becomes saturated at large confining frequency
of electron (w, > 0.5w;0) in GaAs/Ga; _Al,As parabolic quantum wells;
(vi) the aluminum concentration strongly depends on the electron
confining frequency compared to hydrostatic pressure. We hope these
results can be useful for the photonic and optoelectronic device
fabrication.
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