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The quantisation of electronic energy into subbands in low-dimensional structures originates
many interesting physical effects, one of which is the electrophonon resonance effect. In this
work, we investigate the electrophonon resonance by theoretically calculating the optical ab-
sorption power in n — i — p — i superlattices (SLs) subjected to a high frequency electromagnetic
wave. The absorption power is calculated up to the first-order nonlinear term using the projection
operator technique taking account of the effect of electron — optical phonon interaction. Nu-
merical results are obtained and discussed for the GaAs:Si/GaAs:Be SL. The linear and nonlinear
optically detected electrophonon resonance (ODEPR) peaks are observed in the absorbance. The
full width at half maximum (FWHM) of ODEPR peaks increases with increasing the doping
concentration as well as temperature. In particular, the results show that the two-photon ab-
sorption is of great importance and should be considered in nonlinear optics. This investigation
provides a theoretical basis for potential applications of n — i — p — i SLs in optoelectronic
devices.

1. Introduction

Quasi-two-dimensional semiconductor superlattices (SLs) are the artificial structures in which charged carriers are confined in one
direction by a superlattice potential with the period being longer than the lattice constant and shorter than the mean free path of
electrons. This superlattice potential was first proposed by Esaki and Tsu [1] by alternatively arranging, in a periodic sequence, ul-
trathin layers of semiconductors of different types or by alternatively doping impurities into a intrinsic semiconductor, or by a
combination of alternating composition and alternating doping. The first and the second technique give us, respectively, the so-called
compositional and n — i — p — i (or doping) superlattice. While the former requires a close lattice match of the component materials, the
relatively small amount of doping in the latter results to only a minor distortion of the lattice of the host material. Practically, the SL
potential and SL period are tuneable by changing the compositions or the doping concentration. In addition, the splitting of the valence
and conduction bands into subbands (minibands) in SLs makes their energy dispersion completely different in comparison with the
doped monolayer materials [2-5]. It is also the origin of many interesting physical properties in SLs [6-8], one of them is the
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electrophonon resonance effect. In addition, it was shown that n — i — p — i superlattices exhibit very unusual nonlinear optical
properties [6] and their optical properties are expected to be fairly different from those in monolayer 2D materials [9-18].
Electrophonon resonance effect occurs in a low-dimensional electron system when electrons move between energy subbands by
absorbing/emitting optical phonons whose energy is equal to the energy difference of the two subbands [19-22]. When an additional
electromagnetic wave (EMW) propagates in the system, we can observe the so-called optically detected electrophonon resonance
(ODEPR) effect when electron transitions via absorbing and/or emitting phonons and photons satisfy the selection rules 7w =
AEgubbands £ Awoph, Where hw, Awoph, and AEgpbands are, respectively, the photon energy, the optical phonon energy, and the energy
difference between two electronic subbands. Based on the absorption spectrum, many applications could be proposed such as probing
the carrier effective mass, the phonon energy, the distance between energy subbands, and so on. Up to date, there have been numerous
researches dealing with the optical transport properties as well as electrophonon resonance in low-dimensional structures [23-26]. To
our knowledge, the optical transport properties in n — i — p — i SLs, taking account of the carrier — phonon interaction still remain
problems to study. In SLs the interesting quantisation of electronic energy into subbands which can be adjusted by the SL’s parameters,
is expected to result in fascinating behaviours of the optical tranport. In this work, we theoretically investigate the optical absorption in
a GaAsbasedn — i — p — i semiconductor SL stimulated by a high frequency EMW. Within this work, we only consider high temperature
range when the electron — optical phonon interaction is dominant and taken into account. We derive an analytical expression for the
absorption power (AP) including linear and nonlinear terms. The analytical result is numerically evaluated and analysed for the GaAs:
Si/GaAs:Be SL. The dependence of the absorption characteristics on the external fields, temperature of the system, and the doping
concentration is shown clearly. The paper is structured as follows. In the next section (Sec. 2), we present briefly the theoretical model
and the derivation of the AP. Numerical results and discussion are given in Sec. 3. Finally, important conclusions are given in Sec. 4.

2. Theoretical model and analytical results

We consider an — i — p — i superlattice (SL) in which the intrinsic, n-doped, and p-doped semiconductor layers are grown alter-
natively and periodically in the z-direction by the order shown in Fig. 1. Charged carriers in the structure are then free in the (x, y)
plane and their motion in the z-direction is governed by the superlattice potential of period d. In a simple model suggested by K. Ploog
and G. H. Dohler [27], the SL can be considered as a multiple-quantum well structure in which the confinement potential in each
individual well is idealised to be parabolic. In most cases of interest it is justified to neglect the interaction between neighbouring
potential wells. Then, the one-particle wave function and corresponding energy of an electron in an individual potential well are,
respectively, given by [27].

YT =l =T Koy () W
L \
w2 (k) 1
Ena(kL)EE(z:Tj"" (na+§)a)p, 2)

-
where k| = (kx,ky) is the electron wave vector in the (x, y) plane; Ly and Ly are the normalisation length in the x- and y-direction,

respectively; ¢, (z) (n, = 0, 1, 2, ...) is the eigenfunction of an electron in a potential well; m” is the electron effective mass; o, =

1/2
(—4’5;1‘”) is the plasma frequency characterising for the superlattice confinement potential with e being the electronic charge; np the

doping concentration and ¢ the dielectric constant.

When an intense EMW (optical field) of amplitude Ej and frequency w propagates in the SL, the optical transport property in the
system can be investigated via the AP. The total AP, P(w), is determined by the direct relation with the optical conductivity, o(w), as
[28,29].

d Growth direction

Fig. 1. (Color online) An illustration of an — i — p — i SL in which a sample of intrinsic semiconductor (i) is doped alternatively and periodically by
negative charged (n) and positive charged (p) impurities in one direction (the growth direction). (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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P(w) = EéRe{o(w)}, 3)

where “Re” denotes “'the real part of”. In this calculation, we consider the optical conductivity up to two-photon absorption processes.
The optical conductivity can be deduced using the technique introduced by Lee et al. [30] from the ensemble average of the current
density operator [31].

Idens = 23:1 o;j(0)E;(w) + ZZ,(ZI o (01, 02)Ej(w1) E (@)
(C)]

i os(@) + i l%k(th‘)Z)Ek(wz) Ej(w),

where J; is the ith current component, i, j, k = x, y, 2. The first and the second term in the square bracket of Eq. (4) are referred,
respectively, as the linear and the lowest-order nonlinear conductivity tensor where the nonlinear one includes the processes of the
absorption of two photons with frequencies w; and w». In this investigation, we consider only one EMW of frequency w. Therefore the
two absorbed photons have the same frequencies, i. e. ®; = w2 = w, followed by the expression for the total optical conductivity
deduced from Eq. (4)

o(0) = o5(@) + Y op(@)Ei(w). ()

Assuming that the electromagnetic wave polarises in the z-direction, i.e. E,(w) = Eoei’”t, the AP delivered to the system of electrons
interacting with phonons in the SL is then given by

P) = DRefou(0)} + 2 Refou @) (0) ©

= PO0)+PV(w),
where we have set P©)(0) = (E2 /2)Re{06(w)} and PV (w) = (E3 /2) Re{04:(w)E,(w)} which are referred as the linear and nonlinear

term of the total AP, respectively. To obtain the explicit expression of the AP, one need to calculate the conductivities 04,(w) and 6,,2(®)
which are presented as follows for the case of electron — optical phonon interaction.

2.1. The linear conductivity

Utilizing the general expression for the conductivity presented by Lee et al. [30] and Kang el al. [31], the linear conductivity in the
SL is given by

P -a (f/f 7.}61)387/1((0)
R — ﬁ 17 . 7
e{o..(w e; oA [hw B+ [Bg'ﬁ(w)]z @)

Here, Eg,q = Eg — Eg; E, and Ej is the energy of the electron in the initial and final state, respectively; f, is the Fermi-Dirac distribution
function of electron with energy E,; 2%, j*#, and B"/’ (w) [30,31] are the component of the electron position vector, the matrix element
of the current operator, and the linewidth function, respectively, which are calculated as

. _
Za./f = ﬁ (1 o 5"/1-na+1 + /Ny 5,1/;,,,“71)5,{_‘(/1; fz = hl/Z(m*a)p) 1/27 (8)
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Y a( f) = (L+ N~ f)]8(YT) }

©)]
- ﬁ, Z]ca, Q)P {[(1+ N (U= f3) = Nofy(1 = £,)]8(Y5)
+ [N (L= fp) = (L Nf(1 = £)]8(Y3) },
where § is the delta function, Ny is the Plank distribution for a phonon in the state |q), and
Y{ =ho—E,,+ho, Y;=ho-—E;, +ho, (10)
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The physical interpretation is clear. The first term in Eq. (9) represents the transition of an electron from state |a) to state |v) with a
phonon emission. The rest terms can be explained in a similar manner. The electron — phonon interaction matrix element C,,(q) is

given by [32,33].

|Cab(q)|2 = |V(q)|2‘lnam (qz)|25k‘j.k1+q\ ) an

where I, 5, (g;) is the form factor or the overlap integral given by
Ly, (£4:) = Z]; / exp(+ig.d)g,, (z—jd)p,, (z - jd)dz, (12)
0

with s being the number of periods of the SL and g, the wave number of phonon in the z-direction. The real and imaginary parts of I,
n(gz) are demonstrated in Fig. 2 for several values of quantum numbers n and n’. The electron — phonon interacting potential, Vg, for
polar optical phonon with energy 7o has the form

(€]
V) === 13
WVl =g 7 (13)
where © = 2re?hwo(r3! — x51)/eo; €o is the permittivity of free space; y., and yo are, respectively, the high-frequency and static
dielectric constants; and Q is the volume of the material.

To calculate explicitly Re{s,,(w)}, we need to calculate Bg‘ﬂ (w) given by Eq. (9) by transforming the summations over q and |v) into
integrals. After some straight-forward manipulation, we have

*
(€]
B @) = — 22 E Anyn
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where
, 2m 12
ke = {(kj) -l—F[h(a)iwo)—AE,w,u]} ,
2 2m 172
k2(i> = {(k[j) _? [h(wiwo) _AEll/fJII,:I} )

Re[ln,n'(qz)]
Im[ln,n'(qz)]

Fig. 2. The real part and imaginary part of the form factor for several subband indices. Here, d = 50 nm and so = 100.
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AEp, n, = (n, —ng)hop and A, ,, = fg" \Inmnv(iqzﬂquz, which can be numerically evaluated.
2.2. The nonlinear conductivity

The nonlinear conductivity component, o,,,(®), can be derived using the general formula obtained by Lee et al. in Ref. [30] [see Eq.
(4.19) therein] and given as

2 a. (f/f _fa)
Re{o,,, = e ’ 5
{6(0)} HZﬁz o~ B + @)

Zba_];ﬁp _ . fv _ a.f
- { 2ho — Ep)* + (B (@)] (= Ep B0 (e = B ) 4>
D L S [(ho — E;0)B2 () + (2ho — Es0)B2 ()] }
5 2hw — El;a] +[Baﬂ" )] Y Y
where
B ) = oy SIC@P (4 N —£) = Nifu(1 = )]a(r7)
+  [Nfs(1=£) = (L+Nfu(1 = £3)]8(Y5) }
[(1 +N‘1)}4(1 _fa) _qua(l _fAA)](S(Y;) (16)
+ [Naﬁ«(lffa)f(1+Nq)a(1*ﬁ4)}5(YI)}
B fa ;\ (1+ NG (1 = fu) = Nofu(1 = £)]8(Y2)
+ [Nfu(1=fi) = (L Nfu(1 = £)]8(Y5) },
with
Yy =2hw — By, + ho,, Yy =2h0 — B,y £ ho,, Y =2ho — E,, + ho,. a7)

The term Bg‘/} *(w) can be obtained from B‘f‘ﬂ *(w) by replacing the state index v by 5.

It is seen that the first-order nonlinear conductivity is much more complicated than the linear one. The physical interpretation of
each term in the above expressions has been analysed in detail in Refs. [30,31]. To obtain the explicit expression of 6.,,(w) and
accordingly the AP, we need to perform the same calculations for B‘”} Y(w) and Bg'ﬁ ?(w) like we have done for Bg'ﬁ (w) above. For
instance, for B () one has

B0) = oS A
80’ (fy — f) v

ny

k
X {m [(1 + Nfs(L = Faudsiy) — Ny, (1 *fﬁ)]
+ ‘k@ k%( [ qfﬂ .fnﬂ.k3(,)) - (1 +Nq)fn,,-k3<f)(1 7&’)}
R [y ) k Ly (M (=5 = N1 =)
4 (18)

kar)
: W [V 10 14 Mt~ )]

Ann
8h2ﬂ2(f/j fa Z T

ny

ks(4)
X {m [(1 + Nyl sy (1 = fa) — Nofa(1 —fnu.kw)]
L R _fy_ _
" ks | (K] — ks()) [Nqﬁwu’)(l Jo) = (L Nl fMSH)] }7
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where

2 2m 12
ks(x) = {(k/i) +? [7(20 + wy) — AE,,,,] } ,

, 2m 12
ko) {(kﬁ) -7 [72(20 £ o) — AE,, ] } ,

»  2m 12
kszy = {(kj) +F[fz(2a)ia)0) — AE,, ] } .

The above obtained results have a relatively verbose form. However, physical meanings can be derived from them by performing the
numerical computation which we will carry out in the next section.

3. Numerical results and discussion

This session aims to clarify the behaviours of the absorption spectrum with the variation of the external EMW, the temperature, and
the doping concentration. To do this, we consider the GaAs:Si/GaAs:Be n — i — p — i SL with the following parameters [27,34,35]: m* =
0.067mg (my is the mass of free electron), iwg = 36.25 meV, y, = 10.9, yo = 12.9, so = 100, and d = 50 nm. The doping concentration
will be varied to show its effect on the absorbance.

In Fig. 3 we show the linear term of the total AP as a function of the photon energy at two values of the doping concentration. We
can see clearly in the figure the appearance of absorption peaks at some certain values of the photon energy. The physical significance
of these peaks can be analysed as follows. On the solid curve, the first peak is located at the photon energy of 36.25 meV, satisfying the
condition Aw = hwo. This peak describes the intra-subband transition of an electron by absorbing/emitting an optical phonon
accompanied by emitting/absorbing an electromagnetic wave photon with energy being equal to the optical phonon energy. The
second and the fourth peaks, respectively, arise at the photon energy of 124.507 meV and 197.007 meV. These peaks correspond to the
resonance conditions Aiw = AEz 1 — hwo and hw = AE3 1 + hwo, respectively, where AE; 1 = 160.757 meV. Thus, they are the optically
detected electron-phonon resonance peaks in which an electron transit between two different subbands by absorbing/emitting an
optical phonon while simultaneously emitting/absorbing a photon. The third peak appears at the photon energy of 160.757 meV
satisfying 7w = AE, ;. The meaning of the peaks on the dashed curve can be explained similarly. It should be noted that for the inter-
subband transitions, since the energy difference between the two subbands depends on the doping concentration through the plasma
frequency, i.e. AEy, n, = (n; — ng)hwp, when the doping concentration changes, the photon energy satisfying the resonance condition
also changes. This is shown by the shifting of the second, the third and the fourth resonance peaks as varying the doping concentration.
On the contrary, because the electron subbands are identical for intra-subband transitions, the resonance energy corresponding to
these transitions does not change with the change of the doping concentration as proven by the first peak of the curves in Fig. 3.

The nonlinear term of the AP is also plotted and shown in Fig. 4. We also see the appearance of resonance peaks, similar to that for
the linear term. However, in this case there are more in number of resonance peaks in the same photon energy range. Besides the
resonance peaks appearing at the photon energy values as in the linear case, there are additional resonance peaks at other values of the
photon energy. This can be explained as follows. The resonance peaks arise from the resonance scattering of electrons with photon and
phonon satisfying the energy conservation law, which is guaranteed by the delta functions in the expressions of the conductivities in
Egs. (7) and (15). It is seen that for the nonlinear conductivity, and followed by the nonlinear AP term, there are more delta functions
than for linear term, so the nonlinear term has more resonance peaks. A special point to note is that in the nonlinear term in Fig. 4, there
are resonance peaks coming from the two-photon absorption processes in addition. They are the first and the third peaks in the ab-
sorption spectrum that locate, respectively, at the photon energies of 18.125 meV and 80.3786 meV and satisfy the conditions 2Aw =

PO (w) (arb. units)

———
le

0 50 100 150 200 250
hw (meV)

Fig. 3. The linear part of the absorption power as a function of the photon energy. Here, T = 200K.
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hwo and 2hw = AE, ;. It is clear that the two-photon absorption process has a minor contribution to the absorption spectrum but is
observable and cannot be ignored when investigating nonlinear optical effects.

It is well known that the full width at half maximum (FWHM) of resonance peaks has an important role in spectroscopy. Thus, from
the graphs for the AP we will computationally extract the FWHM of some resonance peaks and examine its variation with the doping
concentration and temperature. The dependence of FWHM on the doping concentration is obtained and shown in Fig. 5 for both one-
photon and two-photon absorption precesses. It is seen that the FWHM increases as increasing the doping concentration. The best fit
gives us the laws FWHM[meV] = 0.7OnD[m’3] and FWHM[meV] = 0.51nD[m’3] for the one-photon and two-photon case, respec-
tively. The increase of the FWHM with the doping concentration is reasonable because the plasma frequency characterising the carrier
confinement increases as the doping concentration increases. This behaviour is in agreement with those observed in low-dimensional
electron systems such as quantum wells [25,29] and quantum wires [23,24,26] when the carrier confinement potential is enhanced by
reducing the confinement length (the well’s width or the wire’s radius). The temperature-dependent FWHM is also obtained and
shown in Fig. 6(a) and (b) for one-photon and two-photon absorption, respectively. Because the electron — optical phonon interaction is
dominant at relatively high temperatures so here we consider the temperature range from 120 K to 350 K. From Fig. 6(a) we can see
that the FWHM depends strongly on the temperature. The fitting result gives the dependence as FWHM[meV] = 0.246 + 0.00076T +
7.04545 x 10~°T2 where T is measured in Kelvin. For the case of two-photon absorption, the FWHM depends rather weakly on T. The
evolution of the FWHM can be viewed in two regions of temperature. In the temperature range from 120 K to approximately 235 K, the
FWHM increases linearly by the law FWHM[meV] = 0.422 + 0.000223T. For the temperature range above 250 K, the FWHM depends
very weakly on temperature by the law FWHM[meV] = 0.455 + 0.00009T. Qualitatively, the increase of FWHM with temperature is
consistent with previous observations in low-dimensional systems such as semiconductor quantum wells [25,29] and quantum wires
[23,24,26]. However, unfortunately there have been no experiments on this subject in the n — i — p — i structure to date, further
experimental measurements are needed for a quantitative comparison with the our present result.

4. Conclusions

So far, we have calculated the nonlinear optical absorption power in GaAs based n — i — p — i SL taking account of the electron —
optical phonon interaction. Numerical results have been obtained for the GaAs:Si/GaAs:Be SL. The linear and nonlinear ODEPR peaks
have been observed in the absorbance as expected. The FWHM of ODEPR peaks increases with increasing the doping concentration, i.e.
the carrier confinement strength. This behaviour is reasonable and in accordance with those observed before in some low-dimensional
structures such as quantum wells and quantum wires in which the FWHM also increases with enhancing the carrier confinement. Also,
it can be inferred from this feature that the stronger the confinement, the stronger the electron — phonon interaction. Besides, the
FWHM has been found to increase with increasing the temperature in both linear and nonlinear cases. Importantly, the results show
that the two-photon absorption plays a considerable role in the absorbance. The obtained results are the basis for further applications
in optoelectronic devices. In addition, one can do similar investigations for different kinds of electron — phonon interaction as well as
considering the phonon confinement effect.
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