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Abstract

The theoretical investigation of thermoelectric phenomena in single quantum well (SQW) laser diode was
described in this work. Diode laser devices can be modeled by introducing a bias-dependent Peltier coefficient
at interfaces that takes into account the variation of the carriers’ average transport energy. The effective Peltier
coefficient can vary as a function of applied bias voltage, and can give rise to interfacial thermoelectric cooling
or heating depending on device parameters. The temperature dependences of the threshold current at different
temperature are investigated for the laser diode, a record characteristic temperature To=110 K has been achieved
for AlGaAs and Ty=50 K for InGaAs. The bias voltage dependent bipolar Peltier coefficient is modeled for
SQW laser diodes, and the different regimes of bias voltage for which cooling is achieved are described. In this
work two type of SQW laser diode were studied they are AlGaAs and InGaAs. The comparison of the
theoretically calculated laser parameters; namely, confinement factor, threshold current density and the output
power density of SQW GaAs/Aly;Gag3As and GaAs/Ing,Gag gAs laser showed that the confinement factor is a

very important parameter for the performance of this quantum well laser.
Keywords: Thermoelectric cooler, confinement factor, SQW laser diode.

I. Introduction

Since laser diodes were developed, techniques have
been developed to change their operating characteristics
from their normal values to something that better suits a
particular user, their production is driven by their use in
the telecommunication industry [1]. Their low cost
availability and ease of use often make performing such
engineering feats preferable to pursuing other
technologies. The heat management plays a crucial role
in the performance and reliability of laser diode [2], [3].
Quantum well (QW) laser diodes (LDs) have been of
interest for their applications such as recordable or
rewritable optical disk systems [4]. Semiconductor
lasers emitting near 098ym fabricated using InGaAs

SQW structures are of considerable interest for
application as pump lasers for erbium-doped glass fiber
amplifier. Thus, in addition to high power output, high
fiber coupling efficiency is an important parameter for
the design of these lasers [5]. Such devices demand
efficient heat management since their performance
decreases drastically with increasing chip temperature.
Heat management of the laser diode critically affects
laser wavelength, output power, threshold current, slope
efficiency, and operating lifetime [6]. For example,
lasing wavelength shifts significantly with changes in
junction temperature. The threshold current of a laser
diode increases while the slope efficiency decreases
exponentially with the junction temperature. In addition,
junction temperature affects laser operation lifetime
exponentially [7]. For all these reasons, heat
management of the laser diode is crucial to the device
performance. Attempts to manage heat sources at this
size scale have met with limited success, although solid
state cooling and power generation based on
thermoelectric effects have been known since the
Seebeck effect (for power generation) which was
discovered in 1821. The thermoelectric cooling is
associated exclusively with the Peltier effect which was
discovered in 1834 by Peltier. Usually this effect is
defined as absorption of heat or its evolution (in addition
11. Peltier Effect and Optical Confinement Factor

to the Joule heat) on the junction of two conductors
through which a Dc electric current passes. The
absorption of this heat or its evolution depends on the
direction of the electric current [8]. Thermoelectric
effects such as Peltier cooling occur when carriers move
between regions in which their near-equilibrium energy
distribution changes. In this process, heat energy is
transported out of the device through the radiative
recombination of thermally excited carriers whose
energies are greater than the electrical bias energy. In
these devices a high density of heat, on the order of
kW/cm? is generated over a very small area which
cause’s a change in the device characteristics and
emitted wavelength [1].

The purpose of this paper is threefold. (1) To give a
generalized description of the SQW laser diode structure
and basic physical parameter of SQW laser. (2) To
present a mathematical method for determining the
amount of optical confinement factor, threshold current
density, output power density, internal quantum
efficiency and device sensitivity temperature. (3) To
analyzing and comparing the basic parameter obtained
for InGaAs with AlGaAs. The laser diode chosen for
our investigation is single quantum well (AlGaAs and
InGaAs) due to its important in communication system,
well material is GaAs, barrier material is Aly;Gag;AS,
AlAs as the cladding layer and Iny,Gag gAs, INAs as the
cladding layer. Its laser emission is in the near-infrared
spectral region at wavelength of 870 nm for AlGaAs and
980 nm for InGaAs. MATLAB version 7.8 has been
used for simulation and calculation. The paper is
organized as follows: The next section Il is dealing with
the Peltier effect and optical confinement factor. The
description of the theoretical investigation of the
affecting parameters on the threshold current density
follows in the section Ill. In Section IV the heat
exchange at the junction will be presented and discussed
in comparison for InGaAs with AlGaAs. Finally,
Section V summarizes the conclusions.

165



Tikrit Journal of Pure Science 16 (4) 2011

Diffusion in semiconductors occurs from hot regions
to cold regions, making the Seebeck coefficient
negative if the majority carriers are electrons and
positive if the majority carriers are holes [9]. In doped
semiconductor, carriers are constrained at a distance
from the Fermi level and therefore transport more
heat energy. This leads to a higher Seebeck
coefficient than that of the metal [10]. It is well
known that Seebeck effect is associated with the
generation of a voltage along a conductor when it is
subjected to a temperature difference. Charged
carriers (electrons or holes) diffuse from the hot side
to the cold side, creating an internal electric field that
opposes further diffusion. The Seebeck coefficient is
defined as the voltage generation per degree of
temperature difference between two points [11]:

AV
S=—m 1
AT ()

where AV is the voltage gradient and AT is a
temperature gradient

The Peltier effect reflects the fact that when
carriers flow through a conductor, they also carry
heat. The heat current Q is proportional to the charge
current | [11]:

IT is called Peltier coefficient. When two
materials are joined together, there will be an excess
or deficiency in the energy at the junction because the
two materials have different Peltier coefficients. The
excess energy is released to the lattice at the junction,
carrying heating while the deficiency in energy is
supplied by the lattices creating cooling. The Seebeck
and the Peltier coefficients are related through [11]:

where T is the absolute temperature.

In the case of a semiconductor layer between
two metal contacts, as shown in fig.(1a), the current is
carried by majority carriers that are either electrons or
holes depending on whether the semiconductor is
doped with donors or acceptors respectively. Since
electrons and holes have opposite charge, carriers in
n-type and p-type regions flow in opposite directions
for a given direction of current flux, and heat will be
extracted/deposited at opposite junctions. If an array
of n-type and p-type blocks are connected electrically
in series but thermally in parallel, the applied current
will cause a net transfer of heat from one side to the
other, cooling one side of the array. This method of
connecting an array of n-type and p-type materials
with metal junctions is known as commercial or
conventional Peltier cooler [1]. To motivate the
thermoelectric effects to the case of bipolar devices
such as diode, as shown in fig.(1b) more complicated
thermoelectric ~ description is  needed.  This
complication is due to that the Seebeck coefficients
for the diode’s n-type and p-type regions (related to
the average carrier transport energy) have
components for both majority and minority carriers,
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and are also bias dependent due to the change in
carrier concentration with injection [12].
Tc-; heat cool

l Thn'l

() (b)

Fig.(1): (a)Conventional Peltier cooler. (b) Diode [1].

One of the parameters necessary for the
accurate modeling of semiconductor lasers is the
optical confinement factor. The optical confinement

factor [, defined as the fraction of the energy of a
particular waveguide mode confined to the active

region, as the I' increases as the active region
thickness d increases [13]. It was also defined as the
ratio of the light intensity within the active region to
the sum of light intensity both within and outside the
active region [14]. The analytical approximation for

calculating the optical confinement factor I' ina
SQW is given by [15]

D = 27(3)\(n,, ~ %)

where W is the well width, A is the vacuum

wavelength at the lasing photon energy and D is the
normalized thickness of the active region and

n,, and n . are the refractive indices of the active

and cladding layers respectively.

Significantly higher differences of the refractive
index can be achieved with heterostructures. The
laser parameters and constants which will be used in
the calculation needed in this paper are listed in table
(1). For GaAs/Aly;GagsAs and GaAs/Ing,GaggAs
heterostructure the refractive index depending on the
Al-content are calculated by using equations (6a,b).
The difference between the refractive indices of
GaAs/Aly;Gag3As and GaAs/Ing ,GaggAs depends on
X is given by [16]:
n,(GaAs)—n, (Al Ga_, As)=0.62x.....(6a)

n,(GaAs)-n,(In,Ga,_, As)=0.62x.....(6b)

Table (1): Represents the list of constants that
used in this paper:

Const. 1no,GagsAs Aly7GagsAs | Unit | Ref. No.
Min 80% 90% none | [18]
Jo 1800 225 cm?® | [18]
a 5 10 cm? | [14]
L 250 200 A 4]
Kg | 1.3807x10% | 1.3807x10% | JK | [18]
H 6.626x10°% | 6.626x103* | J-s | [18]
n(GaAs) 3.59 3.59 none | [14]




Tikrit Journal of Pure Science 16 (4) 2011

I11. Influence parameters on the threshold
current density

I. Influence of the Confinement factor

The confinement factor of the fundamental
mode was calculated using eq. (4) for both SQW
AlGaAs and InGaAs. The results obtained are shown
in fig.(1) in which the confinement factor I' is drown
as a function of well width. It is clear from this figure
that I' is increasing as the well width increases for all
values of the barrier widths for both SQW laser diode
structure. It was obtained that at maximum well width
(w=30 nm) the confinement factor of InGaAs is
approximately equal to I' =0.0709 whereas for
AlGaAs it's equal to T' =0.0154. The confinement
factor for AlGaAs is very small in comparison with
InGaAs, because the gain may not equal or exceed
the total losses in the waveguide region [19].
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Fig.(1): The optical confinement factor as a function of well width
for both SQW structure for different barrier width.

For strongly confined structures the threshold
current density Jy, for stimulated emission was
calculated, taking care for the light confined within
the active layer. The calculated threshold current
density as a function of I for SQW lasers obtained by
using equation:

Jd 1 1 1
J =1+ — —In(—) [ b 7
" mn{+gr{‘”2L n(RlRZ)}} (7)

[o]

Where 7,, is internal quantum efficiency, J,

current density, g, is the gain coefficient, I'is the

confinement factor, L is the cavity length, R R,are
the reflectivity of the mirror, « is the loss coefficient

and d is the active region thickness.

The calculated threshold current density as a
function of T is illustrated in fig. (2a,b), the
calculated J, for active region thickness of maximum
well  width and T1=0.0154 for AlGaAs is
J;n=0.38x 10°A/cm* and TI'=0.0709 for InGaAs is
Jn=0.25x 10°A/cm?, this difference is principally due
to a smaller confinement factor and also due to the
inverse relation between threshold current density and
confinement factor as shown in eq.(7).
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Fig.(2): Threshold current density as a function of confinement factor
for both SQW structures.

The threshold current density as a function of
temperature can be written as:

Jn=1J,exp(T/T )., 8)

Where T, is an important factor which represent the
sensitivity of the laser diode with changing
temperature and it is also called the threshold
temperature coefficient [20]. For AlGaAs devices, T,
is usually in the range 120 to 190 K, whereas for
InGaAsP devices it is between 40 and 75 K [21]. This
emphasizes the stronger temperature dependence of
InGaAsP structures. Fig.(3) shows that In(Jy)
increases linearly with increasing device temperature,
from the fig.(3), T, calculated for AlGaAs it was
equal to (110K) and for InGaAs it was equal to
(50K).
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Fig.(3): Threshold current density as a function of device temperature
for AlGaAs and InGaAs SQW structure.

The large value of T, for AlGaAs indicates low
sensitivity of this device to temperature.
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I1. Output Power-Current Characteristics
The relation between the output power and the
injection current is a fundamental characteristic of a
laser diode. The expression for calculating output
power can be given by eq.(9):

1

R R,

1

2al +In

In

P =7.E, J—-3.)---(9)

2

The results obtained for the power density as a
function of the current density for both SQW
structures is shown in fig.(4). We calculated Jy, for
SQW at room temperature. We observed that,
InGaAs device is required high injection current for
lasing, because of higher Jy. For small injection
current density values, less than Jy, the device
performance is a spontaneous emission. As the
current density is increased and the gain of the active
medium developed, stimulated emission is occurred,
and output power start to increase with increasing
injection current. At any value of the injected current
density in fig.(4) ,(J=3.65x10° A/cm?), the output
power density for AlGaAs is about (3.5 x 10° W/cm?)
and for InGaAs is about (5.6 x 10° W/cm?). The Slope
efficiency or differential quantum efficiency defined
as the increase in light output due to an increase in
the current and are calculated by using eq.(10) and
eq.(11). By using eq. (11) we calculated the slope
efficiency and we get 89%, and also it was calculated
through eq.(10) with the P-J characteristic curve of

fig.(4) we got 77, =90%.
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Fig.(4): Output power density as a function of injection
current density for SQW structures.

IVV. Heat exchange at the junction

The amount of the heat exchange at the
junction associated with the Peltier coefficient can be
calculated by referring to eq.(12). The results are

168

ISSN: 1813 - 1662

depicted fig.(5) where heat exchange density at the
junction Q; and the current density are drawn as a
function of bias voltage. According to eq.(13) and
fig.(6), the bias current density is increasing linearly

with the exponential of Junction voltage Vj .
Q=3 —V,)= Ve (12)

3=3,™" T —1) (13)

where J; is the diode saturation current density and (
is the electron charge.
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The amount of cooling Q; is also increasing as
the forward bias at the junction increases. However
this behavior of Q; changes when V; approaches Vy;
so that Q; drops rapidly. We can see that the
maximum value of the cooling power Q; =
2.452x 10° W/cm? occurs when Vy—V; =1.392-1.366
= 0.026V which is equivalent to the value of kgT/q at
room temperature. This verifies the condition
appeared in eq.(14) for maximum Q; and is a similar
condition to heterobarrier cooler using thermionic
emission [22]. Notice that the value of Vy; = 1.392V
was calculated using eq.(15):

Vv, -V, = % ............... (14)

q n
Where N, Donor concentration and N, Acceptor
concentration.



Tikrit Journal of Pure Science 16 (4) 2011

It is well known that heating in semiconductor
lasers is detrimental to device performance and
lifetime. The heat flows from an active medium of
such structure is Q > 1000 W/cm?[23]. In this study a
value of cooling power density at the level of

Q, =2.3x10°W /cm? s insured at the junction

for AlGaAs and Q, =4.8x10°W /cm? for

InGaAs.

The calculated threshold current density and
output power density versus cavity length for are
shown in fig. (7a,b). The increase value of threshold
current density and output power density as the cavity
length is decreased are shown in this fig.(7a,b):
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Fig.(7a,b): Dependence of the threshold current density and output power
density on laser diode cavity length.

V. Conclusions
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