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Gain-Clamped Quantum Dot Semiconductor Optical
Amplifiers

Omar Qasaimeh

Abstract—The linear optical gain of gain-clamped quantum
dot semiconductor optical amplifiers (GCSOAs) has been
investigated and studied for different energy detuning, doping
concentration and different device length. Our analysis shows
that large linear optical gain can be obtained when the laser
emits 90meV above the ground state and the amplifier operates
at the ground state which results in 81meV separation between
the laser and amplifier energy. We find that larger detuning
between the laser and amplifier energy result in gain saturation.

Also we find that for positive 7w, —hw, doping the dots by

P-type concentration enhances the linear optical gain while
doping the dots by N-type concentration reduces the linear
optical gain. While for negative 7w, —#Aw, doping the dots by

N-type concentration enhances the linear optical gain while
doping the dots by P-type concentration reduces the linear
optical gain.

Index Terms—Quantum  dot, linear,
semiconductor optical amplifier.

gain-clamped,

I. INTRODUCTION

Linear gain-clamped semiconductor optical amplifiers
(GCSOAYs) are essential elements in modern optical networks
since conventional multichannel semiconductor optical
amplifiers are characterized by large crosstalk between
channels and significant intermodulation distortion due to the
dependence of the gain on the device optical power. In
gain-clamped semiconductor optical amplifier, the gain is
clamped by several methods such as using distributed
feedback, distributed Bragg reflector lasers and a vertical
cavity laser [1]-[7].

Today, the fabrication and growth of quantum-confined
heterostructures have created the opportunity to use quantum
dots in the active layers of lasers and semiconductor optical
amplifiers. This is attractive since quantum dots are capable
of improving the electrical and optical properties of these

devices [8]-[14]. The gain spectrum of arrays of quantum dots,

which is fed through the wetting layer via capture/escape
mechanisms, is formed from various dot groups, which makes
the gain spectrum wide. The wide gain spectrum of quantum
dot heterostructures can be exploited to realize broadband
gain-clamped optical amplifiers. Another unique property of
quantum dot ensembles is the inherently fast carrier capture
and escape mechanisms that are very interesting in ultrafast
applications. This work describes a detailed theoretical
analysis of gain-clamped quantum dot semiconductor optical
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amplifier for different energy detuning, doping concentration
and different device length.

Il. THEORETICAL MODEL

The investigated device is an edge emitting laser structure
having arrays of self-organized quantum dots in the active
layer. The structure acts as a single wavelength laser emitting
at iiw with no input where the lasing energy is determined by

a two DBR mirrors at the edges of the structure. The laser is
biased above threshold. One facet of the waveguide acts as the
input of the amplifier and the other facet acts as the output of
the amplifier. When a signal of photon energy 7w, is applied
at the input of the amplifier, the laser will stop lasing and the
input signal will be amplified linearly since the gain is clipped
at threshold. Large detuning between ho, and hw, is
required to enable filtering the amplified signal from the laser
signal.

The photon rate equation that describes lasing in GCSOA is
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And the photon rate equation for the amplified signal is
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where t is time, the superscript L stands for the laser and the
superscript A stands for the amplifier. f;" and ;" are the

occupation probability for the electrons and holes in the i-th
state where i=0 represents the ground state. M, and M,

are the number of electron and hole states respectively. S¥ is

the photon density where k=L or k=A, z is the distance,

" is the effective loss coefficient. ai‘}

coefficient of the active layer which is a function of
inhomogeneous line broadening [13]. where
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where o is the inhomogeneous line broadening, g{j“ax is the

gain coefficient for the i-th transition, ho is the photon
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energy of the laser or amplifier and 7@™ is the energy

corresponding to the gain peak of the i-th transition.

For InAs quantum dots, the heterostructure has 3 energy
levels in the conduction band and 8 energy levels in the
valence band. The rate equation for electrons in the i-th
energy state is given by [13]
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f\1; is the electron capture rate from the (i+1)th state
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the i-th state to the (i+1)th state. r;z is the spontaneous

radiative lifetime in i-th state. In (4) the stimulation emission
rate is given as

to the i-th state and R is the electron emission rate from
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The capture and emission rates are respectively given as
[13]
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where fJP and f, are respectively the occupation

probability for the holes and electrons in the wetting layer,
ziy1; is the electron capture time from the i+1 state to the i-th

state and 7}, is the electron escape time from the i-th state

n
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to the i+1 state. b
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is the phonon-assisted coefficient,

c is the electron-electron Auger-assisted coefficient

andc?

iz1i Is the electron-hole Auger-assisted coefficient.

The rate equation for the wetting layer state is
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where f, isthe occupation probability for the electrons in the
wetting layer, | is the applied current, q is the charge of

electron, V, is the volume and N,y is the carrier density for
the wetting layer. T\T,,Mn is the electron capture time from the
wetting layer tothe M stateand [, . isthe electron escape

time from the M ,state to the wetting layer, and 7,5 is the

spontaneous radiative lifetime in wetting layer.
Under quasi-Fermi equilibrium condition, the capture and
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constant, T is the absolute temperature and A™P. is the

escape lifetime are
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energy separation between the i and the i+1 states.

Similar rate equations are modeled for the hole states. The
relation between the electron and the hole concentration is
determined by the charge neutrality equation which is given

by
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where N; is the volume density of the j-th state, N, and
N are the acceptor and donor concentrations respectively,

and n, and p, are the electron and the hole concentration
of the wetting layer.

I1.
The InAs QD heterostructure has the following parameters:
g = 1ns, N, =2.5x10""cm®, v4=8.45x10° cm/s, 7, =8ps,

RESULTS AND DISCUSSION

71 =2PS, 74,1 =1ps. The separations of the electron

and hole energy states are 60meV and 10meV respectively.
The gain coefficients for the active layer are
9o =l4em™, gP* =20cm™?, and g52* =10cm™. The
inhomogeneous line broadening is 30meV . The material loss
is7cm™.

With no input the laser is lasing and the gain is clamped by
threshold condition. When a signal is applied at the input of
the SOA, the signal will be linearly amplified and the laser
output will be reduced. The photon energy of the laser 7o,

is selected to be far away from the amplifier photon
energy hw, to maximize the optical gain and to have large
linear gain. For simplicity, we choose S*(z=0)=0.1S,
where Sp = NQ<Vg AgoTor fl which is fairly enough to study

the linear gain of the amplifier. The linear optical gain of
GCSOA as a function of the amplifier photon energy is shown
in Fig. 1 for different value of laser energy (%@, ). For
simplicity, we express the photon energy in term of the ground
state (GS) energy, i.e, o, =0 meV means that the laser is

lasing from the ground state. Similar thing is used for Zw, .

As evident from Fig. 1, the peaks of the optical gain occur at
hw, =9meV and 65meV which are determined by the

energies of the ground state and excited state, respectively.
As hw, increases the magnitude of the two peaks increases.
Large separation between /%@, and hw, is obtained
when 7z, is at 90meV and 7w, is at the 9meV which

provide a linear optical gain as large as 7.5dB. One advantage
of this device is the large separation between the laser
emission wavelength and the amplifier wavelength, which can
be as high as 81meV which facilitates easy filtering of the
laser power from the output signal. Increasing 7, above



International Journal of Computer and Electrical Engineering, Vol. 6, No. 3, June 2014

95meV result in quenching the lasing mechanism which
results in gain saturation at the gain peak. Since we are
looking for linear amplifier the value of 7, should not
exceed 95meV. The effect of increasing the length of the gain
region on the optical gain is calculated as shown in Fig. 2 for
ho, =90meV. As evident, increasing the gain region length

improves the optical gain.
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Fig. 1. Optical gain as a function of SOA photon energy.

10
9
8 hog =90meV
—~ 7
g
= 6
= o =30meV
O 5
<
L2 4
2
O 3
2
1 ho, =0meV
0.

40 -20 0 20 40 60 80 100
SOA Photon Energy from GS (meV)
Fig. 2. Optical gain for different gain length for 72y, =90meV.

In quantum dots the hole effective mass is large and band
mixing is strong. Due to that the energy band of quantum dot
active layers lave large numbers of hole states in the valence
band and few number of electron states in the conduction
band. The hole states have small energy separation (~10meV)
[13] and the electron state have larger energy separation
(~60meV). Since the energy separation between the hole
states is small, thermal effects are significant. Due to that the
injected holes are thermally broadened which decreases the
QD ground state gain and increases the temperature
sensitivity of the device. It has been experimentally
demonstrated that doping the dots with p-type can efficiently
provide excess holes which improves the gain properties and
increases the room-temperature modulation speed of QD
lasers [13]. Moreover, significant improvement of the
linewidth enhancement factor in QD lasers has been achieved
when the dots are doped with p-type concentration [13].

The effect of doping the active layer on the optical gain of
quantum dot GCSOA is studied. The doping concentration of
the quantum dot layer is varied and the optical gain of the
amplifier is calculated. The optical gain for different doping
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concentrations is shown in Fig. 3 for laser emission
wavelength fixed at 7w, =90meV. As evident, for
positive 7iw, —hw, detuning, doping the dots by P-type
concentration enhances the linear optical gain while doping
the dots by N-type concentration reduces the optical gain.
This finding is different from the finding in Ref. [14] for
guantum dash GCSOA which is due to the difference in the
band structure of quantum dot. In quantum dash structure the
band structure has large and closely spaced conduction band
states. Fig. 3 shows that doping the dots
by N, =2x10%°cm™ increases the linear gain by ~3dB at

hw, =9meV (with linear optical gain of about 10dB). When

the p-type concentration is increased to N, =4x10°cm™
the optical gain is increased and around 7@, =9meV the gain

become non-linear as indicated by circles in Fig. 3. In this
region the amplifier operates as a saturated amplifier.
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Fig. 3. Optical gain for different doping for positive detuning.

The analysis is repeated for negative ziw, —hw, detuning.
The optical gain is shown in Fig. 4 for 7w =0. As evident,
for negative iw, —hiw, detuning, doping the dots by P-type

concentration reduces the linear optical gain while doping the
dots by N-type concentration enhances the optical gain. Fig. 4

shows that doping the dots by N =1.5x10%cm?increases
the linear gain by ~8.5dB at 7w, =67meV (with linear optical

gain of about 9dB which is about the same linear optical gain
in positive detuning).
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Fig. 4. Optical gain for different doping for negative detuning.
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IV. CONCLUSION

The gain characteristics of undoped and doped
gain-clamped quantum dot semiconductor optical amplifiers
have been studied. We find that large linear optical gain can
be obtained when the laser emits at 90meV above the ground
state and when the photon energy of the amplifier is at the
ground state energy. Large separation between the laser and
amplifier energy (as large as 81meV) is obtained. We find that
detuning between the laser and amplifier energy (larger than
81meV) result in non-linear gain saturation. Our analysis also
reveals that doping the dots by P-type concentration will
enhance the linear optical gain while doping the dots by
N-type concentration will reduce the linear optical gain.
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