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Tuning the lasing frequency and reducing the laser
Linewidth of GaAs Semiconductor Laser Using External
Oscillating Driving Field
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ABSTRACT

In this paper, we propose a new method to tune intrinsic GaAs
semiconductor laser lasing frequency and reducing the laser linewidth using
an external deriving field. We used the developed Floquet S-matrix which
determines the transmission probabilities and the shape and position of the
induced quasibound state, which accumulated incident electrons. We solve
the S-matrix numerically to the system parameters. We found that the
oscillating field amplitude V, plays a curial rule in defining the profile of

electrons accumulations in the quasibound state, and the field's strength
made shift the position of the quasibound state. This shift in the bound state
energy due field's strength is used to tune the lasing frequency and the
output of the semiconductor laser linewidth is improved by changing the
field's amplitude the deriving field.
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INTRODUCTION:

Tunable lasers are different from the traditional lasers because their output

frequency, color, in a given spectral range can be changed. These quantum
devices found numerous applications in many diverse fields. Among the
fields that employ tunable lasers are: laser cooling, atomic physics,
communication, imaging, medicine, remote sensing, etc. Tunable laser,
were discovered by Sorokin et al [1] and Schafer et al [2] in 1966, is a dye
laser. A significant advance toward emission control was provided by
Peterson et al [3] in 1970. However, these lasers were not compact and
required a large two-dimensional diffraction grating. Resonator laser
designed to yield tunable narrow linewidth emission in compact and
improved configurations are the grazing-incident cavities [4-6] and the
multiple-prism grating oscillators [7-9]. These cavity designs have been
successful in tuning and frequency narrowing in gas lasers, solid-state
lasers, and semiconductor lasers.

Semiconductor lasers are vastly used in dense wavelength division
multiplexing (DWDM) networks, including wavelength conversion, optical
routing and multi-wavelength sparing. Many techniques currently being
investigated to produce such lasers [10-15]: external cavity diode lasers
(ECL) offer significant advantages, including wide tuning ranges, high
output power, narrow linewidths with good side mode suppression and
accurate wavelength control. These devices are widely used in test
equipment, but the size and complexity of the optomechanical assemblies
have limited their use in optical Networks [4]. The use of silicon Micro-
Electro-Mechanical Systems (MEMS) to perform the mechanical tuning
functions makes it possible to greatly reduce the size and complexity of the
devices, and combining the ECL and an etalon wavelength locker (WLL) in
the same package results in a compact, robust device suitable for use in
optical networks. [16]

Wenjun and Reichl and others [17-21] studied the electron scattering
through time periodic potential well using Floquet S-matrix. In their study
they found that the oscillator-induced quasibound states can accumulate
electrons and give rise to electrons interchannel transitions at resonance.
The transmission resonances result from the interaction of electrons with the
oscillating field. Also, the applied field causes the bound state of the
quantum well to be shifted by a certain amount because of this interaction.
In this paper, we utilized and improved their result to tune the
semiconductor laser diode.
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This paper is organized as follow: in section 2, we briefly introduced the
bound state in quantum well; and then we introduce Floquet scattering
matrix for quantum well, then the S-matrix structured and used numerically
to calculate the transmissions probabilities with various system parameters.
In section 3, we propose a method to tune the semiconductor laser lasing
frequency and improving the output frequency using an external deriving
field. Section 4 is devoted to the conclusion.

2. Theory:

2.a Bound state

For GaAs finite square well potential, quantum well, the potential is given
by [22]

V()= L <[> a 2.1.1
=k e s CAR)
The Schrodinger wave equation is
d 1d
{—&HYWLV(X)}//(X): Ey(x), (2.1.2)

Where m=m, in the well region and in the barrier region. Here, we are
going to consider the bound state solution which have energies in the range
between 0 andV,, .

Solving equation (2.1.2) in the well and barrier regions and applying the

boundary conditions, we can find the eigenenergies E. In general, the
solutions leads to a quantized eigenenergies [22]

étan ka - b—iEtan ka + lli; = 0 (2.1.3)

2m(E+ 1/
Thus /é—«/ m( ) and b= /2777|E Equation (2.1.3) can be

solved numerlcally by any CAD tools, like Maple or Matlab, to obtain the
energy eigenvalues and correspondingly the allowed bound states in the
quantum well.

2.b Floquet Scattering:
When an external oscillating field with frequency @ and amplitude V, is

applied on the GaAs quantum well, as in figure 1, the Schrodinger wave
equation can be written as

.0 n o’
|hay/(x,t)— o 7 ——w(xt)+V(x,th(xt), (2.2.1)
1
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Thus ml* is the electron's effective mass in the well region, and V(X,t) is

the total field given by
0 Xx>L/2

V(x,t)=1V, +V, cos(wt) —L/2<x<L/2, (2.2.2)
0 —L/2>x

Thus L is the quantum well width, and V, is the field strength.
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Figure 1: Floquet scattering model. The incoming electrons and
backscattered electrons in channels are spaced by field strength 7w .

Flogquet channels are spaced according toE, = E, + nhw [n e[0,0)].
The evanescent mode exists but not included in the figure.

In this treatment, we neglected electron-electron interaction, and we
assume the temperature is low enough so that electron-phonon interaction
can be neglected as well. We assumed the scattering of electrons mainly
from the geometrical structure of the potential.

According to Floquet theorem equation (2.1) has a solution of the form [20]

we (x,t)=e 5" g(x,1), (2.2.3)

Thus E is the Floquet energy that can be determined from the boundary
conditions. We need to solve Schrodinger wave equation (2.1) for each layer
then apply the boundary conditions between the adjacent layers. The
Floquet state, y/, (X,t), inside the oscillating quantum well is given by

w, (X,t)= o EFt/h i i (ameiqu +b,_e )J n_m(i\;l/_lje—inwt’ (2.2.4)
[0

N=—00 M=—00
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Thus a,and b, are constant coefficients to be determined from the

boundary conditions and (], can be found from the following relation
h2q2

r=E. +mhw-V,, 2.2.5
om; F 0 (2.2.5)
When a beam of electrons is incident on the oscillating quantum well the
electrons will be scattered inelastically into Floquet side bands. In order to
be able to apply the boundary conditions between the oscillating quantum
well and the adjacent regions the wave function outside the quantum well

must consist of many Floquet side bands. The solution of Schrédinger wave
equation outside the oscillating quantum well, in regions I and III, is given

by

WI (X,t): i(A:] oikxiEqt/n) A? e(—ikn—iEnt/h))7 (2.2.6)
W” (X,t)z Z‘G:(B:1 @ (Cikox-iEt/R) B e(ikn—iEnt/h))’ (2.2.7)

n=—o
i

Thus Al and B! are the probability amplitudes of the incoming waves

from the left and right, respectively, while A’ and B are the probability

amplitudes of the outgoing waves. The incoming and outgoing waves are
divided into different zones according to channel index n:
E, = E, + nhw, where E is the Floquet energy of the propagating mode

with the lowest energy [17-19]. Also, it is important to mention

thatk, =/2m'E,_/#* . However, when E_ <0,k =+2mE /Ah*is

imaginary, such a mode represents a non-propagate and is called evanescent
mode.

The Floquet Scattering matrix could be obtained; the derivation is given in
[20], using equations (2.4), (2.6), and (2.7). That is

A° A'
#)-o) o2

The S matrix consists of all the probability amplitudes which connect the
coefficients A!,B! to the coefficients A°, B°. The structure of the S-matrix

1S

M, M

S :( s Mg ] (2.2.9)
M BA M BB

Where the elements M ,,,M 5 Mg, and Mg, are given by
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M=) ) femc ) =) fm, -, @2.10a
M= L o) =) Jemcmns) e ) P, @2.000)
Mg, :%{M; -[(M;)‘1 +(M;)‘1]+ |\/|g[(|v|;)‘1 —(MS‘)_IB-Mr (2.2.10.c)

Mg —l M M;) 1 _(Ms_)il +M/ (M;) +(Ms_)71 ‘M, =M, (2210d)

|
Where
M =[(k, +a, )7 £k, —qm)e“‘m“z]Jn_m(;/—;J, (2.2.11.2)
M, =2k.e ™25, |, (2.2.11.b)
MZ = e“kn*qm)“an_m(ij, (22.11.¢)
ho
M, =e™"s, (2.2.11.d)

In the S-matrix each element gives the probability amplitude of electron
scattered from Floquet sideband m to sideband n[n,m e (- c0,)].

The S-matrix of the incoming and outgoing Floquet sidebands is in the
following form

r00 r01 . . t(‘)0 t(‘)l

r10 rll N . t;O tlv 1
(2.2.12)

S= . .

tw o . R O

t01 t11 . . r-1’0 r-1‘1

Where r,,and t  are the reflection and transmission coefficients,
and t

nm >

respectively, for modes incident from left; r and for modes

nm

incident from right; r, andt . The other modes like t_ ,,r  in the S-

matrix, does not appearing in equation 2.12, correspond to probability
amplitude describing an electron with incident energy E being scattered

into the evanescent mode E_| = E) —Aw. In other word, the electron lost a

quanta of @ upon its interaction with the oscillating quantum well.
From the scattering S-matrix the total transmission coefficient can be
obtained
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© 00 k 2
T= sz—| N (22.13)
According to Landuar-Biittiker formula [22-24] the total conductance,
which can be measured experimentally, is given by

G= %T (2.2.14)

In the numerical simulation, the minimum number of sidebands, channels,

1s determined by the strength of the oscillation according to [17, 21]
Nz V, /ho (2.2.15)

The numerical routine showed some deviation from equation (2.2.15).We
took this deviation into consideration by monitoring the probability of each
channel. Then, we can decide if the number of channels included is enough
or not.In figure2 we numerically find the transmission trough oscillating
quantum well using the following parameters which were used in reference
[20]:
V, =-20meV, V,=5meV, L=10A", m; =0.067m,,and o =1meV .
According to equation 2.15, we need 5 sidebands to take into account. So,
the all over sidebands in the scattering pattern is 11; 5 above the incident
energy and 5 below the incident energy. The energy of each sideband is
givenby E, =E; +niw with n=0,£1,.....xN,andN =5.
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Figure2: The Transmission coefficient T as a function of the incident
energy for the listed above system parameters, the solid line. The
secondary axis shows the accumulation of electrons in quasi bound
state.

As it can be seen in figure 2, the transmission has a dip followed by a
sharp increase in the transmission at specific energy value. This is called
asymmetric Fano resonance [17] at E=0.826 mel”,

(E=hw- |E;|» 0.826me1”), where Eg is the bound state energy when

|z
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V, =0 which equals - 0.174#¢1” . This dip is occurred when the difference

between the incident electron energy and the bound state is equal to
ho,2ho,....

In figure 3, we explore the effect of the oscillating frequency,%®, on the
transmission pattern. The number of channels included in this figure is
according to equation 2.2.15. In figure 3-a, we plot the transmission
coefficient versus electron's incident energy with different values of
ho .The first curve resonance occurs at 0.32z¢1” with field incident energy
is 0.5Aw, the second curve resonance occurs at 0.826»2¢1” when the incident
field energy is %@, and the third curve resonance occurs at 1.36z¢1” for the
incident field energy 1.54w. In figure 3-b, we show the electrons
accumulation in the quasibound state which occurs where the resonance
occurred. Notice, the higher the energy of the oscillating filed energy is the
higher the quasibound states that can be accumulate electrons.

I I I I I
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Efrmeld)

Figure 3-a: The transmission coefficient T as function of incident
energy for different oscillating field energies. Curve 1(dashed)
with 0.5%@, curve 2 (solid) withze , and curve 3 ( dotted) with1.5%®.
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Figure 3-b: The accumulation of electrons in the quasi bound state
induced by the oscillating driving field with energies listed in figure 3-a.

In figure 4, we studied the effect of the strength of the oscillating field,V,,
on the electronic transmission through the oscillating quantum well . The
number of channels included to reach this figure is given by equation 2.2.15,
which ranges between seven to fifteen channels. The system of parameters
areV, =-20meV, L =10A°", m, =0.067m_, and %@ =1 meV . In figure 4-

a, we plot the transmission T  versus the incident electron energy but with
different amplitudes of the incident deriving field. We notice an increase in
the asymmetric Fano resonance widen with increasing V, . In figure 4-b, we
plot the accumulation of electrons in the quasibound state. The quasibound
state is sharper when V, is small but it is broader when V, takes high
values. This broad quasibound state gives high uncertainty in electron's
energy piled up in the quasibound state. Ironically, the increase in the field's
amplitude leads to broad quasibound state, figures 4-b and 4-c, and less
electron accumulation in the quasi bound state. Also, we noticed that the
position of the quasibound state displaced to lower energy values when the
amplitude 1] is displaced to higher values. This shift in the position of the
quasibound state is not predicted by [20], and for the moment we cannot
give a reasonable explanation for this behavior.
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Figure 4-a: The transmission coefficient T as a function of the incident
energy for different oscillating field amplitudes listed in the figure
legends in units meV.
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Figure 4-b: The accumulation of electrons in the quasi bound state
induced by the oscillating driving field amplitudes that are listed in the
figure legend in meV.
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Figure 4-c: The accumulation of electrons in the quasi bound state
induced by the oscillating driving field amplitudes that are listed in the
figure legend in meV.

Here, we will utilize all the information gained from the above figures. If
we want a sharp and high accumulation for electrons, we need to use high
values for the oscillating field energy, @, and law field amplitude values.
The position of the quasibound state can be shifted by changing the field
energy, but once the device is fabricated the only parameters that can be
used to control over are the field energy and the amplitude. In figure 5(a and
b), we plot the transmission and the electron accumulations for the

following system of parameters: V, =20, =, = 0.067»,, ho =1.5meV ,
and I, = 0.5m¢l”
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Figure 5-a: The transmission coefficient T as function of incident
energy for the following system parameters: v, =-20, ' = 0.067,

ho =1.5meV , and 1/, = 0.5m1”
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Figure 5-b: The accumulation of electrons in the quasi bound state
induced by the oscillating driving field amplitude with the system of
parameters that are listed in figure 5-a.

3. Tuning the SCL :

We describe a simple form of semiconductor laser diode [23-30] and the
references therein. The semiconductor laser structured from a thin
layer(0.1~0.2um) of GaAs which is sandwiched between two layers of

Ga;xAliAs of opposite doping forming a double heterojunction. Figure 6
shows the energy band structure of a diode laser. Figure 6, shows the
conduction and valance band edges in a heterojunction diode at full forward
bias. In this structure a potential well of electrons of height AE. which

coincides spatially with a well for holes of height AE,. In other word, we

have a direct band gap structure which is recommended for light generation
devices. Under forward bias witheV, ~ E, where V, is the applied voltage

and E; is the energy gap, the large densities of injected electrons from the

n side and holes from the p side in the well, causes the inversion
condition, given by

Er. —Ep >ho (3.1)
Where E..,and E., are the quasi-Fermi energies for electrons in the

conduction band and holes in the valence band, respectively, and %®, the
photon’s energy in electron volts, where @ is the lasing frequency.
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Figure 6: Schematic diagram of a semiconductor laser diode. The
conduction and valence band edges under positive bias in a double
heterojunction GaAlAs/GaAs/GaAlAs laser diode. The black circles is
electrons and the hollow circle is the holes.

The GaAs inner layer, where stimulated emission takes place, is called the
active region. To maintain the lasing action of the gain medium, it is
necessary to confine the light as tightly as possible to the active region.
Since the walk away modes does not contribute to the gain. This
confinement can be achieved by dielectric waveguiding effect due the
dielectric constant difference between the gain medium and the barrier
regions. When the optical mode is confined to the active region the diode

laser lases at frequency @ with photon energy,
ho=E. —Eg. (3.2)

From the discussion in section 2, we know that the effect of the oscillating
driving field causes the bound state to be shifted by a significant energy
value to form a quasibound state. The gain region under the effect of
oscillating deriving field would cause the energy difference between the
quasi-Fermi energy levels for electrons and holes to widen out. Thus, the
laser frequency tuned to higher frequency values which changes the laser
diode output frequency,

ho =E

Ee (3.3)

Where @ is the new lasing frequency, and E. and E, are the new quasi-

'
c —

Fermi energy levels for electron in the conduction band and for hole in the
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valence band, respectively, under the presence of the external oscillating
driving field. Another possible refinement of the laser operations is to lower
the laser linewidth and increasing its monochromaticity. This happens, when
the electrons piled in the quasibound state, but according the system
parameters this pile of electrons can be sharp or wide over a significant
energy interval, see figures 4-b and 5-b. For a good laser operation it is
desirable to confine electrons in a very narrow energy band. This
confinement would lead to lower laser linewidth and would increase the
monochromaticity of the laser diode output. The laser intensity can be
controlled by controlling the number of electrons can be trapped in the
quasibound state. Once the laser diode is fabricated cannot control neither
the effective masses of the well nor the barrier regions. In figure 5-b, the
controlling factor of the height and width of the quasibound state is the
oscillating field amplitudeV,, the quasibound state has almost the same

position in energy which means the lasing frequency would not change
significantly with changing the field amplitude, however the intensity does.

CONCLUSION:

We developed Floquet scattering theory to determine the scattering matrix,
S-matrix, for oscillating quantum well driven by external field. By
numerically solving the S-matrix, we were able to determine the quasibound
state induced because of the oscillating driving field and the profile of the
electron accumulation in the quasibound state. Also, with the aid of the
numerical code, we were able to study the effect of the system’s parameter
of the transmission amplitude. We found out that the most important
parameters of the system are the field energy and field amplitude, which we
can control. The physical parameters of the semiconductor diode we cannot
be controlled once the device is fabricated. The shift detected in the bound
state energy is used to tune the lasing frequency and the output laser
linewidth of the semiconductor laser by changing the deriving field
frequency and amplitude.
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