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An all-optical buffer based on polarization rotation in an EAM*
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A theoretical model of the refractive index changes of the TE and TM modes in an electro-absorption modulator
(EAM) is deduced. The photon absorption and refractive index changes are analyzed numerically. The influence of pump
intensity on the phase difference between the TE and TM modes is studied. The polarization rotation effect is obtained in

the EAM, and a novel all-optical fiber loop buffer is designed.
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1. Introduction

The all-optical buffer is the key component of an all-
optical switching network. A review of previous studies
reveals that the all-optical buffer-based fiber ring is most
practical.[!l Based on the Franz—Keldysh effect,?! an electro-
absorption modulator (EAM) is an optical signal modula-
tor which has the advantages of low power, fast process-
ing, and a simple process. Meanwhile, it can achieve both
electro—optic operation and optic—optic operation. It is already
widely used in high-speed communication systems for coded
modulation, 3! ultrashort pulse generation,* and wavelength
conversion.®! Also, it can be integrated with other devices to
accomplish even more functions. 68

However, the polarization property of EAMs is often ig-
nored. In recent years, it is well known that an EAM can cause
a significant change in refractive index!®! when the change in
the carrier concentration reaches 10'® cm=3. For the TE and
TM modes of input light, the changes of the refractive index
values are not exactly equal, which leads to a phase difference
between them. In Refs. [10] and [11], the wavelength conver-
sion is achieved by controlling the specific polarization of the
output light, but no theoretical model of the refractive index
difference was given.

In this paper, a theoretical model of the refractive index
changes both parallel and perpendicular to the waveguide sur-
face in the situation of strong light injection into the EAM
is deduced. And the influence of light intensity and photon-
generated carrier concentration on the refractive index differ-
ence between the TE mode and TM mode is analyzed. Fi-
nally, a novel fiber ring all-optical buffer is designed based on
polarization rotation switching of an EAM. Compared with a
similar all-optical buffer-based semiconductor optical ampli-
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fier (SOA), this all-optical buffer has a faster read-write speed.

2. Theoretical model

If a beam of continuous light is injected into a rectangular

waveguide of a semiconductor, the photon-generated carrier

concentration in the stable state can be described as!?]

AN = \/IyoB (1—R) e=% /hvB;, )

where [ is light intensity, « is the absorption coefficient of the
semiconductor material for the pump light, 8 is the quantum
efficiency, R is the reflection coefficient of the interface be-
tween air and the semiconductor, z is the distance along the di-
rection of the pumping light irradiation, 4 is Planck’s constant,
v is the pump light frequency, and B, is the radiation recom-
bination coefficient. Equation (1) shows the stable-state car-
rier distribution in stable uniform illumination along the beam
direction. Photon-generated carrier concentration is propor-
tional to the square root of the pump light intensity.

When a beam of signal light is launched into the waveg-
uide (Fig. 1), the change of the carrier concentration induced
by the pump light leads to different absorption coefficients for
the TE and TM modes of the signal light. According to the
Kramers—Kronig constraint, the changes in the refractive in-
dices of the TE and TM modes are not equal.
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Fig. 1. Schematic diagram of input/output in rectangular waveguide

In the long-wavelength range, the free-carrier absorp-
tion and band filling effect are the primary factors to bring
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about a variation of absorption coefficient along with a change
of photon-generated carrier concentration. Because the free-
carrier absorption has the same effect on both the TE and TM
modes, only the band filling effect is considered here.

In the band filling effect, the changes of the absorption
coefficients along with the carrier concentration are given by
the square root law!!!

Aa(N,PE) = %\/r'l)g[fv (Ean) — fo (Ebn) — 1]
n %m[fv (Ea) — fe (Et) — 1], (2)

where N and P are the concentrations of free electrons and
holes, E is photon energy (E = hv), E, represents band-gap
energy for the material, C is a constant, vy = Ey/h, f.(Ep)
is the probability of a conduction band state of energy Ey, oc-
cupied by an electron, fy (E,) is the probability of a valence
band state of energy E, occupied by an electron, and E}, and
E, denote energy in the conduction band and valence band
respectively. 3]

The probabilities f. and f, are given by the Fermi-Dirac
distribution functions

fC (Ebhbl) = |:1 —|— e(Ebh.bl_EFc)/(kBT):| -1 , (3)

where kp is Boltzmann’s constant, and T is absolute tempera-

ture. Er, and Ef, are the carrier-dependent quasi-Fermi levels.

They can be estimated by the Nilsson approximation!#!
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Applying energy and momentum conservation, equation (7)

Ef

C

can be written as

ne
Eahal = (Eg —E) (W) —Eq, @)
Mph 1h
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where m. , mpy, and myy, refer to the effective masses of elec-
trons, heavy holes, and light holes, respectively.

It can be seen on the right-hand side of Eq. (2) that the
first term refers to the impact of heavy holes, and the second
term is related to the light holes. In addition, the absorption
activities of the TE and TM modes separately generate heavy

holes and light holes. Therefore, equation (2) can be rewritten
into the forms

Ao (N,P E) = Aorg + Aoy, )
G
Actrg = %\/v — g [fv (Ean) — fo (Eon) — 1], (10)

Ao = o [y (Ea) — fe(Bo) 1] (1D

According to the Kramers—Kronig constraint, the change
in refractive index is given by

he [ Ao (N,P.E)
A”(N,RE):*/U “EFI_ g

!
p dE". (12)
Without illumination there is so little free-carrier concentra-
tion that it has almost no effect on the changes of refractive
indices. With high illumination, the photon-generated carrier
concentration is far higher than the native carrier concentra-
tion. Moreover, the numbers of photon-generated electrons

and holes are equal, so equation (12) can be rewritten

hc [~ Ao (AN,E')

me Jo
The refractive index changes of the TE mode and TM mode

dE’. (13)

are given by

hc = AoTg (AN,E/) ,
A AN,E) = — ————=dE 14
NTE ( ) ) e A E/Z — E2 ) ( )
he [= Aoy (AN,E') .,
A E)=— ————dE". 1
NT™M (ANa ) Te /0 E,2 — E2 d ( 5)

So far, we have deduced the relationship between the
refractive index changes of TE and TM and the photon-
generated carrier concentration. We have obtained a theoreti-
cal model of the refractive index changes of TE and TM.

3. Simulation analysis

Based on the above theory, the influence of light inten-
sity and photon-generated carrier concentration on the refrac-
tive index difference between the TE and TM modes is ana-
lyzed. In order to determine the material of EAM, the sig-
nal light and pump light are chosen. Light at 1310 nm and
1550 nm is used in the field of communication. Because the
variation of refractive index caused by the change of carrier
concentration is relatively significant in the long-wave band,
light sources at 1550 nm and 1310 nm are chosen as the sig-
nal and pump lights. The material selected for the EAM is
Ing 53Gag 47As, due to its strong absorption of pump light.
For this material, the refractive index is 3.67, the quantum
efficiency is almost 1, and the reflection coefficient is 30%.
For Eg =0.798 eV, me = O.O41m0, Mphh = O.45m0, and mp =
0.052my, (151 the recombination efficiency B, is estimated to be
B, =2.5x 10721 m3/s.[16]

A simulation is carried out to analyze the refractive index
difference between the TE and TM modes. Figure 2 shows
the changes of photon-generated carrier concentration along z
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under different intensities of pump light. The pump light is
stronger and has a greater carrier concentration. The rate of
carrier concentration decay depends on the EAM absorption
coefficient, and it declines rapidly when the pump light inten-
sity is greater.

—— L =0.5%x10° W/m?
I, =0.75X109 W /m?
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Fig. 2. (color online) Photon-generated carrier concentration in the lon-
gitudinal direction.

An increase of carrier concentration increases the prob-
abilities that electrons and holes occupy the conduction band
and valence band respectively. From Egs. (10) and (11), we
can see that these probabilities impact the absorption coeffi-
cients. So a change of carrier concentration will affect the
absorption coefficients for the signal light. In accordance with
Egs. (10) and (11), when the photon-generated carrier concen-
tration is two orders of magnitude more than the original car-
rier concentration, the absorption coefficients of TE and TM
will significantly change along with the light wavelength. As
shown in Fig. 3, when the carrier concentration is 102 cm™3,
the decreased values of the TE and TM modes’ absorption co-
efficients is not the same under the same photon-generated car-
rier concentration. The absorption of the TE mode is less than
that of the TM mode, while the input light wavelength is near

the band gap.
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Fig. 3. (color online) Changes of TE and TM absorption coefficients as
functions of wavelength.
According to Egs. (14) and (15), for a certain photon-
generated carrier concentration, the changes of the TE and
TM refractive indices as functions of input light wavelength

are presented in Fig. 4. The break point near 1550 nm corre-
sponds to the band gap wavelength. Light with photon energy
less than the band gap energy cannot be absorbed.
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Fig. 4. (color online) Changes of TE and TM refractive indices as func-
tions of wavelength.

The relationships between the absorption coefficients of
the TE and TM modes and the photon-generated carrier con-
centrations are shown in Fig. 5. The absorption of the TM
mode is greater than that of the TE mode near 1550 nm. As
the photon-generated carrier concentration grows, the differ-
ence of the absorption coefficients increases.
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Fig. 5. (color online) The change of apg—orrm as a function of wave-
length (a) in a wide range of wavelengths and (b) near the band gap
wavelength.

From Egs. (14) and (15), we can plot the refractive index
difference between the TE and TM modes. The ntg—nTMmvalue
is greatest when the signal wavelength is close to the band gap
wavelength. Moreover, the greater the carrier concentration,
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the higher ntg—ny. But when the carrier concentration is
greater than 10'8 cm™3, the value of nrg—nry does not change

much.
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Fig. 6. (color online) The change of ntg—nTMm as a function of wave-
length.

Above all, the refractive index difference between the TE
and TM modes in the EAM has been demonstrated. The dif-
ference can lead to rotation of the polarization of the signal
light. Hence, a novel all-optical fiber loop buffer based on the
polarization rotation effect in the EAM can be designed.

4. Design of all-optical buffer

The schematic diagram of all-optical fiber loop buffer
is given in Fig. 7. The continuous lights at 1310 nm and
1550 nm are chosen as the pump and signal. The signal light
goes into the EAM through a coupler and a wavelength divi-
sion multiplexer (WDM), while the pump light is coupled to
the EAM through WDM. The orientation of the signal light’s
polarization with respect to the EAM waveguide surface is
45°. Since the photon-generated carrier concentration is deter-
mined mainly by the pump light, the output of the signal light
is kept constant directly through the “1” port of the polariza-
tion beam splitter (PBS) when there is no pump light. With
the pump light is on, the refractive indices of the TE and TM
modes each change differently. The refractive index difference
has a determined effect on the phase difference between the
TE and TM modes. When the phase difference reaches 7, the
polarization of the output signal light will rotate 90°. Then the
output signal light passes through the “2” port of PBS to the
fiber loop. In the fiber loop, there is a band pass filter (BPF) of
1550 nm to get rid of the 1310-nm wavelength and an EDFA
that amplifies the signal light. A PC3 makes sure the polar-
ization direction of the signal light with respect to the EAM
waveguide surface is 45°, so the signal light circles in the fiber
loop. The absorption of the signal light can be ignored because
of the EAM saturated absorption effect under the strong pump
light. The buffer can read out signals while there is no pump
light in EAM.

1310 nm PC2

Fig. 7. Schematic diagram of the buffer.

When the signal light is emitted out of the EAM, the
phase difference between the TE and TM modes is

2n

D (16)

A(p = (nTE — nTM) -d

where d is the length of the effect region and A is the wave-
length of the signal light. We chose pump light intensity
Ip = 10° W/m?, d = 100 pum, and A = 1550 nm. Combining
these values with Egs. (14) and (15), the relationship between
the phase difference and the signal light wavelength can be
obtained, as shown in Fig.8. The phase difference exceeds &
near 1550 nm. When the intensity of the pump light equals
8.75 x 108 W/m?, the phase difference equals 7 at 1550 nm.
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Fig. 8. (color online) Change of phase difference as a function of wave-
length.

According to the above analysis, the polarization rotation
effect can be achieved by injecting strong pump light into the
EAM. Therefore, the novel all-optical fiber loop buffer design
is feasible.

5. Conclusion

In summary, a theoretical model of the refractive in-
dex changes of the TE and TM modes along with photon-
generated carrier concentration in the EAM was deduced.
Then the variation of photon-generated carrier concentration
and the absorption coefficient changes of the TE and TM
modes for a given EAM were analyzed. According to the
Kramers—Kronig constraints, the relationship between the re-
fractive index changes of the TE and TM modes and wave-
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length was presented. As the refractive index difference be-

tween the TE and TM modes reaches 7, the polarization rota-

tion effect was obtained. Using the polarization rotation in an
EAM, a novel all-optical fiber loop buffer was designed.
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