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SUMMARY

Semiconductor ring lasers with a output waveguide have been produced and 

have attracted considerable attention in integrated optics. Owing to its extremely small 

size, the increase in temperature within the structure is expected to be higher. This 

thesis is concerned with the thermal effects of the ring laser and it consists of three 

parts: (1) theoretical numerical modelling: the temperature distribution within the ring 

laser structure has been simulated by using finite difference technique and its thermal

resistance has also been calculated. The results obtained show that the temperature

rise in the laser is more severe for small rings or narrow width ribs; (2) infrared 

imaging technique: thermal maps of the surface of the ring laser have been obtained 

by using a RM— 20 infrared image scanner and have shown a good assessment of 

their thermal behaviour which can be used to compare qualitatively with the

theoretical results; (3) improvement of the laser temperature control system and the

investigation of its temperature sensing system have been successfuly achieved.
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CHAPTER 1 

INTRODUCTION

1.1. General introduction

It is well known that the semiconductor laser emits a highly monochromatic and 

directional beam of light like ruby laser and heliumneon gas laser. Also, the 

semiconductor laser has its distinctive features. It is extremely small in size compared 

to other lasers and easily modulated at high frequencies simply by modulating the 

bias current. Because made of semicondutor material, there is the possibility of 

integration with other optical and electronic device. It is the most important source 

in optical— fibre communications.

A semiconductor laser was proposed by Basov et al [1] in 1961. He suggested 

that stimulated emission due to recombination of carriers injected across a p— n 

junction was possible. But it was not till 1962 that the laser was first demonstrated, 

in pulsed operation at low temperature[2,3,4,5]. These first injection lasers were 

generally chips of single material GaAs, called homostructure lasers, in the form of 

a parallelpiped, with a planar diffused p— n junction perpendicular to the two 

opposite cleaved ends of the crystal. They require a very high current through the 

p—n junction (approximately 35— lOOkA/cm^) at room temperature in order to reach 

the threshold for lasing. This is because the recombination region is too thick due to 

minority carrier diffusion. Besides, the optical field is in an inefficient waveguide of 

uncertain region and the efficiency with which injected electrons are utilized for 

lasing transition is low. In about 1968, Alferow et al [1] suggested that the injection
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laser could be improved by the use of heterostructures, in which a thin layer of 

semiconductor (e.g.GaAs) is sandwiched between layers of a different semiconductor 

(e.g.AlxGa^_ xAs). On comparing GaAs with AlxG a^_ xAs, it was found that the 

band— gap energy of AlGaAs is greater than that of GaAs, and the refractive index 

is smaller. Such structures can provide carrier confinement in a thin active region 

due to the wider band— gap on the both sides of GaAs which provides a potential 

barrier to carriers. Besides, light can be confined in the GaAs active layer due to 

the optics waveguide formed by the high refractive index material (GaAs) cladded 

by low refractive index material (AlGaAs). As a result, the threshold of laser 

oscillation is appreciably reduced. The threshold current density for a GaAs— AlGaAs 

heterostructure laser is below 1 kA/cm^ even at room temperature. This can result 

in continuous running of a semiconductor laser at room temperature.

Since then, GaAs— AlGaAs double heterostructure lasers have shown promise as 

convenient optical source. However, the optical Fabry— Perot resonator formed by 

cleaved facets is impractical for monolithic integration and optical coupling with 

other optical elements is not easy.

Monolithic integration of semiconductor optical devices requires the development 

of laser sources with feedback mechanisms other than cleaved cavities and with little 

influence of the output termination on the lasing action. The ring resonant 

waveguide structure to be used as laser cavities has been investigated by A.H.Liao 

and S.Wong, et.al [6], recently by A.Jezierski and P.J.R.Laybourn [7] (Fig.(1.1)). A 

variety of ring configurations between 10 and lOOum in diameter have been 

successfully formed in GaAs— AlGaAs material, coupling to output stripe waveguide 

via a Y— junction. They have attracted considerable attention because high quality 

mirrors are not needed, the output termination has little influence on oscillation 

conditions and the small dimensions make the longitudinal mode spacing increase so 

that single— mode operation is possible. A rib waveguide configuration was used to
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maximise light confinement and minimise bending loss at small cavity circumferences 

[8,9]. Because of the simplicity of fabrication of the structure by planar processing, 

it can be more easily integrated with other optical elements in a monolithic optical 

circuit.

It is well known that the operating characteristics and life time of 

semiconductor lasers are strongly affected by the operating temperature. The supplied 

power mainly dissipates on the active layer and results in a temperature rise due to 

the nonradiative recombination process and absorption of generated light. The 

temperature increase may degrade the laser device performance:

(1) reduce its life time [10,11];

(2) increase threshold current [12,13,14];

(3) shift output wavelength [15,16];

(4) decrease the output power [17,18].

The temperature rises within the ring laser structures are expected to be 

larger, as the heat is more concentrated and difficult to dissipate due to their 

extremely small size. This extra thermal problem makes it difficult to obtain lasing 

under CW operation.

1.2. The purpose of the project

The purpose of the project is to characterize the temperature behaviour of 

the semiconductor ring laser. It is hoped that calculation and measurement of 

temperature profiles of various structures will be discussed with the aim of 

understanding their thermal characteristics and improving heat dissipation so that CW 

operation may be possible.
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1.3. Previous work on thermal problem of semiconductor laser

The analysis of thermal problem in semiconductor laser devices has been 

demonstrated by many authors. The uniform generation of heat in a plane— stripe 

source embedded in a rectangular layered structure of GaAs— AlGaAs with contacts 

was analyzed by Joyce and Dixon [19]. They presented an analytical expression for 

the steady state heat distribution. The radiation transfer of energy of spontaneous 

radiation has been taken into account by Newman et al [20]. The relative influence 

of various heat sources including Joule heating has been investigated by Duda et al 

[21]. Better approximation of the distribution of heat sources, taking into account the 

current spreading effect, has been investigated by Buiis [22]. The analysis of thermal 

resistance for a complex light source package has been carried out by Laff [23]. 

Both steady state heat distribution and dynamical thermal properties of various 

semiconductor laser structures have been investigated by Nakwaski [24,25]. The 

analysis and practical work on the heat removal from the laser device using a 

thermoelectric Peltier effect cooler were presented by Cortes and Laff [26,23]. The 

monolithically integrated laser and thermoelectric cooler were discussed in [27].

All work above we.$. investigated analytical methods. This work is

concerned with theoretical analysis, which uses numerial simulation technique, thermal 

measurement in both ring and stripe laser and improvement of the heat dissipation 

system and investigation of temperature sensing system.
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CHAPTER 2

THEORY OF SEMICONDUCTOR LASER DEVICE

2.1. Semiconductor injection laser operation

2.1.1. Introduction

The laser (Light Amplication by Stimulated Emission of Radiation) is an 

oscillator similar to a radio transmitter. It consists of an amplifier of light waves 

through population inversion (Section 2.1.2) and stimulated emission with positive 

Feedback supplied by an optical resonator.

The possibility of lasing comes from the quantum mechanical principle, which 

states that when a photon interacts with an electron, it is equally probable that the 

photon will be absorbed and the electron become excited, or if the electron is 

already excited, the emission of a second photon will be stimulated with the electron 

"dropping" from its excited state to a lower— energy one. This second photon has

the same wavelength (X), phase, polarization and direction of propagation as the

first. Thus the first photon can be amplified. Both absorption and light— stimulation

processes are shown schematically in Fig.(2.1)

For lasing to occur, the number of electrons in the higher energy states must 

exceed the number of electrons in the lower energy states. This is called population 

inversion. Electrons are excited or "pumped" to higher energy states by special
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means. Population inversion in semiconductor laser can be achieved near a p— n 

junction by the use of high doping densities and forward bias current.

2.1.2. Laser structure

Fig.(2.2) shows two laser structures. The first structure, Fig.(2.2a), is a basic 

p— n junction laser, called a homo junction laser as it has the same semiconductor 

material (e.g.GaAs) on both sides of the junction. A pair of parallel planes are 

cleaved perpendicularly to the < 110>  axis. Laser light will be emitted from these 

planes when it is biased appropriately. The two remaining sides of the diode are 

roughened to eliminate lasing in the directions other than the selected ones. This 

structure is called a Fabry— Perot cavity with a typical cavity length L of about 

300um. The Fabry— Perot cavity configuation is extensively used for modern 

semiconductor lasers.

The second structure, Fig.(2.2b), is a double—heterostructure (DH) laser,in 

which a thin layer of semiconductor (e.g. GaAs) is sandwiched between layers of a 

different semiconductor (e.g. AlxG a |_ xAs). This laser can be fabricated using 

epitaxial crystal growth techniques. A DH laser requires much less current to operate 

than a homojunction laser with identical device geometry.

2.1.3. Population inversion

As disscussed above, population inversion is required in order to achieve 

stimulated emission for laser operation. Consider a p— n junction formed between 

degenerate semiconductors, that is, one in which the doping levels on both sides of 

the junction are high enough so that the Fermi— levels are below the valence band
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edge on the p—side and above the conduction band edge on the n— side. Fig.(2.3)

shows the band diagram of such a device at thermal equilibrium. When forward bias 

is applied to the diode (Fig.(2.3b)), electrons are injected from the n—side and 

holes are injected from the p— side into the junction. When a sufficiently large bias 

is applied (Fig.(2.3c)), high injection occurs,that is, large concentrations of electrons 

and holes are injected into the transition region. As a result, the region d contains 

a large concentration of electrons in the conduction band and a large concentration 

of holes in the valence band . This is the condition of population inversion.

The minimum energy required for band— to— band transition is the band gap 

energy Eg. Therefore, the condition necessary for population inversion can be written 

as (fig.(2.3c)): (Efc- E fv) >  Eg

2.1.4. Carrier and optical confinement

Schematic representations of the band diagram under a forward— bias condition, 

the refractive index profile and the optical— field distribution of light generated at

the junction of a homojunction laser and a DH laser are shown in Fig(2.4a) and

(2.4b) respectively. In the case of a DH laser, the carriers are confined on both 

sides of the active region by the heterojunction barriers. On the other hand, the 

carriers in the ho mo junction laser can move from the active region where radiative 

recombination occurs.

Since there is an abrupt reduction of the refractive index outside the active

region, confinement of optical field within the active layer can be achieved. The 

optical confinement can be explained by Fig.(2.5), which shows a three—layer 

dielectric waveguide with refractive indices nj n2 and n3, where an active layer is 

sandwiched between two confining layers (Fig.(2.5a)). Under the condition
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n2 > nl > n3 t îe ray angle 0\2 at t îe layerl/layer2 interface in Fig.(2.5b) exceeds 

the critical angle given by

sin0c =  n 1/n 2

A similar situation occurs for 6 23 at the Iayer2/layer3 interface. Therefore, 

when the refractive index in the active layer is larger than the index of its 

surrounding layers, the propagation of the electromagnetics radiation is guided 

(confined) in a direction parallel to the layer interface. So, in the thin active region 

(d= 0.1— 0.5um) a very high concentration of electrons, holes and photons bulids up.

Lasing action therefore starts at a much lower threshold current density than in a

homo junction laser. Further reduction of current is achieved by using a narrow 

(20um) stripe contact (Fig.(2.6)) that concentrates the injected carriers under it.

Reliable laser diodes that lase continuously at X =0.85um  with 1 ^ =  10— 20 mA can 

thus be built.

Because of its properties of small size, spatical coherence, monochromaticity and 

low threshold current density, high speed modulation, semiconductor DH injection 

laser have significant applications in many areas of basic research and technology, 

such as in optical fibre communication, high— resolution gas spectroscopy and 

atmospheric pollution monitoring.

2.1.4. Temperature dependence o f  threshold current density

Threshold current density mentioned above is the minimum current density 

required for lasing to occur. It is a function of temperature. Fig.(2.7) show the

temperature dependence of the threshold current in both homostructure and 

heterostructure laser. It also illustrates that the threshold current density for a
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homojunction increases much more quickly than that for the double heterostructure 

laser (DH laser), and hence CW operation at room temperature for a homojunction 

laser is impossible.

Threshold current density for heterostructure laser can be described by 

the following equation (4—1)[28]:

where J 0 is the current density for zero gain at room temperature; d is the 

thickness of the active layer; rj is the quantum efficency, that is the number of 

carriers generated per photon; |3 is gain factor, which is the representation of the

current dependence of gain coefficient; T is the confinement factor related to the

optical confinement within the active layer; a  is the loss per unit length of the

cavity and R 1 R 2 are the reflectances of both ends of the cavity.

It is known that J tjj is influenced by many factors; including the gain—current 

density relationship; the degree of carrier and optical confinement; internal 

absorption and scattering; the internal quantum efficiency and geometrical structure 

of the device [14].

The threshold current density is dependent on the factors a, rj, g which are 

affected strongly by temperature. Although each of these parameters has a complex 

temperature variation, a simple approximate exponential relationship has been found

[29,30] useful for the DH laser over a moderate temperature range,

( 2 - 1 )

o
( 2 - 2 )
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here T is temperature, T 0 is an adjustable parameter to fit the measured 

result. J th increases exponently with temperature. Therefore temperature rise results 

in J jh  increasing abruptly which may lead to induced heat dissipation that will 

destroy the laser device.

2.1.5. Temperature dependence o f  lasins wavelength

The semiconductor laser emits quasi— monochromatic light. The emission 

wavelength depends mostly on the energy band gap of the material. The energy 

band gap Eg is a function of temperature, given by [31] for GaAs:

(5 405 X 10- 4 1 T2 
Eg (T) = 1 . 5 1 9  -  C l o y + T  ( 2 ' 3)

The equation for the relevant emission wavelength can be found from

Eq.(6.1):

x /TN he 1240.6 , s ,o / \
XS (T) -  E ^ T ) "  "E^CevT (nm) (2 ' 4)

From Eq.(2—3) and (2—4), we can draw graphs of the temperature behaviou 

of Eg and Xg, shown in Fig.(2.8) and Fig.(2.9). The band gap is getting smaller 

when temperature rises so that the emission wavelength will shift to longer 

wavelength.

A typical emission wavelength shift is within the range 0.24 0.30 nm/° C

for pure GaAs material at 30 °C [32].
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Fig.2.8 Tepmerature dependence of GaAs energy gap
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2.2. Semiconductor ring laser

2.2.1. Introduction

Integrated semiconductor ring laser in heterostructure on AlGaAs— GaAs 

materal are being produced in Glasgow. Considerable attention has been paid to it, 

because of its simple fabrication process, particular in integrated form and its ring 

resonant waveguide structure, which is capable of being coupled to other optical

devices directly, and its small size (radius) which makes the output mode spacing in 

longitudinal direction increase so that single— mode operation is possible. However 

the small ring size can cause more bending loss (discussing in section 2 .2 .2 ) and 

reduce heat dissipation(section 5.5). It seems that there is some conflict between

them, therefore, a compromise must be sought and a optimum radius must be 

determined. In this section, the bending loss and optimum radius will be discussed 

qualitatively.

2.2.2. Bendins loss in rine resonant waveguide

The light wave energy loss when it propagates along a waveguide is generally 

exhibited by three different mechanisms:

1) scattering loss due to material bulk and surface defects;

2) absorption loss by band edge and free carriers;

3) radiation loss Tr , especially when light wave travels along a waveguide bend ,

due to distortions of the optical field.

The scattering and absorption loss, ^sa» are approximatly proportional to f^p 

distance of light wave propagation. The bending loss will be considered as follows.

Consider the dielectric waveguide with a curved section of radius R, shown in 

Fig.(2.10) . The wave travelling in direction z is along an axis of the waveguide and
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F i g . 2 .1 0  D i e l e c t r i c  waveguide wi th  a curved s e c t i o n  o f  rad iu  R.



Een is the evanescent wave field outside.

The bending radiation loss has been found to be [33,34],

Tr (R) = K e x p [ - 2 f R ( ^  _ i ) ]  ( 2 - 5 )
ns

where K is an arbitrary constant, f is the decay constant of evanescent field, 

which can be assumed to be independent of the radius R over the range of R of 

interest; ne> ns are the refractive indices in waveguide and surrounding medium

respectively. It is important to note that the radiation loss increases exponentially 

with decreasing bending radius, particularly when the difference of refractive index 

between the waveguide and the surrounding medium is very small. The smaller the 

radius, the higher the bending loss. In fact, the minimum allowable curvative radius 

of a waveguide is generally limited by radiation losses and not by fabrication

technigue. Therefore, the radius normally can not be too small. The minimum radius 

of curvature allowable for radiation loss smaller than O.ldB/cm has been calculated 

by Goell[35].

2.2.3. Optimum bend radius in rins resonant waveguide

As discussed above, increasing the ring radius would increase gain, reduce 

bending loss and improve heat dissipation. On the other hand, a small radius can

decrease the internal absorption and scattering loss. There must be a optimum 

radius.

Our ring laser, shown in Fig.(2.11), is a resonant ring with a Y junction

coupling to an output waveguide. The total losses are given by:

r  =  r y +  r sa +  Tr (2- 6)
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Ty is Y junction coupling loss which is about 3dB per circuit for symmetrical 

Y junction and single mode operation [7].

^sa is scattering and absorption loss, Tsa =  a2xR. a. is scattering and 

absorption loss constant.

Tr is bending loss, given by Eq.(2—5).

Therefore,

T cc a2*R + K exp[ -2fR(2e- - 1 ) ]  (2 -7 )
ns

To optimize the radius , we differentiate Eq.(2—5) with respect to R and set 

3T/8R to zero, giveing the optimum value of R 0, (when R = R 0, the loss is 

minimised)

Ro = TFT? 7— r T l ln^ r[(~2g /n S ' 1] (2_8)0 2 f [ (ne/ n s ) - l ]  lira

The bending loss and the optimum radius are discussed only qualitatively 

here. According to the threshold condition, gain (G) must be sufficient to cancel out 

the total loss. So choosing the optimum radius, the lower threshold gain can be 

obtained.
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CHAPTER 3 

THEORY OF HEAT TRANSFER IN SOLIDS

3.1. Introduction

Heat transfers from the hotter parts of a body to the cooler whenever there 

is a temperature difference within the body. There are three distinct modes of heat 

transfer: (1) conduction, in which heat passes through the substance of the body 

itself; (2) convection, in which heat is transferred by relative motion of portions of 

the heated body; (3) radiation, in which heat is transferred directly between distant 

portion of the body by electromagnetic radiation. Th^P three modes will be discussed 

respectively in the first three section and the temperature distribution equation will 

be derived in the final section.

3.2. Heat conduction

an
Heat conduction is .internal energy exchange from one body to another, or 

from one part of a body to another part by the exchange of the kinetic energy of 

motion of the molecules by direct communication. This flow of energy passes from 

high energy molecules to the lower energy ones (i.e., from a high—temperature 

region to a low— temperature region). The distinguishing feature of conduction is that 

it takes place within the boundaries of a body, or across the boundary of a body to 

another body placed in contact with the first, without an appreciable displacement of 

the matter comprising the body.
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Suppose that a temperature gradient 3T/3X exists in a body (Fig.(3.1)). 

Consider a plate in the body having a surface area A and a very small thickness 

<*X. The one side is at a high uniform temperature T j, and the other side at lower 

temperature T2 . Let q denote the rate of heat flow through the plate. Experiment 

has shown that there is an energy transfer from the high— temperature side to the

low temperature side and the rate of heat flow per unit area is proportional to the

normal temperature gradient,

q 3T
a  ax

If we define the proportionality constant as K, then the rate of heat energy 

transfer could be given by,

dTq = -KA|1 (3 -1 )

3.2. Heat convection

Heat convection is the process by which heat transfer takes place between a 

solid surface and the fluid surrounding it. Considering the heated plate shown in 

Fig.(3.2), the temperature of the plate is T s and the temperature of the fluid is T ^  

.The velocity of the flow will be reduced to zero at the plate as a result of viscous 

action. The temperation gradient at the wall is dependent on the rate at which the 

fluid carries the heat away. A high velocity produces a large temperature gradient

and takes more heat away. Newton's law of cooling can be used to describe the

heat transfer q by convection between the fluid and the boundary surface [36]:

q =  hA(Ts -  T J  (3 -2 )

where A is the surface area considered and the quantity h is called the
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convection coefficient.

Considering Eq.(3—1) and Eq.(3—2), the heat conducted to the surface can 

be assumed to be equal to the heat leaving the surface by convection. Therefore, 

the equation, which is usually considered as the boundary condition of a solid is 

given by

g=  h ( T s  -  Tqo) 0 - 3 )

The convection coefficient, h, is a very complicated function of the fluid 

flow, the temperature of surface of the solid and the geometrical arrangement of the 

system. For complex situations, it must be determined experimentally.

For a horizontal solid surface with the cooled side down, the h is given by

[37,38]:

h = 0 .2 7 (-^r- W 4 (3_4)

where X is the length of the sample and ^T =  T s— T m An approximate 

range for average surface temperature (30 °C— 70 °C) and dimension 400um is from 

1.07 to 1.60W/cm2oC.

3.3. Heat radiation

In the case of heat conduction, heat transfer through a material medium is 

involved. But when two bodies at different temperature are separated by a perfect 

vacuum, heat transfer between them by conduction and convection is not possible. 

Heat transfer can take place only by thermal radiation. That is, the radiative energy
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emitted by a body because of its temperature is transmitted in the space in the 

form of electromagnetic waves.

Radiative energy emitted by a body is proportional to the fourth power of 

its absolute temperature[39]. Consider an ideal radiator, or 'black body', of surface 

area A, at temperature T. When two such bodies exchange heat by radiation, the 

net heat exchange is proportional to the difference in T4, thus

q =  <rA(T, 4 -  T 24) (3 -5 )

where cr is called the Stefan—Boltzman constant with the typical value of 

5.6697*10“  12W/cm2 oC.

If the two bodies are not perfectly black, then the equation(3— 5) may be 

modified as

q =  FAo(T 1 4 -  T 24) (3 -6 )

where the factor F is a quantity which is less than unity and accounts for 

the effects of geometrical arrangement of the surfaces and for bodies not being 

perfect emitter and absorber.

In general heat transfers within the solid only by conduction. Convection is 

altogether absent and radiation usually negligible. In the case of the heat transfer 

across the surface of a solid, the heat conducted through the surface can be 

considered to be removed from surface by a combination of convection and 

radiation. An energy balance would be given:

K A - ^  g= h A d g - T ^ )  +  FA(r(Ts 4 - T a 4 ) ( 3 - 7 )



where Ts, Ta and are temperature of surface, surrounding and 

fluid,respectively.

Eq.(3— 3) is usually used as a boundary condition in solid state since the 

constant a  is : v .  so small that radiation can be neglected

3.4. Heat distribution equation in the solid

As discussed above, the heat transfer in a solid is dominated by conduction.

Now we must find out a basic equation which can describe the heat distribution

resulted from conduction in the solid.

Consider the one—dimensional system shown in Fig.(3.3), where the 

temperature may be changing with time and heat sources may be present within the 

system. For the element of thickness dx, the following energy balance may be made:

e n e rg y  co n d u c ted  

in  l e f t  fa c e
+ h e a t g e n e ra te d  

w i th in  e lem ent

change in  in te r n a l  

e n e rg y
+ e n e rg y  co n d u c ted  

ou t o f  r i g h t  fa c e

These e n e rg y  q u a n t i t i e s  p e r  u n i t  tim e a re  g iv e n :

dTE nergy in  l e f t  fa c e  qx = -KA ^

E nergy g e n e ra te d  w i th in  e lem ent = q A dx
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dq
E nergy  ou t r ig h t  fa c e  qx+dx= Tx* dx

. r.,3T 3 ,„3T . , ,
- A[Ks + s s  (Ks  )dx]

where q* is energy generated per unit time per unit volume; 

c is spcific heat of material; 

p is density of material; 

t  is time.

Combining the formula above,

-KA|i + q*Adx - pcAjidx - A[ Kgi + ^ ( K ^ d x

o r
3x 3x q pC3 t

This is the one dimensional— heat conduction equation. To treat three 

dimensional heat flow, we need to consider only the heat conducted in and out of a 

unit volume in all three coordinate directions, as shown in Fig.(4.4).

The energy balance equation yields

<lx + <ly + <lz + ^gen °lx+dx + ^y+dy + ‘Iz+dz + a t 

and th e  e n e rg y  q u a n t i t i e s  p e r  u n i t  tim e  a re  g iv e n  by



dTqy -  -K d xd z^

I t  ^

qy+dy -  Kap + 5^(K57)dy Jdxdz

dTqz  = -Kdxdy—  
d^

d T  d  dT
qz +dz = - [  Ka ^  + d^<K̂ dz l dxdy

Qgen = q*dxdydz 

I f  = p cd xd yd z|I

T h e re fo re , th e  h e a t  c o n d u c tio n  e q u a tio n  i s

For steady state, where there is no time dependence and homogeneous 

material, Eq.(3—8) may be simplified as:

d 2T d 2T d 2T &

Ka ^  + K5 F  + k5 z 5+ d -  0 (3" 9)

thus
For simplicity, two dimensions only are considered, AEq.(3.9) can be 

replaced by:

+ K§ p + ■>* -  0 <3- 10)

For some circularly symetrical bod&S whose temperature distribution is 

indenpendent of azimuth, the Eq.(3.10) can be obtained in cylindrical coordinates, 

r(radius), z(axis):

d 2T 1 dT d 2T a *
5FT + r a F  + 3 i ?  + ^ “ °

Heat distribution can be obtained in steady state within the solid by solving 

the equation above with certain boundary conditions.
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The Eq.(3—11) will be used in ring laser model which is symetrical along the 

azimuthal direction to get a temperature distribution within the structure of the laser.
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CHAPTER 4 

NUMERICAL MODELLING OF TEMPERATURE 

DISTRIBUTION IN RING LASERS

4.1. Introduction

In order to understand thermal behaviour of the ring laser with the aim of 

improving its heat dissipation system, it is essential to predict temperature distribution 

within the laser structure. Analytical solutions of the mathematical expressions are 

possible for very simple cases only. Thermal problems are usually complex and it 

may be difficult to find their analytical solutions. The numerical method is used 

extensively in practical applications to determine the temperature distribution and 

heat flow in solids having complicated geometries and boundary conditions. A 

commonly used method is based on the representation of the derivatives in the heat 

distribution equation by a finite difference approximation. Therefore, the partial 

equation (e.g. Eg. 3.9) is approximated by a set of algebraic equations for 

temperature at a number of nodal points over the region concerned. A brief 

discussion about the finite difference method will be given in section 2 and a 

theoretical model of the ring laser substrate in which the effect cjv lasing rib is not 

taken into account will be described in section 3. In section 4, some numerical 

theories about iteration, and rate of convergence is are presented. Errors in this 

method will be discussed in section 5. Furthermore, the numerical modelling results 

of laser substrate will be presented in section 6 . In section 7, as an extension to the

-  22 -



model above, lasing rib will be specially considered and both results will be 

combined and discussed. There will be summary in final section.

4.2. Theory for the finite difference method

Consider a two— dimensional body, which is to be divided into equal increment 

in both the x and y direction, as shown in Fig.(4.1). The <*x,^y is mesh size. The 

symbols i,j are used to indicate the location of a nodal point whose coordinates are 

x =  i^x, y =  j^y. In the numerical method, all differentials are represented by a 

finite— difference approximation between the nodal points and the continuous partial 

differential equation is replaced by a set of algebraic equations satisfied only at the 

points. Therefore, the smaller mesh size can result in better approximation.

T j j  is to be the temperature at node (i,j), as shown in Fig.(4.1).

T j + i j ,  T j _ i j ,  T i j + i ,  T j j —i are the temperatures at node ( i+ l , j ) ,  (i— 1 ,j ) , 

( i , j+ l) ,  (i,j— 1), respectively. The temperature differentials can be approximated as

[40]:

dT 1 dT 1

dx Ax dy Ay

d2T 1
(4 -1 )

d2T 1

dy2 (Ay)2

In cylindrical coordinate, the temperature differentials can also be substituted

-  23 -



i J - 1

F i g . 4 .1  Sketch i l l u s t r a t i n g  mesh used  in two dimensional  

'numerical  a n a l y s i s .



by the finite differences, as in Eq.(4—1).

For square mesh, =  ^y  = L, the heat distribution equation Eq(3—10)

can be replaced by finite difference form and temperature at nodal point (i,j) is 

given:

Ti j  -  i  <Ti + i , j  + Ti - i j  + Ti j + i  + Ti j - i + <4 - 2 >

Similarly, in cylindrical coordinate, the Eq(3—11) can be substituted by:

T i , j  -  5 [ T i J - l + T i
(4 -3 )

4.3. Theoretical model description

The ring laser chip is placed on the top of a heatsink surrounded with air. 

The cross section in cylindrical coordinates is shown in Fig(4.2). Consideration of 

only two dimensions is sufficient, the horizontal and vertical directions corresponding 

to radius (r) and height (z), respectively, due to symmetry along the azimuthal 

direction ( 0).

There are five assumptions in this model for simplicity:

(1) Only the junction of the laser is assumed to act as a heat source and is 

near the top of the laser substrate, as the height of the lasing rib ring (6.4um) can 

be negligible compared to the thickness of laser chip (lOOum). The influence of the 

lasing rib will not be considered here. It will be specially discussed in section 4.7.
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(2) The heat transfer across chip surfaces by conduction through air is 

neglected because the thermal conductivity of the laser chip material, 0.40W/cm°c, is 

much bigger than the thermal conductivity of air, 0.26*10— ^W /cm°c.

According to Eq(4—1), the boundary condition along z axis is given by:

(4 -4 )

Its finite difference form is:

^n+1 ^n -1  _  q
2^ z

So,

Tn+ 1  =  Tn—1 (4 -5 )

Tn is the temperature on the top surface, T n+ \  and T n_  \  are shown in 

Fig(4.2). The same boundary equation can be obtained on the side surface.

(3) The flow of heat by convection from the top and side surface need not 

be considered:

Eq.(3—3) describing heat convection can be written in finite difference form

T qq is temperature of fluid which is thought as room temperature, e.g.20°C,

as:
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here, is mesh size which is equal to 2um in the model.

If the surface temperature Tn is 70 °C and device dimension is 400um, 

maximum convection coefficient h has been given as 1.60W /cm20C. Putting all 

values into Eq.(4—6), we can see that the effect of convection can be neglected, 

because:

Tn+1  -  Tn_ t  * 0.08 °C

so T„_i. 1 ^ T „_n+ 1 -  i n— 1 (4 -7 )

(4) Heat loss due to radiation is also negligible.

The radiation power is given by Eq(3—5). If parameters are the same as 

above, the maximum loss by radiation is about 0.027mW. It is much smaller than 

total heat power dissipation, which is about 200mW if the supply current is 100mA.

(5) The temperature on the bottom of the chip is forced by a heatsink down

to an adjustable temperature, e.g.20°C.

From the discussion above, the boundary conditions are given by:

AB boundary T =  20 °C

(4 -8 )

BC,CD,DA boundaries Tn+  ̂ =  Tn_  j

Heat distribution can be solved by iteration method using these boundary

equations.
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4.4. Programme implementation

4.4.1. Solution bv iteration

Iteration is one of the important methods in finding solutions of equations in 

numerical analysis. It starts with an initial guess value and by repeating a number of 

steps over and over tries to improve the initial guess value until the correct answer 

is obtained[41].

Assume that x 0 is a root of the equation concerned, xj is a guess and an 

arbitrary number e is as small as wished. To converge xj to the root x Q, xj must 

eventually approach so close to x 0 that the difference | xj — x 0 1 is less than 

arbitrary e. Supposing M iterations are needed before this requirement is satisfied, 

the following equation can be written [42]:

|xj — x Q| <  e for all i ^ M (4—9)

Eq(4—9) can be replaced by:

l im |x j  _ x 0 | = 0  (4 -10)
i-*»

Similarly, Xj+j is satisfied by Eq.(4—9), hence

l im | x i+1-  x 0 | =■ 0 (4 -11)
i-*»

Combining Eq.(4—10) and Eq.(4—11):
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1im | x i+ i  -  x j |  = 0 
i-*»

(4 -12)

If the difference between any two successive approximations X| and x-1+ \  is 

equal to zero when i approaches infinity, xj can be considered as a root of the 

equation.

Hence a programme can be written in such a way: firstly, starting with initial 

guess and iterating until the difference between two successive xj is smaller than a 

arbitrary small number e, then we assume that the correct answer has been found.

The finite difference program used to find the heat distribution within the 

structure was written in Fortran and run on a IBM 3090 computer with vector 

facility. The area considered is approximated by 71x51 points. The arbitrary e is 

10— 6 and the initial guess is chosen according to relative experiment result. The 

programme contains a procedure to calculate the value at each point over and over 

again (starting from the left to the right and from the top to the bottom of the 

area) till the value at each point in two subsequent iterations changes very little 

(less than e). Another Fortran programme using the Ghost 80 library on the IBM 

3090 was written to draw the contours of the temperature distribution.

4.4.2. Rate o f  Convergence

Rate of convergence of the result is shown in Fig.(4.3). It illustrates that the 

program is good because the result can converge to a particular value. In other 

words, the difference between two subsequent iterations tends to zero when interating 

a certain amount of times though initial guesses are different. A poor initial guess 

(e.g. 100 °C) will take more iterations to converge, which needed 35000 iterations. 

But for 65 °C, only 10000 iterations were needed. Therefore, finding a suitable initial
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guess is quite important for two reasons: firstly a poor initial guess can lead to low 

convergence, shown in Fig.(4.3), with attendent use of computer time and secondly a 

poor one may spoil the convergence or cause convergence to the wrong root. Two 

usual methods of finding a suitable initial guess are given by Jamieson[43]. The 

initial guess in this program (e.g. 65 °C shown in Fig.(4.3)) is chosen by experience.

4.5 Errors in the Numerical Methods [43]

There are three main sources of error as a result of implementing this 

program on the IBM 3090:

(1) Roundoff error caused by using a number specified by n correct digits 

(e.g. real number representation) to approximate a number which requires more than 

n digits for its exact specification. It can be reduced by replacing with double 

precision numbers and running in IBM3090 mainframe with vector facility.

(2) Truncation error due to the replacement of an infinite process by a finite 

approximation, e.g. a finite number of iteration and insufficiently small mesh size. 

This can be reduced by increasing the number of iterations and diminishing the 

mesh size, which will cause an increase in execution time. In the program used, 

mesh size ^x= 2um will lead to some error.

(3) Error due to an approximate model and boundary set up. For example, 

no heat transfers across the surface are considered. The error will be significant 

especially when temperature is relatively higher. There is no easy way to get rid of 

this error without improving the model.
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4.6. Temperature plots in ring laser substrate

Because of the circular symmetry of the ring laser, it is only necessary to 

consider a radial section, as shown in Fig.(4.2). The finite difference program takes 

nearly 30000 interations to converge. It is indeed a slowly convergent program.

However, it only took 20 seconds of computer time as the program has been 

vectorized and runs under the vector facility, which is designed for numerically 

intensive computing.

The temperature distribution contour plots relating to various diameters of 

semiconductor ring laser substrate (D=12, 20, 40, 60, lOOum) and for the same

input power of 200mW are presented in Fig.(4.4)—(4.8). The horizontal and vertical 

directions correspond to radius and height, respectively, in the ring laser chip. 

Temperature of the bottom of rectangle is forced down to the adjustable temperature

of heat sink, 20 °C in these graphs. The curves within the structure are isotherms,

which correspond to the different temperatures in the table on the right.

A small region on the top of rectangle, where the isothems are more closely 

spaced, is the ring heat source whose temperature is the highest. Fig.(4.4)— (4.8) 

show different temperature distributions for different diameter ring lasers under the 

same power supply of 200mW, that is the power dissipated as heat. It is noted 

from the graphs that the heat is more concentrated to beneath the junction (lasing 

rib) and the maximum temperature is higher for a smaller diameter device due to 

its bigger power density and difficulty of dissipating heat, which is quite in 

agreement with the discussion before. For example, for a ring diameter of 12um, 

Tmax=  128.0°C, its temperature drops down 16% from heat source to edge on the 

top of chip, but for a diameter of 60um, Tmax=  45.49 °C and the temperature drops 

down 47.5%.
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In addition, the thermal resistance across substrate is described by[44]:

R th  = T to p  oc/w  (4 .1 3 )
p in p u t

The thermal resistance v£ different diameter ring can be obtained, shown 

in Fig.(4.13). It indicates that low thermal resistance can be found for large 

diameter ring.

Temperature profiles for different input heat powers, 41 mW, lOOmW and 

200mW have been obtained and are shown in Fig.(4.9), (4.10) and (4.6). They 

illustrate that heat distributions are the same, only the isotherms correspond to 

different values in the table, e.g. maximum temperature T max is 27.67 °C for 42mW 

power supply, Tmax=  38.75 °C for lOOmW, Tmax=  56.45 °C for 200mW. The heat 

sink temperature was 20 °C.

The thermal numerical simulation for different temperature of heat sink, 

TS= 20°C  and 60 °C, under same power supply, 200mW, has been calculated, and is 

shown in Fig.(4.6) and (4.11). The temperature profiles keep unchanged as expected, 

only the temperature of the whole chip increases.

Finally, temperature distribution on the top of a 40um diameter ring laser 

chip under 41 mW power supply and 61 °C heat sink temperature condition is also 

shown in Fig.(4.12).

It has been found that temperature rise largely for small ring laser, low 

thermal resistance can be found for large diameter ring laser ,shown in Fig.(4.13) 

and heat is more concentrated to beneath the lasing rib.
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4.7. Temperature distribution across lasing rib

The ring laser chip is shown in F ig .(l.l). It is a ring rib laser of which 

there is a lasing rib on top of the substrate, as shown in Fig.(4.14). The thermal 

influence imposed by lasing rib has never been taken into consideration before for 

simplicity. However, in some case, it cannot be denied and becomes more significant 

for small rings or very narrow ribs.

Therefore, it is necessary to analyse the temperature drop across the rib. 

First, let us consider the rib model, as shown in Fig.(4.15) and suppose there is no 

heat transfer across the side and the top surface. The heat generated in the active 

layer moves entirely into the substrate so that the top part above the active layer 

can be neglected. The finite difference technique can be applied in this model. 

Temperature drop ^T and thermal resistance Rth between the active layer and the 

top of the substrate can be estimated by using similar methods. Two kinds of ring 

diameter (40 and lOOum) with respective power supply of 42mW and 200mW have 

been considered. In addition, the temperature drop ^ T 1 and its corresponding 

thermal resistance Rthi with different rib widths have been calculated and presented 

in table 1. In comparision, temperature drop ^T 2 and thermal resistance R th2 

between the top and the bottom of the substrate under the same condition are 

presented in the same table. For lOOum diameter ring under 200mW power supply, 

the temperature drop of the wider rib is smaller than that of substrate. In this case 

the rib thermal effect can be ignored for simplicity. However, for narrower ribs, the 

temperature drop of the rib is larger than that of the substrate. In 40um diameter 

ring, the temperature drop is even more significant.

With reference to their thermal resistances, as shown in Fig.(4.16) and (4.17), 

obviously, both the thermal resistances of rib (R thi) anc* substrate (R th2) increase 

with decreasing widths and R ^  increases more quickly than R th 2- Fig-(4-17) shows
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that for wider ribs (more than 7um), R^ 2  three times larger than R^hv The
the rib

total thermal resistance (rib+substrate) is less than 100°C/W when Awidth is larger
rib

than 6um. However, when the Awidth is less than 4um, Rtj11 increases more quickly 

than R th2 anc  ̂ eventually it is bigger than R th 2- Fig.(4.16), 40um diameter ring 

laser has relatively big thermal resistances for both the substrate and the rib. The 

thermal resistance of the rib (Rthi) increases sharply with increasing rib width. 

When the width is less than about 2.5um. Rtj11 is bigger than Rtjj 2-

As a result, not only the thermal influence by lasing rib cannot be ignored 

but also more attention should be paid to small rings or narrow lasing rib. This is

because of the difficulty in heat dissipation in small sized area. In addition, a

shallower and wider lasing rib can be of advantage because the thermal resistance of 

the rib is proportional to its height.

4.7. Summary

Temperature distributions of substrate and lasing rib in a variety of conditions 

have been successfully found. The thermal model fits the experimental device fairly 

well although the cylindrical— symmetry model is used and no account is taken of 

convection or radiation which are estimated to be small. The results obtained show 

large temperature rises in the laser, which are more severe for smaller rings and 

smaller width rib, and heat dissipation would be decreased.

The isotherms in the substrate model are concentrated close to the heat 

source, which means the temperature gradient is strongest just beneath the rib, the 

temperature of which does not depend on the thickness of the substrate. The

isotherm distribution is the same for increases in input power or in heatsink

temperature, but the temperature corresponding to each isotherm also increases, as

-  33 -



would be expected.

ih e
Thermal effect of ^lasing rib is significant for small ring or narrow width rib.

Therefore, large ring and wide width rib structure would be better for heat

dissipation. Fig.(4.18) shows the thermal resistance of the whole ring laser chip. It 

suggests that for lOOum diameter ring laser, thermal resistance of only the structure

in which the rib width is more than 6.0um can be less than 100 °C/W, which may

be thought of as a device with acceptable thermal characteristics.

The simulation results indicate that for a semiconductor ring laser structure 

with good thermal characteristics, which it is possible to run in CW operation, one 

or both of the following factors must be taken into consideration:

(1) a large diameter ring;

(2) a shallower and wider rib.
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CHAPTER 5

TEMPERATURE MEASUREMENT BY THERMAL IMAGING

5.1 Introduction

The measurement of temperature distribution in a semiconductor laser device is 

of vital importance for designing and running the device. Especially, direct 

observation of temperature profile on the top of semiconductor laser device is most 

significant. A very convenient way of measuring the thermal map is to use some 

temperature sensitive feature of the material of the device structure concerned. For 

example, infrared thermal images of the laser surface may be used. Infrared thermal 

maps of the semiconductor ring laser were obtained by using a Barns RM50 Infrared 

Micro Scanning Imager in the Wolfson semiconductor laboratory at the University of 

Birmingham. A brief account of the infrared imaging technique will be given first 

and the equipment will be described in section 5.3. Attention must be paid to 

sample preparation, which will be discussed in section 5.4. Finally, thermal mapping 

of the top surface of the ring laser under a variety of power supplied and different 

heatsink temperatures has been carried out, and will be presented and discussed in 

section 5.5.

5.2. Principle of infrared thermal imaging

The infrared is that region of the electromagnetic spectrum which lies
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between the visible and microwave regions, i.e. between wavelengths of about 800nm 

and 1mm. Its importance arises from the fact that every material object emits 

infrared radiation in a characteristic manner depending upon the surface temperature. 

It can be used to distinguish a body from its surroundings or to identify an unknown 

material, also to obtain the temperature profiles of the body from a study of the 

intensity and wavelength distribution of the radiation [45].

The radiation intensity and wavelength distribution are strongly influenced by 

surface temperature, as shown in Fig.(5—1). The energy intensity per unit 

wavelength interval X X+ radiated from a object at an absolute temperature T 

is given by the Planck radiation equation [46]:

^  = X5 [exp(K 2/X T )- l]  (5_1)

Here K 1 and K 2 are constants. This equation only holds when the heated 

body is "black". The black body is defined as one which absorbs all radiation falling 

on it whatever the wavelength is. Fig.(5.1) shows the temperature dependence of the 

relationship between radiation energy and wavelength. It is noted that energy is very 

small for large and small X. The maximum energy is emitted at a peak wavelength, 

and will increase and move to a shorter wavelength by increasing temperature. 

Conversely, temperature of a body can be obtained by measuring its radiation energy 

intensity in a certain wavelength interval X, X2, as shown in Fig.(5.1).

A thermal image map of the sample can be recorded by scanning and 

measuring the intensity of radiation from point to point on the sample.

-  36 -



Ew
in

y

Low lempctaiurc

F i g . 5 .1  R a d i a t i o n  e n e r g y  i n t e n s i t y  v e rs e  wa v e l e n g t h .



5.3. Experimental equipment

A RM— 50 Scanning Infrared Micro Imager was used through out this work, 

shown in Fig.(5.2). It is interfaced to a DEC 11/34A computer, which handles any 

digital processing and has a colour monitor display. This microscanner combines the 

features of an infrared microscope with those of a real— time thermal graph. It 

employs advanced electro— optical techniques to scan all portions of the target, 

measure the temperature of each resolution element, and produce a continuous 

magnified thermal image on the colour monitor display[47].

Fig.(5.3) is a micro imager optical schematic diagram. The optical system 

consists essentially of detector, optical chopper and 2— axis scanning system. The 

system uses a indium— antimonide detector cooled by liquid nitrogen, for the purpose 

of increasing the resolution. The sensitive range of the InSb detector is between 

2 and 5 um. The temperature measuring range is ambient to 200 °C with sensitivity 

of 0.1 °C at 30 °C. The chopper is an electromechanical device which periodically 

interrupts the infrared radiation reaching the detector and target scanning is 

accomplished by torque— motor driven mirrors. One mirrors scans in the X direction 

at a rate of 60Hz, while the other mirror scans in the Y direction at a rate of 1 

or 2 Hz. This produces an image composed of a raster of 64 horizontal lines at a 

rate of 1 frame per second. As a result, it will take 1—2 second to scan one 

thermal map.

There is a heater which is used to raise and accurately hold the specimen 

holdertemperature constant. The visual display can be photographed by an special 

camera with push— button control.
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5.4. Description of the sample

The dimension of the ring laser chip used in this experiment is about 450um 

square by lOOum thick. The diameter of the laser ring is lOOum . The chip is 

mounted onto a copper block by silver epoxy, and is placed on the top of the 

heater in the system.

The electronics measurement circuit is shown in Fig.(5.4). Supply current Icj 

and voltage across the laser diode were measured at the same time while 

thermal maps on the top of sample were being recorded. Resistance R 2 is for 

current limitation and supply current 1̂  was given by measuring voltage divided 

by resistance R , in case the laser diode is damaged when an autoranging ammeter 

changes range by chance.

The problem which always arises in this experiment is that lower material 

emissivity makes measurement difficult, especially for this sample which has low 

supply current (10mA—120mA). A solution to the problem has been made by using 

a coating of known high thermal emissivity, such as various polymers, paints or 

lacquers, or silicon monoxide [48], which increase the minimum emissivity up to 

values exceeding 0.4 and do not require any correction to be used on the recorded 

data. In practice, each sample needs to be treated as an individual problem, i.e. the 

type of coatings described do not represent a general solution, and whether this type 

of approach is suitable depends on what information is sought. For temperature 

mapping, the coating layer has to be thin and uniform and to have good thermal 

contact. A better coating material for the sample in this experiment is silicon 

monoxide (SiO), which was deposited on the top of sample, about 3um, under 10— 5 

torr pressure. Even where the low emissivity problem was solved, the accuracy in 

this experiment was about 2°C.
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5.5. Result and discussion

Some results will be presented for two different ring diameter laser, lOOum 

and 40um various supplied power and base temperatures. Fig.(5.5) shows the lOOum 

diameter laser configuation and Fig.(5.6) shows the laser emits ring light.

The emissivity map, as shown in Fig.(5.7), was determined from observations

of radiant energy by heating the sample (temperature of the heatsink is 57.2 °C).

The shape of the sample on the map fits the configuration of the laser in Fig.(5.5)

and it seems that the emissivity of the material of the sample is not quite uniform. 

However, the infrared scanner automatically adjusts its resulting temperature profile 

calculation to allow for the measured various in emissivity [47,49].

Increase of power supply on the laser device will make it not only emit 

more light, also generate more heat. lOOum diameter ring laser was used with 100, 

50, 30, 2mA supply current, with the different base temperatures (heatsink

temperature) of 57.0, 57.1, 57.6, 61.0°C, respectively. Their thermal maps are 

presented in Fig.(5.8)—(5.11).

The thermal maps clearly illustrate the temperature distributions on the top 

of the sample and it is hotter in the ring region than that outside the ring. 

Different colours on the maps correspondsto different temperatures which are shown 

on the right— hand side. It is clear from the photos that the temperature on the top 

of the ring is not uniform. For example, in Fig (5.8), there is a hottest point, 

102 °C, at the Y junction and the left half of the ring is hotter than the right half. 

The average temperature on the ring can be estimated roughly to be about 92 °C. It 

is not easy to explain the nonuniform temperature distribution because it depends on 

many factors, e.g. low resolution of instrument, emissivity, non— uniformity of the 

material and its surroundings. The reason for the higher temperature in the left half
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of the ring may be explained by the fact that there is a big drop of epoxy, 

conductivity of which is 0.02W/cm°C and is much smaller than that of GaAs, 

0.44W/cm°C, on the top left corner of the chip. As a result, heat is more difficult 

to dissipate in the left half of the ring. The hottest point is due to Y junction 

coupling where more current is concentrated.

Fig.(5.8) and Fig.(5.12) show temperature distributions for different base

temperatures, Ts =  22.5 °C and 57.0 °C under the same 200mW power supply. It is

clear that the results obtained are quite in agreement with the theoretical simulation 

results in chapter 4, i.e. the temperature profiles keep unchanged, only temperatures 

in the Table shift to higher temperatures. For example, the difference between 

maximum and base temperatures in Fig.(5.8) is about 45 °C, which is nearly equal to 

the equivalent difference, 43.3°C, in Fig.(5.13).

In the numerical modelling discussed in chapter 4, only average of the 

maximum temperature on the top of ring was taken into account. However, from 

the thermal map, we can find the temperature is not uniform. In order to compare 

with experimental results, the experimental average maximum temperature has to

estimated. In Fig.(5.12), it is about 54.5 °C (the temperature drop is 32.5 as 

temperature of the heatsink is 22.0°C here).

The thermal image maps for diameter 40um ring under 42mW (25mA) and

51mW (30mA) power supply are demonstrated in Fig.(5.13) and (5.14). The 

maximum temperatures shown in each temperature table are also the average 

temperature of the whole ring, because the ring is too small to be distinguished

between different temperatures on the ring.

Table 2 shows the comparision of temperature drop and thermal resistance in

theory and experiment. It illustrates that the theoretical results are bigger than the
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values obtained experimentally. These differences between theoretical model and

experiment can be explained by noting that the resolution of the infrared scanner is

lOum at best which is larger than the width of the lasing rib. Therefore, the

temperature of the ring shown in the thermal maps is actually the average

temperature of the rib and surrouding substrate, see table 2. Where the rib is 

widened, for example at a y— junction, the scanner will indicate a higher

temperature.

5.6. Summary

Temperature distributions on the top of the sample have been obtained by 

using infrared image scanner. The thermal maps show the temperature distribution so 

obviously and directly that we can say it is a good method to observe the thermal

behaviour of the device. Although it can not indicate rib temperature well due to

the results much affected by low resolution of the apparatus, it does give some idea 

of the temperature distribution of the device which is in broad agreement with 

theoretical expectation.
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Table 2. Coparision of temperature drop and thermal resistance  
of the ring laser in theory and experiment

diameter= 1 OOum 
power=200mw

diameter=40um
power=42mw

theoret ical

substrate

r ib  + sustrate

aT=23.5 C, R= 1 15.0 C/w 

a T=39.74 C, R= 1 98.7 C/w

aT=7.72 C, R= 1 83.0 C/w 

aT= 16.51 C, R=393 C/w

ex oeri men} aT=32.5 C, R= 1 62.6C/W aT=9.8 C, R=209 C/w



CHAPTER 6

SEMICONDUCTOR LASER TEMPERATURE CONTROL SYSTEM

6.1. Introduction

Semiconductor lasers are known to be adversely affected by heat which is 

generated at the active junction. This heat may degrade the laser, which reduces its 

useful lifetime and the junction temperature rise will lead to a deterioration of laser 

operating characteristics: an increase in threshold current, a shift in the output 

wavelength and a decrease in the output power.

These effects will limit the use of the lasers, particularly for optical—fiber

communication applications. So great attention has been paid to finding a method 

which can remove heat generated at the junction efficiently and achieve a stable and 

long lived operation. Thermoelectric (Peltier) cooling device has been used intensively 

to provide a simple, reliable solution to precise temperature control in many

applications of optoelectronic device. In this work a small Peltier cooler, which is

8mm long, 10mm wide and 2.7mm high and nominal voltage of 3.5V, is used to 

cool a semiconductor laser chip. Its operating principle will be briefly discussed in 

section 2.1. The Peltier cooler must be driven by a electrical control system, which 

will be described in section 2.2. The temperature dependence of threshold current 

and lasing wavelength were measured by using this system, which will be presented 

in section 3,4. Finally conclusions will be drawn.
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6.2. Temperature control system

6.2.1. Peltier e f f ec t  and Peltier cooler

The thermoelectric (peltier) cooling device is based on the thermoelectric 

effect or Peltier effect which was discovered by Jean.C.Peltier[50] in 1834. This 

effect, in Fig.(6.1), shows that an electric current passing through a junction of two 

dissimilar conductors can either cool or heat this junction depending on the direction 

of current. Heat generated or absorbed is proportional to the current.

Generally, the peltier device is made from two heavily doped semiconductor 

blocks (usually bismuth telluride), which are connected electrically in series and 

thermally in parallel, as shown in Fig.(6 .2). When current goes in a clockwise

direction, i.e. metal -» n— type -» metal p— type metal, the electrons in n— type 

and holes in p— type will carry heat from heat souce to heatsink. If the current is

changed, the carriers will move the heat up to heat source. Overall, changing the

direction of current can heat or cool the top of the device. A conventional Peltier 

device often contains dozens of semiconductor block to increase the efficiency of

heat transfer. Total heat transfered is easily multiplied by increasing the number of 

blocks.

6.2.2. Laser temperature control system

A laser temperature control system is presented in Fig.(6.3). The laser chip 

is mounted on a copper block which is placed on the peltier cooling device. Then 

the Peltier device is soldered onto a I— C header. In the metal block, there are two 

holes near the bottom of sample which contain a thermistor, that measures the
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F i g . 6 .1  Schematic  diagram o f  the  P e l t i e r  e f f e c t .
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temperature of the bottom of the laser chip and sends it to the controller, and a 

thermocouple that indicates the temperature.

Fig.(6 .4) is a diagram of the feedback control system. The metal block 

temperature is measured by a thermistor. This temperature is then compared to a 

set point temperature (reference temperature), to produce an error signal 

proportional to the temperature difference. The error signal processor produces an 

output based on the error signal. The output controls a bipolar output driver, which 

supplies the Peltier cooler. Therefore, when the temperature on the bottom of the 

sample changes, the error signal processor will produce an output to drive the 

Peltier cooler which control the block temperature. As a result, this system can keep 

the temperature of the bottom of the sample ( called the heatsink temperature) at a 

particular value.

6.3. Temperature dependence experiment of semiconductor stripe laser

One of the applications of the laser temperature control system is to change 

the heatsink temperature Ts to a certain value and measure temperature dependence 

of the laser operating characteristics, e.g. threshold current, lasing wavelength and 

optical output power.

6.3.1. Temperature dependence o f  threshold current

A very narrow stripe (1 um) DH laser, on a chip 400umx400um square, was 

mounted in the system. It was pumped by a pulsed current supply, with pulse width 

=  0.06us and interval =  30us. Its optical power output characteristic as a function 

of current supply at room temperature (15 °C) is shown in Fig.(6 .5), illustrating that
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the threshold current is about 240mA.

The temperature of the heatsink can be changed by adjusting a reference

resistance in the controller and the threshold current as a function of heatsink

temperature was obtained, shown in Fig.(6 .6). The following point can be noted 

from this figure. The threshold current increases exponentially with heatsink 

temperature rise. It is quite in agreement with Eq.(2—2). In order to obtain laser 

action, the threshold gain must be sufficient to overcome sources of loss in the

device. When temperature rises, internal absorption and scattering loss a  increase

significantly and quantum efficency rj decreases. Clearly, the threshold current must 

be high enough to produce a gain which satisfies the oscillation condition.

6.3.3. Temperature dependence o f  emission wavelength

Fig.(6.7) shows the system for measuring the optical spectrum of the stripe 

(lum)laser with varying temperature of the heatsink. The optical spectrum for 

different temperatures was measured by changing the heatsink temperature and 

adjusting pulse current supply (t=0.06, T=30us) up to threshold value and shown in 

Fig.(6 .8). The following points can be obtained from Fig.(6 .8): threshold current 

increases, shown in Fig.(6 .6) and emission wavelength shifts to longer wavelength as 

discussed in chapter 2, shown in Fig.(6 .9), with temperature rise. This is because the 

energy band gap is getting smaller when temperature increase (Fig.(2.8)). The 

emission wavelength shifted an average of 0.26nm/°C from the experimental result 

which is near the value mentioned in [51].

In Fig.(6 .9), the experimental emission wavelength varies with heatsink 

temperature and in Fig.(2.9), the calculated emission wavelength increases with 

junction temperature. Therefore, the temperature drop between junction and heatsink
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can be determined from both graphs. For threshold current 1^=  245mA, choosing 

emission wavelength Xp=883nm, the related heatsink temperature is 35 °C from

Fig.(6 .9) and using Xp=883nm, the related junction temperature is 72 °C from

Fig.(13). As a result, the temperature drop between them is about 37 °C.

Furthermore, the thermal resistance for this stripe laser is 75°C/W  [52].

6.4. Summary

The semiconductor laser temperature control system has been set up. It was 

used successfully to control the bottom temperature of the laser chip. The

temperature control range can be 0°C — 100 °C for this particular Peltier and

maybe be reduced below 0°C. This system is suitable for various types of laser,

including ring laser, although it was only used for stripe laser in this experiment.

Two experiments concerned with temperature dependence of threshold current 

and lasing wavelength were demonstrated. From the result obtained, the temperature 

drop across the device and thermal resistance for this stripe laser have been

calibrated. In addition, temperature rise actually degrades the characteristics and 

stability of the devices: thershold current increases and emission wavelength shifts.

Therefore, it is better to run the laser at as lower temperature as possible.
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CHAPTER 7 

TEMPERATURE SENSING SYSTEM

7.1. Introduction

Stability of laser oscillations is improved with increased heat transfer away 

from the junction, which may be achieved using the laser temperature system 

described in chapter 6 . The controller is driven by a thermistor placed near a laser 

chip. This will result in two problems: firstly, the large size of the thermistor, 

compared with the laser chip dimension, introduces big error in temperature sensing 

and secondly, it does not indicate the temperature of the active layer of the laser, 

placed near its top surface. So a 7ccY' small temperature sensor which can indicate 

the top temperature of the laser is essential.

For this purpose, a small Al— Au thermocouple has been successfully 

investigated, and will be presented in section 2. The fabrication of a broad area 

laser with an additional thermocouple pad has been carried out, which will be 

demonstrated in section 4. In section 5, a final measurement system will be 

described. The experimental results will be presented and discussed in section 6 and 

will be concluded in the last section.
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7.2. Investigation of Al—Au thermocouple

The thermocouple is based on Seebeck effect that is the other sort of 

thermoelectric effect. Consider a conduction path consisting of two different materials 

a and b, as shown in Fig.(7.1). If the two junctions are at different temperature, 

this will produce a voltage difference between them, which is proportional to 

temperature difference ^T:

*V =  a^T

where a  is called Seeback coefficient. Therefore, the temperature on one 

junction can be obtained if the voltage difference is measured and the temperature

on the other junction is considered as a reference.

The electronic industry often uses either gold or aluminium connecting wires. 

The possibility of using both materials to form a small thermocouple has been 

successfully demonstrated. The thermocouples (Fig.(7.2)) used small diameter (25um) 

Al and Au wires or evaporated films. In the first case, the wires are bonded onto a 

gold dot on the top surface of a silicon chip, by using a Model— 4123 ultra— sonic

bonder, shown in Fig.(7.3), for the purpose of checking if it is possible to form a

thermocouple on the top of the laser. In the second case, the evaporated Al—Au 

films are connected with Al and Au wires respectively to the output circuit, to check 

if it is possible to measure the temperature on the bottom of the laser properly.

The above thermocouples have similar thermoelectric properties and their 

voltage versus temperature characteristics are presented in Fig.(7.4). The 

characteristics are linear with a slope of about 3.5uV/°C and cross Ov at room 

temperature, which means the voltage will change 3.5uv when temperature increases 

1 degree centigrade. As a result, Fig.(7.4) can be use to calibrate the temperature
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when the voltage of the thermocouple is measured.

7.3. Production of a broad area laser with thermocouple pad

It was found necessary to use an electrically—insulated bonding pad on which 

to locate the thermocouple when measuring the temperature of the top surface of a 

broad area laser chip.

The fabrication process for producing a broad area laser with thermocouple 

pad structure shown in Fig.(7.5), which is insulated from power supply pad, has 

three main steps:

(1) surface preparation (clean);

(2) photoresist pattern;

(3) evaporation.

The properties of a device are critically dependent on the quality of each 

step, especially evaporation. The first two steps were carried out in clean room 

which is equipped with filtered reduced osmosis water, analar grade solvents, 

ultrasonic baths, filtered nitrogen and mask aligner. The third was done in a Model 

12E3/1526 evaporator, shown in Fig(7.6).

The fabrication process is as follows:

(1) surface preparation

a. removal contaminants bv organic solvents:

(i) methanol, 15sec, rinse, for precleaning and drying the sample;

(ii) trichloroethylene, 5min.+ u/s (ultrasonic agitation), to remove
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contaminants (e.g. grease);

(iii) methanol, 30sec.+ u/s, to dissolves trichloroethlene;

(iv) acetone, 5min. u/s, 2—3 changes;

(v) methanol, 5min. u/s, 2 changes;

(vi) reduced osmosis water(R.O.water), 5min. u/s, 2 changes; 

b. oxide reduction for GaAs

(i) 30% NH4OH : R.O.water - 1 : 1 ,  5min., to reduce oxide;

(ii) R.O. water, 2min., rinse;

(iii)IPA, 5min., rinse, 2 changes;

(iv) blow dry with N 2.

(2) firs t photoresist patterine

a. photoresist coating

(i) putting the sample in cabinet for drying, 2m in.;

(ii) placing the sample on spinner chuck and then spinning at 8000rpm,

20sec, for cleaning;

(iii) deposition of the AZ1350J photoresist (positive );

(iv) spinning at 4000rpm, 40 sec.;

(v) baking photoresist in oven at 75 °C, 15min.;

b. exposure with a Mask Aligner. 6 sec.

c. developing of photoresist

(i) chlorobenzene, soak, 15min., to modify the surface, which will result in
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an undercut profile of the further developed resist;

(ii) blow dry with N 2;

(iii) development, developer : R.D.water — 1:1, about 1 min.;

(iv) R.O.water, rinse;

(v) blow dry with N 2;

(vi) checking a quality of the pattern under a microscope. Unsatisfactory 

pattern could easily be removed by rinsing the sample in acetone, methanol and 

R.O. water;

(vii) etching of GaAs , 1ml potassium chlorate solution (KC103 lOg +  H 20  

100ml) : 50ml HC1;

(3) first evaporation of the contacts for power supply pad (p—type contact)

a. prior to loading of the sample, bell jar of the evaporator is cleaned of 

metal with a mixture of HC1'.Nitric acid —3:1, then rinsing with water and IP A, 

baking for 30min. in a vaccum over at 12°C;

b. pumping down to 2X10”  2 torr atmosphere by a rotary pump, shown in

Fig.(7.7);

c. switching on diffusion pump to 5X10— 6 torr pressure;

d. R.F.sputter cleaning in Ar atmosphere at a presure of 10“  4 torr, 

100W, for 15min.;

e. slow evaporation at a rate of 0.2nm/s of subsequent layers of Au (30nm),

Zn (30nm) and Au (200nm). The thickness of the material was monitored using an

Intellemetrics Thickness Monitor (Model—IL100). The system uses a crystal oscillator 

at a frequency depending on evaporated materal thickness; and is calibrated by

specifying the material properties of the metal being evaporated;

f. cooling down for 40min and removing the sample from the vacuum

system;
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(4) lif t: of f

a. removing unwanted metal which lay on the top of photoresist with acetone 

about lm in. with lsec. u/s agitation;

b. checking the quality of deposited metal under microscope;

(5) annealing

annealing of the sample in an annealing oven, shown in Fig.(7. 8), 400 °C, 

lOsec.under Ar atmosphere for getting a good ohmic contact;

(6) second photoresist patternim

making pattern for S i0 2 insulator, same process as in (2);

(7) second evatoration of the insulating SiO 2

as in (3), very slow evaporation of SiO 2 up to lOOnm thick layer, cooling 

the system down for 20min.and continuation of evaporation up to 200nm thick layer;

(8) l i f t  o f f , as in (4);

(9) third photoresist patterning

producing a pattern for thermocouple pad, as in (2);

(10) third evaporation

evaporation of NiCr (50nm) and Au (200nm) for thermocouple pad which 

is insulated from power supply pad, as in (3);

(11) l i f t  o f f , as in (4);
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(12) annealins. as in (5);

(13) back polishins o f  the sample

reducing the thickness of the sample to lOOum. This was a ccomplished 

with a polishing of the back surface of the GaAs sample using alumina powder 

(12.5um) and water mixture. The sample thickness was measured with clock gauge 

(accurate to 2um);

(14) fourth evaporation for n— type ohmic contact

evaporation of the subsequent layers of Ge (50nm), Au (60nm), Ni 

(30nm) and Au (200nm) on the back of the sample for producing n— type ohmic 

contact, as in (3);

(15) annealins. as in (5);

(16) sample cleavins

the sample was scribed using a scribing maching, shown in Fig.(7.9) and 

cleaved into a small chip (400umx400um);

7.5. Temperature measurement system

The temperature sensing system is shown in Fig.(7.10) and Fig.(7.11). It is 

connected to a temperature control system as described in chapter 6 . A laser chip is 

mounted by using conductive epoxy onto a metal block which is placed on the top 

of a Peltier cooling device. The Peltier is epoxied onto an I— C header. Next to the 

laser chip there is a thermistor (as decribed before) which will drive the temperature 

controller. The temperatures are sensed using Al— Au thermocouples. The first one 

senses the temperature of a thermocouple pad placed near laser junction. The
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second thermocouple senses the temperature of the bottom of the sample ( 

approximately heatsink temperature).

7.6 Measurement and result discussion

The purpose of this experiment is to check the possibility of producing a 

thermocouple to measure the temperature on the top and bottom of the laser chip. 

For some reason, in this experiment, the thermocouple was only bonded on the 

point which is lOOum away from the junction, shown in Fig.(7.12).

The laser was pumped by CW current supply. The voltage (V^) aross the 

laser diode and two thermoelectric— voltage were measured by 7045 multimeters. The 

temperatures Ta and Tb can be obtained from the thermoelectric— voltage measured 

by using the calibration curve in Fig.(7.4). The temperature difference between top, 

Ta , and bottom, T^, vs. CW current supply are calibrated and presented in 

Fig.(7.13). Temperature drops (Ta — T^) under certain current are nearly the same 

for various bottom temperature T^ kept by Peltier cooler. However, the current can 

not be increased over 30mA because the pumping capacity of the Peltier used is too 

small (0.32mW). The temperature difference between top of junction T t and 

thermocouple Ta can be estimated from the isotherm diagrams,usually 80% of the 

total temperature drop. For example, I=25m A, 4.25V, T ^= 17°C , Ta= 23 .5°C ,

the temperature on the top of junction is approximately 29.4 °C. As a result, the 

temperature drop between top of the junction and between (Tt— T^) is about 

12.43 °C. The thermal resistance of this broad area laser can be obtained:

Rt h  "  TS ^ b "  H 6 . 9 ° C / W

Because Tt was estimated very approximately, the Rt^ obtained is not a good
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result. The result just shows that it is possible to use the Al— Au thermocouple as a 

temperature indicator.

7.7. Summary

The small Al— Au thermocouple has been investigated and shown promise as 

a temperature sensor. The temperature drop across the substrate has been obtained 

and the thermal resistance for this particular laser is 116.9®C/W. The thermocouple 

must be attached onto an electrically— insulated bonding pad. The bonding process 

must be undertaken carefully, as it is easy to damage the insulated layer and ohmic 

contact layer. In this experiment, the thermocouple only was produced on the side 

of top surface. However, it can be clearly found that it is possible to make a 

thermocouple for measuring directly the temperature on the top of junction and 

bottom of the laser. If this thermocouple is used as a sensor to drive the controller, 

the junction temperature of a laser will be possibly controlled more directly.
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CHAPTER 8 

CONCLUSION

8.1 Conclusion

This work has dealt with the theoretical analysis and thermal measurement of 

temperature distributions in semiconductor ring and stripe lasers, improvement of the 

laser temperature control system and study of a laser temperature sensing system.

The theoretical thermal modelling of the ring laser device was based on the 

finite difference technique. Two thermal models have been set up — ring laser 

substrate and lasing rib models. The temperature distributions in them have been 

sucessfully obtained which fit the experimental device fairly well, although a 

cylindrical— symmetry model was used which assumed that all the heat was 

considered to be transferred to the heatsink. For simplicity, no convection or 

radiation have been taken into account. The results obtained indicate that for smaller 

rings and narrower ribs, temperatures rise and the increase in the thermal resistance 

of the laser is more severe. Furthermore, the drop in temperature in the sustrate is 

concentrated beneath the rib. Finally, more attention should be paid to the influence 

of the thermal behaviour imposed by the lasing rib.

The simulation results suggest that in a successful operation of the ring laser 

for lasing the following factors have to be considered:

(1) shallower and wider sandwich rib structure;

-  56 -



(2) larger diameter laser ring (for lOOum diameter, if rib width>6um,

R th < 100 ° c / W );

(3) lower threshold current;

(4) pulse operation( although only CW has been analysed);

(5) lower heatsink temperature;

(6) sample placed up side down (i.e. top surface of the device attached on

the heatsink, allowing the heat generated in the junction to be transferred to the

heatsink directly rather than passing through the substrate);

The infrared thermal image scanning technique has been utilized to explore 

the surface temperature distribution of the ring laser. The thermal maps taken from 

RM—10 infrared image scanner show the surface temperature distribution so clearly 

and directly. Although the scanner can not provide very good quantitative results

which could be readily used to compare with the theoretical results, mainly due to 

low resolution of the apparatus(lOum), it can still give a fair qualitative assessment 

of the thermal behaviour of a ring laser.

The semiconductor temperature control system which was driven by a

temperature sensor — thermistor has been set up. Two experiments which were 

concerned with the temperature dependence of the threshold current and the lasing 

wavelength of a stripe laser were demonstrated by using this system to control the 

temperature of the heatsink. Two points can be drawn from the experimental 

results: (1) temperature rise strongly affects the characteristics and stability of the 

device, e.g. such a rise causes an increase in the threshold current and a shift in 

emitted wavelength; (2) temperature drop <*T between the top and the bottom of the 

laser and the thermal resistance of the laser has been calibrated by using both the 

experimental and theoretical results.

The final part of this work was about the investigation of a miniature
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thermocouple which could measure the temperature on the top of the laser device 

directly. The broad area laser with a electrially— insulated bonding pad on the top 

of the laser has been fabricated and the thermocouple has been formed by Al— Au 

small diameter wire attached to the bonding pad. The temperature drop across the 

device has been measured by two thermocopies which were bonded onto the top and 

near the bottom of the laser chip. Although the thermocouple did not give an 

accurate indication of the temperature distribution, it is shown however that it can 

be used as a temperature sensor in driving the temperature control system.

8.2 Suggestions for further work

Further investigations are recommended as follows:

(1) setting up a theoretical model in which the thermal behaviour of the 

substrate and the lasing rib are taken into consideration at the same time and 

compared with the results above;

(2) investigation into the thermal transient problem of the ring laser. It is 

more practical as at the monment the ring laser only can lase under pulse 

operation;

(3) improvement of the temperature sensing system and to design a new 

controller circuit which can be driven by the thermocouple.

(4) designing a new ring laser which has less etched rib and charasterics its 

thermal behaviour. This laser can reduce the thermal effect imposed by lasing rib as 

discussed in chapter 4;

(5) running the lasers on a heatsink cooled by liquid nitrogen to obtain CW 

operation.
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