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Abstract Recently, SiGe lasers have been widely developed in research centers. Their applications in high-speed facilities
and recent improvements have made them interesting R&D subjects. One characteristic which needs to be studied is internal
quantum efficiency having an important role in laser quality. In studies presented until now, the temperature has been
presumed to be constant; An assumption that will fade as the lasers perform in the experiments. After a little operation, the
temperature increases and even with large fans, it somehow impossible to fix this factor. We present a study of this
characteristic for SiGe lasers in various temperatures by studying recombination rate and its dependence on temperature.
Meanwhile, we will present a way which enhances this factor to higher percentages. Changing the temperature, we can obtain

different efficiencies which can lead to various applications.
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1. Introduction

Semiconductor lasers play important roles for
Silicon-based  photonic ~ technology and  among
semiconductors, Ge is suggested as the only material
capable of conforming to the CMOS standards and also be a
light emitter for photonic integration [1]; however,
progresses in optical communications demand for low-cost
high-speed technology and thus, SiGe-based devices are
promising solutions for filling these gaps [2].

Two types of quantum efficiency for different lasers are
often considered:

External Quantum Efficiency (EQE) is the ratio of the
number of charge carriers collected by the emitting cell to
the number of photons of a given energy shining on outside
(incident photons).

Internal Quantum Efficiency (IQE) is the ratio of the
number of charge carriers collected by the emitting cell to
the number of photons of a given energy, shining on the cell
from outside and are absorbed by the cell itself.

The IQE is always larger than the EQE. A low IQE
indicates that the active layer of the laser is unable to make
good use of the photons. To measure the IQE, first, we need
to measure the EQE of the laser devices. Then, its
transmission and reflection need to be measured and
combined to infer the IQE. The ideal quantum efficiency
graph has a square shape, where the QE value is fairly

* Corresponding author:

arjorkesh@gmail.com (Alireza Jorkesh)

Published online at http://journal.sapub.org/optics

Copyright © 2016 Scientific & Academic Publishing. All Rights Reserved

constant across the entire spectrum of wavelengths
measured; However, the QE for most solar cells is reduced
because of the effects of recombination, where charge
carriers are not able to move into an external circuit. The
same mechanisms that affect the collection probability also
affect the QE. For example, modifying the front surface can
influence carriers generation near the surface [3, 4].

Internal quantum efficiency can be obtained by dividing
the number of electrons per second to the number of
absorbed photons per second. Although deriving an exact
formula which can get us to complete understanding of this
discussion has been calculated formerly, it is challenging to
understand which parts are dependent on temperature [5].

It is very interesting to know a way which could change
this property. In this article, we will do our best to modify
the dependence of this property on temperature and enhance
it.

2. Theoretical Background for IQE
Estimation

The recombination rate of carriers in a
single-quantum-well device is given by the so-called ABC
model.

dn J

E:J—An—an—Cn3 (D
where J/ed is the carrier injection rate, J is the injected
current density, d is the quantum well width, 4An is the
Shockley—Read—Hall recombination rate, Bn® is the rate
of radiative recombination and Cn® is the Auger
recombination rate. At steady state, the relation between the
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current and carrier density is given by (2).

] = ed(An + Bn? + Cn®) )
To define this property more accurately, first, we need to
explain and understand recombination rate [4].

Recombination is the rate in which the electrons and holes
get together and recombine again. This rate can be obtained

by (3).
Recombination= An + Bn? + Cn? 3)

At high current densities (high carrier densities), the
Auger mechanism becomes the dominant recombination
process which leads to nonradiative carrier loss and reduced
high-power efficiency. The IQE of the device n is given by
the ratio of the carriers that recombine radiatively over the
total recombination rate

Bn?
n= An+Bn?+Cn3 @)

In order to discuss the temperature dependence, it is
needed to study these coefficients (A, B, and C) and their
dependence on temperature. Following, we discuss all three.

(6]
2.1. Bimolecular Recombination Coefficient

Basically, this coefficient is defined by as followed:

BRC » 2 =Xy 5)
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Where t;. is the capacitance transit time and ¢, is
extraction time. Both of these components do not depend on
temperature because these two are always fixed constants
and are dependent on the material itself. The only factor
needed to study is B; because all other factors are fixed for a
special kind of material [7].

C is the capacitance which only depends on the shape of
the laser. The only reason that can change this factor is the
temperature where it can lead to the expansion of layers. As
the changes are at last 300 degrees centigrade, we can easily
ignore this item and presume it fixed. It will be really helping
in other parts.

U. is the applied voltage known as v,, too. Since the
source for applying this voltage is invariable, this factor is
not dependent on temperature [8].

First, B; can be obtained by (6).
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The laser which we decide to discuss on is highly n-doped.
So, the part concerning electrons is dominant for high carrier
concentrations.
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By applying (7) and (8) in (5), we can conclude (9).
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The first proportion ( ) are completely invariant
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and do not change as temperature changes. The only

changing factors are t;, and . So, the final equation can
be simplified as (10).

B = Boty iy (10)

Where B. is the invariant proportion. Mobility

dependence on temperature has been modified in data books.

2.2. Auger Coefficient

Auger coefficient can be differently modified based on
various circumstances and materials. Figure 1. shows the
three main auger coefficients. As it can be observed in this
figure, Auger coefficient can be radiative, direct, and indirect

[9].
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Figure 1. Radiative, Direct, and Indirect Auger coefficient

First, we assume that the case we are working on is a direct
Auger coefficient. According to our assumption, the Auger
recombination rate is determined by Fermi’s golden rule as

(11).
Rpuger =2 X %ﬂ Yi234 fifa(1 = f3) (X = f)|Mi234
0_(81+£2 — & — 84) (11)

Where 1=, K1), etc. are composite band and
wave-vector indices, f is a statistics factor that accounts for
fermionic occupation numbers and the delta function ensures
the overall energy conservation. The electron—electron
scattering matrix elements are given in terms of the screened
Coulomb interaction W(r, r0) [10].

|Mig34|2 = | < 12|W|34 > —< 12|W 43 > |?
+] < 12|W|34 > |> + | < 12|W|43 > |?
Where W can be defined as equation (13).
< 12|W|34 =
I Wi @3 O3 (s (AW (r, F)dr dr’ - (13)
The Auger dependence on carrier density needs to be
considered. The Auger coefficient can be derived by

dividing the recombination rate by cube carrier density in a
vector of volume.

(12)
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C = Vs (14)

In (14), n is the carrier density. For low carrier densities,

the recombination rate is dependent on the cube of this

carrier. This will lead to the independence of Auger

coefficient on carrier density. In higher carrier densities, this

coefficient is linear and by increasing the carrier density, this

linearity will fade little by little. This will cause in lowering
IQE by decreasing the bipolar fields effect [11].
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Figure 2. demonstrates IQE based on a different number of
dopants and various carrier densities. X is the percentage of
germanium in SiGe compositions [12].
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Figure 3. Bimolecular recombination and Auger coefficients dependence
on temperature both in theory and experiment where they are relative to
their quantities in 25°C. The experimental data are from [14]

As it is discussed in 2.1 and 2.2, Figure 3. shows the
complete dependence of these two coefficients on the
temperature in both theory and experiment. Clearly, in
temperatures less than 5°C the laser efficiency will change
and the equation will not be proper anymore as the shape of
the laser will not be the same anymore [13]. In temperatures
higher than 75°C there is a difference between theoretical
and experimental data. The experimental relative
B/B(25°C)-C/C(25°C) ratio at 100°C is 0.61 while the
theoretical one is 0.65, thus the difference is only 7%. We
attribute the remaining differences between the data to the

uncertainties in the experimental determination of the B and
C coefficients and the omission of temperature-dependent
effects in the theoretical calculations, such as thermal
expansion and the temperature dependence of the band gap.

3. Simulation and Discussion

As it was mentioned earlier, IQE can be obtained by (4).
Since the carrier density in SiGe lasers are mostly high and
they are highly doped, equation (4) can be simplified as (15).

(15)

Where A and B are ignored because of cube carrier density
in the denominator. n is the carrier density which can be
simplified in both the numerator and denominator. this will
lead to(16).

_ Bn?
n= Cn3

B
n=z (16)
As it was discussed in section 2.1, bimolecular

recombination coefficient is dependent on the temperature.
This dependence can be shown in equation (17).
-3
B =BTz (17)
Auger coefficient was formerly discussed in section 2.2
and can be considered as a fixed number. It can also be
shown as a linear function with a very slight slope. Here, we
consider it fixed; however, it is different for temperature
higher and below 50°C. For lower temperatures, C is equal to
C but on the other hand for higher ones we have 5% increase.
Our study does not satisfy temperatures close to 100 and
above that because some of earlier assumptions will vary in
higher temperatures.

Table 1. Theoretical and Experimental Bimolecular Recombination
coefficient in different temperatures
Property B coefficient
Experimental Theoretical
Temperature (10 B,) (Co)

0 ———- 2.2170

25 1 1.9439

50 0.9 1.7226

75 0.85 1.5404

100 0.81
Table 2. Theoretical and Experimental Auger coefficient in different
temperatures

Property Auger coefficient
Experimental Theoretical
Temperature (Co) (Co)

0 -— 1

25 1 1

50 0.8750 1

75 0.7456 1.05

100 0.6136
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Tables 1 and 2 demonstrate different values for B and C
coefficients respectively. The theoretical data are obtained
based on the discussion part and the experimental ones are
gathered in laboratories. Experimental data are calculated
based on Figure 3 [14]; however theoretical data for B and C

can be obtained by (17) and previous discussion respectively.

By the help of these data, IQE can be obtained.

Table 3 shows IQE in different temperatures. The
experimental data and theoretical ones are different as in
theory we have B in the nominator. All these data in table 3
are based on what we calculated in tables 1 and 2. In the
other words, IQE in different temperatures is done based on
what was gathered and calculated in previous tables. Tables
themselves are written based on figure 3.

There are three things that need to be explained. First, the
difference between experimental and theoretical data in B, C
and IQE are because of B, and C, that are considered in
experiment but not theory.

Second, the experimental data are not accessible since this
in this temperature, specific circumstances are needed for the
correct function of these kinds of lasers.

Third, the theoretical data cannot be calculated as the
simplifications that we proposed in previous sections are not
valid anymore. High temperature can especially enhance the
influence of ignored factors in Auger coefficient.

Using data in table 3, we can have table 4 in which IQE
variations can be shown. Table 4 contains the percentage
which this property has been changed comparing to this
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value in base temperature. The base temperature is
considered 50°C. The reason is that we study the lasers after
a little function so that they get to a steady state. At this point,
the temperature is about 50°C.

Table 3. Theoretical and Experimental Internal Quantum Efficiency in
different temperatures

Property IQE
Experimental Theoretical
Temperature @'y (104 B,n™)
0 -—- 22170
25 1 1.9439
50 0.8750 1.7226
75 0.7456 1.4670
100 0.6136
Table 4. IQE changes based on working temperature
Change
Temperature Experimental Theoretical
0 +28.70%
25 +14.28% +12.85%
50 Steady State Steady State
75 -14.79% -14.83%
100 -29.87%

—
-

Figure 4.
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IQE in different temperatures using MATLAB for drawing based on equation (17)
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For a more accurate study, Auger coefficient ought to be a
linear function which is described in (18).
c T 29

. 750 ' 30 (18)

Where C is the Auger coefficient and T is the temperature
in degrees centigrade. This equation is valid for degrees from
5 to 100°C, though. The reason is that for temperatures less
than 5°C or higher than 100°C, icing problem and shape
shifting will cause differences in both B and C coefficients
and this will lead to invalidity of our former equations.

By applying (17) and (18) into (16), IQE can be defined as
(19).

-3

B, T 2
= X ———
nm Con (720 +§_Z 1

Figure 4. shows IQE at various temperatures starting from
5°C. At first, it is at its highest value and then gets to near
zero at higher temperatures.

4. Conclusions

As it has been declared in table 4, the temperature has a
main effect on IQE. Changing this factor can lead to a wide
range of variation of this characteristic. By getting the
temperature near icing temperature, IQE can be enhanced by
28.7%. This is an essential result since by improving this
characteristic, we can have well-functioned lasers with
higher efficiencies.

It is also important to know that temperature controlling is
an essential process which can change this function. In the
case which there is no application of fans, the temperature
can get as high as 100°C which will decrease the IQE
percentage as much as 29.87%.

In this article, we tried to work on the IQE and define
different parts of it for conducting a function based on
temperature. We could also get to an improvement of
28.70% in this characteristic. IQE was calculated at different
temperatures which are mostly ignored and assumed fixed.
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