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In this paper, the slow and fast light (SFL) effects of the semiconductor optical amplifier (SOA)
having certain facet reflections are theoretically investigated. The theoretical model is used to ac-
count for the SFL phenomenon causing the coherent population oscillation. The influence of the
current modulation frequency, the value of the current, the linewidth enhancement factor, facet re-
flectivity as well as the relative phase of the modulated current on the phase delay in the SOA are
studied. It is demonstrated that the SFL effect could be controlled by the modulation frequency,
the value and relative phase of the current. Finally, it is shown that the magnitude of the SFL delay
could be tuned by a change in the linewidth enhancement factor as well as the facet reflectivity of
the SOA.
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1. Introduction

Semiconductor optical amplifiers (SOAs) have a wide range of applications in all-op-
tical signal processing technologies of next-generation optical networks for advantages
such as various nonlinearities, direct current pumping, wide operational range, and small
footprint [1,2]. However, the nonlinearity is limited to the processing of high-speed
signals, which is a disadvantage for SOA-based applications. Methods for improving
the nonlinearity of the SOAs have gathered much attention [3,4]. Several methods
have been proposed to alleviate this problem. For instance, a variety of structures, such
as the quantum dot, multiple quantum wells, and varying composition quantum wells,
which have different material gain spectrum, refractive index, and differential gain
properties, were used for fabricating the SOAs. Other measures concentrate on im-
proving the nonlinearity by introducing slow light in the semiconductor medium [5, 6].
Slow light is the propagation of an optical pulse at a very low group velocity. Slow
light occurs when the pulse propagation is slowed down due to the interaction with the
medium.
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Currently, there are two approaches to slow light generation: one uses dispersion
which finds an optimal structure that enhances the nonlinear response through geomet-
ric properties; the other uses nonlinear optical effects such as electromagnetic induction
transparency, coherent population oscillation, Raman, and Brillouin amplification [7,8].
In this paper, the phenomenon of slow and fast light (SFL) generation is analyzed using
coherent population oscillation in SOAs. Coherent population oscillation is powerful
physical mechanism which allows for the variation of group velocity. Coherent pop-
ulation oscillation produces a narrow hole in the gain spectra as a consequence of the
periodic modulation of the carrier density at the beat frequency between a control field
and a probe field. SFL at room temperature can be achieved in semiconductor quantum
wells and quantum dots [9].

A theoretical model is constructed based on the coherent population oscillation ef-
fect within a facet-reflective SOA. This is because the coherent population oscillation
technique can easily be implemented at room temperature and has a simple structure.
The parameters of the SOA, such as the modulation frequency of the injected current,
the magnitude of the direct current, the relative phase of the modulated current, the
linewidth enhancement factor of the SOA, and the facet-face reflectivity, are all ana-
lyzed to reflect the effect of the SOA parameters on the modulation of the SFL effect
from the phase delay.

2. The theoretical model

We consider a current-driven SOA, assuming that the injected light signal consists of
a direct current control light signal £, and two sideband light signals £, and E_,, de-
picted in Fig. 1. The amplification and absorption characteristics of the semiconductor
medium can be achieved at a relatively low injection current by regulating the injection
current of the SOA.
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Fig. 1. Current-modulated SOA and the spectral components of the injected optical field (angular fre-
quency of the sidebands shift from w by d: w,; =w + ).
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The reflectivity of the front and the rear-facet of the SOA are taken as R, and R,
to simulate the propagation of the light field in a semiconductor. One needs to consider
the case where the light beam ¢*(¢) hits the medium. The light field can be shown as
follows [10,11]:

ex(t) = -;—Ei(t)exp(—iwt) +c.c. (D)

Here is the angular frequency of the optical field and E*(¢) is the slowly varying am-
plitude. In this article, the superscript “+” indicates a light field transmitted forward,
and the superscript “—” indicates a light field transmitted backward. Assume that the
field is composed of a strong control beam Ej; and two sidebands E; and E*,. Then
the expression £*(¢) can be shown as follows:

E*(t) = Ej(t) + E(t)exp(—idt) + E* (¢)exp(idt) (2)

The three components of the electric field interact with the carriers in the semi-
conductor through the simulated emission when this modulated beam passes through
the SOA. The modulation of the carrier concentration enables the creation of frequen-
cy beat between optical waves. The carriers in the semiconductor can follow the os-
cillation between the conduction and valence bands when the beating frequency is
sufficiently small, generating a temporal grating and initiating an energy exchange be-
tween the control and sideband fields. The rate equation of carrier density N is:

W LB nen S B |0l G)

Here [ is the injection current, ¢ is the electron charge, V' is the volume of the active
region, /" is the light field confinement factor, w, is the angular frequency, % is Planck
constant, is the carrier lifetime, ¢ is the speed of light in vacuum, n,,, is the background
refractive index of the material, ¢, is the permittivity in free space, and g(N) is the
mode gain which can be represented as follows:

g(N) = a(N-N) 4)

Here a is the differential gain coefficient, and MV, is the transparent carrier concentration
in the active region.

In the study of SFL performance in the SOA, the optical beam and the bias current
are modulated at the same frequency. By modulating the bias current to generate os-
cillations, the bias current and carrier density can be described as follows:

I(t) = I+ 1, exp[~i (0t — )] + I exp[i(5t - y)] (5)

N = Ny+N_,exp(iot) + N exp(—iot) (6)
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Here, I, is the direct current, 7, is the modulation current, and y is the relative phase.
We assuming that the modulation of the detection light field can be expressed and con-
trolled by the phase of the modulation current, and that the current is independent of
the spatial coordinates. Next, IV, is the static carrier density and N, is the amplitude
of the carrier population oscillation of the corresponding sideband. The three compo-
nents of the electric fields interact with each other and cause a relative phase shift when
the modulated beam passes through the SOA. The interaction of the sidebands and the
control beam produces a coherent population oscillation effect, which results in chang-
es in the temporal refractive index and the group velocity of the light signal; thus, pro-
ducing a phase shift [12,13].

For solving Eq. (3), the expressions for E(¢), g(N) and I(¢) are substituted into
Eq. (3) to obtain the following equation:

N,
—((11]—;]— = —i;]— + —Tt—{R(’)-i-Rl’exp[—i(&t— l//)] +Rilexp[i(5t— 1//)}}
(N_Nt) 1 +12 4k ot + otk
- —_— + + —i
P2 nbgceo[|EO| (EyE| +EjE)exp(—idt)
(ELET + Ea’*Efl)exp(iét)}
_ (N_Nt) 1

—12 — s — —— .
P 7nbg580[|E0‘ +(E) E; +E E_)exp(—idt)

T+ (EqE; "+ Ey"E7) exp(iét)} 7)

Where the following normalized currents R ,, and power P, are defined as:

' T

R = —] 8
0, +1 qVNt 0, +1 ( )

p, = 1 )
s Tat

It is assumed that there is no interaction between the forward-transmitted and back
-transmitted light signals. The slowly varying envelope approximation of the propa-
gation equation is:

dE*
dz

= g1 —if)E* (10)

where f is the linewidth enhancement factor.
The expressions for g(N), N(¢) and E*(¢) are substituted into Eq. (10) to obtain
the following equation:
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dE*
dz

La—ipyan Mo M (iél)+£ex (—id1)
2 4N NP NP

t t t
v [E;(z) + EE(t)exp(~idt) + Ej(t)exp(iat)]

_ OEj . OE™, - OET
oz Oz exp(i01) 0z

exp(—idt) (11)

After rectifying the Eq. (11), equations for the propagation of the optical field are
given by:

OE, 1 N, N, N,
= —(1-ip)aN (——I)EiJr-——EiJr Ef 12
p > ( if)aN, N, 0 N, - N, 1 (12a)
OET 1 N, N,
= —(1-ip)aN, (———I)Ei-l——Ei 12b
5 = e (B (12b)
OE7, 1 Ny N,
— = —(1-i N(————l)EiJr—Ei 12
E 5 ( if)aN, N, ~1 N, 0 (12¢)
At the same time, differentiating for # in Eq. (6) gives:
dn,
AN S0 L 5N exp(idt) — iGN, exp(~idr) (13)
dt dr
Combining Egs. (7) and (13) gives:
No _ Ro* 4y (14a)
N, 1+gq,
N, _ Riexp(iy) —(Ny/N,—1)g, (14b)
N, 1+gq,-idr
N N Y
= I e 4 (14c)
Nt Nt

Using (12) and (14), the following set of equations for the amplitudes of the optical
fields are obtained:

OE;  aN,(1-ip)

) {(R’o Dz s 2LIOPE) ~ Ro7 Dy

-1

0z 20, w,—i0T

(15a)

o R'exp(—iw)—(RL—1)q]
N A p(—iy) (o )qlEl{|

w,+i0tT
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OEY aN.(1—i (R)— 1)gq w R exp(i
oz 20, .~ ot w,— 10T
(15b)
O0E™ aN (1-i (Ry— 1)q] o R exp(—i
5o eN(-ip) [(R(’)—I)Ej— 0= 41 e, O p.( 2 (ﬂ
0z 2m, w,Tiot w,+idt
(15¢)
Among them, the normalized optical powers are defined as follows:
2 -2
_ 1, . 1Bl +[Eo|” (16)
99 5 g0 P,
1 EJ'E{+EjE' [+ E,*E; +E E 7}
91 = — MgCeo P (17)

S

In Equation (15), o, =1 + g,. For SFL in semiconductor waveguides, the group re-
fractive index is generally used as a measurement parameter:

v, = — n,6=n +%w—n + An (18)
g ng’ g bg dw bg g

Here n, is the group refractive index, and v, is the group velocity of the waveguide.
It can be seen that the group velocity is inversely proportional to the group refractive
index. The group refractive index consists of two parts: the intrinsic refractive index
of the material n,,, and the change in the refractive index caused due to effects such
as coherent population oscillations An,. While the change in refractive index can be
reflected by the phase delay [14]:

A
An, = LAt = =22

e L L 4 (19)

Here At is the length of the transmission time, L is the length of the waveguide, and
A is the phase delay of the light wave. In Eq. (19), we can see that the change in the
refractive index of the group is proportional to the phase change, which implies that
the slow-fast light effects can be measured by phase delays on the light signal envelope.
The SFL effect would be detected by the amplitude and phase of the modulated signal £.

All equations in the model are solved by using a numerical simulation. The SOA
is divided into many equal sections to find the carrier density for each section. The optical
signals are varied along the forward and backward propagating directions. The reflect-
ed and transmitted optical fields at the end face are calculated according to the reflec-
tivity R, and R,. The photon concentration and phase are calculated for each section.
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3. Results of simulations

Based on the numerical model of this paper, this section discusses the effect of the fac-
et-reflection-based SOA parameters on the SFL. The design on facets reflections may
include two coating schemes, reflective coating on two facets or AR coating on the
front-facet and reflection coating on the rear-facet. The optical field limiting factor I
is 0.5 in the numerical model. The active carrier lifetime 7 is 300 ps. The length L of
the SOA is 0.3 mm. The gain coefficient is @ = 3 x 102 m?. The transparent carrier
density is N, = 1 X 10'® cm™. The background refractive index of the material is
Npg = 3.2.

The phase delay variation of the forward output signal with modulation frequency
in the case of the parameter linewidth enhancement factor £ = 0, the injection currents
Ip,=100mA, and /., =1 ; =10 mA, is shown in Fig. 2. Here, the solid line is the curve
E, and the dashed line is the curve E_; that are filtered out using optical filters. These
two curves have a symmetrical shape since the sideband signal transmission equation
in Eq. (15) is conjugate, leading to the phase being opposite. The second term of the
Eq. (15) on the right side of the equation reflects the four-wave mixing effect. The co-
herent population oscillation generates the slow light and fast light phenomenon due
to the four-wave mixing effect. We get the maximum value of the phase delay when
B =0, the phase delay is proportional to 67/(w? + (67)?), and when w, = d7 resonance
is generated.

There is a control beam optical power of 15 mW and a sideband optical power of
10 mW injection, and the phase delay of the forward transmission signal varies with
the modulation frequency for different direct currents as shown in Fig. 3. It can be seen
that by increasing the modulation frequency, the phase delay tends to increase first and
then decreases; the maximum phase delay is near | GHz. The maximum phase delay
shows a gradually decreasing trend, and the phase delay changes from a positive to
a negative value when a larger direct current is injected.

§/27 (GHz)

Fig. 2. Variation of phase delay with modulation frequency.
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Fig. 3. For different direct currents, the phase delay varies with the modulation frequency.
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Fig. 4. For different input modulation currents, the phase delay varies with the magnitude of the direct
current.

Figure 4 shows the variation of the phase delay with the direct current magnitude
for different input modulation currents. It can be seen that as the injected control beam
becomes larger, the phase delay tends to become smaller. At the same direct current,
the phase delay becomes larger as the input modulating current increases. The trans-
parent current is also different for different modulating currents. As the modulating
current increases, the transparent current also increases. The phase delay is positive
when the input direct current is less than the transparent current; then, the slow light
is obtained. Also, when the input of direct current is greater than the transparent current,
the phase delay is negative, implying that the obtained light is fast.

The light signal is in the absorption region, the optical power in the SOA gradually
decreases from the front-facet to the rear-facet, and the phase delay is positive, which
means that the slow light is obtained when the direct current input is smaller than the
transparent transmission current as shown in Fig. 5(a). The light signal remains in the
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Fig. 5. Steady-state carrier density and optical power distribution in SOAs.

gain area, the optical power gradually increases from the front-facet to the rear-facet,
the phase delay is negative, which means that the fast light is obtained when the input
direct current is larger than the transparent transmission current, as shown in Fig. 5(b).

The phase delay of the control beam signal and the sideband light signal varies with
the modulation frequency for different linewidth enhancement factors, as shown in
Fig. 6. The phase delay of the control beam signal is equal to 0 when the linewidth en-
hancement factor § = 0, and it does not change with the modulation frequency. The two
sideband light signals display a symmetric phase change correlation. Overall, the phase
delay of the control beam signal and the two sideband light signals are moved up when
the linewidth enhancement factor is not equal to 0. The control beam signal is no
longer 0, and the phase delay for both the sideband light signals is no longer a sym-
metric correlation. Additionally, the phase delay of the signal light £ ; changes from
negative to positive. This means that the sideband signal light changes from fast light
to slow light.
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Fig. 6. Variation of the phase delay with modulation frequency for different linewidth enhancement
factors for light signals E, E; and E_; (black solid line for E,, red dashed line and blue dotted line for
E, and E_,, separately).
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Fig. 7. For different rear-facet reflectivity, the distribution of steady-state carrier density in SOAs.

In the following analysis, the linewidth enhancement factor is set equal to 0 and
the modulating current size is set to 10 mA for analyzing the effect of the facet reflec-
tivity on the fast and slow light. From Fig. 7, it can be seen that the facet reflectivity
has a larger impact on the front-facet steady-state carrier density. The larger the rear
-plane reflectivity, the more would be the light signal reflected, leading to a larger con-
centration of photon numbers at the front-facet. The higher the photon concentration,
the more carriers in the active region may be consumed. As a consequence, the carrier
density of the front-facet in the SOA with large rear-facet reflectivity is smaller than
that in the SOA with small rear-facet reflectivity.

In the case of the front-facet reflectivity R, = 0, which is obtained by slow light, the
phase delay of the forward output signal with modulation frequency is given, as shown
in Fig. 8(a). We can see that the maximum phase delay decreases with the increase of
the reflectivity at the rear-facet. In the case of fast light, the change of the output phase
delay is given, as shown in Fig. 8(b). At this point, the peak value of the phase delay

4 6
8127 (GHz) o127 (GHz)

Fig. 8. For different rear-facet reflectivity, the phase delay varies with modulation frequency.
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Fig. 9. For different front-facet reflectivities, the variation of the maximum phase delay with the magni-
tude of the rear-facet reflectivity.

increases with an increase in the reflectivity of the rear-facet. It could be seen that the
fast-slow light effect can be influenced by the size of the rear-facet reflectivity.

In the case of different front-facet reflectivity, the obtained curve of the phase delay
variation varies with the magnitude of the rear-facet reflectivity, as shown in Fig. 9.
The maximum phase delay variation works from the curve of phase delay change with
the modulation frequency. The input current setting is smaller than the transparent
transmission current, as shown in Fig. 9(a). Therefore, the obtained phase delay is pos-
itive; thus, obtaining the case of slow light. From the figure, it can also be observed
that the obtained maximum phase delay variation gradually becomes smaller as the
rear-facet reflectivity becomes larger. At the same time, the difference of the phase de-
lay obtained from different front-facet reflectivity is not noticeable when the reflec-
tivity of the rear-facet is small. In the large reflectivity of the rear-facet, the phase delay
decreases as the reflectivity of the front-facet increases. The input current setting is
larger than the transparent transmission current, as shown in Fig. 9(b). The case of fast
light is obtained, and the obtained phase delay is completely negative. From the figure,
it can be seen that the obtained maximum phase delay variation gradually becomes
larger as the rear-facet reflectivity increases. A larger maximum phase delay variation
can be obtained when the front-facet reflectivity is small. Therefore, in the slow light
area, when the rear-facet reflectivity is small, a larger phase delay variation can be ob-
tained. While in the fast light area, a larger variation of phase delay can be obtained
when the rear-facet reflectivity is large.

The phase delay of the light signal with the relative phase of the modulating current
for different rear-facet reflectivity is shown in Fig. 10. From the figure, it can be ob-
served that the phase delay shows a sine wave-like variation pattern as the relative
phase increases. The phase delay curve is symmetric, A g =0. The variation of the curve
gradually decreases when the reflectivity of the rear-facet gradually increases. Mean-
while, changing the relative phase allows the signal to switch between the SFL. These
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Fig. 10. For different rear-facet reflectivity, the phase delay of the light signal varies with the relative
phase of modulating current.

analyses are beneficial to us for using the device parameters in the SOA to adjust
the SFL. Enhanced signal processing can be performed using both the SFL.

4. Conclusion

In this paper, a numerical analysis model of the fast and slow light effects caused due
to the nonlinear effects of coherent population oscillations in facet-reflectivity SOA
is constructed. The importance of higher-order nonlinear effects of the facet-reflec-
tivity SOA on the interaction between light and matter is demonstrated in this study.
The phase delay can be altered by adjusting the parameters of current modulation fre-
quency, the magnitude of direct current, and the rear-facet reflectivity in the SOA,
thereby demonstrating that the fast and slow light effects in the SOA can be controlled
by these parameters. When the direct current is small, it is more effective to use the
magnitude of the direct current to adjust the phase delay of the SFL. A larger phase
delay can be obtained when the modulation current is higher, and the modulation fre-
quency is near 1 GHz. In addition, for slow light, the larger the facet-reflectivity, the
smaller would be the change in phase delay. For fast light, the larger the facet-reflec-
tivity, the larger would be the change in phase delay.
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