Chin. Phys. B Vol. 21, No. 8 (2012) 084207

Intersubband absorption with difference-frequency
generation in GaAs asymmetric quantum wells*

Cao Xiao-Long(# /N JE)2)e)T,

Li Zhong-Yang(ZEH )P, Yao Jian-Quan (@),

Wang Yu-Ye(F 54£)29) | Zhu Neng-Nian(4fE&)>),
Zhong Kai(#} uEﬂ)a)b)7 and Xu De—Gang(?ﬁ%% ”)a)b)

a) College of Precision Instrument and Opto-electronics Engineering, Institute of Laser and Opto-electronics,
Tianjin University, Tianjin 300072, China

b)

Institute of Electric Power, North China University of Water Resources and Electric Power, Zhengzhou 450011, China

C)Key Laboratory of Opto-electronics Information Technology (Tianjin University), Ministry of Education,
Tianjin 300072, China

(Received 12 August 2011; revised manuscript received 15 January 2012)

An asymmetric quantum well (AQW) is designed to emit terahertz (THz) waves by using difference frequency
generation (DFG) with the structure of GaAs/Alg.2Gag.gAs/Alg.5Gag.5As. The characteristics of absorption coefficients
are analysed under the parabolic and non-parabolic energy-band conditions in detail. We find that the absorption

coefficients vary with the two pump optical intensities, and they reach the maxima when the pump wavelengths are

given as Ap1 = 9.70 um and Ap2 = 10.64 pm, respectively. Compared with non-parabolic conditions, the total absorption

coefficient under parabolic conditions shows a blue shift, which is due to the increase in the energy difference between

the ground and excited states. By adjusting the two pump optical intensities, the wave vector phase-matching condition

inside the AQW is satisfied.
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1. Introduction

Efficient terahertz (THz) sources continue to at-
tract world-wide research interest for their potential
applications in spectroscopy, biomedical diagnostics,
communication, and so on.'~¢ However the poten-
tials of these applications have not been fully real-
ized due to the limited power levels currently avail-
able from terahertz sources. Among different schemes
for terahertz generation, difference frequency genera-
tion (DFG) of the two closely spaced laser frequen-
cies w1 and wy in a nonlinear optical crystal is one of
the most promising methods to produce high-power,
narrow-band coherent, tunable THz-wave in nonlinear
crystals.[7—11]

Among nonlinear crystals, GaAs has a large non-
linear coefficient, a wide transparency range, a high
damage threshold, and a good thermal conductivity.
It is suitable for asymmetric quantum well (AQW) de-
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sign because its energy and value of the transition can
be tailored by changing the geometry of the well in
the THz field. In addition, a large x (o) in the GaAs
quantum well structure can also be achieved by tailor-
ing them so that all interacting fields are in resonance
with the intersubband transitions.!*?!

However, nonlinear optical crystals have high ab-
sorption coefficients in the THz wave region, which
restricts the interaction length in crystals and lowers
the output THz wave power. To solve this problem,
it is vital to investigate the absorption properties for
avoiding the maximum absorption and improving the
photon utilization rate.

In this paper, the structure of a GaAs AQW
is designed for two mixed COy laser beams and
the influences of absorption coefficients are discussed.
Through adjusting the pump optical intensity, the

phase-matching conditions are satisfied.
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2. Theory

We consider an AQW composed of four differ-
ent semiconductor layers, which are located at z < 0
(layer 1), 0 < z < Ly (layer 2), Ly < z < Lo (layer 3),
and z > Lo (layer 4).
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Fig. 1. (colour online) Conduction-band diagram of the
structure.

Take a 3-level AQW structure for example, in
a nonlinear experiment, two continuous wavelength
(CW) and tunable COs lasers Py and P2 can be used
to generate two pump waves. The laser P, operat-
ing at pump wavelength Ay, is usually tuned in close
resonance under the F; — Fj3 transition, while Py is
scanned at longer wavelength Ao and tuned in close
resonance with the Ey — FE5 transition. At the same
time, the separation between the F3 and Es subbands
is tuned for terahertz emission.

To calculate the linear and nonlinear absorption
coefficients, we need to consider the dipole matrix el-
ements and energies of the envelope wave functions.
The energy levels E,, and the corresponding envelope
wave functions ¢, (z) in an AQW can be solved by the
Schrédinger equation in the effective mass approach

and can be written as follows:

Pﬁa(15>+vwbm@:&%@%m

2 0z \'mx 0z
Va, 2<0,
0, 0<z<Ly,
V(z) = (2)
V1, L1 <z< LQ,
‘/2; z > L27

where z represents the growth direction, m* is the ef-
fective mass depending on the material composition.
Under the condition of non-parabolicity, the

energy levels can be described by the dispersion

relation?!
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where k is the wave number; v is the non-parabolicity
parameter; y = A/E, (we take the zero of energy
at the bottom of the conduction-band) with A being
the spin-orbit splitting, and F, the energy gap; mq is
the free-electron mass. Generally, we assume that the
conduction bands of the well and step layer are non-
parabolic and the conduction band of barrier layer is
parabolic. So the Schréodinger equation for the wave

functions can be obtained after inserting k — d/dz

as
. 2 4
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The absorption coefficient a(w) can be expressed as

a(w) = w\/g Im{cox (@)}, (6)

where p is the permeability of the system, egr is the
real part of the permittivity, w is the angular fre-
quency of the incident photon energy, and x is the
nonlinear susceptibility.'41®! By using the compact
density matrix approach and interactive method, the
linear and nonlinear changes in the absorption coeffi-

cient are given as follows. For the linear term,

a(l)(wl)
=w » Npg?) Zl23hF31 (7)
V er [(Es — E1 — hw1)? 4 (hl31)?]
a(l)(wQ)
0
P Np\§ 23 hI ()
ER [(EQ — E1 — hw2)2 —+ (hF21)2]’
oW (wrp,)

= wrH \/7 VLS Zihre ;9
“\ er (B3 — B2 — hwr,)? + (hl%3)2]

for the third-order term,
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Then the total absorption coefficient is When a semiconductor is fabricated into a very

thin layer (e.g., ~ 10 nm), the optical absorption spec-
1
a(w, 1, Iz) = al )(w) + 04(3)(% I, I), (12)  trum changes radically as a result of the quantum con-
finement of carriers in the resulting one-dimensional
and thus potential well. Figure 2 illustrates the variations of
absorption coefficient «,; as a function of the pum
(I, 1) = ol + ol (I, 1), P “! R

awa(l, L) = o'y + a1, I).

13a
(132) wave Ap; at different values of incident intensity I,

(13b) (I, = 0.1 MW/cm?). It is clearly seen that for
I <03 MVV/(:m27 the absorption coefficient ay,; in-

3. Results and discussion

As an example, a 7-nm deep well width, 30-nm
shallow well width, GaAs/Aly2GagsAs/AlysGags
AQW doped at 1x10'” cm™3 is considered. In op-
tical device applications, a large induced absorption
coeflicient changing with pump beam could be used to
modulate confinement in optical devices. Such modu-
lation effects are of special interest in the 9 um—11 pm
region, where the refractive index change corresponds
to the COq laser lines. So, the following discussion is
restricted within this region.

creases with the increase of pump wavelength until the
maximum value, and then drops down rapidly. When
I, > 0.3 MW /cm?, there is the bleaching effect at the
line centre.

The total absorption coefficient «(w, I1,I3) con-
sists of two components of oY) (w) and a® (w, I}, Iy),
so we think that the large positive absorption is due
to the ') contribution and this large absorption is

wl
(3)

o1 contribution. Since

significantly reduced by the «
the incident optical field contributes only to the 04&31)
term, at sufficiently high intensity the absorption at

line centre can be bleached (at I; = 0.3 MW /cm?).
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This is illustrated by the series of a® (w,I;,15) ab-
sorption curves at different values of pump intensity
I;. The bleaching effect at the line centre is hinted at
only at 0.3 MW/cm?, and can be quite clear in the
0.6 MW /cm?2. When I; reaches 1.0 MW /cm?, the ef-
fect of oY) (w) almost disappears, the characteristics
of absorption only show the effect of a® (w, I, 1),
which is related to optical intensity.
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Fig. 2. (colour online) Curves for absorption coeffi-

cient a1 as a function of pump wavelength Ap1 at dif-
ferent values of pump intensity I3 (I = 0.1 MW /cm?2,
Ap2 = 10.64 pm).

Figures 2-5 indicate the similar change trends
that with the increase of its own pump wavelength,
the absorption coefficient increases until a maximal
value, then drops down rapidly. However, with the in-
crease of the other pump wavelength, the absorption
coefficient has a minimal value. Therefore, we can say
that the contributions of both the linear and the non-
linear absorption coefficients should be considered in
the calculation of absorption spectrum of the system
operating especially with a high pump intensity.
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Fig. 3. (colour online) Curves for absorption coefficient
w2 as a function of the pump wavelength Ap2 at differ-
ent values of pump intensity Io (I1 = 0.1 MVV/cm2 and
Ap1 = 9.70 pm).
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Fig. 4. (colour online) Curves for absorption coefficient
aw1 as a function of the pump wavelength Ap2 at differ-
ent values of pump intensity I (I; = 0.1 MW/cm2 and
Apt = 9.70 pm).
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Fig. 5. (colour online) Curves for absorption coefficient
w2 as a function of the pump wavelength Ap1 at differ-
ent values of pump intensity Iy (Iz = 0.1 MW/cm? and
Ap2 = 10.64 pm).

Through solving the Schrédinger equation, we can
figure out the energy levels, which are given respec-
tively as F7 = 58.8381 meV, F; = 172.1491 meV,
FE5 = 186.1842 meV under the condition of parabol-
icity, and E; = 56.7078 meV, F; = 170.0292 meV,
FE3 = 181.4327 meV under the condition of non-
parabolicity.

From Fig. 6, compared with non-parabolic well,
the parabolic well shows a blue shift of absorption co-
efficient «v,,;. This shift can be due to the increase in
the energy difference F5 — F; between the ground and
second excited states. AFE3; = (E3 — E1)parabolicity —
(E3 — E1)nonparabolicity = 2.6212 meV. However, the
absorption coeflicient a2 as seen in Fig. 7, is related
to the energy difference F5 — F7 between the ground
and first excited states, the peak value almost remains
constant, the AEy = (E2 — E1)parabolicity — (F2 —
E1)nonparabolicity = —0.0104 meV.
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Fig. 6. (colour online) Comparison of absorption coeffi-
cient a1 between under parabolic condition and under
non-parabolic condition, at pump intensity Iy = Iz =
0.1 MW /cm?2, Ap1 = 9.70 pm, and Ap2 = 10.64 pm
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Fig. 7. (colour online) Comparison of absorption coeffi-
cient a9 between under parabolic condition and under
non-parabolic condition, at pump intensity Iy = Iz =
0.1 MW /cm?, Ap1 = 9.70 pm, and Ap2 = 10.64 pm.

Consider the Aly2GaggAs/GaAs/Aly5GagsAs
AQW with an optical intensity of 0.1 MW /cm?, the
change of the absorption coeflicient arry, as a function
of pump wavelength is illustrated in Fig. 8. We can see
that the ary, is related to the two pump wavelengths,
first decreases and then increases. The maximum is
1.553%x10” m~! when the two pump wavelengths are
9.70 pm and 10.64 pm, respectively. Therefore, the
appropriate ary, in the AQW can be selected by tun-
ing the two pump wavelengths to improve conversion
efficiency.

Considering the available wavelength range of
COx, laser, two pump intensities continuously tunable
from 0 to 6 MW/cm? are used for calculating the
phase mismatch. Figures 9 and 10 show the relations
between absorption coefficient and pump intensity.
Because the nonlinear section (® in absorption coef-
ficient depends on pump intensity, we can select the

absorption coefficient through changing the two pump
intensities. Figure 11 illustrates the phase mismatch
Ak as a function of pump intensities I; and Is at the
pump wavelengths A\,; = 9.70 um and Ap2 = 10.64 um
for the structure of AQW well in Fig. 1. In Fig. 9, the
intersection of the surface of phase mismatch Ak with
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Fig. 8. (colour online) Absorption coefficient arp, as a
function of pump wavelength at pump intensity 11 = I =
0.1 MW /cm?.
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Fig. 9. (colour online) Absorption coefficient a1 as a
function of the pump intensities I1 and I (the pump wave-
lengths Ap1 = 9.70 pm and Ap2 = 10.64 pm).
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Fig. 10. (colour online) Absorption coefficient a2 as
a function of the pump intensities I; and Iz (the pump
wavelengths Ap1 = 9.70 um and Apz = 10.64 pm).

084207-5



Chin. Phys. B Vol. 21, No. 8 (2012) 084207

the plane of Ak = 0 satisfies the phase-matching con-
dition. Thus, we can adjust the pump intensity to

acquire the phase-matching condition.
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Fig. 11. (colour online) Phase mismatch Ak as a func-
tion of the two pump intensities (the pump wavelengths
Ap1 = 9.70 pm and Ap2 = 10.64 pm).

4. Conclusion

consequences for practical devices such as THz emis-
sion and THz optical switches.
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