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Sammanfattning
Interferometri och holografi är två välkända metoder för mätning av avstånd, position, vibrationer,
brytningsindex etc. I dessa metoder används en koherent ljuskälla för att skapa interferens mellan
olika delar av ljuset. Då ljusets våglängd används som referens är det möjligt att uppnå väldigt hög
noggrannhet i dessa mätningar. Behovet av små och billiga ljuskällor för dessa områden är stort och
ett intressant alternativ vore att använda vanliga laserdioder men dessa är tyvärr inte designade för
att ge tillräckligt bra koherens. I detta examensarbete undersöks hur koherensen hos laserdioder
påverkas av förändringar i temperatur, drivström och mellan olika individer. En Michelson
interferometer används för att skapa ett interferensmönster där kontrasten sedan kan analyseras.
Kontrasten är relaterad till laserns koherens, dvs. en bra koherens ger en hög kontrast. Resultatet
visar att för att lyckas driva en laserdiod stabilt är det bättre att hålla temperaturen konstant och
variera drivströmmen till dess att önskad uteffekt uppnås än att göra tvärtom. Resultatet indikerar
också att den bästa koherensen uppnås för låga temperaturer (cirka 10 OC) och höga drivströmmar
(cirka 80mA). Under dessa förhållanden uppnås en kontrast på 70 % -80 %. Examensarbetets resultat
ger en indikation om hur en laserdiod drivs på ett stabilt sätt.

Abstract
Interferometry and holography are two well-known methods for measuring distances, positions,
vibrations, index of refraction etc. In these methods a coherent light source is used to create
interference between different parts of the light. Since the wavelength of the light is used as
reference it is possible to achieve very good accuracy in the measurements. The need of small and
cheap light sources for these applications is large and an interesting alternative would be to use
ordinary semiconductor diode lasers. These are unfortunately not designed to give sufficiently good
coherence. In this Master Thesis work investigations of how the coherence of semiconductor diode
lasers is affected by changes in temperature, injection current and between different individuals are
performed. A Michelson interferometer is used to create an interference pattern where the contrast
then can be analyzed. The contrast is related to the coherence of the laser, i.e., good coherence will
give high contrast. The results show that in order to drive the laser in a stable way it is better to hold
the temperature constant and varying the injection current until the wanted output power is
achieved instead of doing the opposite. The results also indicate that the best coherence is achieved
for low temperatures (around 10 OC) and high injection currents (around 80 mA). During these
conditions a contrast of 70 % -80 % is achieved. The result of this Master Thesis work gives a hint on
how to run a semiconductor diode laser in a stable way.
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1 Introduction
1.1 Background
Interferometry and holography are two well-known methods for measuring distances, positions,
vibrations, index of refraction etc. In these methods a coherent light source is used to create
interference between different parts of the light. These measurement techniques give a very high
accuracy since the wavelength of the light is used as reference, which makes them attractive to use
in a variety of areas. The increasing interest in these techniques has created a need for smaller and
cheaper lasers in these areas than the ones commonly used today. One interesting alternative would
be to use ordinary semiconductor diode lasers, but unfortunately these lasers are not designed to
give sufficiently good coherence. In these lasers the coherence will vary with laser temperature,
injection current and between different individuals.

1.2 Purpose
The purpose of this Master Thesis work is to increase the knowledge of the behavior of
semiconductor diode lasers so that it is possible to run them in a stable way without using any
stabilizing systems such as an external cavity for example, which will increase the cost of the laser
with a very large factor.

1.3 Goal
The goal with this Master Thesis work is to present a recipe on how to drive a semiconductor laser in
a stable way with respect to injection current and laser temperature.

1.4 Restrictions
In this Master Thesis work investigations and analysis will just be performed on the behavior of
continuous wave lasers and the behavior of pulsed lasers will thereby not be investigated.
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2 Theory
2.1 The principle of a laser
The word laser is an acronym for Light Amplification by Stimulated Emission of Radiation. Unlike the
sun or an ordinary light bulb the laser is a coherent light source, which means that there is a fixed
relation between the waves at different positions or at different times [1]. In principle a laser consists
of a gain medium that amplifies the incoming light, an optical cavity that encloses the gain medium
and let the light resonate inside it until the threshold value for laser activity is reached and some kind
of external energy source that compensates for the energy loss when light is created [2].
In the Einstein theory of light and matter interaction the terms absorption, spontaneous emission
and stimulated emission are introduced. In a laser the absorption and, in particular, the stimulated
emission are very important. When the external source, usually electrical discharge, a lamp or
another laser, depending on which type of laser that will be created, add some extra energy into the
system an atom can absorb that energy and rise to a higher level. This process is called “pumping”
and it is necessary in order to create a laser. When the atom has been raised to a higher state it will
not stay there forever. The atom will fall back to the lower state either spontaneously or stimulated
by an incoming photon. During this decay to a lower energy level, an emitted photon will be
released. These processes are called spontaneous respective stimulated emission. In the case of
stimulated emission the emitted photon is an exact replica of the incoming photon [2]. This is the
way that the light beam is amplified in a laser. This amplification takes place in the gain medium,
which can consist of in principle any gas, liquid or solid. In most types of lasers, e.g., the HeNe-laser,
the energy transition takes place between discrete energy levels. Diode lasers on the other hand are
a kind of semiconductor laser where the laser action is based on transitions between the energy
bands in the semiconductor. The laser action starts when the stimulated emission dominates over
the spontaneous emission, i.e., when the so called threshold value of the population is reached [2].
The optical cavity in a laser consists of two parallel mirrors that allow the light to resonate inside the
cavity. One of them has perfect reflectivity while one of them is semi-transparent and that allow a
part of the beam out from the cavity. In a semiconductor laser the cavity is usually created by
polishing the ends of the semiconductor so that the reflectivity is increased [2]. Figure 2.1 illustrates
the principle of a laser.

Figure 2.1. Illustration of the principle of a laser as described in the text.
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2.2 Semiconductor physics
2.2.1 Homogeneous semiconductors

The reason for the difference between insulators and conductors can be found by studying the
energy bands in the crystal. In an insulator in ground state the valence band is completely filled while
the conduction band is completely empty. Thus, there are no carriers that can move freely and
thereby conduct a current. In the ground state in a conductor on the other hand the energy bands
are just partly filled and conduction is thereby possible. In an insulator there are forbidden energy
levels between the allowed energy bands that cannot be occupied and the bandgap energy is so
large that the probability for electrons to be thermally excited to the conduction band is very low. In
a conductor there are no forbidden energy levels and the probability for the electrons to be excited is
very high [3]. In a semiconductor there exist forbidden energy levels but the bandgap energy is not as
large as in an insulator. At temperature T=0K semiconductors are insulators but as the temperature is
increased it is possible for electrons to be thermally excited to the conduction band, leaving holes in
the valence band. The fraction of electrons excited over the bandgap is in the order of
,
where Eg is the bandgap energy, k is Boltzmans constant and T is the temperature. The conductivity is
thus raised very rapidly when the temperature is increased [3]. In a semiconductor the bandgap
energy is usually 2 eV or lower.
In the case where the maximum of the valence band and the minimum of the conduction band lie at
the same place in k-space the semiconductor are called a direct bandgap semiconductor and when
they are not it is called an indirect bandgap semiconductor [3, 4]. The difference between the direct
bandgap and the indirect bandgap is showed in figure 2.2.

Figure 2.2. Difference between direct bandgap and indirect bandgap semiconductors.

The incoming photon has little momentum and is not able to alone excite the electron in an indirect
bandgap semiconductor. In this case the absorption process is dependent of a third particle; the
phonon, which exist due to lattice vibrations. The phonon adds the momentum that the photon
cannot give and the absorption becomes possible. In the direct bandgap semiconductor on the other
hand, just the photon energy is of importance since no momentum is required to excite the electron
into the available state in the conduction band. The probability for absorption to take place in an
indirect bandgap semiconductor is therefore much lower than in a direct bandgap semiconductor
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and because of this almost all photoelectric devices, including diode lasers, are using direct bandgap
semiconductors [5].
By introducing impurities into the semiconductor the charge carrier density can be increased. This
process is called doping. The impurities that contribute with extra electrons into the conduction band
are called donors and the one that contributes with extra holes into the valence band are called
acceptors. The energy levels of these impurities lie between the conduction band and the valence
band as in figure 2.3 [3]. By doping the semiconductor with one of these dopants it is possible to
make either electrons or holes the major charge carrier. A semiconductor where electrons are the
major charge carrier is called n-type semiconductor and when holes are the major charge carrier it is
called a p-type semiconductor [2].

Figure 2.3. Energy levels of the donor and acceptor dopants.

2.2.2 The pn-junction

A homogeneous semiconductor of either n-type or p-type is in fact just a bad conductor and rather
useless. The opportunity to use semiconductors in photoelectric devices arises when combining a ptype with an n-type semiconductor. Basically all semiconductor technology is based on the pnjunction arranged as in figure 2.4. In the pn-junction the electrons on the n-side will be attracted to
the holes at the boundary and on the p-side the holes will be attracted to the electrons at the
boundary. Some of these charge carriers will diffuse over the boundary where they will be
annihilated. At the boundary there will then be a depletion layer where there exist very few holes
and electrons. The depletion layer will then work as a potential barrier, V0 [2].

Figure 2.4. Illustration of the pn-junction with a depletion layer.
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When a voltage is applied there will be two types of currents for each of the two charge carriers in
the junction. The generation current is created when a minority carrier is going through the junction
to the other side, e.g., a hole is going from the n-side to the p-side. This current is not sensitive to the
size of the voltage since every minority carrier entering the depletion layer will be swept over to the
other side [3]. The other one is the recombination current which is created when a majority carrier is
flowing through the junction due to thermal excitation. This current however is sensitive to the
potential drop since the electrical field in the depletion layer working to counteract it [3].
The fraction of majority carriers that can flow over the junction in figure 2.4, i.e., when no voltage is
applied, is according to statistical physics
. In this case when no voltage is applied, for each
of the two charge carriers, the number of carriers that flow in one direction must be equal to the
number of carriers that flow in the other direction. So in the case of holes
(2.1)
where

is the number of holes per unit volume.

When a voltage, , is applied so that the junction is forward biased then the potential barrier is
lowered with that amount. The recombination current will then increase with increasing voltage and
it can be written as
.

(2.2)

The recombination current of holes can be written as
(2.3)
where
is the diffusion current of holes from the n-side to the p-side. The net electron current
under forward biasing can be written
(2.4)
where

is the diffusion current of electrons from the p-side to the n-side.

The total recombination current under forward biasing is thereby
(2.5)
where
is the saturation current of the junction. A similar expression can be obtained for the
junction under reverse biasing simply by substituting
to
in (2.2). The total recombination
current then becomes
.

(2.6)

Equations (2.5) and (2.6) give the IV-characteristics of an ideal pn-junction [2-4]. It can be seen that in
forward biasing the current increasing exponentially with increasing voltage while in reverse biasing
the current saturates with increasing voltage. A more correct way to describe equations (2.5) and
(2.6) is to introduce an ideality factor
. Equation (2.5) then becomes
10

(2.7)
The reason for the ideality factor is that some occurrences in the junction have been ignored, e.g.,
the electron-hole recombination inside the depletion layer [2-4].

2.3 Semiconductor lasers
The principle of a semiconductor laser is illustrated in figure 2.5. The injection current will create a
charge carrier density in the active region. This carrier density can then cause either spontaneous or
stimulated emission depending on how large it is. When the injection current reaches the threshold
value the stimulated emission starts to dominate over the spontaneous emission. Both these
emissions will give rise to a photon density in the active region. Each photon will either contribute to
the output power of the laser or be lost in the system [6].

Figure 2.5. Illustration of the principle of a semiconductor laser.

In a semiconductor laser the gain is created by injecting charge carriers into the active region of the
pn-junction. The value of the gain in a semiconductor laser is very large compared with other laser
types, roughly one order of magnitude [6]. As a result of this it is possible to make the semiconductor
lasers very small. The width of the gain curve is large compared with other laser types because the
optical transition takes place between two energy bands and not between two well-defined states
[6].
When the current through the junction is increased the number of charge carriers inside the active
region is increased. When the gain is equal to the losses in the system laser action can take place.
The threshold current is the current when this equality arises. If the current is increased further the
value of the gain will not be affected since all charge carriers that is injected into the active region
due to the increased current will recombine by stimulated emission [6].
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2.4 Lasing modes in a laser
In order to create resonance in the laser an integer number of half-wavelengths must fit inside the
cavity, i.e.,
(2.8)
where is the length of the cavity,
longitudinal mode frequencies as

is the wavelength and

is an integer. This relation gives the

(2.9)
where is the longitudinal frequency and is the speed of light. The only modes that can be
amplified by the gain medium are the ones that lie in the gain profile, i.e., inside the width of the gain
function. The gain coefficient looks like
(2.10)
Where is the Einstein A coefficient for spontaneous emission from state 2 to state 1, is the index
of refraction, is the number of atoms per unit volume in the two levels, is the degeneracy of the
two levels and
is the lineshape function that is either a Lorentzian function or a Gaussian
function depending on if the light is Collision or Doppler broadened. In general a combination of
these two is present [2].
The longitudinal mode that is nearest the gain peak value is the one that will lase. If the gain peak is
centered between two longitudinal modes the laser will be exposed to so call mode hopping, which
means that the lasing mode of the laser will shift. This is a drawback that will limit the use to
applications that not requires perfectly stable outgoing wavelength [7].
The temperature of the laser will affect which of the longitudinal modes that will lase but it will also
affect the gain and thereby the stability of the outgoing wavelength. When the temperature changes
the length of the cavity will change due to thermal expansion giving rise to a change in the
longitudinal frequencies according to equation (2.9). The change in the gain due to the temperature
is given by the change of the bandgap energy. Equation (2.11) shows the bandgap energy as a
function of temperature [5].
(2.11)
where
, and are material constants. The bandgap energy is thus decreasing with increasing
temperature and the gain peak frequency is lowered according to
(2.12)
A change in the temperature will also affect the index of refraction which in turn will affect the lasing
modes. The index of refraction is defined as
(2.13)
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In equation (2.13) the relation
, which is true for optical frequencies, has been used. The
temperature dependence of the relative permittivity is described by
(2.14)
where

and

are material constants.

2.5 Noise in a laser beam
In a laser beam there are two important types of noise that are coupled to each other, namely the
intensity noise (or amplitude noise) and the phase noise (or frequency noise).
The intensity noise is relatively low in a diode laser compared with other types of lasers but it can still
vary with the operating conditions. An increase of the injection current or a decrease of the laser
temperature will decrease the intensity noise because the damping of the frequency of the
relaxation oscillation will be increased [1, 8]. The relaxation oscillations are caused by disturbances or
changes in the pump power of the laser [1]. A part of the intensity noise is due to quantum effects
and these give the so called shot noise limit, which is the theoretical limit for the noise level. The
other part is due to operating conditions such as vibrations in the cavity reflectors or unstable laser
temperature [1]. Instability in the injection current and in the laser temperature will thus increase
the intensity noise which will affect the gain of the laser and thereby the output power [8].
The phase noise and the frequency noise are two different words for describing the same
phenomenon namely how much the frequency vary from the instantaneously frequency of an
oscillating signal [1]. The main reason for the phase noise is the spontaneous emission process which
will give rise to photons that are not identical to the incoming stimulated ones. There are also
technical reasons that are similar to the ones for the intensity noise, i.e., vibrations in the cavity
reflectors and unstable laser temperature etc [1]. As a result of the phase noise the linewidth of a
single-mode laser will be finite. The minimum of the linewidth of the laser due to quantum noise is
described by the Schawlow-Townes equation
(2.15)
where
and

is the linewidth of the laser,
is the output power [1].

is the photon energy,

is the resonator bandwidth

The phase noise will limit the coherence length of the laser, i.e., the length that the laser light can
propagate before it shows a significant decrease in coherence [1]. As long as the wave is within the
lasers coherence length its phase can be reliably predicted [9].

2.6 Quantum well lasers
If the active region in a semiconductor diode laser is made very thin (around 10 nm) the energy
states, between which the recombination of electrons and holes takes place, will be quantized [10].
One advantage with the quantum well laser compared to the ordinary double heterostructure laser is
that the lasing wavelength can be modified just by changing the thickness of the active layer. In an
ordinary double heterostructure laser the composition of the semiconductor material needs to be
changed in order to change the lasing wavelength. The threshold current in a quantum well laser is
lower than in an ordinary heterostructure laser because the gain per injected carrier is larger, i.e., a
13

lower number of charge carriers are needed to create laser action. With a lower carrier density the
internal loss will decrease and the efficiency will thereby increase. The gain in a quantum well laser is
also less dependent on the index of refraction than the gain in an ordinary laser, which means that
the frequency will be more stable than in an ordinary laser. These properties make the linewidth of a
quantum well laser much narrower than of other diode lasers [10].

2.7 The Michelson interferometer
The Michelson interferometer is an instrument that is suitable for measuring temporal coherence. In
the interferometer the incoming beam of coherent light is split by a 50:50 beam splitter, i.e., half of
the beam is transmitted and half is reflected. One of the beams will travel through one of the
interferometer arms and hit a fixed reference mirror, while the other beam will travel through the
other arm and hit a movable mirror. Both these beams will then be reflected back into the beam
splitter and then out to the camera placed in the third arm. The setup of the Michelson
interferometer is showed in figure 2.6. If the distance between the lengths of the two arms is an
even number of half wavelengths there will be constructive interference and if it is an odd number of
half wavelengths there will be destructive interference. As long as the difference between the two
travel paths is within the coherence length of the laser, the visibility of the interference pattern will
be nonzero.

Figure 2.6. The setup of the Michelson interferometer.
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3 Method
3.1 General approach
As mentioned in chapter 2 the Michelson interferometer is a useful instrument to measure temporal
coherence. The investigations performed in this project are based on this instrument. The variables
in the investigations are the optical path difference, OPD, between the interferometer arms, the
injection current, I, and the laser temperature, T. In the measurements one of these is varied while
the other two are held constant. A picture of the interference pattern is taken and it is then analyzed
using the Machine Vision software Sherlock v.7 to determine the contrast of the interference
pattern, which is coupled to the coherence of the laser, i.e., good coherence will give a high contrast.

3.2 Experimental setup
A picture of the experimental setup is shown in figure 3.1. In the figure the Michelson interferometer
can be seen where the laser is placed in the thermoelectric cooler, TEC, TCLDM9 from Thorlabs (to
the right) in order to be able to control the laser temperature. One of the mirrors is fixed while the
other one is placed on a translation table (to the left). Both the laser and the TEC are controlled using
the diode laser driver 06DLD205 from Melles Griot, which can be seen in figure 3.2. In the third arm
the camera from IDS is placed (in the bottom of the picture).

Figure 3.1. Experimental setup of the Michelson interferometer.
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Figure 3.2. The diode laser driver 06DLD205 from Melles Griot.

3.3 The laser
The investigations were performed on the laser HL6501MG from Hitachi, which is an AlGaInP diode
laser with a multi-quantum well structure. This is a high-power laser with an output power of 35 mW
and a wavelength of 650 nm. Measurements were made for three different individuals in order to
investigate how the behavior differs between individuals of the same diode.

3.4 Temperature calibration
Before any measurements were performed the TEC had to be calibrated. This was done by placing
the TEC in a climate chamber, where the temperature could be controlled, for one hour so that it had
the same temperature as the surrounding environment in the climate chamber. The diode laser
driver was then turned on and the temperature of the TEC was displayed. This process was
performed for 0.0 oC, 10.0 oC, 20.0 oC, 30.0 oC, 40.0 oC and 50.0 oC.

3.5 Measurement procedure
3.5.1 Optical path difference, OPD

In order to measure the coherence length of the laser the position of the movable mirror was
changed. At the beginning both arms had the same length which gives an OPD of 0.0(2) mm. The
movable mirror was then moved in steps of 4.0(1) mm giving an OPD of 8.0(2) mm (2 x 4.0(1) mm).
The combination T=10.0(1) oC and I=61.2(1) mA was chosen because it was a combination of a low
temperature and a low injection current where the interference pattern seemed to be stable for the
first diode. The combination T=30.0(1) oC and I=82.1(1) mA was chosen because it was interesting to
investigate the behavior of a combination of high temperature and high injection current. The third
combination, T=10.0(1) oC and I=83.3(1) mA was chosen in order to test a low temperature in
combination with a high current. When these measurements were performed and analyzed a more
careful measurement was performed for diode nr 3 at T=10.0(1) oC and I=83.3(1) mA in an attempt to
16

explain the strange behavior at this combination. During this measurement the movable mirror was
moved in steps of 0.05(1) mm, giving an OPD of 0.10(2) mm for each step.
3.5.2 Injection Current, I

One of the problems handling diode lasers is that they easily break when a large injection current is
applied. In order to avoid breaking the diodes the threshold current was found by changing the
current until the interference pattern become visible and from there measurements for the first
15mA were performed in steps of 1.0(1) mA. By doing the measurements just for the 15 lowest
currents the risk of breaking the diodes was decreased. When the temperature is raised it is possible,
and necessary, to increase the injection current because the output power is decreasing and the
threshold current is raised with increasing temperature. These measurements were performed at
OPD=2.0(2) mm and T=10.0(1) oC, T=20.0(1) oC and T=30.0(1) oC.
3.5.3 Laser Temperature, T

When the measurements with varying injection current were performed and analyzed the currents
where the contrast reached the highest value were chosen as constants when the temperature was
varied. The temperature was then varied between 5.0(1) oC and 30.0(1) oC in steps of 0.5(1) oC at a
constant OPD=2.0(2) mm.
3.5.4 Variations over time

For two of the diodes measurements of the changes in behavior after prolonged use were
performed. In this case the diodes were placed in a diode laser driver constructed by the electronics
group at Optronic for six weeks before they were put back into the interferometer and the
measurements were performed again and compared with the earlier measurements. During these
weeks no measurements were performed. The temperature of the laser could not be controlled
during these weeks and it thereby changed due to fluctuations in the room temperature. As a result
of this the output power could not be held constant during this time.
3.5.5 Additional measurements

Some additional measurements that do not include any of the above mentioned variables but still
are of interest for the user were performed and a qualitative analysis was performed. In these
measurements, time was the central aspect. When the interference pattern in the measurements
above was unclear, it was not unclear all the time but rather alternating between clear and unclear.
One of these additional measurements was to determine an approximate time between the
maximum and minimum in the contrast value of the interference pattern. One other was to
determine the time it takes from that the laser is turned on until the interference pattern, and
thereby the laser beam, has reach its steady state. Both these measurements were performed by
recording a video sequence over the two situations and these were then qualitatively analyzed.
Measurements were also performed over long time (510 minutes) for a combination where the
contrast was stable in order to show that the contrast does not fluctuates if temperature, injection
current and OPD are held constant.

3.6 Image processing
The image processing during this project was performed by using the Machine Vision software
Sherlock v.7. The first step in the process was to save a picture of the background light, i.e., when the
laser was turned off, so that a correct zero-level could be determined. The picture of the interference
pattern was then uploaded into the program and a rectangular region of interest, ROI, was chosen in
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an area that was free from disturbances depending on the camera, e.g. dust on the camera lens. This
ROI was then processed in a way that the same part of the saved background picture was subtracted
from the picture. By doing this all the pictures can be compared to each other since the zero-level
becomes the same for all of them. In this processed ROI a “rake”, consisting of eight horizontal lines
was drawn. The program then measured the intensity in each pixel along each of these lines and then
calculated the contrast, or visibility, for each line according to
(3.1)
where

is the visibility,

is the maximum intensity and

is the minimum intensity.

The value of the contrast that was taken to represent the picture was determined by calculating the
average value for the contrast at the eight lines. By analyzing how the contrast is changed as a
function of the variables mentioned above it is possible to draw conclusions on how the coherence of
the laser is affected by these changes.
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4 Results
4.1 General approach
A typical image of the interference pattern is shown in figure 4.1, where the difference between
intensity maximum and minimum can be clearly seen in the fringes.

Figure 4.1. Typical picture of the interference pattern.

Each measurement consisted of a series of images where the average value of the contrast was taken
for each image. In chapter 4 a comprehension of these measurement series is given in tables
including the average value of the contrast and the standard deviation for the measurements, which
is calculated by using equation (4.1).
(4.1)
where
sample.

is the number of degrees of freedom and

are the residuals for the

By analyzing how the average value of the contrast and the standard deviation varies between
different diodes and for different conditions, conclusions on how to run a semiconductor diode laser
in a stable way can be taken.
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4.2 Temperature Calibration
The result of the temperature calibration is shown in table 4.1. In the table, the first column shows
the correct temperature in the climate chamber and the second column shows the temperature that
was displayed on the diode laser driver.
Table 4.1. Result of the temperature calibration.

Correct Temperature Displayed Temperature
[oC]

[oC]

0.0

0.6

10.0

10.8

20.0

20.9

30.0

31.1

40.0

41.2

50.0

51.3

By plotting these values and making a linear fitting, an equation for which temperature that should
be set in order to achieve a specific temperature could be found, e.g. in order to have a laser
temperature of 10.0 OC the temperature should be set on 10.8 OC. This plot is shown in figure 4.2
below. The linear fitting gave a value of 1.014 for the slope of the curve and a value of 0.642 for the
intersection with the y-axis.

Figure 4.2. Plot of the temperature calibration.
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4.3 Optical path difference, OPD
Figures of how the contrast changes with OPD for the different diodes are shown in appendix A. One
of these figures, were data from the three diodes at the combination of T=10.0(1) OC and I=61.2(1)
mA, is also shown in figure 4.3 as an example. A comprehension of the figures is given in table 4.2.

Figure 4.3. Contrast as a function of OPD for the three diodes of HL6501MG.
Table 4.2. Comprehension of figure A1-A3 in appendix A.

Constants

Diode Mean Contrast Standard Deviation
[percent]

[percentage]

T=10.0(1)OC, I=61.2(1)mA

nr 1

71

3

T=10.0(1)OC, I=83.3(1)mA

nr 1

64

15

T=30.0(1)OC, I=82.1(1)mA

nr 1

67

3

T=10.0(1)OC, I=61.2(1)mA

nr 2

63

13

T=10.0(1)OC, I=83.3(1)mA

nr 2

72

12

T=30.0(1)OC, I=82.1(1)mA

nr 2

46

7

T=10.0(1)OC, I=61.2(1)mA

nr 3

70

9

T=10.0(1)OC, I=83.3(1)mA

nr 3

58

8

T=30.0(1)OC, I=82.1(1)mA

nr 3

58

7
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As it can be seen in table 4.2, and in the figures in appendix A, the stability of the interference
pattern varies a lot between different diodes and combinations. In figure 4.3 for example the
contrast for diode nr 1 is much more stable than for nr 2. Figure 4.4 show that the contrast remains
relatively good for a very long OPD for diode nr 1 at two of the combinations, which indicates that
the laser here is running in single-mode and that the coherence length of the laser is very long.

.
Figure 4.4. Contrast for two of the combinations for diode nr 1.

In figures A1-A3 in appendix A it can be seen that for the combination T=10.0(1) OC, I=83.3(1) mA the
behavior of diode nr 3 is strange compared with the other two combinations. In an attempt to
explain this behavior a more careful measurement was performed in the way described in chapter 3.
The result of this measurement is shown in figure 4.5.
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Figure 4.5. Careful measurement of the contrast for diode nr 3.

In figure 4.5 the data shows clear spikes in the data. These spikes indicate, first of all, that the laser is
running in a multi-mode. In a multi-mode laser the places where the modes will be matched, and
thus do not disturb each other, will be recurrently in steps of
(4.2)
where is the distance between the positions, is the length of the laser chip and is the index of
refraction of the gain medium. To determine the length of the laser chip one diode was opened up
and the chip was studied and determined to be around 1mm long. The index of refraction for
AlGaInP at a wavelength of 650nm is approximately 3.4 which will give the value of l to be
(4.3)
which is in good agreement with the positions of the spikes in figure 4.5. So, at these positions the
modes do not disturb each other. However, at the other positions some disturbance will take place.
In figure 4.5 the contrast at these positions is still very high which indicates that one mode is much
stronger than the other and just a small disturbance is taking place. The other interesting thing in
figure 4.5 is that the contrast is higher and varies less than in figure A2. This indicates that the modes
are very sensitive to outer conditions, such as humidity in the air and small variations in the
temperature. Just small changes in these conditions will affect the weaker mode to be stronger and a
more powerful disturbance will take place, which probably is the case in figure A2.
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4.4 Injection current, I
Figures of how the contrast changes with the injection current for the different diodes are shown in
appendix B. As an example, the three diodes run at a combination of T=20.0(1) OC and OPD=2.0(2)
mm is shown in figure 4.6. A comprehension of the figures is given in table 4.3.

Figure 4.6. Contrast as a function of injection current for the three diodes.
Table 4.3. Comprehension of figures B1-B3 in appendix B.

Constants

Diode Mean Contrast Standard Deviation
[percent]

[percentage]

T=10.0(1)OC, OPD=2.0(2)mm

nr 1

68

11

T=20.0(1)OC, OPD=2.0(2)mm

nr 1

62

10

T=30.0(1)OC, OPD=2.0(2)mm

nr 1

57

9

T=10.0(1)OC, OPD=2.0(2)mm

nr 2

80

4

T=20.0(1)OC, OPD=2.0(2)mm

nr 2

73

6

T=30.0(1)OC, OPD=2.0(2)mm

nr 2

72

5

T=10.0(1)OC, OPD=2.0(2)mm

nr 3

81

8

T=20.0(1)OC, OPD=2.0(2)mm

nr 3

73

5

T=30.0(1)OC, OPD=2.0(2)mm

nr 3

64

7
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In the figures in appendix B it can be seen that the contrast of the interference pattern is increasing
when the injection current is raised. This is a feature that is present for all the diodes at all
combinations, even if it is more stable for some diodes than for others, i.e., the standard deviation is
different between the different diodes. When the temperature is high, i.e., T=30.0(1) OC, the
injection current must be raised in order to be able to achieve laser action. So at T=30.0(1) OC the
injection current is varied between 69.0(1) mA and 83.0(1) mA, while it is varied between 56.0(1) mA
and 70.0(1) mA for T=10.0(1) OC and T=20.0(1) OC. The values in table 4.3 show that the mean
contrast is decreasing for higher temperatures which agree with the theory presented in chapter 2. It
is more difficult to see a general behavior for the standard deviation more than it varies for different
diodes and combinations.

4.5 Laser Temperature, T
In figures B1-B3 in appendix B it can be seen that around 67.0 mA respective 80.0 mA the contrast of
the interference pattern reaches its highest value. So these two currents are the ones chosen as
constants in the measurements regarding variable laser temperature.
Figures of how the contrast changes with the temperature of the laser for the different diodes are
shown in appendix C. One of these figures, the three diodes at 67.0(1) mA and OPD=2.0(2) mm, is
also shown in figure 4.7. A comprehension of the figures is given in table 4.4.

Figure 4.7. Contrast as a function of temperature for the three diodes.
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Table 4.4. Comprehension of figures C1-C2 in appendix C.

Constants

Diode Mean Contrast Standard Deviation
[percent]

[percentage]

I=67.0(1)mA, OPD=2.0(2)mm

nr 1

62

18

I=80.0(1)mA, OPD=2.0(2)mm

nr 1

63

18

I=67.0(1)mA, OPD=2.0(2)mm

nr 2

64

11

I=80.0(1)mA, OPD=2.0(2)mm

nr 2

69

12

I=67.0(1)mA, OPD=2.0(2)mm

nr 3

77

8

I=80.0(1)mA, OPD=2.0(2)mm

nr 3

80

4

In the figures in appendix C it can be seen that the contrast of the interference pattern vary
significantly for most of the diodes and combinations, i.e., high values of the standard deviations. It
can also be seen that at I=67.0(1) mA the contrast goes down for high temperatures, which is a result
of that the threshold current is increasing for high temperatures. An injection current of 67.0(1) mA
is simply not enough to achieve laser action for high temperatures. If the injection current is
increased to 80.0(1) mA it can be seen that this rapid decrease is eliminated. The mean value of the
contrast is increased when the injection current is raised, which agrees with the theory in chapter 2.

4.6 Variations over time
In this section analysis of how the coherence is affected during the lifetime of the diode is
performed.
4.6.1 Optical path difference, OPD

Illustrations of how the contrast changes with OPD for the different diodes over time are shown in
figures D1-D6 in appendix D. One of these figures, diode nr 2 at the combination of T=10.0(1) OC and
I=61.2(1) mA, is also shown in figure 4.8 to illustrate an example. A comprehension of these figures is
given in table 4.5.
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Figure 4.8. Contrast as a function of OPD for diode nr 2 over time.
Table 4.5. Comprehension of figures D1-D6 in appendix D.

Mean Contrast Standard Deviation
Constants

Diode after six weeks

after six weeks

[percent]

[percentage]

T=10.0(1)OC, I=61.2(1)mA

Nr 1

81

2

T=10.0(1)OC, I=83.3(1)mA

Nr 1

88

1

T=30.0(1)OC, I=82.1(1)mA

Nr 1

51

8

T=10.0(1)OC, I=61.2(1)mA

Nr 2

60

12

T=10.0(1)OC, I=83.3(1)mA

Nr 2

61

11

T=30.0(1)OC, I=82.1(1)mA

Nr 2

47

10

In figures D1-D6 in appendix D it can be seen that the behavior of the diodes does not change
significantly during these six weeks, except for figure D3, where the contrast has become higher and
more stable, which empowers the argument that the modes are very sensitive to outer conditions.
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4.6.2 Injection current, I

Figures D7-D12 in appendix D illustrates how the contrast varies with injection current over time.
One of these, diode nr 2 at the combination T=20.0(1) OC and OPD=2.0(2) mm, is also shown in figure
4.9. A comprehension of these figures is given in table 4.6 below.

Figure 4.9. Contrast as a function of injection current for diode nr 2 over time.
Table 4.6. Comprehension of figures D7-D12 in appendix D.

Mean Contrast Standard Deviation
Constants

Diode after six weeks

after six weeks

[percent]

[percentage]

T=10.0(1)OC, OPD=2.0(2)mm

Nr 1

76

9

T=20.0(1)OC, OPD=2.0(2)mm

Nr 1

77

11

T=30.0(1)OC, OPD=2.0(2)mm

Nr 1

63

11

T=10.0(1)OC, OPD=2.0(2)mm

Nr 2

54

12

T=20.0(1)OC, OPD=2.0(2)mm

Nr 2

52

9

T=30.0(1)OC, OPD=2.0(2)mm

Nr 2

47

10

By studding figures D7-D12 it can be seen that the behavior of diode 1 does not change remarkably
over these six weeks. For diode 2 on the other hand the contrast has decreased and it has become
less stable.
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4.6.3 Laser Temperature, T

In figures D13-D16 in appendix D the behavior of the two diodes over time is shown when the laser
temperature is varied. One of these figures, diode nr 2 at the combination I=67.0(1) mA and
OPD=2.0(2) mm, is also shown in figure 4.10 below. A comprehension of these figures is given in
table 4.7.

Figure 4.10. Contrast as a function of laser temperature for diode nr 2 over time.
Table 4.7. Comprehension of figures D13-D16 in appendix D.

Mean Contrast Standard Deviation
Constants

Diode after six weeks

after six weeks

[percent]

[percentage]

I=67.0(1)mA, OPD=2.0(2)mm

Nr 1

72

12

I=80.0(1)mA, OPD=2.0(2)mm

Nr 1

76

12

I=67.0(1)mA, OPD=2.0(2)mm

Nr 2

57

14

I=80.0(1)mA, OPD=2.0(2)mm

Nr 2

66

13

By analyzing figures D13-D16 it can be seen that the behavior over time with respect to laser
temperature does not change remarkably.
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4.7 Additional measurements
The recorded video sequence of the starting process showed that the time it takes for the laser to
reach steady state from that it is turned on is approximately two minutes. The time between the
maximum and minimum value of the contrast at the unstable combination described in chapter 3
was determined to be around two seconds. The measurement over time at a stable condition for
constant OPD, injection current and laser temperature was performed on diode nr 3 at OPD=2.0(2)
mm, I=83.3(1) mA and T=10.0(1) OC and the result is illustrated in figure 4.11.

Figure 4.11. Stability over time for constant OPD, injection current and laser temperature.

As it can be clearly seen in figure 4.11 the contrast does not fluctuates significantly over these hours,
which shows that if a stable condition has been found it will stay stable over a reasonable time.
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5 Discussion and Conclusions
5.1 How to run a semiconductor diode laser in a stable way
In chapter 4 the result of the measurements was presented and it showed some interesting features.
Starting to discuss the measurements regarding variable OPD it can be said that for a combination
that made the laser run in a single-mode, the coherence length of the laser was very long, over a
meter for some diodes. In addition, for the case of multi-mode lasing a good contrast was achieved if
the positions of the mirrors were adjusted so that the modes matched and no disturbance took
place. The measurements also showed that the relation between the different modes in the laser
was very sensitive to changes in outer conditions such as humidity and small variations in the
environmental temperature. A change in this relation will either increase or decrease the contrast of
the interference pattern since the strength of the disturbing mode will change.
The measurements regarding variable injection current showed an overall behavior that indicates
that a higher injection current gives a better contrast of the interference pattern, which agrees with
the theory in chapter 2. But this behavior is only true up to a certain level. If the injection current is
raised too much the laser will break and the contrast will decrease very rapidly. The threshold
current for the laser is increasing with increasing temperature, which results in that the contrast of
the interference pattern will decrease for the highest temperatures if the injection current is not high
enough.
By studding the values in the tables in chapter 4 it can be seen that when the laser temperature was
varied the contrast of the interference pattern becomes less stable than if the injection current was
varied, i.e., the standard deviation is larger when the laser temperature is varied, which also can be
seen by comparing the figures in appendix B and C with each other. Another disadvantage with
varying the laser temperature is that it takes some time for the temperature to stabilize at the
desired value so the time between the measurements becomes relatively long. In chapter 4 it was
also shown that the contrast is decreasing for increasing temperature which indicates that it would
be positive to run the laser at as low temperature as possible. But running the laser at low
temperatures gives rise to mechanical problems such as condensation, which implies that isolation is
needed in order to hold the temperature.
The behavior of the lasers that had been running for six weeks was not showing any significant
difference to the original behavior. In one case the behavior had been significantly more stable and
the contrast had become better, which empowers the argument that the modes are very sensitive to
outer conditions since this behavior does not seems logical. In the later measurement the strength of
the disturbing mode had decreased. When the injection current was varied the contrast had
decreased and become less stable for diode nr 2, but for diode nr 1 it was not possible to see a so
clear change in the behavior, so it is not possible to draw any general conclusions on how the lasers
behavior is affected by long time running without doing any more careful measurements of this
aspect.
A major drawback of the measurement results is that it is very difficult to draw any conclusions on
which combinations of laser temperatures and injection currents that make the laser run in a stable
single-mode or in a more varying multi-mode. Diode nr 2 for example showed the most stable
behavior for the combination where diode nr 1 and nr 3 showed the least stable behavior.
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The additional measurements showed that it takes a long time, around two minutes, for the laser to
stabilize after it has been turned on, so it is not recommended to turn the laser on and off during the
measurements since the time between them become long. If a stable combination is found the
contrast will not fluctuate over time if the OPD, injection current and laser temperature are held
constant which makes it possible to perform measurements over a longer time.
So, the first step in the recipe to drive a semiconductor diode laser in a stable way and achieving
good coherence would be to determine at which temperature the measurements should be
performed and then keep this temperature constant during the whole process. Find then the
threshold current for the laser at this temperature and add 10-15 mA to increase the coherence. If
the injection current is increased more there is a risk of breaking the laser, but if an even better
coherence is needed the risk may be worth considering. If the interferometer mirrors are placed so
that the different modes in the laser are matched it is possible to achieve a good contrast even if the
laser is running in multi-mode.

5.2 Suggestions for future work
Even if the achieved results in this project gives a hint of the behavior of semiconductor diode lasers
there are things that can be improved. An investigation of a larger number of diodes than done in
this project, both different kinds of diodes but also different diodes of the same kind must be
performed in order to be able to draw any general conclusions of the behavior.
Six weeks is a too short time to be able to draw any general conclusions on how the behavior is
affected of long time use. A good complement to these investigations would be to perform
measurements over an even longer time, around six months, in order to see if there exist any
significant changes in the behavior.
By constructing some kind of automation process it would be possible to take more measurements in
smaller steps and thereby minimize the risk of missing some important characteristics in the
behavior. This would be a process where the injection current is varied in pre-set steps for each
temperature and the camera is taking pictures of the interference pattern in each step. Some kind of
automation of the image processing, where the contrast in the picture is calculated, would also be
needed in order to be able to make a large number of measurements.
The collimating lens in the interferometer was not optimized for this system, which makes it difficult
to achieve a perfectly collimated laser beam which in turn can introduce some errors in the
measurements. So, an optimization of the optics will decrease the uncertainty in the measurements.
This optimization would also make it possible to create an experimental set-up where the different
modes in the multi-mode laser can be seen and analyzed as the condition is changed. This kind of
measurement would give a lot of important information of the behavior of the diode laser and it
would be a very good complement to the measurements performed in this project.
A major problem with this experimental set-up is that a lot of reflections will arise in the optical
surfaces in the system that can disturb the lasing action. It is difficult to quantify in this work if the
instability of the interference pattern depended on these reflections or on the behavior of the laser.
Some optimization of the experimental set-up would be needed in order to decrease these
reflections and thereby get more reliable measurements.
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One originally planned part of this project was to compare the behavior of ordinary edge-emitting
diode lasers with so called VCSELs (Vertical-Cavity Surface-Emitting Lasers), which have a much
smaller beam divergence than ordinary diode lasers and thereby a longer coherence length. This part
was later dropped due to lack of equipment. Investigations on this alternative to ordinary diode
lasers would provide more possibilities to find a laser that is suitable for a specific situation and
thereby be a good complement to these investigations.
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Appendix A

O

Figure A1. Contrast as a function of OPD for the three diodes of HL6501MG at T=10.0(1) C and I=61.2(1) mA.

O

Figure A2. Contrast as a function of OPD for the three diodes of HL6501MG at T=10.0(1) C and I=83.3(1) mA.
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O

Figure A3. Contrast as a function of OPD for the three diodes of HL6501MG at T=30.0(1) C and I=82.1(1) mA.
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Appendix B

O

Figure B1. Contrast as a function of injection current for the three diodes of HL6501MG for T=10.0(1) C and OPD=2.0(2)
mm.

O

Figure B2. Contrast as a function of injection current for the three diodes of HL6501MG for T=20.0(1) C and OPD=2.0(2)
mm.
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O

Figure B3. Contrast as a function of injection current for the three diodes of HL6501MG for T=30.0(1) C and OPD=2.0(2)
mm.
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Appendix C

Figure C1. Contrast as a function of temperature for the three diodes of HL6501MG at I=67.0(1) mA and OPD=2.0(2) mm.

Figure C2. Contrast as a function of temperature for the three diodes of HL6501MG at I=80.0(1) mA and OPD=2.0(2) mm.
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Appendix D

O

Figure D1. Contrast as a function of OPD over time for diode nr 1 at T=10.0(1) C and I=61.2(1) mA.

O

Figure D2. Contrast as a function of OPD over time for diode nr 2 at T=10.0(1) C and I=61.2(1) mA.
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O

Figure D3. Contrast as a function of OPD over time for diode nr 1 at T=10.0(1) C and I=83.3(1) mA.

O

Figure D4. Contrast as a function of OPD over time for diode nr 2 at T=10.0(1) C and I=83.3(1) mA.
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O

Figure D5. Contrast as a function of OPD over time for diode nr 1 at T=30.0(1) C and I=82.1(1) mA.

O

Figure D6. Contrast as a function of OPD over time for diode nr 2 at T=30.0(1) C and I=82.1(1) mA.
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O

Figure D7. Contrast as a function of injection current over time for diode nr 1 at T=10.0(1) C and OPD=2.0(2) mm.

O

Figure D8. Contrast as a function of injection current over time for diode nr 2 at T=10.0(1) C and OPD=2.0(2) mm.

43

O

Figure D9. Contrast as a function of injection current over time for diode nr 1 at T=20.0(1) C and OPD=2.0(2) mm.

O

Figure D10. Contrast as a function of injection current over time for diode nr 2 at T=20.0(1) C and OPD=2.0(2) mm.

44

O

Figure D11. Contrast as a function of injection current over time for diode nr 1 at T=30.0(1) C and OPD=2.0(2) mm.

O

Figure D12. Contrast as a function of injection current over time for diode nr 2 at T=30.0(1) C and OPD=2.0(2) mm.
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Figure D13. Contrast as a function of laser temperature over time for diode nr 1 at I=67.0(1) mA and OPD=2.0(2) mm.

Figure D14. Contrast as a function of laser temperature over time for diode nr 2 at I=67.0(1) mA and OPD=2.0(2) mm.
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Figure D15. Contrast as a function of laser temperature over time for diode nr 1 at I=80.0(1) mA and OPD=2.0(2) mm.

Figure D16. Contrast as a function of laser temperature over time for diode nr 2 at I=80.0(1) mA and OPD=2.0(2) mm.
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