Nonlinear intersubband optical absorption of asymmetric

semiconductor quantum wells pumped by terahertz and
infrared fields

Hai-Yan Zhu'?, Tong-Yi Zhang! and Wei Zhao!

IState Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and
Precision Mechanics, Chinese Academy of Sciences, 17 Xinxi Road, Xi’an 710119, People’s
Republic of China
2Graduate School of the Chinese Academy of Sciences, Beijing 100039, People’s Republic of
China

ABSTRACT

We investigate the conduction intersubband linear response of a n-type quantum well driven by one or two infrared
optical fields with arbitrary strengths. The fields couple the third subband to the second energy subband and the
ground subband, forming a A system. We investigate the dependences of the absorption spectrum on the pump
field strengths. The results for the equal Rabi frequencies can be understood in terms of quantum coherence
processes of the intersubband transitions, such as coherent population trapping, and electromagnetically induced
transparency. The effects of different Rabi frequencies on the absorption spectrum due to fields are also discussed.
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1. INTRODUCTION

In the past few years, there has been considerable interest in the control of the linear and nonlinear optical
properties of semiconductor quantum wells by use of external electric fields. The application of a static electric
field can lead to the well-known Franz-Keldysh effect (FKE), i.e., pronounced oscillations occurring in the
optical absorption spectrum above the band gap and nonvanishing exponential absorption tail below the band
gap.l'?2 The FKE is also extended to the dynamical Franz-Keldysh effect (DFKE) in the presence of a time-
dependent electric field. The DFKE predicts that the band edge should blueshifted by the ponderomotive energy,
Epron = €2F3/4mQ? (i.e., the average kinetic energy of a particle of mass m and charge e in an electric field
Fycos(Qt)).>* 1In the recent years, the influence of a strong terehertz field, which couples the two conduction
subbands, on the interband absorption of quantum well (QW) structures was also investigated theoretically due
to the obtainability of strong coherent terahertz sources.® ' Many interesting optical phenomena have been
predicted theoretically and partly verified experimentally, such as the ac Stark effect,'? ' harmonic generation,'*
and terahertz sideband generation.®: 16

In this paper we investigate theoretically the probe absorption spectra of a three-subband asymmetric semi-
conductor QW driven by terahertz and infrared fields. The method used in the present calculation is based on a
three-level density matrix theory, solving the density matrices in the steady state limit and using linear absorp-
tion theory to generate absorption spectra. The formulas describing the absorption spectra are very convenient
for numerical investigations, however, they are failing to provide a transparent and readily interpretable form
about the physics of the problem. In order to understand the interesting features of intersubband transitions we
adopt dressed-state picture.!”>'® This picture is useful for examining the coupling mechanisms in the system
and the origin of the gain and absorption. We investigate in detail the effect of varying coupling field intensity
on the linear absorption of a probe field that is tunable between the three possible transitions of the consid-
ered system. The absorption spectra show one- or two-photon coupling in the system, and some distinctive
quantum interference features such as coherent population trapping (CPT)!® and electromagnetically induced
transparency (EIT).20
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2. MICROSCOPIC THEORETICAL MODEL

We consider a n-doped three-level step asymmetric QW structure which contains three conduction subbands,
exposed to two infrared optical fields polarized along the growth direction of the QW. As shown in the inset
of Fig. 1(a), two laser fields with frequency w; and wy couple, respectively, the first, |1 >, and second, |2 >,
levels of this system with the third level, |3 >. In the interaction representation, and under the rotating wave
approximation, the interaction Hamiltonian H;,; is give by

Hing = b By (t)(ahar + alas) + by B (1) (afaz + adas). (1)
Here, the first term is the interaction term of the first field, with amplitude E7, and the second term is that of
the second field, with amplitude E,. The symbols p;; denote the magnitudes of the transition dipole matrix
elements between the corresponding conduction subbands along the growth direction of the QW. a} and a; are

electron creation and annihilation operators for an electron in the ith level, respectively.

The time evolution of this system, denoted with the density operator p, is governed by the master equa-
tion

dp i
E - 7%[Hlntap] +p, (2)

where ~yp is the irreversible part that describes the effects of spontaneous emission and, possibly, other collisional
relaxation processes which we treat phenomenologically. The explicit form of the equations of motion, Eq. (2),
for the density matrix elements take the form:

dpyy

at —iQ13 (P31 — P13) + YaP22 + V133 (32)
dp .
Wﬂ = —iQa3 (P32 — P23) — V2P22 + V3P335 (3b)
dp . ;
W% = —i3 (p13 — p31) — 1023 (P23 — P32) — V1P33 — V3P33: (3¢)
d ‘ : Qa8
% = (iA12 — Y12/2)p12 + 1Q23p13 — 1213053, (3d)
dp . ; ; *
WQ:}) = (1Q23 — 7V93/2)pag — Q23 (P33 — P2a) + 1 13p72, (3¢)
dp . : ;
Ww = (iA13 — 713/2)p13 — 113 (P33 — p11) + 23012, (30)

together with p;; = pj;. Here, Q13 = —py3E1/h and Qa3 = —pi93 > /h are the Rabi frequencies of the coupling
laser field and the corresponding transition. As3 and A3 denote the one-photon detunings and Ao = A3 — Aog
the two-photon detuning of the coupling laser frequency from the electronic resonances. The population scattering
rates 7, are due primarily to longitudinal optical phonon emission events at low temperature. The total dephasing
rates ;;(i # j) are given by vi5 = (Yo +115"), Y23 = (v +72+73+755 "), and vy3 = (v +715"), where the pure
dipole dephasing rates 'y‘iif " are assumed to be due to a combination of quasielastic interface roughness scattering
or acoustic phonon scattering. A comprehensive treatment of the decay rates would involve incorporation of
the decay mechanisms into the Hamiltonian of the system. However, we have adopted the phenomenological
approach of treating the decay mechanisms. In addition, we have taken the three subbands to have the same
effective mass. So the kth dependence of the above parameters has been suppressed, where k is the in-plane
wave vector.

To study the linear absorption response of the system discussed above we adopt the procedure of Manka et
al..?!  The absorption coefficient of a weak probe field, which has the same polarization as those of the pump
fields but with tunable frequency, is given by

Proc. of SPIE Vol. 7385 73851Z-2

Downloaded from SPIE Digital Library on 01 Dec 2009 to 159.226.100.225. Terms of Use: http://spiedl.org/terms



a(wp) = ara(wp) + azz(wp) + a13(wp), (4)

where
arz(wp) = Re F < [py(7),p15(0)] >, (5)
a23(wp) =ReF < [p;3(7)7p53(0)] >, (6)
and
aiz(wp) = Re F < [p5(7), p13(0)] > (7)

are the absorption coefficients for the corresponding three possible transitions. Here, w, is the probe frequency,
the symbol F' denote the Fourier transform operation, and

p;r2 = H12a1a2»

+ _ T 8
Pog = H93a903, (8)
pfs = NISU“]; as,

and p;;, which is given by the complex conjugate of pjj, are the positive and negative parts of the dipole
polarization operator for the three-level QW system.

With the help of the quantum regression theorem,?? we derive the expressions for Eqs. (5)-(7) to calculate

the two-time expectation values under steady-state conditions. The motion equations are integrated twice: once
to yield the steady state density matrix elements and secondly to yield the two-time expectation values.

3. NUMERICAL RESULTS AND DISCUSSION

As a model material system, we consider a GaAs/AlGaAs QW system. The core of the structure consists of
three layers: a 3.8 nm GaAs layer followed by 24.2 nm Al 25Gag. 75As, confined by 20 nm Aly 39Gag g1 As barriers
on both sides. The barrier height (relative to the deep well) is 300 meV and the step barrier height is 100 meV.
The band edge separations are: F3 — Ey = 17 and F3 — E; = 126 meV. The electron density of the QW is
such sheet that the electron-electron effects have little influence in our results. Therefore, the effects of electron-
electron interactions are not included in our study. An infrared field with frequency w; and a THz laser field
with frequency wq are assumed to be coupled individually to the resonances 1 — 3 (w13) and 2 — 3 (wa3). In
our numerical calculations, the total collision rates are set to be I'y =I's =I'3 = 0.6 ps, I'sy = 1.0 ps, '3y = 1.2
ps, and '3y = 1.5 ps, respectively.

Figure 1 shows the dependence of the absorption spectra corresponding to the three possible transitions on
the equal Rabi frequency (Q23 = Q13 = Q) under the resonant transitions. The line shape due to the 1 — 2
transition varying with the Rabi frequency €2 is shown in Fig. 1(a). In the presence of very weak fields (2 = 0.5
meV) we see that the 1 — 2 transition spectrum is a standard Lorentzian line. When ) increases to 4 meV,
however, the absorption is strongly suppressed. For 2 = 8 and 12 meV the absorption virtually vanishes. This
strong suppression occuring is because most of the electron population is equally distributed between the first
and second levels due to CPT (see Fig. 2(b)). Fig. 1(b) shows the absorption spectrum due to the 2 — 3
transition. When the pump field is very weak (€ = 0.5 meV) the 2 — 3 transition spectrum shows an obviously
gain at the resonant frequency. Here, the probe field intensity is comparable with the weaker pump field so as to
influence electron population of the steaded-state system. The electron population of the steaded-state system
for all three levels are obtained by integrating Eq. (2), the results being shown in Fig. 2. For a weaker pump
field, say Q = 0.5 meV, [Fig. 2(a)], electron population experiences no obvious Rabi oscillations and are larger
in the second level than in the third level when the system becomes steady. Thus the appearance of the gain
peak does not rely on the population inversion. For higher field intensities, the gain peak becomes suppressed in
amplitude drastically and fades out gradually while double-peaked absorption spectrum starts to appear. The
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Figure 1. (Color online) Linear absorption response of an asymmetric quantum well under the resonant coupling field
configuration, i.e., w1 = w31 and wa = wsz. Parts (a), (b) and (c) show, respectively, the contribution due to the 1 — 2,
2 — 3, 1 — 3 transitions. The Rabi frequencies corresponding to each line are solid: € = 0.5 meV; dashed: Q = 4.0
meV; dotted: Q = 8.0 meV; dash-dotted: © = 12 meV. The inset of (a) denotes the schematic of the energy level
arrangement for the asymmetric quantum wells. Subband levels are labeled in ascending energy: |1>, |2>, and |3>.
There are three possible optical transitions (frequencies): 1 — 2 (w21),1 — 3 (w31), 2 — 3 (w32). Two coupling field with
optical frequencies w1 and wsz couple separately to the transitions 1 — 3 and 2 — 3, respectively.

two peaks become larger and move away from the central frequency as the pump intensity is increased. Figure
1(c) indicates the absorption spectrum associated with the 1 — 3 transition. When the pump field intensities
become higher, two symmetric pairs of sidebands spaced by ++v/2Q and 4+21/2Q from the center appear in the
absorption spectrum.

In order to understand the origin of the spectra features at higher field intensity in Fig. 1(b) and (c) we
adopt the dressed-state picture. This set of states can be constructed as follows for a general A model, in which
the two field intensities can be different:

|r >a= —sinf|1 > +cos 0|2 >, (9)
1

s >pa= ——=|cosf|l > +sinf|2 > +|3 >], 10

s >A \/i[ | | 3>] (10)
1

[t >A= —=[cos @]l > +sinf|2 > —|3 >]. (11)

V2

Here |s >pand |t >pare one-photon dressed states which are the results of mixing of all three levels and the
angle 6 is connected to the ratio of the two Rabi frequencies according to the equation

Qo3
tand = —=. 12
s (12)

Since these states are eigenstates of H;,:, we have
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Figure 2. (Color online)Time evolution of the quantum well electron populations for all three levels |1 >(solid line),
|2 >(dashed line), |3 >(dotted line) under the two resonant coupling fields. (a) Q13 = Q23 = 0.5 meV; (b) Q13 = Q23 = 10
meV. The inset of (a) is the enlarged parts of the two upper levels to show the steady-state population clearly.

Hinels >a= 0|5 >4, (13)

Hint|t >A= _th‘t >N (14)

where Q" = /032, + Q2. On the other hand, the two-photon state |r >4, which is the result of a two-photon
dressing process between QW-field states associated with |1 > and |2 >, has the same energies as the corre-
sponding bare states, i.e.,

Hint|r >pa=0. (15)

Consider the double-peaked spectra shown in Fig. 1(b). Under resonant coupling, the one-photon states have
less population than the two-photon state.2> The double peaks here is the result of transitions between the two-
photon state in the second level |2, > and the one-photon states in the third level |3, s > and |3,¢ >. The energy
separations between them are wy — v/2Q and wy + /29, respectively. The amplitude increasing of the double
peaks ascribes to the augmenting of the population difference between 2 and 3 levels, i.e., no— ngz. According
to the intersubband transition rate equation,?% 2 the intersubband pump rate is proportional to the pump field
strength. When the pump field strength is enhanced, more electrons in the third level would be pumped to the
second level, which can also be seen from Fig. 2(b). Thus, for higher field intensities, the absorption peaks would
be increased gradually with the increasing of the pump fields intensity. The sidebands spaced by +1/2Q from
the center in Fig. 1(c) result from, similar to the two absorption peaks associated with the 2 — 3 transition,
the transitions between the two-photon state in the first level |1,7 >, and two one-photon states in third level,
3,5 > and |3,¢ >. Their corresponding frequencies are at w; — v/2Q and w; + /29, respectively. The story is
rather different for another symmetric pairs of sidebands in the absorption spectrum. Here the absorption of
the infrared field is accompanied by transitions between two one-photon states. For the photon absorbed with
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Figure 3. (Color online) The contribution of the 1 — 2 transition to the linear absorption of a weak probe field. In both
parts, the solid line corresponds to Q13 = Q23 = 2 meV. In (a) the dashed line is for Q13 = 2 meV and Qo3 = 10 meV,
and the dotted line is for Q13 = 0 and Q23 = 10 meV. In (b) the dashed line is for 215 = 10 meV and Q23 = 2 meV, and
the dotted line is for Q73 = 10 and Q23 = 2 meV.

frequency wi — 2v/29) these states are |1,s > and |3,¢ >, while for the photon with frequency w; 4+ 2v/2Q they
are [1,t > and |3, s >.

In the above, the effects of the Rabi frequency with (253 = {213 on the probe absorption spectrum have been
discussed. To further the analysis of the nonlinear effects caused by quantum interference, we now see what
happens to the absorption under the resonant transitions if 23 # Q3. Figure 3 shows that the linear absorption
spectrum due to the 1 — 2 transition varies as the Rabi frequencies of the coupling fields. As a comparison with
the spectrum of the equal Rabi frequencies, the linear response for {293 = 213 = 2 meV is also plotted in Fig. 3
(solid line). When Qo3 is increased by five times while €213 remains unchanged, the absorption spectrum becomes
a doublet (dashed line). For the case of Q33 = 10 meV and €233 = 0, the amplitude of the doublet is increased
evidently (dotted line). These changes origins from field-coherence destruction. As Egs. (9)-(11) indicate, the
unequal Rabi frequecies of the coupling fields cause one state to be decoupled from the rest of the system. The
stronger field can destroy the coherences generated by the weaker field. The increasing amplitude for the case
Qo3 = 10 and Q13 = 2 meV implies that increasing (293 decreases the effect of the weaker infrared field, which
suppress the excitation of electrons in the ground level. Further increasing of the absorption peak for the case
Qo3 = 10 meV and Q13 = 0 comes from the fact that the absence of the infrared field make more electrons
stay in the ground level. The double peaks in Fig. 3(a) denotes the electromagnetically induced transparency
owing to quantum inteferences. Fig. 3(b) shows the inverse case for the same absorption spectrum associated
with 1 — 2 transition, i.e., tanf < 1. Here the solid line still corresponds to Q93 = Q213 = 2 meV. When Q3 is
increased by five times, the absorption spectrum display extensive gain at the resonant frequency (dashed line).
The line shape of the spectrum for {293 = 0 and Q735 = 10 meV is identical with the dashed line in addition to
the trifling numerical differences (dotted line). In both cases, the gain is because more electrons in the ground
level are pumped to the third level by the infrared field, and then are excited or fast decay into the second level
through LO-phonon emission.
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4. CONCLUSIONS

conclusion, we have presented a detailed investigation of the nonlinear optical absorption of intersubband
nsitions in an asymmetric n-doped QW structure driven by two laser fields. The dependences of absorption
spectra on the intensity of the two pump fields are analyzed by a dressed-state picture. The results show quantum
coherent effects such as electromagneticlly induced transparency in presence of two equal Rabi frequency, and
reveal how coherence destruction could occur when the Rabi frequencies due to the fields become different.
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