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Cryophotonics: Experimental Validation of a
SOA model down to cryogenic temperatures

Maeva Franco, Lydia Kacel, Edwin Fontenelle, Pascal Morel, Thierry Rampone, Arnaud Gardelein
and Ammar Sharaiha

Abstract— Cryophotonics is a promising way of boosting state-
of-the-art photonic components using cryogenic temperatures. In
this work, in addition to confirm our experimental results with
measurements on another component, we present a theoretical
analysis of SOA behavior at cryogenic temperatures. Based on the
obtained experimental results, we expand the SOA model range by
introducing temperature dependence on the main SOA physical
parameters such as band gap energy level, recombination
coefficients, internal losses and effective electron and holes masses.
The model is applicable over a wide temperature range from
ambient down to cryogenic temperatures. A qualitative agreement
is found between simulations and experiments. The comparisons
are given down to 70 K in terms of gain spectrum, saturation
output power and noise figure which demonstrate the effectiveness
of the model.

Index Terms—Cryophotonics, Semiconductor Optical Amplifier,
Temperature-dependent model.

|. INTRODUCTION

EMICONDUCTOR optical amplifiers (SOA) are of great
interest due to their integrability, their multi-band
amplification possibility and their multi-functionality [1]
[2]. New SOA designs or configurations are bringing improved
performances in terms of optical bandwidth, noise figure and
output power [3] [4] [5] [6] [7] [8] [9]. Recently, our team
demonstrated that operating a SOA at cryogenic temperatures
dramatically improves its performances in terms of gain level,
noise figure and output power at low bias currents [10]. For
instance, in comparison to room temperature, the chip gain is
improved by 15 dB, the noise figure tends towards the
theoretical limit of 3 dB and the saturation power is 2.5 dB
higher. Thus, we showed that a cryogenic environment for SOA
is a way to boost some system amplification parameters.
Modeling the SOA involves resolving the two coupled
equations related to the carrier density rate and to the optical
propagation fields. Simulations exploit the model by analyzing
the SOA behavior as a function of bias current, optical input
power and wavelength. Two main approaches of modeling
SOA internal gain are used: phenomenological or physical. The
former uses a linear, parabolic or cubic gain description [11]
[12] [13] [14] [15]. The latter uses a physical approach [16] [17]
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[18] where modeling the material gain implies describing the
physical process. Several papers [19] [20] have modeled the
SOA as a function of the temperature using the SOA physical
approach proposed by M. J. Connelly [17]. However, the
temperature covered is close to room temperature, i.e. from -
10°C to +60°C. Therefore, it is necessary to extend this model
to enable accurate simulations over a wide range of
temperatures, down to cryogenic temperatures. Hence the
physical parameters controlling the model behavior must
include temperature dependence.

In this paper, temperature-dependent modeling of SOA is
presented alongside with a comparison between simulation and
experimental results of the SOA system performances in terms
of gain, saturation output power and noise figure. We present
the experimental results concerning the Aeon's SOA referenced
64P37E which give similar behavior at cryogenic temperatures
as in the first work that used another commercial SOA [10].
This SOA has been customized, replacing the thermo-electric
cooler by a metal slab to have a better control of the chip
temperature.

Having a fully quantitative model is complex, thus, as a
first approach, we focus on obtaining a qualitative agreement
between simulation and experimental results. For that, we
consider the SOA modeling parameters given by M. J. Connelly
in [17] representing a standard SOA not fitted to the one used
in our measurements. We propose to modify the modeling
parameters from [17] to take into account a broad temperature
operating range.

In section 11, we present the base SOA rate and propagation
equations, detailing the physical terms that must contain
temperature dependence. We show in section Il the
experimental behavior of the spectral response of the amplified
spontaneous emission power and the gain of the used SOA.
These behaviors state the experimental temperature dependence
that a SOA model should be able to reproduce. In section 1V,
we present the physical terms that need to be expressed as a
function of temperature in order to have similar behavior
between simulation and experimental results. We detail their
influence on the full SOA model temperature-related behavior.
Section V is dedicated to assess the ability of our extended
model to reproduce experimental system-level properties of the
SOA, such as the gain, the saturation output power and the noise
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figure over a broad temperature range, down to cryogenic
temperatures. Finally, the main results are summarized and
perspectives are drawn.

I1. SOA GENERIC MODELING EQUATIONS

The SOA is modeled and implemented following our
previous work [12] where temperature dependence was not
considered. The SOA is divided into sections along the
propagation direction. The rate equation governing the carrier
density evolution in the i section is given by [12] [13] [17]:

G E R ) - RIF) - R () (1)
where [; is the bias current injected in the section i of the SOA
(the total SOA current I, is the sum of all I;) and L; the length
of this section. w is the width of the active zone of the SOA and
d its depth. q is the elementary electric charge. Rfig states for
the stimulated recombination rate due to the amplification of
the optical signals and R{SE for the recombination rate due to
the amplified spontaneous emission (ASE). RI™‘, the non-
stimulated recombination rate, is given by [12] [13] [17]:

R?St (ni) = Ani + Bradni2 + Caugni3 (2)

where A = Aqq + Apraa, Braa and Cqyq are respectively the
Shockley-Read-Hall  (SRH), bimolecular and  Auger
recombination coefficients respectively.

In each section we consider the propagation of the envelop
of the optical field as [12] [13] [17]:

F¥(z) = e¥/kmD7F (0) 3)

where k is the propagation constant defined by k(n; 1) =

Z”ne)f”i”l) + jg"(;“'”. n.(n;, 1) and g,(n;, 1) are respectively
the effective optical index and the net gain in SOA section i. It
should be noted that ASE is considered as an intensity in the
model.

Equations (1) to (3) define a generic set of equations where
every parameter should be considered as temperature-
dependent. In order to introduce temperature-dependent
behaviors, we need to specify the temperature dependence of
every term in these equations. In (1), some temperature-
dependent terms are not explicit. Both RA (n;) and R (n;)
depend on material gain and net gain which depend on
temperature. In (2), A, Byqq and C,,, are temperature-
dependent and explicit expression should be given. In (3), here
again the temperature dependence is hidden in the optical index
and net gain of the SOA. Section IV will be dedicated to
introduce all the necessary temperature dependencies, except
for the optical index for which we do not have measurements.

I11. ASE AND GAIN EXPERIMENTAL BEHAVIOR AT CRYOGENIC
TEMPERATURES

In this section we give an excerpt of the measured SOA
response that will be taken as references for the model. In fact,
our goal is to provide a model able to reproduce both ASE and
amplification behaviors as a function of the temperature. The
measured spectral response of the amplified spontaneous
emission power P,qr at several temperatures and 50 mA bias
current is given in Fig. 1. In Fig. 2, we give the experimental
results of the SOA optical chip gain G at 50 mA over a wide
wavelength range up to gain transparency wavelengths. The
SOA chip gain is calculated from the measured fiber-to-fiber
gain and adding estimated coupling losses, as described in [10].
The inset in Fig. 2 is a close-up view of the transparency regime,
corresponding to the flat part of the spectra. It is reached when
the material gain is null because the photon energy falls inside
the band gap meaning that the gain only contains losses term at
these wavelengths.
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Fig. 1. Experimental ASE spectra at a bias current of 50 mA. The temperatures
are 293 K, 240 K, 180 K, 120 K and 70 K from dark red to dark blue. This
measure is obtained at the Optical Spectrum Analyzer with a 100 pm resolution.
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Fig. 2. Experimental SOA chip gain spectra at a bias current of 50 mA. The
temperatures are 293 K, 240 K, 180 K, 120 K and 70 K from dark red to dark
blue. The inset corresponds to the gain focusing at transparency wavelengths.

In Fig. 1 and 2, we observe that both ASE and gain spectra
shift towards shorter wavelengths as the temperature lowers.
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Their level increases while their optical bandwidth decreases.
In addition, we observe that the SOA gain at the transparency
regime increases with the temperature, confirming the
reduction of a at cryogenic temperatures [16].

IV. TEMPERATURE DEPENDENCE OF MATERIAL GAIN, GAIN
COEFFICIENT AND INTERNAL LOSSES

In order to introduce exhaustive temperature dependence down
to cryogenic temperature, we have to work on the different
parameters used in the generic system of equation presented in
section II. A major parameter in SOAs is their net gain, given as
9n =Tgm —a, where ' is the confinement factor, g, the
material gain and o the internal losses. In our work we assume that
the confinement factor is not considered as dependent on
temperature because it is linked to the geometry of the active zone.
The temperature dependence of a will be treated in section IV-C.
Following [17], the material gain g,, is given as

_Em
Ep

Im(M,A,T) = go(n,2) |1 (fe(, A, T) = f,(n, A, T))

4

where go(n, 1), Eg(n), foc(n, 4, T) and f,(n, 4, T) are defined in
appendix 1 respectively by (A.1), (A.3), (A.4) and (A.5).

To state the interest of forthcoming model improvements, we
show in Fig. 3 the SOA gain simulation results obtained by using
[12] and [17]. The gain in dB is calculated as 10 log(e9n%) where
L is the SOA active zone length given in table I in appendix 2. We
call this obtained starting model as “room-temperature model”
(RT model) in following discussion.

The simulated gain spectrum is dependent on the temperature.
However, its evolution does not match at all the SOA behavior
observed experimentally (see Fig. 1 and 2): the wavelength shift
is weak, the optical bandwidth does not reduce and the
transparency gain does not tend towards 0.
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Fig. 3. Step 0, gain spectra as a function of the temperature using the room-
temperature model [12] [17] [11,17]. The temperature evolves from 300 K (dark
red) to 50 K (dark blue) with a 50 K temperature step.

It should be noted that we set in simulation the SOA bias
current Ip;,¢ at 20 mA and compare the obtained results with the
experimental ones at 50 mA. For these I,;,s settings, the
simulation and the experimental results will finally give a similar

qualitative behavior once all temperature dependencies are well
taken into account.

In order for the SOA model to match the experimental
behavior, we introduce the temperature dependence in all the
terms of (2) and (4).

In the following we will gradually show the influence of each
term on the SOA gain spectra.

A. Temperature dependence of the band gap

A critical term in the material gain model is of course the band
gap. To take into account its variation with respect to temperature,
one has to use Varshini’s model [21] as follows:

Eg nT) = Eg (n) — Eg ) (%)
B, (1) = 2 ©)

where, ar and by are constants depending on the SOA chip
material.

Fig. 4 shows the simulated SOA gain as a function of the
temperature by introducing E;(n, T). We observe that the SOA
gain spectrum notably shifts towards lower wavelengths by
reducing the temperature.
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Fig. 4. Step 1, contribution of the temperature-dependent band gap energy
model given in [21]. The temperature evolves from 300 K (dark red) to 50 K
(dark blue) with a 50 K temperature step.

B. Temperature dependence of recombination coefficients and
effective electron and hole masses
1) Recombination coefficients

In semiconductors, A,,4 and Cg,, generally decrease when
the temperature decreases while B,,, increases strongly [22]
[23] [23-24].

The basic temperature-dependent model for A,.,4 follows the
usual power-law relationship [24]:

Araa (™) = Araa(Trey) (=) ©

Tre f

where A,qq(Trer) is the A,q4 coefficient at room temperature
andn = 1.77 as in [23].
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B,.q temperature dependence is described as an inverse law

s
of the form (%) where the exponent § is between 1 and 1.5 [23-
24]. Here we use for B,,,;(T) the following expression
with & = > [23]:

Tre 3/2
Brad(T) = Brad(Tref) ( Tf) (8)
where B,q(Tyef) is the B4, coefficient at room temperature.
The relationship for the Auger process at different
temperatures is also given by [23]:

Ec
Caug (T) = Caug (Tref)e kT (9)

where Cgy, g (Tyef) is the Auger coefficient at room temperature
and E,. is the Auger activation energy having a value of 4.3 meV
[23].

2) Effective electrons and holes masses

The effective mass of electrons m,, heavy holes m;;, and
light holes m,;, are temperature-dependent [25]. Their
respective developments depend on the value of the energy of
the band gap which itself depends on the temperature. The
expressions of masses are given by the following equation [25]:

Eg (n'Tre f )
Eg (n,T)

Me i nn(T) = Mejinsnn(Tres) (10)
where T, is the room-temperature and m, ;5 /, Stands for m,,
mp or Mpp-

3) Simulation results

Fig. 5 shows the contribution of E;(n,T) and the radiative
recombination coefficient B,.,, (T). We observe that in addition
to the shift of the SOA gain spectrum due to E;(n,T), a
reduction of the optical bandwidth takes place as the
temperature decreases. A more detailed explanation is given
later in this section about the influence of B,,,; parameter on
the optical gain bandwidth.

We can see the contribution of A,.,4(T) and Cqyq(T) in Fig.
6 and the one of m, 5, (T) in Fig. 7.
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Fig. 5. Step 2, added contribution of B,,4(T) [23]. The temperature evolves
from 300 K (dark red) to 50 K (dark blue) with a 50 K temperature step.
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Fig. 6. Step 3, added contribution of A,;q(T) and Cgyge,(T) [23]. The
temperature evolves from 300 K (dark red) to 50 K (dark blue) with a 50 K
temperature step.
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Fig. 7. Step 4, added contribution of the effective masses [25]. The temperature
evolves from 300 K (dark red) to 50 K (dark blue) with a 50 K temperature step.
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Fig. 8. Evolution of the simulated gain at 50 K when adding the different
contributions. Solid green: room-temperature model (step 0). Dotted red:
contribution of the bandgap (step 1). Solid blue: contribution of the radiative
recombination coefficient B,4(T) (step 2). Dotted yellow: contribution of the
recombination coefficient A.,4(T) and the Auger recombination coefficient
Caug(T) (step 3). Solid orange: contribution of the effective masses me,p, wn (T)

(step 4).

To better illustrate the associated behavior of each term, we
summarized in Fig. 8 the evolution of the different
contributions at 50 K. One can see that the main contributors
are the band gap energy for the wavelength shift and the
radiative recombination coefficient B,..,(T) for the bandwidth
shrinking. The contribution of the radiative coefficient A,.4(T)
and C,,g (T)is not significant (solid blue and dotted yellow line)
and the contribution of the effective masses is very small.

We will now focus on the optical amplification bandwidth.
To explain its behavior as a function of the different model
parameters, we must recall that the optical amplification
bandwidth at -3 dB from the peak gain is function of the energy
interval AE of the amplification regime for a photon of energy

E, = % To be amplified, an input signal must be between

transparency and absorption regimes which can be expressed
by: E,(n,T) <E, <E;c(n,T) — Ep,(n, T) + Eg(n, T).
Efc(n, T) is the quasi-Fermi level of the conduction band (CB)
relative to the bottom of the conduction band and Ef, (n,T) is
the quasi-Fermi level of the valence band (VB) relative to the
top of the valence band. AEg can be given from (A.8) and (A.9)

by:

AEg = E;c(n,T) — Ep,(n, T) = kT (ln(6) +

§ £
+{In(e) +
(64+0.055245(64+\/3))1/4> ( ) (64+0.05524—8(64—+\/E))1/4>
(11)

where § and ¢ are in function of carrier density (cf. Appendix).

Figure 9 shows the simulated evolution of the carrier density
(navg) corresponding to the averaged carrier density over the

M sections as ngg =%. In Fig. 9, different cases are

considered: for the RT model, for the RT model to which we
add the temperature dependency of E; and finally the RT model
to which we add the temperature dependency of E; and B,.qq4.
We observe that in the last case the decrease of the carrier
density by lowering the temperature is more important, showing
the influence of B,.,4. This contributes to a reduction of the gain
optical bandwidth as shown in Fig. 5, in better agreement with
the experimental results in Fig. 2.
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Fig. 9. Evolution of the carrier density ng,,, as a function of the temperature
using the room-temperature model (dashed line), using the temperature
dependence on the term E,, (dotted line) and using the temperature dependence
on hoth E; and B,.q4 (full line).

C. Internal losses
In [17] the internal losses are expressed as
a(n) =ky+ kin (12)

where k is the carrier-independent absorption losses coefficient
and k; is the carrier-dependent absorption losses coefficient.

To take into account the temperature dependence of the
internal losses, we have to follow [16] where the losses are
described as a(n, T) = a;(n, T) + a,(n, T) where:

B1
O =—F—F—~ (13)
! 1+eXP(E1k;;fu)
By
A2 = T EEr, (14)
1+Eexp( kgT v)

B, and B, are constants defined so as to fit the best the
experimental results, E; and E, are energy levels, Ef, is the
Fermi quasi-level of the valence band and kj is the Boltzmann
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Fig. 11. Evolution of the simulated internal losses as a function of the
temperature [16].

Fig. 11 presents the evolution of the internal losses as a
function of the temperature. One can see that at room
temperature a, is the major contributor while under 200 K «,
dominates. In all cases the internal losses decrease when the
temperature lowers. This is why in Fig. 2, one can see the
transparency level moving towards 0 dB when the temperature
lowers.
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Fig. 12. Step 5, addition of the influence of the internal losses. The temperature
evolves from 300 K (dark red) to 50 K (dark blue) with a 50 K temperature step.

Fig. 12 shows the simulation result of the gain when all
temperature-dependent terms are considered. As in the
experimental gain in Fig. 2, we can see the influence on the
internal losses at the transparency regime. However, the
obtained gain spectrum shift in Fig. 12 does not slow down as
much as in the experimental results when the temperature
lowers. In Fig. 2, we can notice in particular that the shift tends
to stabilize at lower temperatures. In addition, the level of « is
lower at the transparency regime. This can be adjusted by
changing the temperature parameters of £, and a. For example,
with by = 1.25, B; = 2520 and B, = 0.56 x 107, the gain
spectrum presents better concordance with the experimental
one in Fig. 2 as shown in Fig. 13.
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Fig. 13. Simulated gain spectrum as a function of the temperature with the
coefficients by = 1.25, B; = 2520 and B, = 0.56 x 107. The temperature
evolves from 300 K (dark red) to 50 K (dark blue) with a 50 K temperature step.

The model is also applicable to simulate the evolution of the
amplified spontaneous emission power P,gg. Figure 14 shows
the evolution of P,g; which is good agreement with the
experimental results as shown in Fig. 1.
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Fig. 14. Simulated ASE spectrum as a function of the temperature. The
temperature evolves from 300 K (dark red) to 50 K (dark blue) with a 50 K
temperature step.

V. OUTPUT SATURATION POWER AND NOISE FIGURE AT
CRYOGENIC TEMPERATURE

As presented experimentally [10], we have shown improved
system performances at low temperature, such as higher output
saturation power (P_s45) and lower noise figure (NF). In the
following, we present the experimental results of the Aeon's
SOA and the simulation responses for the output saturation
power P_s,5 and the noise figure NF. As mentioned before, we
use a standard SOA model not fitted to the one used in our
measurements such that only a qualitative comparison can be
done between experimental and simulated behaviors. This is the
main reason for the observed differences in the following
between measured and simulated P_;;5 and NF values.
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A. Output saturation power

The output saturation power P_;,5 is the output power for
which the SOA gain decreases by 3 dB. The experimental
results of P_;,5 are obtained by varying the input power
following the peak gain wavelength. It is enhanced at low
temperature (Fig. 15) similar to the behavior observed in [10].

In Fig. 16, the simulation result shows that the saturation
power at -3 dB increases as the temperature lowers.

The increase of P_;,5 at low temperature can be related to
two physical parameters of the SOA: the gain coefficient dj—nm
and the effective carrier lifetime 7., [26] [27] [28] [26-28]. To
calculate this parameter, we calculate 2m ™ using the carrier

density average value over all sections. Slmllarly, we calculate
.55 as the average value of the effective carrier lifetime in all
sections. The effective carrier lifetime in section i is given by

N\ nj
Terr () = ety o B ) (15)

The relationship between P_s 5, dj—n’” and 55 is given by [29]:

P_3qp~In (2)Psq; (16)

-l LI I L L I LI L I L L I LI L I LI L |-
8 - —
g o .
2 ]
sl .
::-‘ - -
2 Aeon ]
B 'rf}?-(fn = 50 mA T
0-|||||||||||||||||||||||||||||-

0 50 100 150 200 250 300

Temperature (K)

Fig. 15. Experimental evolution of the output saturation power as a function of
the temperature.
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Fig. 16. Simulation of the output saturation power as a function of the
temperature.

7
with
hvwd
Psqe = T (17)

The variation of the gain coefficient 222 and Tefr @S Q

function of temperature is shown in Fig. 17. It is obtained by
modeling coarsely the SOA with only one calculation section.
This figure also shows the variation of both parameters in two

opposite directions. The gain coeffrcrent ™ increases slightly

by lowering the temperature and thus tends to reduce P_s4p

while 7f decreases highly (by a factor of about 12.5 at 20
mA), compared to ™ which assists P_;45 t0 increase. Thus,

the product reff in (17) decreases continuously allowing
P_j4pt0 enhance at cryogenic temperatures.
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Fig. 17. Evolution of the simulated effective carrier lifetime (solid line) and the
gain coefficient (dotted line) as a function of the temperature at 20 mA.

B. Noise figure

The noise figure is calculated following the peak gain
wavelength as in [7]. The noise figure is evaluated without
taking into account coupling losses. The obtained result show
that the NF of the SOA decreases at low temperatures (Fig. 18).
At 50 mA, the NF tends towards 4 dB approaching the
theoretical limit of 3 dB.
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Fig. 18. Noise figure as a function of the temperature at 50 mA.
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The NF simulation results in Fig. 19 present a behavior in
good agreement with Fig. 18, showing a decrease of the NF at
low temperatures.
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Fig. 19. Evolution of the simulated noise figure as a function of the temperature
at 20 mA.

The NF decrease can be explained by relying on the
theoretical NF definition given by [30]:

NF = 3 + 10log (r;g’fa) + 1010g(n5p) (18)

where ng, is the population inversion factor calculated as:
-1
Ep,—AE
Ngp = (1 — exp (—pkBT B))

In fact, (18) shows that the NF decreases due to two terms:
the internal losses a and the population inversion factor ng,. a
becomes negligible at cryogenic temperatures (Fig. 10 and 12)
and ny, decreases from 1.66 to 1.46 while cooling the SOA
from 200 K to 50 K.

(19)

V1. CONCLUSION

In a previous work we have reported how cryogenic
environment dramatically improves Semiconductor Optical
Amplifier performances. Modeling the behavior is a key to
understand the origin of the performance improvement. To the
best of our knowledge, current models can only be used close
to room-temperature. In this paper we develop a SOA extended
model down to cryogenic temperatures based on the
experimental results of SOA gain and ASE over the temperature
range 293 K to 70 K. To achieve this goal, we first reproduced
the experiment on another commercial SOA. In a second step,
we gathered the results of several analytical studies to describe
the temperature dependence of the physical parameters such as
the band gap, the effective masses or the intrinsic losses and
showed their influences on the SOA gain. Thus, the extended
model allows us to qualitatively reproduce the observed
behavior of the tested SOA. Moreover, we are able to better
understand the evolution of other SOA characteristics as a

function of the temperature such as SOA output saturation
power and noise figure. For instance, we demonstrated that the
noise figure actually tends towards the theoretical limit of 3 dB.

As a perspective to obtain a quantitative model, further
investigations are required on physical parameters values to
better fit the behavior of a given SOA.

The association of photonics with cryogenics opens new
perspectives in domains such as optical communications or
quantum computing. With this model we pave the way for
future development in cryophotonics.

APPENDIX 1

Here we define the terms present in the material gain
definitions cited in (4) and (5). The equations are given in M. J.
Connelly’s model [17].

13/2‘/—
go(n, ) =—="—"—m

4V2n2n2t(n)

(A1)

where c is the speed of light in vacuum, n, is the refractive
index in the active region, and m, is dependent of the masses

4TMeMpp 3/

2
as my = ( ) where m, and my,;, are respectively

h(me+mpp)
the electron mass in the conduction band (CB) and the heavy
hole mass of the valence band (VB).

The carrier lifetime t(n) is function of the radiative
recombination coefficients A,,4 and B,..4 following

T(n) = 1/(Arad + Bradn) (AZ)
Equation (A.3) describes the bandgap energy:
E;(n) = e(a + by + cy®) —eK,n'/?  (A3)

where a, b and ¢ are the quadratic coefficients, y is the molar
fraction of Arsenide in the SOA active region, e the electronic
charge and K, the bandgap shrinkage coefficient.

The Fermi-Dirac distributions f.(n,A,T) and f,(n,4,T) in
the CB and VB are given by:

1

fem,A,T) = Ea(nAT)~Efc(nT) (A4)
1+eXP(T)
1
fv nAT) = Ep(MAT)—E f,, (0 T) (A'S)
1+exp(T)
where,
Ea(nA,T) = (Ep ~Eq (")) (me:':lzhh) (A9
Ey(n,A,T) = — (Ep — kg (n)) (m:r;zhh) (A7)

T is the absolute temperature and kg the Boltzmann constant.
E¢c(n,T) is the quasi-Fermi level of the CB relative to the
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bottom of the band. Ef, (n, T) is the quasi-Fermi level of the VB
relative to the top of the band.

E¢c(n,T) = kT (ln 6) +

Ep,(n, T) = —kT (ln (e) +

8

&

(64+0.055248(64+V8 ))1/4

) (A.8)

(64+0.05524¢&(64+Ve))

1/4> (A.9)

3/2
with 6=nlc, nC=2(#)/ and ezn%. n, =
2 (%)3/2 where mg), = (mif + m?,{z)Z/BWith my, the
effective mass of a light hole in the VB and p is the hole density
in the VB.
APPENDIX 2
TABLE |
SIMULATION PARAMETERS
Symbol Parameter Value
L Active zone length 600 pm
w Active zone width 0.4 um
d Active zone depth 0.4 um
r Confinement factor 0.45
ar,of Energy band constant 1.35
coefficient
bTref Energy band linear -0.775
coefficient
CTrof Energy band quadratic 0.149
coefficient
y Molar fraction of Arsenide | 0.892
Ayaq(Trep) | Linear radiative 1x107 st
recombination coefficient
Braq(Tyer) | Bimolecular radiative 5.6x1016
recombination coefficient | m3.s*
Cauger (Trer) | Auger recombination 3x104mts?
coefficient
Trer Reference temperature 300 K
ko Absorption losses 6200 m?
coefficient
ky Carrier dependent 7500x10%4
absorption losses m
coefficient
K, Energy band shrinking 0.9x10%°
coefficient evm
n, Refractive index in the 3.22
active region
Me(Trer) Effective mass of electrons | 4x10°%2 kg
in the conduction band
Mpp (Tres) Effective mass of heavy 4.19x10! kg
holes in the valence band
My (Trer) Effective mass of light 5.06x10°% kg
holes in the valence band
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