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Wide Stripe, High Power Diode Lasers

1. Introduction

Semiconductor lasers have produced widespread excitement for three
decades due to their simple structure, compact size and high efficiency. The

earliest semiconductor lasers were GaAs pn-junctions emitting light in the
0.85 to 0.9 gm range. These lasers were simple homojunction devices which
achieved lasing threshold but had some serious problems. The homojunction
had poor optical guiding and low gain leading to high operating currents and

low output power. By 1970 the problems associated with the homojunction

were alleviated through the use of a double heterojunction for the active
region. The difference in band gap and refractive index of the two materials

used (typically Al GaAs/GaAs) provided the improvement needed in both

electrical and optical confinement.

This improved design reduced the

operating currents, producing highly efficient lasers.

Due to the high quality of available material, GaAs is often the material of

choice for laser diode operation. The heterojunction is typically formed with
AlxGai_xAs where x is the mole fraction of aluminum present in the group III

atoms. The lattice constants of GaAs and Al As (5.6533 A and 5.6605 A,
respectively) are almost identical.

This similarity produces little strain

between adjoining layers and a very small interface trap density, decreasing
the non-radiative recombination.

Typical low power heterostructure diode lasers used a stripe geometry to

inject and confine the carriers to the active region. The injection area was
small (10 gm x 300 gm) yielding output powers on the order of 5 milliwatts
(mW). These devices proved to be suitable in many areas of technology. One
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of the biggest industrial advances pushing diode laser development was the
compact disc. As is the case for most laser technologies, the drive for higher

power is never ending. The idea of obtaining 100's of milliwatts, adapted to
other technologies in a compact device (0.25 mm2) is exciting.

It is possible to design arrays of low power devices to obtain high output

power, but the fabrication can be difficult and the yield unreliable. The
output character of each diode is dependent upon many factors and can be
affected by neighboring devices. These factors result in a need for high
output power from a single device. High power operation from a single stripe

is often limited by the local heating caused by the increased current density.
To obtain high output power in a laser diode, low operating current and high
electron to photon quantum efficiencies are needed.

A single wide stripe quantum well structure lowers the operating current
required and provides the spatial and current confinement needed to improve
the quantum efficiency. The quantum well structure also allows manipulation
of the output wavelength by control of the depth and width of the well.

The goal of this work was to grow, process, fabricate and test a single,
wide stripe quantum well diode laser. Incorporated with this process was the

modeling of the gain and laser dynamics. A study of the effects of coatings
on the semiconductor facets was also performed. The wavelength of interest

was around 0.810 pm. This matches an absorption band of the solid state
laser Nd:YAG. Direct pumping of a Nd:YAG rod using a high power diode

laser would result in highly efficient generation of IR laser light at a
wavelength that is easily doubled into the visible. This process would replace
highly inefficient visible laser systems existing today.

The theory of laser diode operation is extensive and only a brief review of

some of the pertinent features that might clarify the operation of the diode
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laser or that directly relate to the research involved with this thesis will be
presented here in chapter 2. Included in the review of the diode laser will be a

summary of the quantum effects associated with the device developed in this
thesis. Following that will be a review of the literature available regarding

wide stripe high power devices.
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2. Literature review

2.1 Laser theory
The basic principles of laser operation, i.e. stimulated emission, gain and
feedback, are conceptually the same in the various materials used to produce

lasers but exhibit some physical differences due to the parameters involved.
The basis for laser operation is stimulating the transition of an electron from a
higher energy level to a lower energy level, thus emitting a photon.

In a semiconductor laser, the output light is produced by recombination

within the semiconductor active layer of a distribution of electrons in the
conduction band and a distribution of holes in the valence band. Direct band-

gap materials (i.e. GaAs) successfully support the radiative transition. The

indirect band gap (i.e. Si) transitions compete with radiative processes,
producing few photons.

The semiconductor laser is a Fabry-Perot cavity with cleaved (110) facets

forming the two end mirrors and the active stripe region forming the cavity.

Any radiative transition between the conduction band and the valence band

involves the emission or absorption of a photon equal to the difference in
band gap energy (hv12). At thermal equilibrium the conduction band of the
undoped active layer is virtually empty of electrons and the valence band is

practically full. When a photon of energy hv12 is absorbed, an electron is
excited to the conduction band (absorption) and due to the instability decays

back to the valence band without any external stimulus (spontaneous
emission). When such a photon collides with an electron while it is still in the
excited state, the electron is stimulated to make the transition hv12

(stimulated emission) emitting another photon of energy hv12 which is in
phase with the initial photon.
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Current injection using a stripe geometry to define the active area is one
mechanism which provides the necessary population inversion (inverted from

the equilibrium case). This condition of electrons existing in an excited state

is required for stimulated emission and thus lasing action. The condition for
amplification in a semiconductor with a population inversion is expressed as
follows[1]:

Fn - Fp > hv > Eg

(1)

Where Fn, Fp are the respective quasi-Fermi levels for electrons and holes

and Eg is the energy band gap. This requirement restricts the transitions
between distributions of electrons in the conduction band and distribution of
holes in the valence band. Any other transition will not produce lasing.

Associated with this inversion threshold is a minimum or threshold
current that is often divided by the active area and expressed as a threshold
current density ( Jth), defining the quality of the laser.

The lower the

threshold current density, the less joule heating. Localized joule heating is a
major limitation of semiconductor laser output power.

For the semiconductor to sustain laser oscillation, the cavity must posses
optical feedback with the gain being greater than or equal to the losses of the
cavity.

The losses in a semiconductor are typically associated with free

carrier absorption or defect scattering [2]. Cavity material choices are limited
but the structural characteristics can vary from the early single homostructure

device to the more modern quantum well device. The device used for this

research was a single quantum well, separately-confined heterostructure
(SQW-SCH) laser.
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2.2 Heterostructure lasers

A heterojunction is an abrupt junction between two dissimilar
semiconductors producing a band-gap energy offset.

Early semiconductor

lasers were homojunction devices (junctions between p- and n-type regions of

the same material) and had high room temperature threshold current densities

(>5 x 104 A/cm2) [2]. These high thresholds lead to high operating currents,

increasing the local heating.

The increased local heating reduced the

efficiency of the laser, making continuous wave operation impossible. The use

of heterostructures lowered the threshold current density by providing good
electrical carrier confinement and optical photon confinement, thus permitting
reliable room temperature CW operation.

The single heterostructure lasers reduced the threshold current density but

still proved to be inefficient lasers, closing the door on high power operation.

For light to propagate inside the active region, the index of refraction of the

active region must be greater than that of the surrounding two regions. The

single heterostructure is an asymmetric wave guide resulting in the optical

field spreading into the surrounding layer.
confinement, reducing the efficiency.

This yielded low optical

The double heterostructure is a

symmetric waveguide, increasing the optical confinement.

The double

heterostructure laser yielded threshold current densities < 1 x 10 A/cm2 [3].

The large difference in the index of refraction between the two layers also

significantly reduced refractive index changes with temperature, injected
carriers and gain guiding. The double heterostructure was the first injection
laser to operate CW.

The structure used in this work consisted of a five layer waveguide
(figure 1). The thin center GaAs layer is active region responsible for the
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generation of light due to the recombination of injected carriers. The next

two Al GaAs layers are graded aiding in the confinement of the injected
carriers and the remaining two Al GaAs layers confine the light to a small

region.The outer two layers confine this light to a small region. This is
dubbed a separate-confinement heterostructure (SCH).

AIGaAs
AIGaAs

GaAs
AIGaAs

AIGaAs

Figure 1. Five layer waveguide structure.
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2.3 Quantum well

Heterojunctions can be grown epitaxially leading to ultra-thin layers.
When the active layer thickness is on the order of the de Broglie wavelength,
quantum size effects occur.

Quantization

of the electrons moving

perpendicular to the active layer results in discrete bands of energy levels
given by the bound state energies of a finite square well. These bound energy

states define the transitions involved in the lasing. The boundary enhances
the carrier confinement, controlling the population and thus improving the

gain of the cavity. The intricate dynamics of the quantum well have been
studied both theoretically and experimentally [4], [5].

The active layer

investigated here was a GaAs well surrounded by Al GaAs on both sides.

The concentration of aluminum in Al GaAs determines the height of the

potential barrier surrounding the GaAs well.

The barrier height is small

enough that the well is considered to have finite depth. The active region is
typically undoped, requiring high injection to reach inversion.

2.4 SQW-SCH in literature
SQW-SCH structures have been grown by Metal Organic Chemical Vapor

Deposition (MOCVD) [6] and Molecular Beam Epitaxy (MBE) [7].

The

MOCVD laser discussed in [6] had a 9 gm wide stripe and a reported 5.4
mW/facet CW power at a drive current of 65 mA. The MBE device in [7]
produced 3.0 mW at a drive current of 250 mA and a stripe width of 1 gm.
Both devices were 500 gm long, with threshold current densities in the range

of 1-5 kA/cm2. These devices represent typical narrow stripe diode laser.
The output powers quoted above represent catastrophic damage limits.
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2.5 Wide stripe devices

The low power devices reported above perform reliably in the 2-3 mW
region for thousands of hours and serve many useful purposes. Higher power

diodes with the same growth parameters but different processing techniques
have been under investigation since about 1985. Increasing the drive current

of these devices results in thermal effects (reversible) and optical damage to
facets (irreversible). The thermal effects are a result of the non-radiative

recombination rates increasing due to increase in temperature, thus lowering

the efficiency of the device. Damages to the diode laser facets is a result of
the localized melting of the semiconductor brought about by absorption of the
light at the semiconductor-air interface. For GaAs the critical optical intensity
is about 2-3 x 106 W/cm2 [8].

Increasing the light spot at the semiconductor-air interface reduces the
threat of catastrophic damage. Incorporating a wide stripe and a thin active

layer (reduces 7th) results in higher power operation.

Threshold current

densities on the order of 400 A/cm2 have been reported in devices grown by

MBE [9] and MOCVD [10]. These devices had stripe widths of 250 gm.
The devices in [9] and [10] exhibited output powers of 400 mW/facet CW.

The lasers investigated in this thesis were wide stripe devices varying

from 50 to 200 gm. They were grown by both MBE and MOCVD. The
MBE lasers were grown and fabricated in our department while the MOCVD

devices came from the University of New Mexico already fabricated but not
mounted or bounded. The major difference in the two growths was in the cap

layer. The MBE material used a reverse biased pn junction to confine the
current.

The MOCVD used an oxide layer to confine the current. The

processing of the reverse bias pn junction removed a few steps that could have
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lead to high contact resistance or handling damage. The simple processing

steps for the MBE material are explained in the experimental techniques
section of this thesis.

2.6 Coatings
The uncoated ends of a semiconductor laser have a reflectivity of 32%. A

high current injection leads to a high internal circulating power, resulting in
local heating and gain saturation. This high internal power can be reduced by

coating the ends of the semiconductor. By using a high reflectivity (HR)
coating on the rear facet and an anti-reflective (AR) coating on the front facet,

the internal power can be lowered and the gain saturation reduced. These
coatings, along with the lower threshold current density, makes high power
operation possible.

High power operation from a single stripe (2.6 Watts) lasing at a
wavelength of 0.808 p.m has been achieved for structures consisting of GaAs

and Al GaAs wells [11]. Both of these devices had facet coatings (HR rear,
12% AR front) to reduce the effect of gain saturation and localized heating.
The GaAs and Al GaAs structures had threshold currents around 300 mA [11].

In both cases the devices were mounted active layer down on a heat sink,
improving the heat removal from the active area. The two devices exhibited

stable operation up to 2000 hours under the condition of 1 W output power
[11].

2.7. Solid state pumping
There are many commercial uses for low power diode lasers. High power

diode lasers are relatively new in the industrial world. The immediate use
was found in pumping solid state lasers. Previously, solid state lasers, such as

the neodymium-doped yttrium-aluminum-garnet (Nd:YAG), used inefficient
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flash lamp sources. By engineering the output wavelength of a diode laser to

coincide with the absorption band of Nd:YAG, efficient high power solid
state lasers were realized. These advanced technology solid-state lasers will
make possible various radar measurements, semiconductor circuit repair and
all solid-state color video projection. [12]
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3. Experimental techniques

3.1 Growth
The growth parameters are shown in figure 2. The difference in the cap

layer is evident from the figure. The MBE band diagram along with the
refractive index change and optical confinement is shown in figure 3. The
active region band structure is the same for the MOCVD device.
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MOCVD device structure
A

0.7

XAl
n- AIGaAs

0.35

I

I

n -GaAs GaAs
0.5 urn
sub.
0.2 urn undoped

AIGaAs

/p-AlGaAs

I

I

I

>

200 A
0.2 urn undoped GaAs cap layer
AIGaAs
51 A undoped
GaAs

MBE device structure
A

0.48

n-AIGaAs

XAI

le17/cm3

0.29

n-GaAs GaAs
sub.

1.5 urn

p-AIGaAs
le18/cm3

1.5 urn

n-GaAs

1 urn

700 A undoped
700 A undoped
6e18/cm3 AIGaAs
AIGaAs
150 A undoped
GaAs

Figure 2. Growth parameters for the MOCVD and MBE material
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n-AlGaAs

A

n-GaAs
sub.

Ef

n(x)

Figure 3. Energy band diagram, refractive index and light intensity for MBE
device.
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The MBE material was grown at Oregon State University. The aluminum,
gallium and arsenide were solid sources. The graded A1GaAs was grown at a

temperature of 680 °C. The GaAs quantum well was grown at a temperature

of 570 °C. The MOCVD structure was grown at the University of New
Mexico and specifics on the growth parameters were not available.

3.2 Processing and fabrication

The MOCVD material was acquired pre-processed. The material was

cleaved into bars of various stripe width diode lasers, requiring only a few
fabrication steps. The processing of the MBE sample involved 7 steps:

1. Cleave into small squares

2. Photolithography for laser stripes
3. Evaporate and drive-in zinc for p+ contacts

4. Liftoff
5. Evaporate p-contact (Au)
6. Thinning to 100 gm for cleaving
7. Evaporate n-contact (NiAuGeAu)

After the epitaxial growth, the samples were cleaved into 1.5 cm2 pieces.

The samples were mounted on a silicon wafer with indium solder.
mounting

on

the

silicon blank

permitted

easy

handling

for

The
the

photolithography and liftoff steps. The sample was than washed with TCA,
acetone, methanol and distilled (DI) water.

The photolithography steps involved a masking of the stripes onto the
sample. The mask consisted of 5 sets of 50, 100, 150 and 200 micron stripes.
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The optimal photolithography steps involved:

1. 4 drops positive photoresist spun at 2500 RPM

2. Soft bake at 70 °C for 20 minutes

3. Expose
4. Chlorobenzene soak for 5 minutes
5. Rinse with DI water thoroughly.

6. Develop
7. Blank expose
8. Evaporate zinc

9. Liftoff
A thick photoresist was used to insure liftoff. The photoresist spinner was

supplied by Headway Research Inc. The vacuum oven was supplied by
National Appliance Co. The f-stop of the mask aligner was set at 4 and the

light integrator was set at 10.5. Exposure time was 20 seconds. 6000 A of

zinc was thermally evaporated using a Veeco evaporator.

Liftoff was

achieved using an acetone rinse. All evaporation's were at 2 x 10-6 Torr or
less. Drive in of the zinc was accomplished by placing the sample in an

annealing oven at 450 °C with a forming gas ambient and using a proximity

GaAs cap to prevent the loss of As from the GaAs surface. The sample was

left in the oven for 30 minutes. The expected diffusion depth was 5000 A.
Sufficient amount of zinc along with sufficient amount of drive-in is needed

to make the surface a low impedance p-type contact. After the zinc drive-in,
1500 A of gold was evaporated. The gold was then annealed at 450 °C for 1
minute.

After the p-contact was created, the sample was thinned. This was done

by removing the sample from the blank wafer and mounting it on a steel
polishing chuck. The sample was mounted with Crystal Bond with 4 dummy
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samples surrounding it, in order to achieve uniform thinning. The Crystal
Bond was used since it is soluble in DI water. A 600 grit polishing compound
was first used to remove the indium and polish the sample down to about 150

A 5 micron grit A1203 polishing compound was than used to polish the

sample down to about 100 1.tm total thickness. The thickness of the sample

was measured using a microscope stage with a calibrated adjustment knob.
The sample was removed from the steel chuck and placed on a blank wafer, p

side down, and washed with TCA, acetone, methanol and DI water in
preparation for an n-contact evaporation.

The n-contact consisted of 100 A of nickel, 1200 A of gold/germanium
(88%Au/12%Ge) and 1500 A of gold. These proportions were evaporated
thermally using the Veeco evaporator. The n-contact was annealed at 450 °C

for 1 minute. The sample was than removed from the blank wafer and
fabricated into individual lasers.
Fabrication involved two steps:

1. Cleave into bars
2. Separate into single devices

The cleaving into bars was the critical step in the fabrication since these
cleaved ends would be the end facets of the diode laser. The cleaving was
accomplished using an edge scribing technique. This involved scribing a

notch, with a diamond tool, on the n side of the sample. The notches were
placed 500 microns apart. The sample was then passed over a rounded
surface, cleaving the devices. This technique assures a cut along the cleavage
plane, producing parallel end facets.

The MBE material and MOCVD material were now structurally the same

and any further fabrication techniques used were performed identically on
both. The laser bars were separated into individual devices using the same
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edge scribing technique described above. The samples were scribed on the A-

side. The spacing between the stripes was 400 gm, allowing enough room for
the cleaving. The diode lasers were now ready to be mounted and tested.

3.3 Heat sinking and TE cooler

The diode lasers were mounted onto copper heat sinks for testing
purposes. The heat sink was first cleaned with TCA, acetone, methanol and
DI water. It was than placed on a heated stage and raised to a temperature of

200 °C. The laser was mounted onto the heat sink using indium solder. The

individual lasers were handled with Teflon capillaries acting as a vacuum
chuck. The lasers were mounted active layer down with the front facet flush
with the edge of the heat sink.

The heat sink temperature was lowered to 100 °C and a 1 mil gold wire
was bonded from the laser to a bond pad directly behind the device. The gold
wire was first ball bonded to the bond pad and than stitch bonded to the laser

device. Two gold wires were attached, since high currents were often used
and a single wire would tend to melt.

The heat sink was temperature controlled using a thermoelectric cooler.
The circuit for the temperature feedback is shown in figure 4. The TE cooler
was pressure mounted between two aluminum blocks. The heat sink with the

laser devices was mounted to the cold aluminum block using an 8/32 screw.
The hot aluminum block was water cooled using a 1/10 hp submersible water

pump. The thermistor providing the temperature feedback was bonded to the

cold aluminum block just below the copper heat sink. The temperature was
maintained at a constant 20 °C.
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Figure 4. Thermoelectric cooler controller circuit.
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3.4 Testing

The laser diode was biased both in pulsed mode and continuous wave
(CW) mode when feasible. The pulse circuit is shown in figure 5. The CW
source was a Tektronix programmable curve tracer. The spectra of the diode

lasers were measured as shown in figure 6. The monochromator was a 0.5
mm Jarrell Ash with a linear dispersion of 16 A/mm.

Current-voltage measurements were taken using the curve tracer. Points

were read from the screen and then plotted on a graph. Power versus current
measurements were taken using a Newport power meter.

3.5 Coatings

AR coatings were applied to the front facet. The AR coating was a
quarter wavelength of silicon monoxide (1200 A SiO, n=1.7 at 0.816 pm).

The lasers remained on the copper heat sink during the evaporation. The

devices were placed in a Veeco evaporator and the AR coatings were

evaporated with the thickness being monitored using a quartz crystal
oscillator.

1000 A gold (Au) was used as the HR coating. To prevent the gold from
shorting the top and bottom contacts, 1200 A SiO was used to separate the
device and gold coating. The rear bond pads were removed prior to the HR
coating. The heat sink with the lasers attached was placed in the evaporator
tilted slightly. This process insured uniform evaporation over the entire facet.
After evaporation the rear bond pads were reattached with epoxy and
connected to the devices with a gold wire bond.
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Figure 5. High current pulse circuit used to bias diode lasers.
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Figure 6. Schematic of spectra measurement.
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4. Modeling
4.1 Quantum well

The bound state energy levels of the quantum well can be found by
solving the following eigenvalue equation for a finite square well. [14]

1

{[n12:

(V

A

AEEn)}2

(2)
tan( m1s2AhE2 d2 )2

With m2s is the effective mass of the carriers in the barrier, mIs is the
effective mass of the carriers in the well, V is the potential of the well, AE is
the quantized energy level measured from the band edge and d is the width of

the well. The bound state energy levels for the MBE and MOCVD device
under an applied forward bias are shown in figure 7. The lasing transition
from the first energy level in the conduction band to the heavy hole level in
valence band is also shown. The transitions from the first energy level to the
light hole level and the split off level in the valence band are less likely to lase
due to the distribution of the carriers in the well.
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Figure 7. Quantum well under an applied forward bias with quantized energy
levels for (a) MBE device and (b) MOCVD device.
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4.2 Carrier concentration
Stripe geometry lasers need a minimum injected electron concentration of
about 2 x 1018/cm3 to achieve lasing.[3] The intrinsic GaAs well than needs a

minimum of 2x1018/cm3 electrons and 2x1018/cm3 holes to reach threshold

conditions. The electron concentration in the quantum well can be expressed
by the following equation:[14]

n=

j

3

4 ( //LAT )2
27rh 2

AEL c

kT

E ln 1+ exp

F E,c
"

kT

(3)

Where .6.E1c is the energy difference between the first confined electron state

and the conduction band edge and F. is the quasi-fermi level. From this
equation the respective quasi-fermi levels are found and are shown in figure
7. The condition for lasing expressed by equation 1 is satisfied.

4.3 Threshold current density

A theoretical threshold current density can be calculated from the above

carrier concentrations. A steady state electron-hole pair density requires a
generation rate, G, given by

G = iinp

(4)
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Where /3 = 2 x 10'10 cm3/sec is the recombination rate [15]. Inserting the
values yields G=8 x 10 26 e-h pairs/cm3sec. The threshold current density is
related to the generation rate by[15]

J = qGd = 192

A
-2- MBE device
cm

= 65.2

cm

(5)

MOCVD device

Where d is the active region width or quantum well width. This calculation is

a threshold type calculation showing the theoretical expected threshold
current density. Increasing the injected carriers (higher current), produces
gain and oscillation.

4.4 Losses/gain
The threshold gain coefficient of a laser is given by the following equation:

Yth

Where

=

+

1

2L

m

1

R,Rf

(6)

al, is the internal loss coefficient, L is the device length, Rr is the

rear facet reflectance and Rf is the front facet (where the light comes out)

reflectance. The threshold gain coefficient defines the requirement for lasing
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that the round trip gain be equal to or greater than the sum of the internal

losses and the losses due to mirror transmission. Increasing either of these
losses, increases the threshold gain coefficient required to obtain lasing. The
internal losses are due to a combination of the free carrier absorption and the

lattice defects and are a function of the growth conditions. Single quantum
well lasers with external quantum efficiencies of 80% have reported internal
losses of 5 cm-1.[13]

The quality of the material often dictates the amount of internal losses
expected. Different growing techniques produce different quality materials.

MOCVD seems to produce high quality material with low internal losses.

MBE has grown high quality material, but at high temperatures.

The

temperatures needed to grow high quality MBE materials often cause dopant
migration and other effects.

Uncoated GaAs facets have a reflectivity of 32%.
changes the reflectivity.

Coating the facet

Typically the back facet is coated with a high

reflective coating and the front facet with an anti-reflective coating.
Lowering the reflectivity product, increases the threshold gain coefficient.

Figure 8 shows the functional relationship between the threshold gain
coefficient and the reflectivity product. A perfect anti-reflective coating
would yield such a high threshold gain coefficient that the device would not

lase. The round trip gain of the diode laser would not overcome the losses.
Even though lasing would not exist, the internal gain of the device would still

be high. High current injection would result in high output powers but
spectrally broad and non-coherent light. This is often referred to as a superluminescent device.
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4.5 Coatings

Two factors contribute to the failure of a diode laser at high output
powers. High internal temperature caused by joule heat generated from a
combination of bulk and contact resistance within the device typically leads to

high non-radiative recombination rates, limiting the output power of the
device.

The ultimate limiting factor of high power operation is the

catastrophic damage limit of the semiconductor facet. Dielectric coatings
have been used to increase the catastrophic damage limit. Decreasing the
reflectivity of a facet is one means of increasing the maximum output power

of the laser diode.

The relationship between the coated and uncoated

catastrophic power damage level, Pc, of the diode laser is given by:[l6]

Pc(coated)
Pc(uncoated)

n(1- R)
(1+ Nr-R)2

(7)

where R=RrRf. It is believed that the localized melting is related to the

optical absorption at inhomogeneities near the surface. The power absorbed

by the inhomogeneities is assumed to be proportional to the internal
circulating power. By reducing the reflectivity of the surface, the internal
circulating power is lowered. This increases the catastrophic damage limit.
From equation 7 as the reflectivity approaches zero, the ratio of coated power

to uncoated power approaches the index of refraction of the coating.
Therefore it is possible to increase the catastrophic damage limit as much as n
times the original value where n is the index of refraction of the coating.
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The AR coating consisted of a single dielectric layer with an index of
refraction lower than that of GaAs (ni=3.2). The effectiveness of the coating

depends on the index and the thickness of deposition. The semiconductor
with coating of index n2 is shown in figure 9. The semiconductor operates in
an air environment with n3=1.

Semiconductor

n2

n3

Figure 9. Quarter wave coating on diode laser.

The required relation between the two indices n1 and n2, to provide zero
reflectance of an electromagnetic wave emerging from the semiconductor at
normal incidence is given by [17]

n2 = j217-13

(8)

The thickness of deposition depends on the wavelength of light created by the
device and reflected at the surface.
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The propagation of the optical wave from inside the semiconductor

through the dielectric window to the outside can be understood using
transmission line analogies. The electric and magnetic field components can
be replaced by voltage and current components, respectively. The conditions
requiring the tangential components of the electric and magnetic fields at the

boundary of two dielectrics to be continuous are directly analogous to the

condition that the voltage and the current be continuous at the junction
between two transmission lines. In the same analogy the ratio of the total
electric field to total magnetic field is defined as a wave impedance.

Z(z)=

E (z)

H
Hy(z)

(9)

As in the transmission line case there is a one to one correspondence
between the reflection coefficient and the impedance mismatch ratio. If the
impedances are matched than there is no reflection. The case studied here is a

3-ply dielectric where the load impedance, ZL1, and the reflection, p,
coefficient are given by:

ZL1 = 712

(n3cosk21+ jn2 sin k21)
rig cos k2/ + jr/3 sin k2/

(10)

ni
P= ZL1ZL1+

where

111,

12, and

n3

are the intrinsic impedance of the semiconductor,

the coating, and air respectively.

k2 is the phase constant within medium 2
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and 1 is the length of medium 2.

To eliminate the reflection at the

semiconductor surface, a quarter wave coating is evaporated onto the surface.
The intrinsic impedance of the coating is given by equation 8.

k21=

112 =1171713

2

(12)

Substituting these values into (10) results in

2

112

ZL1 =

= 111
113

Substituting this into (11) results in

p =0

It is difficult to find a material whose index perfectly matches the criteria

stated above for zero reflectance. However, a large reduction in reflectivity is
obtainable with many commercially available products. The reflectance of a
surface of refractive index n1 covered by a quarter wavelength film of index
of refractive n2 is given by:[17]

R=("32

(13)
nin3 +n22
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SiO with an index of 1.7 at 0.816 gm yields a reflectance of 0.2%. If a
perfect quarter wavelength coating is placed onto the surface, than the

threshold gain needed for lasing would be large (see figure 8). The result
should be super luminescence.

The dielectric was optically transparent at the design wavelength. The
thickness of SiO separating the gold from the semiconductor was determined
using transmission line analogies. The gold coating is similar to terminating a

transmission line.

The important consideration is that the resultant wave

transmitted be a solution supported by the waveguide. The optimal solutions

would be in the region of highest gain. In transmission line theory, any
slotted line placed a quarter wavelength from the termination point acts as a

short circuit. The gold then appears as a short circuit to the traveling wave,
reflecting it in-phase.

A slotted line placed a half wavelength from the

termination point acts as an open circuit.

Any traveling wave would be

reflected out of phase. These two extremes represent points of maximum gain

(quarter wave) and zero gain (half wave). Any thickness in between would
result in a reduced gain reflected wave.

4.6 Optical cavity modes

In the case of slab dielectrics the electromagnetic field vectors reduce to

two independent sets (TE, TM) of field components. The optical power
reflected at an interface associated with each of these waves differs. The TE

wave is perpendicular to the angle of incidence and can have larger
reflectivities. The TM wave is parallel to the plane of incidence, resulting in

slightly lower reflectivities.

These lower reflectivities result in higher

threshold gain for the oscillation of the TM mode.

This results in a
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predominately TE output. The TE/TM ratio (polarization ratio) is typically
very high (100:1) for diode lasers.
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5. Experimental results

5.1 I-V characteristics
The current versus voltage (I-V) characteristic for the MBE laser is shown

in figure 10. The MBE laser was 700 µm long and had a stripe width of 200
gm with a dynamic resistance of 6 ohms. It was biased with a 50psecllmsec

pulse. The I-V curve for the MOCVD laser is shown in figure 11. It was
biased in the same manner as the MBE device. The MOCVD laser was 460
gm long and had a stripe width of 200 pm with a dynamic resistance of 2.5
ohms.
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Figure 10. Current versus voltage characteristics for MBE diode laser. Pulse
mode.
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5.2 P-I curves
The optical output power versus drive current (P-I) curves for the MBE

and the MOCVD devices operated in pulsed mode are shown in figures 12
and 13. The MBE diode laser was 700 gm long and had a stripe width of 200

pm. The threshold current density was 585 A/cm2. The measured external
differential quantum efficiency was 3.1% /facet. The MOCVD diode laser

was 460 p.m long and had stripe width of 200 gm. The threshold current
density and external differential quantum efficiency were 206 A/cm2 and
4.0%/facet, respectively.
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5.3 Spectra

The spectra for the devices were taken in both pulsed and CW mode.
Typical pulsed spectra for the MBE laser are shown in figure 14. The pulsed

spectra for the MOCVD laser are shown in figure 15. The slit width of
monochromator was set at 100 pm. The resulting resolution was 1.6 A. The
sample was maintained at a temperature of 20 0C using the TE cooler. Figure

14a shows the MBE device biased at 720 mA. This curve represents the
spontaneous emission from the device having a spectral full width at half
maximum (FWHM) of about 150 A. Figure 14b shows the MBE device

lasing, biased at 1.0 A, with a FWHM of 21 A. The peak wavelength is
around 8765 A. The output spectrum of the device is narrowed with about
three orders of magnitude difference in peak power. Figure 15a shows the
spontaneous emission of the MOCVD device with a FWHM of 130 A. Figure

15b shows the stimulated emission of the MOCVD device with a FWHM of
20 A.
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Figure 14. Spectra of MBE sample. 501.tsecilmsec drive pulse. a).720
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In both figures 14 and 15, the longitudinal modes are evident in the cases of
laser operation (parts b).

5.4 CW measurements.

The devices operated reliably in the pulsed mode. Difficulty arose when

attempting CW operation.

The MBE lasers exhibited a high dynamic

resistance. This lead to high thermal effects when operating in the CW mode.
The

high

thermal

effects

increased

the

amount

of non-radiative

recombination. This ultimately reduced the radiative recombination to below

the amount required to overcome the losses in the device. Cooling the lasers

reduces the amount of joule heat in the bulk material. The MBE device was

cooled to 77 0K. Spectra of the MBE device operating in the CW mode are
shown in figure 16.

The MOCVD devices obtained from the UNM were allegedly all from the

same growth. The samples that lased at the wavelength predicted from the
growth parameters provided would not lase CW when at room temperature.

Shipped with the other devices was a renegade laser bar with devices that
lased around 8500 A. Specifics on the growth of this bar were not available
and it can only be assumed that the growth parameters were the same except
the quantum well was not pure GaAs. These diode lasers were operated in the

CW mode at room temperature. Figure 17 displays the spectra of this device
below and above threshold.
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Figure 16. CW spectra of MBE diode laser. a). biased at 250 mA and (b)
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The I-V and P-I curves are plotted in the CW case for both types of lasers
in figures 18 through 21.
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Figure 18. Current versus voltage for MBE device in CW mode. T=77 °K.
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5.5 Spectra with coatings
The spectra for the MBE material during the coating process are shown in

figure 22. The AR coating was 1/4 wavelength of SiO (n=1.7) and the H.R.

coating was 1/4 wavelength SiO insulator than 1000 A of gold. The AR
coating caused an increase in the threshold of the device resulting in an LED

output spectrum (figure 22b).

Applying a H.R. coating increased the

reflectivity. This lowered the threshold gain coefficient enough that lasing

occurred once again. This is shown in figure 22c. The diode laser was biased
at 1 A with a 50 gsec pulse every 1 msec in all three cases.

5.6 I-V characteristics with coatings
The I-V characteristics for the MBE device at various points of the

coating process are shown in figure 23. The device had a stripe width of 200
gm and a length of 500 gm. The measurements were performed while the
device was biased with a 50 gsec pulse every 1 msec. The dynamic resistance
of the device in figure 23a was 6 ohms. The dynamic resistance of the device
in figures 23b and 23c was 2.5 ohms.

51

a).
0.45
0.4
0.35
0.3
E

3

0.25

CL

0.2

2 0.15
0.1

0.05
0

8500 8550 8600 8650 8700 8750 8800 8850 8900 8950 9000
Wavelength (A
b).

0.025

0.02

E 0.015

3a
0.01
a.

a.

0.005

0

8500 8550 8600 8650 8700 8750 8800 8850 8900 8950 9000
Wavelength (A)

0.7
0.6

0.5
S.7
E

0.4

a
g 0.3
a_

0.2
0.1

0

8500 8550 8600 8650 8700 8750 8800 8850 8900 8950 9000
Wavelength (A)

Figure 22. Spectra of MBE laser during various stages of the coating process.
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5.7 P-I curves with coatings
The P-I plots for the MBE device are shown in figure 24. The threshold
current density for the uncoated device (figure 24a) was 800 A/cm2. The AR
coating increases the threshold gain coefficient producing luminescence. This
is evident from the wide spectra shown in figure 22b and the lower output
power and increased threshold current density shown in figure 24b. Applying
a HR coating to the opposite end decreases the threshold gain coefficient and

lasing again occurs. The reduction in the threshold current density and gain in
output power shown in figure 24c are a result of the application of the HR

coating. Two things occur when the HR coating is applied. The threshold
condition to reach lasing is lowered thus reducing the amount of drive current

needed. This reduces the threat of high joule heating, allowing high power
operation. The second result is the reflectance of the front facet is lowered,
reducing the threat of optical damage to the semiconductor facet due to high
optical output powers.
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Similar results were obtained from the MOCVD device with the output

power increasing by up to 2 times with the application of the coatings. This
was the first time semiconductors laser facets were coated at OSU and the

coatings turned out to be less than perfect. As stated in section 4.5, a perfect
SiO AR coating would result in a reflectance of 1.2%. This would produce
such a high threshold gain coefficient that the result should be super

luminescence. This is obviously not the case.
Typically the high power diode laser AR coatings are around 12%. This
is usually chosen to obtain a reflectivity product (RrRf) of about 10%411]

This lowers the threshold gain coefficient permitting laser operation. The
actual thickness of the coating and its index of refraction at the specified
wavelength are very critical values when determining the quarter wavelength
coating. Engineering of these values generates AR coatings around the
recommended 12%.

After perfecting the application of the coatings, near perfect AR layers
were applied to the semiconductor laser with the hope of obtaining a super
luminescent device described by theory. Figure 25 shows the P-I plots for a

MOCVD laser with a 100 1.tm stripe and 460 pm long. Prior to the coating

process (perfected AR on one side and HR on the other) the laser had a
threshold current density of 521 A/cm2 and and external differential quantum

efficiency of 24% per facet. The laser was run in the pulsed mode. The

coating process produced a laser with pulsed P-I characteristics shown in
figure 25b. The laser had the same threshold current density but an external
differential quantum efficiency of 0.7% per facet.

Figure 26 shows the spectra of the MOCVD laser at various stages of the
perfected coating process.
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5.8 Polarization measurements
Typically semiconductor diodes lase predominately in the TE polarization

mode. By measuring the TE/TM polarization ratio, the quality of a diode
laser can be determined.

The TE/TM ratio was measured using an IR

polarizer and a power meter.

The transmission of the TE mode was

measured at 0° and then the polarizer was rotated 900 and the transmission of
the TM mode was measured. The MOCVD diode laser was biased with a 1 A
pulse. At 0° the optical power output was 7.05 mW. At 90° the optical

power was 0.034 mW. The MOCVD laser had a TE/TM ratio of 207:1. The

MBE laser was biased with a 800 mA pulse. At 0° the optical power was
1.747 mW. At 90° the optical power was 0.025 mW. The MBE diode laser
had a TE/TM ratio of 70:1.

59

6. Discussion and conclusions

6.1 Results

The results of the research proved to be encouraging.

The MOCVD

device received from UNM operated somewhat better than the OSU grown

MBE device. This was expected since this was the first high power device

grown at OSU whereas the MOCVD device was from a well established
process. It was difficult to judge if it was the inherent quality of the growth
process since the MBE process was never optimized.

The MOCVD device had a lower dynamic resistance than that of the
MBE. This was probably a result of the processing steps involved or the
quality of the growth. Theoretical calculations show that the bulk resistances

of the two devices are similar, with the majority of resistance in either case
associated with contact resistances. The I-V plots for the MOCVD device

exhibited the predicted turn-on voltage of about 1.4 volts (the band-gap of
GaAs). The MBE device had a slow turn-on with the threshold at times

approaching 3 volts. This could be attributed to the possibility of an oxide
layer in between the zinc and gold on the p-contact. Zinc oxidizes rapidly and

if the gold is not immediately evaporated onto the device after the zinc
diffusion, an oxide layer might form. This oxide layer acts as a series
resistance and would increase the potential needed to turn on the device. The
MBE typically exhibited a higher dynamic resistance. This is most likely due

to the quality of the p-ohmic. A poor quality p-ohmic would result from
inadequate diffusion of the zinc into the n-GaAs. The MOCVD devices made
direct contact to the p-GaAs with gold.

The threshold current density was low enough in each laser diode to
permit high power operation. The external quantum efficiency was higher in

60

the MOCVD device. This, coupled with the low resistance, permitted higher

output powers than from the MBE devices. In both cases the resulting high
output powers from the devices used in this thesis (450 mW/facet peak) were
lower than those reported in literature (2.6 W CW). The devices tested in this

work were rarely pushed to the catastrophic limit. Thermal effects could be
seen in the P-I plots and the devices were not stressed beyond this. Improving
the heat sink and mounting would enable higher power operation.

6.2 Coatings

The initial application of the coatings resulted in output powers higher

than those of the uncoated devices. Most high power devices have HR
coatings between 70 and 95% and AR coatings between 1 and 10%. It is
important to match, as closely as possible the thermal expansion coefficient to

avoid large built-in stresses.

The proper choice of AR/HR combination

increases the external quantum efficiency keeping the current density
relatively low while maximizing the catastrophic power level. The initial AR

coatings were around 10%. This kept the threshold gain low enough to
permit efficient lasing. In the MBE device the external quantum efficiency

was doubled by the application of an AR/HR coating. The external quantum
efficiency is given by:[18]

( 1 )1
1

next= [ 1+

1

(1 R,.)1(1R1) 1/?, /R,

1

] L2L In(R,Rf)
rth

(13)
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Where yth is given by equation (6).

The external quantum efficiency is

shown in figure 27 plotted for an uncoated and HR coated rear facet versus
various AR coatings on the front facet. As the reflectance of the front facet is
lowered, higher quantum efficiency is expected.

When a good AR coating was applied, the threshold gain was increased
further. The threshold gain of a laser is illustrated in figure 28.
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Figure 28. Gain profile of a laser.
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If there is no mode selection than the resonant frequency of the cavity that

possesses enough round trip gain to overcome the losses will lase. Laser
emission occurs at seven resonant wavelengths shown in figure 28b.

The number of lasing modes determines the temporal coherence or
coherence length of the laser device. The larger the number of modes, the
smaller the coherence length. The smaller the coherence length, the larger the

linewidth of the lasing spectrum. If the threshold gain is increased so that
only a single mode can oscillate, then the output would be spectrally narrow.

If the threshold gain is increased above the gain curve (figure 29), than there
are no longer selective modes lasing in the device (figure 29b).

At high currents the stimulated emission rate would still be greater than

the spontaneous emission rate, resulting in a stimulated output. The device
would exhibit the spectral characteristics of spontaneous emission since all
resonant modes of the cavity are now oscillating. This produces the super
luminescent device shown in figure 26b.
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Figure 29. Gain profile of a laser with increased threshold.
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6.3 Conclusions

It was demonstrated in this thesis that there are many considerations in
making a high power diode laser. The choice of material and growth process

can aid in providing a high gain, highly efficient device. Facet coatings are
then used to prevent catastrophic failure due to high output power densities.
Caution must be exercised when choosing the coatings. A perfect AR coating

on the front facet was shown to be a non-optimal solution for high power
laser operation. The exact value of the coating must be measured against the
HR coating used on the back and the resultant threshold gain coefficient. If a
high enough gain material is used, then lower AR coatings may be beneficial.

If the threshold gain coefficient remains underneath the gain curve, the
resultant output (at high enough injection to overcome the spontaneous
emission rate) will be lasing. Lower AR coatings are beneficial in that the
external quantum efficiency and the catastrophic damage limit will be larger.

The coating process was not the problem in obtaining high output powers

for the devices tested in this thesis. The coatings applied to the devices
discussed in literature resulted in a factor of 5 increase in output power. With
the proper choice of coatings for the devices tested in this thesis, a factor of 4

increase in output powers was obtainable (comparable with the factor of 5
seen in literature). Internal heating was the major limitation of the devices

tested in this thesis. Large amounts of internally generated heat limited the

uncoated devices from obtaining the expected output powers.

This is a

limitation in all diode lasers. Increased amounts of heat are generated in poor

materials (high resistivity) or in poorly processed materials. In any case a
good heat sink must be used to efficiently remove and dissipate the generated
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heat due to high power operation. The uncoated MBE and MOCVD devices

studied in this thesis generated too much heat to be efficiently removed
resulting in lower than expected pulsed mode operation. Heat sink designs in

the literature are often elaborate and incorporate high thermally conductive
material. Although copper is a good conductor of heat, better choices such as

copper tungsten, silver or even diamond are the choices used in the high
power operation seen in literature.

The resulting lower power device developed could be a result of an
excessive amount of heat generated or the inadequate dissipation of this heat.

It is more than likely a combination of both with the major reason being the
excess amount of heat generated. The resistive heating of the diode increases

the amount of non-radiative recombination. This decreases the gain of the

device leading to high threshold current densities. The threshold current
densities of the devices used in this thesis were typically 700 A/cm2. The
value of the threshold current density of the devices found in the literature
were typically 400 A/cm2. Improvement of the resistance of the device or
reduction of the non-radiative recombination centers would result in devices

that could easily obtain the present literature values. Once these uncoated
devices operate at their potential, the proven coating process would yield high
power devices on the order of watts.

6.4 Future efforts
A reliable high power laser diode could be manufactured at OSU if more

research into the heat generation process was performed. The internal heat
generated could be lowered and an efficient heat sink developed, resulting in
an uncoated device with CW outputs on the order of 500 mW. The band-gap
could be engineered to produce an efficient pumping source for the Nd:YAG.
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If this were the desired case, the proper coating could be applied, yielding a
single stripe high power device. This, either used alone or in an array to
pump the Nd:YAG crystal, would result in a compact high power laser that
could be doubled into the green.

The other possible effort to obtain visible light is to use the high power
diode laser and coat both ends with an AR coating. This could be used as an
amplifier stage in a diode laser design, eliminating the need for a solid state
crystal. The output of the amplifier could be directly doubled into the visible.
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