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Abstract
More efficient semiconductor lasers will be needed in tomorrow’s applications.
These lasers can only be realized through the application of new device processing
techniques, designed to restrict current, carrier, and/or photon flow through the lasing
cavity. This work aims to evaluate a non-conventional stripe laser processing technique
which has the potential for effective current and possibly carrier confinement at low cost.
This technique, referred to as hydrogen passivation, involves exposing laser material to a
low energy hydrogen plasma, causing hydrogen ions to bind to charged acceptor and
donor atoms. Such binding compensates the electrical activity of these dopant atoms and
thereby increases the resistance of the exposed material. Optical confinement can also be
achieved (subsequent to hydrogenation) by using a simple wet-etching process to form a
lateral waveguide. Stripe lasers fabricated via hydrogen passivation have been
demonstrated previously; however, the benefits of this method have not been fully
explored or characterized. Our work aims to quantify the degree of current and carrier
confinement provided by this technique. The cleaved cavity method of analysis is used to
extract laser parameters via direct measurement. These parameters are then compared
against those obtained from more conventional stripe lasers to identify improvements that
have accrued from using hydrogen passivation.
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1. INTRODUCTION
Demand for semiconductor lasers with smaller physical dimensions, higher efficiencies,
and lower power consumption continues to fuel laser research. Yesterday’s
semiconductor lasers are quickly becoming obsolete and are no longer suitable for
today’s more stringent demands. As technology continues to push for increased
performance, new device designs and fabrication techniques must be developed to further
improve operating characteristics. In particular, novel methods for current, carrier, and
optical confinement must be explored and applied to semiconductor lasers. These new
methods will create tomorrow’s lasers with higher efficiencies and lower threshold
currents.
In order to understand which characteristics are responsible for making a good
semiconductor laser, it is helpful to examine the idealized power-current (L-I) and
current-voltage (I-V) relationships. The L-I relationship of a laser diode as shown in
Figure 1.1 relates its optical output power to its electrical input current. At low input
currents, the light output (Popt) is primarily generated through spontaneous emission.
Once the input current is equal to the threshold current, sufficient photons exist in the
lasing cavity for stimulated emission to occur. As the drive current is increased beyond
the threshold current, the emission power becomes dominated by the faster rate of
stimulated emission and the slope of the L-I curve increases sharply. It is assumed that
above threshold, stimulated emission is completely dominant; any carrier recombination
in the gain medium occurs through stimulated emission.
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Figure 1.1 – Optical power vs. current (L-I) relationship of a semiconductor laser.
The optical performance of a semiconductor laser above threshold can be described by
Equation 1.1 where POpt is directly proportional to the extent to which the drive current is
increased above the threshold current.

⎛ hυ ⎞
⎟⎟ηext (I − I th )
POpt = ⎜⎜
q
⎝
⎠

ηext = ηi

αm =

αm

(1.1)

(1.2)

αi + αm

1 ⎛1⎞
ln⎜ ⎟
L ⎝R⎠

(1.3)

The proportionality constant is the energy of an emitted photon, (hυ /q), times the
external efficiency, ηext. Recall that the ultimate goal is to produce a laser with the
highest possible POpt at a given current. From Equation 1.1, it is clear that a higher ηext
with a lower Ith will yield a higher POpt [1]. ηext can be broken up into the product of
multiple terms, described in Equation 1.2. The first term, the injection efficiency, ηi, is
the percentage of current flowing in the external circuit that results in carriers injected
2

into the active region. And the second term, the mirror efficiency, where <αi> represents
the modal internal loss and αm refers to mirror loss (i.e., useful optical output). Here,
<αi> depends on factors such as semiconductor interface roughness, processing damage,
and design geometry. Thus, it is difficult to predict a priori and instead is generally
obtained via measurement. On the other hand, αm can be described using Equation 1.3
where L is the length of the lasing cavity and R is the power reflectivity of both
(identical) facets. It is obviously beneficial to have high injection efficiency and low
internal loss.

For the maximum output power at a specific current, Ith must be minimized. Detailed
information about Ith is shown in Equation 1.4 where q is the electron charge, V is the
volume of the lasing cavity, B is the bimolecular recombination constant, Ntr is the
transparency carrier density, Γ is the optical confinement factor, and g0 is optical gain of
the material.

I th =

qVBNtr2

ηi

e

2 ( α i +α m )

Γg0

(1.4)

An important distinction must be made now to describe the difference between material
and device parameters. Material parameters cannot be adjusted once crystal growth is
complete. Such parameters are uniquely set by the material and describe properties such
as emission wavelength, layer thicknesses, doping concentration, and more. Device
parameters on the other hand are largely dependent on the geometrical shape of the laser
and the fabrication processes used for making the device. Such parameters include the
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confinement factor, injection efficiency, mirror losses, and more. In Equation 1.4, B, Ntr,
and g0 are purely material parameters and thus, cannot be changed once the material has
been chosen. In contrast, <αi> and ηi depend upon the details of the layer structure in
addition to the characteristics of the device fabrication process. These parameters are best
quantified via measurement and analysis. The remaining variables, Γ, V, and αm are
device parameters optimized during fabrication to improve laser performance. Table 1.1
provides definitions for these variables and shows their hierarchical connection to the
gain medium, layer structure, and device geometry of a semiconductor laser.

Definition
Spontaneous Emission Coefficient
Transparency Carrier Density
Material Gain Coefficient
Free Carrier Loss
Gain Medium Thickness
Internal Quantum Efficiency
Confinement Factor
Scattering Loss
Waveguide Thickness
Cladding Layer Thickness
Cladding Layer Resistivity
Stripe Width
Gain Medium Length
Gain Medium Width
Mirror Loss

Symbol

Units

B
Ntr
G0
αfc, α’fc
T

3

ηi
Γxy
αscat
tWG
tP , tN
rP , rN
WS
L
W

αm

cm /sec
cm-3
cm-1
cm-1
cm
none
none
cm-1
mm
mm
Ω cm
mm
mm
mm
cm-1

GM LS DG
I
I
I
I
I

II
II
I
I
I
I
I
I

II
II

II
II
II

I
I
I
I

Table 1.1 – Table of laser parameters and their hierarchical connection to the gain
medium (GM), layer structure (LS), and device geometry (DG). The symbol “I”
indicates a strong relationship and “II” indicates a weaker relationship.
The basic structure of an edge-emitting laser is presented in Figure 1.2 to further clarify
the geometrical dependence of key device parameters. Current is conducted vertically
4

though this device from the p-side electrode to the n-side electrode and laser light is
emitted from both the rear and front facets. The coordinate system is shown on the right
in Figure 1.2, where the transverse direction is through the laser material from the n-side
to the p-side, the longitudinal direction is along the length of the optical cavity, and the
lateral direction is along the width of the gain medium. Note that the other two sides of
the laser perpendicular to the lateral direction (parallel to longitudinal direction) are
intentionally damaged to prevent lasing in that direction.

front facet
rear facet

p-side electrode

x (transverse)

p

gain medium

n

n-side electrode
L
length of optical cavity

W

width of
gain medium

z (longitudinal)
y (lateral)

Figure 1.2 – Basic diagram of a broad-area (BA) edge-emitting semiconductor
laser (left) with x,y, and z directions defined for structural descriptions (right).
Reduction of the threshold current is accomplished through optimization of the optical
confinement factor, volume of the lasing cavity, and optical mirror losses. Equation 1.4
shows that Ith has an exponential dependence on the optical confinement factor. The
overall confinement factor, Γ, can be divided up into components, as shown in Equation
1.5, each of which describes the overlap between the optical mode and the gain medium
along a particular direction.

Γ = Γtransverse × Γlongitudin al × Γlateral

5

(1.5)

The value of Γtransverse is set a priori by design of the optical confinement and cladding
layers. And the value of Γlongitudinal is equal to one in edge emitting lasers. Thus,
optimization of Γ during fabrication is only carried out on Γlateral for the edge-emitting
laser geometry. Note that Γlateral is heavily reliant on the lateral spatial dependence of the
index of refraction.

A clear relationship between threshold current and volume of the gain medium is shown
in Equation 1.4; reducing V by reducing the length (L), thickness (t), or width (W) of the
gain medium directly reduces Ith. However, recall that αm is also inversely proportional to
L. Choosing a smaller L to decrease volume will also increase αm, and may actually
increase Ith (even considering the decrease in V). Furthermore, t is a material parameter
and cannot be changed once growth is complete. This leaves only W as a freely adjustable
parameter to minimize Ith.

Another benefit of minimizing W is single mode operation. Single mode lasing is highly
desired due to its more linear L-I characteristic. A lateral waveguide with a sufficiently
small value of W will only support a single lateral optical mode. It is important to note,
however, that W cannot be chosen arbitrarily small or the maximum output power may be
limited as indicated by Equation 1.6.

POpt (max ) = S CFD × W × tWG

(1.6)

A phenomenon known as catastrophic facet damage will occur if the maximum optical
power density exceeds its critical value, SFCD, after which the Fabry-Perot cavity will no
6

longer provide the requisite optical feedback. To achieve a higher output power, W must
be increased so that the optical power density remains well below SFCD. This
phenomenon forces W to be optimized so as not to limit the output power while also
giving an acceptably low value of Ith.

With regard to electrical performance, the semiconductor laser is just a p-n junction diode
at its most fundamental level. Figure 1.3 shows the I-V relationship of a laser diode. At
low bias values, the current rises exponentially with increasing voltage. At higher
voltages, the series resistance dominates and the I-V curve becomes linear.

Id

Vbias

V

Figure 1.3 – Current vs. voltage (I-V) relationship of a semiconductor laser.
Equation 1.7 states that the total input power is equal to the sum of the power delivered to
the junction, IVj, the power lost to series resistance, I2RS, and the power lost to parasitic
effects, IVP.

PElec = IV j + I 2 RS + IVP

(1.7)

7

It is obvious that the series resistance and parasitic effects should be kept to a minimum
to increase the power efficiency and thus reduce heating. Heating is especially important
because Ith is exponentially related to the junction temperature [2]. A small increase in
temperature may result in a large increase in Ith and thus, adversely affect the output
power of the laser. The internal losses, <αi>, may also be sensitive to temperature,
affecting beam stability and the linearity of the L-I curve. Note that the power dissipated
by series resistance is proportional to I2 while the useful power delivered to the junction
is only proportional to I. In short, the power dissipated by the series resistance (resulting
in heating) will dominate at higher drive currents. In reality, all semiconductor lasers are
limited by heating due to series resistance at high input currents.

The electrical-to-optical power conversion efficiency of a p-n junction laser is referred to
as its wall-plug efficiency, ηWP. Simply stated, ηWP is equal to the output power divided
by the input power. Dividing Equation 1.1 by Equation 1.7 and rearranging gives
Equation 1.8.

ηWP =

POpt
PElec

=

⎛ hυ ⎞⎛ I th ⎞
⎟⎟⎜1 − ⎟
q
I ⎠
⎠⎝
⎝
V j + IRS + VP

ηext ⎜⎜

⎛ hυ ⎞⎛ 1 ⎞
ηWP = ⎜⎜ ⎟⎟⎜⎜ ⎟⎟ηext ≈ ηext
⎝ q ⎠⎝ V j ⎠

(1.8)

(1.9)

For a good laser, Ith is small compared to the drive current and the parasitic and series
resistance effects can be ignored. If these assumptions are made, then Equation 1.8
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reduces to Equation 1.9 which represents the best possible wall-plug efficiency any
semiconductor laser can achieve.
While the theoretical aspects of a laser have been covered, it is also important to examine
the methods and techniques used to produce the desired optimizations. In practice, the
easiest edge-emitting semiconductor laser to fabricate is the broad area (BA) laser. The
left side of Figure 1.2 shows the general structure of a BA semiconductor laser. One
common property of all BA lasers is that the structure of the laser does not change along
the lateral direction. Thus, there is no lateral coordinate dependence for any material or
device parameters. Also note that the width of the electrically-pumped gain medium is
equal to the width of the semiconductor material. This fact is especially important
because the device width can be accurately determined; for many other laser geometries,
W is not directly measureable and is in most cases difficult to extract. Due to their
simplicity in fabrication, non-varying structure in the lateral direction, and well-defined
value of W, BA lasers are generally preferred for material parameter extraction [3].

Unfortunately, BA lasers with their large W and consequently large Ith, generate
significant amounts of heat during operation. In fact, most BA lasers cannot be operated
at room temperature under continuous-wave (CW) excitation. A reduction in Ith is critical
to reducing heat and is in practice achieved by reducing W; this new device embodiment
is known as the narrow-stripe (NS) laser diode. The smaller Ith makes it possible to
produce NS lasers capable of CW operation at room temperature (unlike their BA laser
counterparts).

9

Various techniques have been developed to reduce W and control Γlateral. These
techniques can be categorized by the confinement of current, carriers, and/or photons.
More specifically, current confinement can be used to direct the flow of current to
specific regions of the device. Carrier confinement focuses or restricts carriers to specific
areas of the active region. And finally, optical confinement controls the shape of the
dominant optical mode and its spatial overlap with the electronic gain medium. In
general, current and carrier confinement techniques impact Ith directly (though W) and
indirectly (through ηi) while optical confinement techniques affect Ith and ηext via Γlateral.
Ideally, Ith should be reduced without decreasing ηext by using one or more of these
different types of confinement.
A simple method to fabricate a NS laser is to use an insulating layer of silicon dioxide
(SiO2) to block current flow between the metal contact and the semiconductor. The
lithographic width of the stripe is defined by the amount of metal in direct contact with
the semiconductor surface. The rest of the metal is in contact with the oxide and hence,
does not conduct current to the semiconductor. This change in device geometry gives rise
to laser parameters that depend on y, the lateral spatial coordinate. Much of the difference
in behavior can be explained by changes in current flow. For very wide stripes, current
flow may be similar to the upper right of Figure 1.4 which assumes no lateral spreading
(W = WS). In general, however, a significant amount of lateral current spreading should
be assumed, as depicted in the bottom right of Figure 1.4 (W ≠ WS). For such narrowstripe oxide-confined (OC) laser structures, the lateral spreading of current and the
outward diffusion of carriers in the active region give rise to a gain medium of unknown
volume, W x t x L, instead of the well defined volume, WS x t x L. Therefore, Ith will not
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scale linearly with WS [4]. In general, W cannot be accurately determined for such a case
and must be estimated. This problem in turn leads to variation of extracted material and
device parameters [5].
WS

WS

P
L

W

Gain Medium
N

WS

WS

P
L

W

Gain Medium
N

Figure 1.4 – Top-view of a wide stripe laser (upper left) and a narrow-stripe laser
(lower left) with corresponding side-views indicating no lateral current flow
(upper right) and substantial lateral current flow (lower right).
An improvement upon the traditional OS-NS laser is to remove some P semiconductor
material, leaving only a ridge of P material between the metal contact and the gain
medium. A much higher degree of current confinement can be achieved in this manner.
The ridge will also serve as a lateral waveguide, causing the optical mode distribution to
become more compact. Such ridge based lasers will require smaller stripe widths for
single mode operation due the large discontinuity in the index of refraction (lateral)
caused by removal of semiconductor material. Furthermore, the more material removed
for additional current confinement, the larger the lateral index difference and thus, the
11

larger the effect for optical confinement which may present a problem. In short, the
lateral optical confinement is directly related to the current confinement with no
independent control of either. Another potential problem lies with the metalized contact
coming into close proximity with the optical mode. If the optical mode distribution
extends beyond the ridge and into the metalized contact, a significant amount of photon
absorption may occur in the metal, increasing <αi> for the laser and thus, decreasing ηext
and increasing Ith. Carrier confinement is also possible with ridge lasers if the removal of
material proceeds through the gain medium. However, etching through the gain medium
introduces another problem: non-radiative recombination of carriers at the edge of the
gain medium [6]. This “surface recombination” lowers ηi of the laser and thus, adversely
affects its ηext and Ith.

An improvement to the ridge technique which addresses some of the previously
mentioned problems is to deposit additional material such as polyimide after etching. The
resistance of the deposited material can be controlled, providing current and potentially
carrier confinement in addition to somewhat decreasing the lateral index step caused
originally by removal of semiconductor material. Such a technique can also keep the
metal contact away from the optical mode distribution. Unfortunately, polyimide coating
does not reduce surface recombination if portions of the gain medium have been exposed
by etching. A variant of this technique involves the re-growth of additional
semiconductor material leading to the “buried heterostructure” laser. Similar to the
previous method, the resistance of the re-grown semiconductor material can be
controlled. And the index of refraction discontinuity between the active stripe and re-
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grown semiconductor material can be made small. This approach also reduces the surface
recombination for cases in which the gain medium has been patterned. However, regrowing semiconductor material is expensive and time consuming. Most other techniques
for current, carrier, and/or optical confinement require two or more high temperature
processing steps beyond the initial crystal growth [7-11]. This additional complexity
leaves much to be desired for producing low-cost semiconductor lasers.

An alternative approach to current and carrier confinement is explored in this work,
namely, hydrogen passivation. Prior research showed that exposing semiconductor
material to a low energy hydrogen plasma results in more resistive material [12]. This
effect is caused by activated hydrogen binding to impurity donor and acceptor atoms,
thus increasing the electrical resistance of the passivated material. If a sufficient increase
in resistance can be achieved, current confinement (and perhaps carrier confinement) is
possible. An additional benefit for such passivated material is that the index of refraction
does not change significantly. This fact allows for independent control of optical
confinement when combined with a shallow ridge etch. Optical confinement (Γlateral) is
controlled by shallow ridge formation to create a lateral waveguide while the current and
carrier confinement is controlled solely by hydrogen passivation. The requirements for
NS laser fabrication using the hydrogen passivation technique are quite modest; a plasma
enhanced chemical vapor deposition (PECVD) system used for SiOx and SiNy film
deposition may be used to generate the hydrogen plasma from a common process gas
such as ammonia.
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While semiconductor lasers using hydrogen passivation have been demonstrated, further
experimental study is needed to quantitatively describe its impact on laser performance
[13, 14]. Exploration into the degree of current and carrier confinement possible is
critical to realizing the potential benefits of hydrogen passivation. Such exploration
requires special methods to analyze and compare laser performance metrics. One
particularly effective method requiring very modest measurement equipment is the
Cleaved Cavity Method (CCM). This method needs only a calibrated optical detector and
a controllable power supply. Using these two pieces of equipment, Pinkas successfully
extracted material parameters using the CCM on BA lasers [3]. This technique was later
adapted by Coldren [6] specifically for analyzing more modern laser geometries such as
NS lasers, ridge based lasers, etc. With this method, all of the material and device
parameters for a laser mentioned thus far can be extracted and quantified. A comparison
of extracted parameters can yield insight on performance metrics such as efficiency,
cavity loss, material gain, and others. And more importantly, it is possible to
quantitatively characterize the degree of current, carrier, and optical confinement for a
specific processing method. In this thesis, the analytical approach developed by Coldren
[6] will be applied to assess the impact of hydrogen passivation on laser performance and
to compare its effectiveness for current and carrier confinement against other methods.

In summary, fabricating NS lasers with effective current and carrier confinement is
difficult. Expensive additional growths or undesired effects such as surface
recombination are common and problematic. However, hydrogen passivation is a
potentially viable and inexpensive method for fabricating lasers with effective current
and possibly carrier confinement. Furthermore, optical confinement can be achieved
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independently of current and carrier confinement, without the need for a second growth
step.

Using broad-area lasers and narrow-stripe lasers fabricated via oxide confinement and
hydrogen passivation, this thesis aims to:
Demonstrate that hydrogen passivation preformed using PECVD is a suitable
method for achieving current and carrier confinement for narrow-stripe lasers.
The specific tasks which will be completed during the course of this work are:
Develop and optimize techniques for fabricating broad area lasers, narrowstripe lasers, and hydrogen passivated lasers.
Design and calibrate the measurement apparatus necessary for testing fabricated
semiconductor lasers.
Extract laser material parameters using broad area lasers with the Cleaved
Cavity Method.
Compare and contrast performance of hydrogen passivated lasers with narrowstripe and broad area lasers and demonstrate the effectiveness of hydrogen
passivation for current and carrier confinement.
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2. MATERIAL DESIGN AND DEVICE PROCESSING
2.1 Laser Material Structure
The laser material employed throughout this thesis is an AlGaAs/GaAs single quantum
well (QW) structure grown on an n-type (100) oriented GaAs substrate using the MetalOrganic Chemical Vapor Deposition (MOCVD) technique. Surrounding the QW is an
AlGaAs waveguide which defines the optical mode shape in the transverse direction.
Moderately doped AlGaAs cladding layers sit on both sides of the waveguide region
followed by either the n-type buffer layer and substrate for structural rigidity or the ptype ohmic contact layer which is heavily doped to facilitate the formation of ohmic
contacts. Additional details of the laser material design are given in Table 2.1.

Dopant Density (cm-3)

Description

Thickness

Material

ohmic contact layer

50 nm

GaAs

Mg

p = 2 x 1019

upper cladding layer

1.35 μm

Al0.85Ga0.15As

Mg

p = 5 x 1017

upper waveguide

70 nm

Al0.25Ga0.75As

N/A

undoped

quantum well

10 nm

GaAs

N/A

undoped

lower waveguide

70 nm

Al0.25Ga0.75As

N/A

undoped

lower cladding layer

900 nm

Al0.85Ga0.15As

Si

n = 3 x 1017

buffer layer

400 nm

Al0.25Ga0.75As

Si

n = 4 x 1017

substrate

390 μm

GaAs

Si

n = 2 x 1018

Table 2.1 – Layer structure for the AlGaAs-GaAs single QW laser material.
Secondary Ion Mass Spectroscopy (SIMS) measurements were made to verify that design
values for alloy composition and doping type and concentration were met in each layer of
the overall device structure. A representative SIMS depth profile is presented in Figure
18

2.1. The growth surface is located at the left-most side of the depth scale, the quantum
well is positioned at 1500 nm, and the GaAs substrate appears at around 3500 nm.

Figure 2.1 – SIMS depth profile of laser material structure.
The overall material structure and specific layer thicknesses were confirmed using
Scanning Electron Microscopy (SEM). Figure 2.2 shows a SEM image of the material
after exposure to hydrofluoric acid to enhance the contrast between layers.

Figure 2.2 – Side view drawing (right) and SEM image (left) of layer structure.
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2.2 Laser Device Fabrication
Fabrication of the laser samples took place at Virginia Tech’s MicrON clean room
facility. A total of four different types of lasers were fabricated for this thesis: broad-area
(BA) lasers, oxide-confined narrow-stripe (OC-NS) lasers, and hydrogenated narrowstripe (HYD-NS) lasers with and without an oxide current blocking layer. A brief process
flow is presented below for each case. A comprehensive description of each fabrication
process can be found in Appendix A.
2.2.1 Broad-Area Lasers
The broad-area lasers were fabricated using a custom mask designed in L-Edit and made
by Advance Reproductions. This mask defined a 100 μm wide stripe with a 500 μm
center-to-center spacing between laser stripes. Starting with an 11 mm by 7 mm piece of
laser material, SiOx was deposited onto the top surface using an Electron Beam (E-beam)
evaporation process and subsequently patterned with a lift off technique. A layer of Au
and Ti was then deposited using E-beam over the entire surface and subsequently
patterned using another lift off process to isolate adjacent laser stripes. Next, the sample
was annealed to form Ti/Au ohmic contacts to the p-type GaAs capping layer of each
stripe laser device. Finally, a layer of Au and Sn was deposited on the bottom-side of the
sample and annealed to form a large-area ohmic contact to the n-type GaAs substrate.

Figure 2.3 shows the final structure of a BA laser with the contact metal (dark grey) and
oxide layer (red). The transverse (vertical) and lateral (horizontal) directions are not to
scale. It is important to note that the metal in contact with the semiconductor surface
describes the lithographic width of the laser stripe (WS = 100 μm); the rest of the metal on
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the p-side lies on top of an insulating layer of SiOx and serves as a metal contact pad for
probing or packaging.

Figure 2.3 – Side-view of BA laser after device fabrication.
The sample was then cleaved along {011} surfaces (perpendicular to the [100] growth
direction) to create mirrors or “facets” – thereby forming Fabry-Perot cavities for optical
feedback. These cleaved pieces are referred to herein as “laser bars.” Each laser bar
contains roughly ten laser devices, all having the same stripe width and cavity length. The
yield of good laser bars was increased significantly by thinning the GaAs substrate
(initial thickness = 400 μm) before cleaving, especially when cavity lengths shorter than
400 μm were of interest. In these cases, the entire sample was mechanically lapped and
polished (on the GaAs substrate side) to a thickness of 200 μm before applying the Sn/Au
metallization and annealing to form the n-side ohmic contacts. Figure 2.4 shows a
completed BA laser in bar form and a diagram generated from the mask used to create the
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laser stripes. Individual laser stripes (dark grey), metal contact pads (light grey), and
device isolation stripes (blue) are indicated in the diagram.

WS

L

Figure 2.4 – Top-view drawing (upper) and optical image (lower) of an oxideconfined BA laser after cleaving into bar form.
2.2.2 Narrow-Stripe Lasers
Oxide-confined NS lasers were fabricated using the same process as the BA lasers but
with a different mask, once again custom designed in L-Edit and created by Advance
Reproductions. The NS laser mask has lithographic stripe widths of 4, 6, 8, 12, 16, and
50 μm with a center to center spacing of 150 μm between stripes in a repeating pattern. A
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drawing of an OC-NS laser after completion of the fabrication process is presented in
Figure 2.5. The transverse (vertical) and lateral (horizontal) directions are not to scale.

Figure 2.5 – Side-view of OC-NS laser after device fabrication.
An additional set of narrow-stripe lasers were fabricated using a low energy hydrogen
plasma process to neutralize donor or acceptor impurities [1-6]. This hydrogenation
process significantly increases the electrical resistivity of the AlGaAs cladding layers and
provides for current (and perhaps carrier) confinement without the need to remove or regrow any laser material. The lithographic stripe widths and center-to-center spacing for
HYD-NS lasers are identical to those described above for the OC-NS lasers.

The process flow for these hydrogenated lasers is as follows. A 2000Å thick layer of
PECVD oxide was deposited on a pristine piece of laser material. This layer was then
patterned using a buffered oxide etching solution and served as a mask against hydrogen
penetration into the laser material. The sample was then placed back into the PECVD
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system and exposed to the NH3 plasma at elevated temperature. The ammonia plasma
serves as a source of activated hydrogen-bearing molecules. Hydrogen atoms derived
from these molecules diffuse through the semiconductor layers and interact with the
magnesium acceptors to form neutral Mg-H complexes. As a consequence, the p-type
AlGaAs cladding layer is converted into semi-insulating material in the regions adjacent
to the active laser stripes. After the hydrogenation process, the oxide mask was removed
using a buffered oxide etch. Next, a layer of SiOx was deposited onto the surface using Ebeam and patterned using liftoff. From this point on, the fabrication process follows the
same processing steps as the original BA laser process flow after the SiOx deposition. A
second set of NS lasers were fabricated without SiOx covering the hydrogenated regions.

Figure 2.6 – Side-view of HYD-NS lasers without oxide (left) and with oxide
(right) after device fabrication.
Figure 2.6 shows side views of both types of HYD-NS lasers (with and without oxide)
after processing. The grey regions indicate semi-insulating material created by
hydrogenation (the penetration depth may be deeper than depicted here). The transverse
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(vertical) and lateral (horizontal) directions are not to scale. The same substrate lapping
and cavity cleaving procedures described above for BA lasers were used to define laser
bars for all three forms of NS lasers. A representative OC-NS laser bar and a diagram
generated from the NS laser mask are shown in Fig. 2.7. Note that each OC-NS laser bar
has multiple devices on it, all with the same cavity length but with different stripe widths
(WS = 4, 6, 8, 12, 16, 50 μm). The light grey “+” symbols (i.e., alignment marks) were
used to ensure proper registration between mask and sample during each step of the
fabrication process.

Figure 2.7 – Top-view drawing (upper) and optical image (lower) of an oxideconfined NS laser after cleaving into bar form to define the optical cavity.
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3. DEVICE TESTING AND PARAMETER EXTRACTION
This Chapter demonstrates the suitability of techniques used herein to characterize BA
and NS laser diodes. Representative L-I data are presented to establish the variability in
device parameters attributable to measurement error or non-uniform material growth
and/or device processing. Procedures for measurement quantification and curve fitting
are described that provide a consistent framework for subsequent analysis of device
performance. Additional details regarding instrument setups and calibration procedures
can be found in Appendix B.

3.1 Measurement Reproducibility
In order to isolate measurement error from the issue of non-uniform growth and/or
processing, multiple L-I tests were performed on a single laser stripe from an individual
laser bar. That is, a specific laser stripe was first tested and then removed from the
measurement set-up, after which it was placed back into the apparatus for retesting. This
multiple testing procedure was repeated for as many cycles as necessary. Such an
approach captures the combined error associated with placement of the laser bar,
alignment of the facet to the light detector, and variations in electrical probe positioning.

Example L-I data sets are shown in Figure 3.1 for two different BA laser stripes on two
distinct laser bars. The threshold currents for BA lasers were generally high enough that
it was necessary to use pulsed-wave (PW) excitation to avoid sample heating. Thus, the
laser output power was measured using a small-area silicon photo-detector with a rise/fall
time of around 30 ns. Such detectors are certified by the manufacturer to have a specific
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responsivity, Rdet, given in units of volts per optical watt, and to exhibit a linear response
up to a maximum input optical power. Thus, the “light power” (vertical) axis of these L-I
plots is reported as detector voltage, Vdet, instead of optical watts – which is perfectly
acceptable for evaluating measurement reproducibility. The nearly overlapping L-I curves
in Figure 3.1 demonstrate good reproducibility – in fact variations owing to measurement
error were below ± 5% for all BA and NS lasers under consideration.
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Figure 3.1 – Light power vs. current data for individual laser stripes from two
different laser bars with L = 450 μm (left) and L = 610 μm (right).

3.2 Laser Sample Uniformity
An additional component of error may be introduced into extracted laser parameters by
unintentional variations in material structure (across the as-grown sample) and/or in
device quality or geometry (within the as-fabricated devices). An attempt was made to
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minimize this source of error by inspecting with an optical microscope each laser stripe
on every laser bar before proceeding to the measurement stage. Laser stripes or bars
exhibiting defects attributable to chemical/physical processes (used to define laser
stripes) or to mechanical damage (introduced during bar cleaving) were eliminated from

0.5

0.5

0.4
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further consideration.
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0.10

0.20

0.30

0.40

Current (A)

Figure 3.2 – Light power vs. current data for three separate laser stripes from two
distinct laser bars with L = 470 μm (left) and L =1100 μm (right).
After completing this sorting procedure, a series of L-I measurements were made on three
randomly selected laser stripes from each usable laser bar and the data were overlaid for
comparison purposes. Example L-I data are shown in Figure 3.2 for two different BA
laser bars selected from among the eight bars that passed visual inspection in this
particular case. Five-of-eight bars exhibited L-I curves nearly identical to those shown on
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the left side of Figure 3.2. These data represent the best-case scenario for growth and
process uniformity. In three-of-eight bars, the uniformity was considerably worse as
demonstrated by the L-I data on the right side of Figure 3.2. Whenever it was necessary
to use data from such a worse-case scenario, the curve fitting procedures described in
Section 3.3 were applied to the L-I characteristics with the lowest threshold current and
highest external quantum efficiency. Poorer performing laser stripes were assumed to
have some subtle form of materials growth or device processing “defect” not observable
via optical microscopy.

3.3 Laser Parameter Extraction
In order to perform the device analysis described in Chapter 4 it was first necessary to
obtain reliable values of Ith and ηext for all BA and NS lasers described herein. Typical
values of threshold current density reported in the literature for AlGaAs-GaAs single QW
lasers fall in the range 250 ≤ Jth ≤ 400 A/cm2. Given that laser stripes as wide as 100 μm
with optical cavities as long as 1 mm were of interest, and that it was desirable to drive
these lasers well above threshold, it was sometimes necessary to deliver currents as large
as 0.5 to 1 A. Such large continuous-wave (CW) drive currents would definitely cause an
increase in junction temperature, Tj, during the L-I measurement procedure.

This “self-heating” effect distorts the L-I curve by increasing Ith and making the abovethreshold behavior considerably more sub-linear than would otherwise be the case. The
threshold current is often assumed to increase exponentially with junction temperature, so
the impact may be large enough to prohibit laser operation altogether under CW drive
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conditions. Such behavior is evident in Figure 3.3 which compares L-I data taken under
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Figure 3.3 – Light power vs. current data obtained using both PW and CW biasing
for OC-NS lasers with WS = 4, 16, or 50 μm (L = 470 μm).
The CW curves for 4 and 16 μm wide stripe lasers show a small increase in Ith compared
to data taken under PW conditions. This suggests that Tj increased during the CW current
sweep even for Ith values in the range of 25 to 40 mA. The impact of self-heating is more
pronounced for the 50 μm wide stripe laser – it does not exhibit CW lasing even when
driven to 120 mA (nearly 50% above Ith under PW excitation).
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Given these observations, a decision was made to use pulsed current sweeps for recording
all curve-fitted L-I characteristics – thereby ensuring that reported values of Ith and ηext
were representative of device performance under ambient conditions (Tj ≈ 300 K).

The simplest approach for characterizing laser diodes is to assume a linear relationship
between the optical output power, Popt, and the current flowing through the external
circuit, I, as specified by Equation 3.1. The external quantum efficiency, ηext, is defined
as the number of photons emitted from the laser divided by the number of electrons
passing through the external bias circuit – thus, it is a dimensionless quantity with a
maximum value of unity. The threshold current, Ith, is the value of bias current above
which carrier recombination is dominated by the stimulated emission process.

⎛ hυ ⎞
⎟⎟η ext (I − I th )
Popt = ⎜⎜
q
⎝
⎠

(3.1)

In practice, empirical values of Ith are obtained from the x-intercept of a linear curve-fit to
L-I data and ηext is found by dividing the slope of the L-I curve (in units of optical watts
per amp) by the energy of a photon (in electron-volts) associated with the dominant peak
in the laser emission spectrum.
3.3.1 Broad-Area Lasers
A cursory examination of a large number of experimental L-I characteristics from BA
lasers indicates linear behavior in almost all cases. This hypothesis of linearity was tested
by performing least-squares fits over the widest possible range of drive current. An upper
current limit of I = 1.5Ith was set by the pulsed detector (above this value of drive current
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Vdet was no longer a linear function of the input optical power). A lower current limit of I
= 1.1Ith was selected to avoid the “soft knee” in the L-I curve just below and slightly
above threshold (attributable to spontaneous emission into the large number of optical
modes in BA lasers).

Figure 3.5 shows representative L-I data for a BA laser with L = 610 μm. All such
measurements were performed using PW excitation to avoid heating. The least-squares fit
represented by the solid line has an R2 value of 0.998, which is typical of BA lasers
evaluated in this work. The following laser parameters were obtained from this particular
set of data: Ith = 190 + 10 mA and ηext = 0.37 + 0.02 W/A. This same curve-fitting
procedure was applied to extract Ith and ηext parameters for all BA lasers.
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Figure 3.5 – Light power vs. current data and linear curve fit for a BA laser with
WS = 100 μm and L = 610 μm.
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It is important to emphasize that L-I characteristics should really be somewhat sub-linear
owing to an increase in free carrier absorption with drive current even after lasing
commences as well as other higher-order effects. Perhaps these deviations from linearity
would manifest themselves at higher levels of drive current than were achievable in the
present work.
3.3.2 Narrow-Stripe Lasers
The oxide-confined and hydrogenated NS lasers described herein exhibit additional
complexity in their L-I characteristics owing to weak optical wave-guiding in the lateral
direction. The number of lasing modes is directly proportional to WS for a given
refractive index difference in the lateral direction, Δnlat, and inversely proportional to
Δnlat for a fixed value of WS. As the drive current is increased above threshold, changes in
the junction temperature and carrier distribution give rise to a net increase in Δnlat and
thus additional higher-order modes may satisfy the lasing condition.

In some cases, lasing may occur simultaneously in several lateral modes with the total
output power distributed among them in a manner determined by the value of Δnlat and
thus the drive current. Since each lasing mode exhibits unique near-field and far-field
patterns, any change in the distribution of power among lasing modes influences the
amount of optical power collected by the detector. This phenomenon manifests itself via
changes in the slope of the L-I curve as the drive current is swept above threshold. In
other cases, lasing may occur in one particular lateral mode at low current and then
switch to another mode at higher current thereby introducing a discontinuity or “kink”
into the L-I characteristic – this behavior is referred as “mode hopping.”
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Broad-area lasers do not suffer from these problems because lasing is supported
simultaneously in a large number of lateral modes over a wide range of drive current. The
amount of optical power in any one mode is quite small so changes in the distribution of
power among modes with a change in drive current have minimal impact on the L-I
characteristic.
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Figure 3.6 – Light power vs. current data for an OC-NS laser with WS = 4, 6, or
16 μm (L = 420 μm).
An example of the complex L-I behavior observed in NS lasers is shown in Figure 3.6
(for the case of three adjacent OC-NS lasers taken from the same laser bar). The stripe
lasers with WS = 12 and 16 μm support lasing in multiple (lateral) modes simultaneously
and thus exhibit undulations in the L-I curve as the drive current is swept from just above
threshold to currents in excess of 2Ith. In contrast, the stripe laser with WS = 4 μm is
narrow enough to support only one lasing mode over a wider range of drive current.
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Given this situation, it was necessary to modify the L-I curve-fitting procedure to ensure
that a consistent set of Ith and ηext values would be extracted from measurements
performed on narrow-stripe lasers. It was clear that a linear curve fit should only be
applied over a narrow range of drive current just above threshold, leaving two open
questions: (1) how to obtain the best possible values of Ith and (2) how to select the
current range for extracting meaningful values of ηext via curve fitting.

1.0E+02

Initial Test
Retest 1
Retest 2

1.0E+01

Retest 3
Retest 4

Light Power (mW)

1.0E+00

I th ≈ 43 mA

1.0E-01

1.0E-02

1.0E-03

1.0E-04

1

10

100

1000

Current (mA)

Figure 3.7 – Light power vs. current data plotted in a log-log format. The DUT
was an OC-NS laser with WS = 16 μm and L = 470 μm.
The first question was addressed by re-plotting L-I data for all narrow-stripe lasers using
a log L vs. log I format. In such plots, the transition from spontaneous emission to
stimulated emission and lasing manifests itself as a sharp change in slope. The threshold
current was defined as the drive current necessary to reach the midpoint of this nearly
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vertical section of the L-I curve. An example L-I curve is shown in Figure 3.7 – in this
case Ith was determined to be 43 mA.
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Figure 3.8 – Light power vs. current data and linear curve fit for an OC-NS laser
with WS = 16 μm and L = 470 μm.
In handling the second question, it was assumed that lasing occurs in the fundamental
lateral mode for drive currents just above threshold – independent of WS – so the lower
limit for the curve fit was set at 1.05Ith for all narrow-stripe lasers. Furthermore, a careful
review of the NS laser data revealed that all L-I curves maintained a constant slope up to
a drive current of about 1.2Ith. On the basis of these observations it was concluded that all
NS lasers evaluated herein operate in the fundamental lateral mode for 1.05Ith ≤ I ≤ 1.2Ith
and thus a consistent set of ηext values could be obtained over this limited range of drive
current.
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An example of this modified curve-fitting procedure is shown in Figure 3.8 for an oxideconfined narrow-stripe laser with WS = 16 μm. Note that the L-I data plotted in Figure 3.8
in the conventional linear L vs. linear I format is the same as that shown in the log-log
plot of Figure 3.7. The fitted values of Ith and ηext were found to be 43 + 2 mA and 0.48 +
0.01 W/A respectively.
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4. DATA ANALYSIS AND DISCUSSION
4.1 Analysis Broad Area Diode Lasers
With confidence in both measurement and fabrication established, detailed analysis of
experimental data is now possible. Since it was first demonstrated over 40 years ago, the
cleaved cavity method (CCM) has been used extensively to extract laser material
parameters from experimental L-I curves [1-3]. Although it requires the fabrication of
multiple lasers of different cavity lengths, the data analysis itself is rather simple. The
CCM has two inherent weaknesses: the assumption of carrier density pinning above
threshold and the inability to evaluate the gain spectrum. Nevertheless, by following this
approach, one can obtain useful estimates for the current injection efficiency of the p-n
junction and the internal modal loss associated with its embedded optical waveguide.

In order to effectively characterize hydrogen passivated narrow-stripe lasers, information
about the material itself must be known; that is, the material parameters must be
quantified. Thus, characterization using the CCM will first proceed on BA lasers to
demonstrate the quality of the laser material. This activity will also demonstrate our
ability to successfully apply the CCM using our purpose-made measurement set-up.

The Cleaved Cavity Method starts with L-I measurements on a laser diode. Equations
describing the relationship between Popt and I for a semiconductor laser were presented as
Equations 1.1, 1.2, and 1.3 in Chapter 1. These equations have been restated here for
convenience as Equations 4.1, 4.2, and 4.3. Equation 4.1 shows that Ith and ηext can be
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extracted from the x-intercept and slope, respectively, of the L-I curve above threshold.
Each laser diode has a different L and thus, a unique Ith and ηext. Remember that W is not
a variable when considering BA lasers. A plot of the L-I curves for BA lasers with
several cavity lengths is shown in Figure 4.1 with measured and extracted parameters
summarized in Table 4.1. The external efficiency is calculated from the slope using an
emission wavelength, λ = 795 nm. The threshold current density is calculated from the xintercept (Ith) and the physical dimensions of the lasers.

Popt = η ext

η ext = η i

αm =

Length
470 μm
610 μm
850 μm
1100 μm

hυ
(I − I th )
q

(4.1)

αm

(4.2)

αi + αm

1 ⎛1⎞
ln⎜ ⎟
L ⎝R⎠
Slope
0.36 A/W
0.36 A/W
0.34 A/W
0.30 A/W

(4.3)

X-Intercept
0.16 A
0.19 A
0.22 A
0.25 A

Jth
347 A/cm2
307 A/cm2
259 A/cm2
230 A/cm2

ηext
0.46
0.46
0.44
0.39

Table 4.1 – Extracted slopes, intercepts, and BA laser parameters.
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Figure 4.1 – L-I curves of BA lasers under pulsed excitation with L = 470, 610,
850, and 1100 μm. The solid lines represent linear curve fits used to extract Ith
and ηi.
Equation 4.2 defines the external quantum efficiency in terms of the injection efficiency,
mirror loss, and internal modal loss. The mirror loss, αm, is defined in Equation 4.3 and
related to the length of the cavity and the facet power reflection coefficient, R. The
internal modal loss, <αi>, consists of free carrier absorption in the active layer ( α afc ), and
the adjacent cladding layers ( α cfc ), optical scattering from roughness at the cladding/core
interfaces ( α sc ), and coupling of the transverse optical mode into parasitic waveguides
above and/or below the cladding layers ( α cp ). Equation 4.4 identifies the contributions to
<αi> from these distinct physical mechanisms.
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〈α i 〉 = Γα afc + (1 − Γ)α cfc + α sc + α cp (4.4)
The brackets refer to a weighting procedure that accounts for the optical losses in each
layer of the laser structure. Recall that Γ is known as the optical confinement factor and
represents the spatial overlap between the optical mode and the physical volume of the
active region. Substituting Equation 4.3 in Equation 4.2 and then rearranging yields
Equation 4.5 which suggests a linear relationship between 1/ηext and L.

⎡
⎤
⎢
α
1
1 i ⎥
1
=⎢
L+
⎥
ηext ⎢ηi ln 1 ⎥ ηi
R⎦
⎣

(4.5)

Implicit in this formulation are the notions that ηi and <αi> depend solely on laser
material properties – i.e., these parameters do not change with increasing carrier density
(and thus are independent of bias current). The operating temperature of the laser active
region must also be independent of bias current so that it is acceptable to ignore the
inherent temperature dependencies of Ith, ηi, and <αi>.

Using the extracted values for ηext, calculated values for R, and measured values for L,
the material parameters <αi> and ηi can be obtained through Equation 4.5. Plotting 1/ηext
vs. L, the injection efficiency becomes the y-intercept and internal modal losses can be
extracted from the slope. Figure 4.2 shows such a plot with each point representing a
different laser diode. Here, the injection efficiency was calculated to be 0.62 + 0.04
which is reasonable for laser material grown around twenty years ago. The internal loss
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was calculated to be 5.7 + 1.4 cm-1 which also demonstrates the laser material is of
respectable quality.
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Figure 4.2 – 1/ηext vs. L plot of data points and linear curve fit to extract <αi> and
η i.
The cleaved cavity method of analysis can be extended with the aid of a few more
assumptions to examine the relationship between material gain and carrier density.
Equation 4.6 relates the gain at threshold, gth, to the optical losses at threshold. Because
optical losses are assumed to be independent of carrier density, values for αm and <αi>
obtained from analysis of 1/ηext vs. L data can be used in Equation 4.6. Γ can be
calculated from the physical dimensions, geometry, and index of refraction of the optical
confining and cladding layers of the laser diode. In order to relate material gain to carrier
density, it is assumed that radiative recombination is the dominant carrier recombination
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mechanism. Thus, the spontaneous emission current (at threshold) can be equated with
Ith, which can be written in terms of the carrier density (at threshold) as stated in Equation
4.7. Now using Equation 4.6 and 4.7, the gain at threshold and carrier density at threshold
can be tabulated and plotted for each laser diode. Note that this analysis also assumes ηi
for stimulated emission is the same as ηi for spontaneous emission. A value of 1 x 10-10
(cm3/sec) was selected for B from literature [4]. The active volume, V, was calculated
using the dimensions of each laser diode.

Γg th = α i + α m

I th = I spon =
g = g 0 ln

qVB

ηi

(4.6)

N th2

(4.7)

N
N tr

(4.8)

A plot of material gain vs. carrier density is shown in Figure 4.3. Using the commonly
stated relationship between gain and threshold for QW lasers, Equation 4.8, a theoretical
curve with the parameters g0 = 2400 cm-1 and Ntr = 2.6 x 1018 was plotted against the data
[4]. This expression is a mathematical simplification of the actual relationship between g
and N (in this case, the gain increases without bound while in more physical models,
there is a gmax beyond which the gain cannot increase). Nevertheless, g0 and Ntr are still
useful parameters for comparing laser material structures. Equation 4.8 with the specified
values for g0 and Ntr does appear to fit the experimental data reasonably well.
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Figure 4.3 – g vs. N plot of data points obtained from CCM analysis and
Equations 4.6 and 4.7, and the theoretical curve given by Equation 4.8 using the
values g0 = 2400 cm-1 and Ntr = 2.6 x 1018.
It is possible to extend this analysis even further to examine the dependence of Ith on L.
Equation 4.9 which was obtained from Equations 4.6-4.8 makes the desired connection.
Figure 4.4 shows the experimental Ith values for each laser cavity length and a theoretical
curve calculated using Equation 4.9. Γxy was calculated to be 0.026 for a single
Al0.25Ga0.75As/GaAs quantum well, 80Å in size.

I th = (L × W )

qB

ηi

2
tr

2 ( α i +α m )

N te

45

Γxy g 0

(4.9)
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Figure 4.4 – Ith vs. L plot of data points obtained from CCM analysis and the
theoretical curve given by Equation 4.9 using g0 = 2400 cm-1, Ntr = 2.6 x 1018, and
B = 1 x 10-10 cm3/sec.
The agreement between theory and experiment is good in the range of L above the
minimum. Note the minimum in Ith which occurs at about L = 350 μm. It is unfortunate
that cavity lengths smaller than 400 μm were not obtained for analysis to view the change
in slope of the curve.
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4.2 Analysis of Narrow-Stripe Lasers
The cleaved cavity method can be extended to NS lasers to extract the lateral leakage
current and thus characterize the effectiveness of current/carrier confinement. This
section aims to compare leakage currents of hydrogen passivated narrow-stripe lasers
against oxide-confined narrow-stripe lasers. Following the modified CCM procedure
demonstrated by Coldren [5], the total threshold current should be described by Equation
4.11 which separates out the component of current necessary to achieve lasing (for an
ideal stripe laser of width WS) from the contribution of the leakage current.

I total (WS , L ) = (LJ th )WS + I leak

(4.11)

By plotting the measured threshold current as a function of WS, the separate contributions
from the threshold current and leakage current can be extracted.
4.2.1 Oxide-confined Narrow-Stripe Lasers
Representative L-I curves are shown in Figure 4.5 for OC-NS lasers with W varying in
each plot and L varying from plot to plot. Line fits were preformed on these curves to
extract the laser threshold currents and external efficiencies.
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Figure 4.5 – L-I curves of OC-NS lasers with WS = 4, 8, and 50 μm and L = (a)
420 μm, (b) 600 μm, and (c) 770 μm.
If there is good current/carrier confinement, then the width of the electrically pumped
gain medium (W) should equal the lithographic stripe width (WS) and Jth should be
independent of WS. The threshold current density was calculated by dividing Ith by the
product of the lithographic stripe width and the cavity length. The data presented in
Figure 4.6 demonstrates that current spreading cannot be ignored for OC stripe lasers and
furthermore, it becomes more pronounced at narrower stripe widths.
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Figure 4.6 – Jth vs WS plot of three different OC-NS laser bars with L = 420, 600,
or 1130 μm. The solid line shows the expected trend if Jth was independent of WS.
Figure 4.7 shows a plot of Itotal vs. WS for lasers of many different lengths and the line fits
used to extract Jth and Ileak from the data in accordance with Equation 4.11.
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Figure 4.7 – Itotal vs. WS plot of OC-NS laser bars with L = 420, 470, 520, 600,
660, 770 840, and 1130 μm.
Since Ileak is extracted from the y-intercept, it is specific to each laser bar of a given
length, L. Coldren hypothesized that Ileak should be a simple linear function of L as given
by Equation 4.12. Note that the magnitudes of I1 and I2 depend upon details of the laser
material structure and the device fabrication process. The Ileak data plotted in Figure 4.8
for OC-NS lasers does support Coldren’s claim.

I leak = I1L + I 2

(4.12)
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Figure 4.8 – Ileak vs. L plot of data points and linear curve fit to extract I1 and I2.
From Colden’s analysis, it is evident that both I1 and I2 decrease with more effective
current confinement. The values of I1 and I2 reported by Coldren (0.0364 A/cm and 0.49
mA respectively) were for a ridge waveguide laser structure in which all of the p material
was etched away down to the surface of the active medium (completely eliminating any
lateral current spreading). In contrast, the I1 and I2 values extracted from Figure 4.8 are
more than an order of magnitude larger, demonstrating that the simple oxide confinement
method is not very effective.
4.2.2 Hydrogenated Lasers
The focus of this work was to explore the use of hydrogenation as an inexpensive
alternative to buried heterostructure (regrowth) methods for providing current
confinement (and possibly carrier confinement). In theory by making areas adjacent to
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the laser stripe more resistive, the degree of lateral current spreading should be reduced.
Testing first started on hydrogenated lasers without an oxide insulating layer. The
insulating nature of hydrogenated material was assumed to make an additional SiOx layer
unnecessary. However, experimental observations directly contradict this hypothesis. In
fact, lasers with the largest WS had the lowest Ith while those with the smallest WS had the
highest Ith as shown in Figure 4.9.
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Figure 4.9 – L-I curves for a HYD-NS laser bar (L = 1190 μm) without SiOx
insulator and WS = 4, 6, 16, or 50 μm.
One possible explanation for this behavior is that the hydrogenated areas still conduct a
significant amount of current. Equation 4.13 gives the relationship between the resistance
of a material and its thickness, tR, width, WR, and length, LR, and resistivity, ρ.
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R=ρ

tR
WR × LR

(4.13)

Recall that on the NS laser mask, the center to center spacing is 150 μm and the metal
isolation region between stripes is 40 μm. This leaves a total of 110 μm where the metal
is in direct contact with the semiconductor. For the WS = 50 μm case, assuming that
hydrogen does not diffuse under the active laser stripe, the total amount of nonhydrogenated area is slightly smaller than the hydrogenated area (ratio of 5:6). If
hydrogen increases the effective resistivity of passivated areas by five times, then the
majority of the current will flow through the desired stripe area. If however, WS is
decreased to 6 μm, the total amount of pristine surface area compared to the passivated
surface area is approximately 1:17 making the total resistance of the passivated area
lower than that of the laser stripe region. Thus, a significant portion (if not majority) of
the current should flow through the hydrogenated regions, significantly increasing the
total amount of area being electrically pumped and thus roughly doubling the threshold
current.

To test this hypothesis, a hydrogenated sample with an insulating layer of SiOx was also
fabricated. A representative set of L-I curves is presented in Figure 4.10 for the HYD-NS
lasers with SiOx. Figure 4.11 shows extracted threshold currents and overlays this data
with Ith values for HYD-NS lasers without the SiOx layer.

53

4.0

4um
6um

3.5

16um
50um

Light Power (mW)

3.0

2.5

Decreasing Ws

2.0

1.5

1.0

0.5

L = 440 μm

0.0
0

50

100

150

200

250

300

350

400

Current (A)

Figure 4.10 – L-I curves for a HYD-NS laser bar (L = 440 μm) with SiOx
insulator and WS = 4, 6, 16, or 50 μm.
It is important to note that the trend for Ith corrects itself for the HYD-NS lasers with
SiOx insulation. Absolute values of Ith cannot be compared since the cavity lengths are
very different for the two samples. Another key finding is that the threshold currents for
HYD-NS devices with SiOx are considerably higher than those for OC lasers of similar
cavity length. This latter observation suggests other problems with the hydrogenation
process. Further analysis beyond the research preformed for this thesis is needed to
resolve this problem.
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Figure 4.11 – Ith vs. WS plot for HYD-NS lasers with and without SiOx insulator
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SiOx) and L = 1190 μm (w/out SiOx). Solid lines serve as guides to the eye.
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4.3 Summary of Results
In this Chapter, we have demonstrated the ability to extract material and laser parameters
via experimental methods for both BA lasers and NS lasers. Measured parameters from
BA lasers were consistent with literature reports for single AlGaAs-GaAs QW lasers. In
addition, expected trends were observed for OS-NS lasers including large values of I1
and I2 due to poor lateral current confinement.

It was unfortunate that the hydrogenated lasers (both with and without oxide) had issues
related to processing. The initial hydrogenated laser without oxide did not exhibit the
expected relationship between Ith and WS. While the expected trend for these lasers was
corrected using an insulating oxide layer, the large Ith associated with these lasers remains
a problem. This behavior may be the manifestation of a significant amount of lateral
hydrogen diffusion into the active stripe area. As a consequence, the CCM analysis could
not be applied to these lasers for a meaningful comparison to OS-NS lasers with regard to
current/carrier confinement. Further research is needed to solve these problems and to
demonstrate the effectiveness of the hydrogen passivation.
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5. SUMMARY AND CONCLUSION
Producing increasingly efficient lasers for today’s applications requires the use of new
device processing techniques to further improve upon existing technology. In particular,
such techniques must be able to reduce the threshold current and by so doing increase
wall-plug efficiency and reduce heating. This reduction in threshold current can only be
realized through more effective current, carrier, or optical confinement. We believe that
hydrogen passivation has the potential to provide good current and possibly carrier
confinement at low fabrication cost.

This work demonstrates our ability to fabricate and measure semiconductor p-n junction
diode lasers. The major contribution from this master’s thesis has been to create the
apparatus used for such measurements and to demonstrate its capabilities and limitations.
This apparatus was used to extract laser parameters from devices fabricated using well
established stripe-laser processing methods as well as a non-conventional approach based
upon hydrogen passivation.

The results from the hydrogen passivation study demonstrate that there are still many
unknowns regarding this technique. As a consequence, the results presented do not show
an improvement in laser performance. Additional experiments are necessary to determine
the adequacy of our explanation for the increase in threshold current with decreasing
stripe width. Moreover, the large values of threshold current for narrow-stripe
hydrogenated lasers with SiOx current blocking layers suggests that hydrogen may be
penetrating the gain medium underneath the active laser stripe and adversely impacting
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its operation. Nevertheless, we believe that hydrogen passivation is still a viable
technique for fabricating narrow-stripe laser diodes; it has been demonstrated to block
current flow in broad-area devices and it can be applied with modest processing
requirements. Future refinement of this technique may lead to low-cost, highperformance narrow-stripe lasers.
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APPENDIX A. DEVICE FABRICATION
All of the lasers created for this thesis were fabricated at Virginia Tech’s newly renovated
MicrON clean room. The laser fabrication process required the use of multiple
sophisticated tools including the Trion PEVCD tool, Kurt Lesker PVD Metal Evaporation
system, MA-6 Mask Alignment system, SAMCO Ion Plasma Etcher, and others. Each
fabrication process requires the use of multiple alignment steps for lithography in
addition to the processing steps listed blow. Careful analysis and optimization of
processing techniques, recipes, and overall flow was preformed to help improve device
uniformity and quality. Overall, many fabrication runs were performed and optimized
before arriving at the final lasers suitable for measurement and analysis.

A.1 Process Flow for Laser Fabrication
Four different types of samples were fabricated; a broad area (BA) laser utilizing oxide
confinement (OC), a narrow-stripe (NS) laser utilizing OC, a NS laser utilizing hydrogen
passivation (HYD) with no oxide layer, and a NS laser utilizing HYD and an oxide layer.
Both the BA and NS lasers utilizing OC follow the same process flow but with different
lithographic masks used for photoresist patterning. The final fabricated BA sample is
shown in Figure 2.4 and the final OC-NS sample is shown in Figure 2.7. This OC
fabrication process can be divided into the following major steps:
1. Sample preparation
2. Spin photoresist and pattern for liftoff of oxide
3. Deposit SiOx (200 nm) using e-beam evaporation and quartz source material
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4. Perform liftoff of SiOx
5. Spin photoresist and pattern for liftoff of p-side metal
6. Deposit p-side metal (30 nm Ti / 200 nm Au) using e-beam evaporation
7. Perform liftoff of p-side metal
8. Anneal p-side metal for 1 minute at 400 OC under forming gas
9. Lap and polish substrate to help facilitate cleaving of sample
10. Deposit n-side metal (20 nm Sn / 110 nm Au) using e-beam evaporation
11. Anneal n-side metal for 30 seconds at 390 OC under forming gas
12. Cleave sample into laser bars
The overall process flow of the HYD samples was designed to be similar to the OC
samples; many steps are shared and in the same order to help facilitate simultaneous
processing of both samples in exactly the same environment and equipment conditions.
The HYD without oxide fabrication process can be divided into the following steps.
1. Sample preparation
2. Deposit SiO2 (200 nm) using PECVD
3. Spin photoresist and pattern for SiO2 etch
4. Etch SiO2 in buffered oxide etch and remove photoresist
5. Using patterned SiO2 as a mask, perform hydrogenation process in PECVD
6. Remove SiO2 using buffered oxide etch
7. Spin photoresist and pattern for liftoff of p-side metal
8. Deposit p-side metal (30 nm Ti / 200 nm Au) using e-beam evaporation
9. Perform liftoff of p-side metal
10. Anneal p-side metal for 3 minutes at 400 OC under forming gas
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11. Lap and polish substrate to help facilitate cleaving of sample
12. Deposit n-side metal (20 nm Sn / 110 nm Au) using e-beam evaporation
13. Anneal n-side metal for 1 minute at 390 OC under forming gas
14. Cleave sample into laser bars
Finally, the HYD with oxide fabrication process can be divided into the following steps.
1. Sample preparation
2. Deposit SiO2 (200 nm) using PECVD
3. Spin photoresist and pattern for SiO2 etch
4. Etch SiO2 in buffered oxide etch and remove photoresist
5. Using patterned SiO2 as a mask, perform hydrogenation process in PECVD
6. Remove SiO2 using buffered oxide etch
7. Spin photoresist and pattern for liftoff of SiOx
8. Deposit SiOx (200 nm) using e-beam evaporation and quartz source material
9. Perform liftoff of SiOx
10. Deposit p-side metal (30 nm Ti / 200 nm Au) using e-beam evaporation
11. Perform liftoff of p-side metal
12. Anneal p-side metal for 3 minutes at 400 OC under forming gas
13. Lap and polish substrate to help facilitate cleaving of sample
14. Deposit n-side metal (20 nm Sn / 110 nm Au) using e-beam evaporation
15. Anneal n-side metal for 1 minute at 390 OC under forming gas
16. Cleave sample into laser bars
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The final structures for each type of process are shown in Figure 2.3 (BA laser), Figure
2.5 (OC-NS laser), left side of Figure 2.6 (HYD laser without oxide), and right side of
Figure 2.6 (HYD laser with oxide).

A.2 Lithographic Mask for Broad Area Lasers
To perform the lithography tasks for making BA lasers, a mask with multiple fields was
created on a 4 inch by 4 inch glass plate. Figure A.1 shows this mask which was designed
at Virginia Tech using LEdit (TannerEDA) and custom fabricated by Advance
Reproduction Corporation. Red (blue) colored regions correspond to light (dark) field
masks. Only two fields on this mask are used for the fabrication of the 100 μm wide
Broad Area lasers; the 100 μm light field (LF) mask for oxide liftoff and the 40 μm LF
mask for device p-metal isolation liftoff. The 100 μm LF mask is composed of 100 μm
width stripes separated by a 500 μm center to center spacing. Likewise, the 40 μm mask
contains 40 μm wide stripes with a 500 μm center to center spacing. The rest of the fields
on this mask are reserved for creating lasers with additional widths and include a 95 μm
dark field (DF) mask, 35 μm DF mask, 20 μm LF mask, 15 μm DF mask, 10 μm LF
mask, 8 μm DF mask, and a 5 μm DF mask.
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Figure A.1 – Broad area laser mask as seen through L-Edit.

A.3 Lithographic Mask for Narrow-Stripe Lasers
The NS laser mask was also created with multiple fields on a 4 inch by 4 inch glass plate
as shown in Figure A.2. The first four fields are reserved for the stripe laser using cleaved
facets. The other five fields are reserved for creating stripe lasers with etched facets
which was not used in the scope of this thesis.
Field 1: 1 μm tolerance LF mask used for hydrogenation oxide mask etch and
oxide current confinement liftoff
Field 2: DF mask for etching oxide over stripe if needed (not used)
Field 3: 2 μm tolerance LF mask used for hydrogenation oxide mask etch and
oxide current confinement liftoff
Field 4: LF mask used for p-metal liftoff and device isolation

64

Field 1
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Field 4

Field 5

Field 6

Field 7

Field 8

Field 9

Figure A.2 – Narrow-stripe laser mask as seen through L-Edit.
In the four fields used to make cleaved-facet lasers, there are 6 different stripe widths
separated by a center to center distance of 150 μm between stripes repeated 10 times.
Laser stripe widths of 4 μm, 6 μm, 8 μm, 12 μm, 16 μm, and 50 μm can be created with
this mask. Cavity lengths used with this set of fields are completely dependent on
cleaving lengths and substrate size. Each field is approximately 1 cm x 1 cm in size, thus
limiting the maximum substrate size to approximately the same dimensions in size.

65

A.4 Process Recipes and Equipment Settings
This section lists recipes for sample preparation and photoresist masking as well as
equipment settings for plasma processing.
Sample Preparation
Soak in acetone / isopropyl alcohol / de-ionized water
Dip in 10:1 buffered oxide etch for 3 minutes
Dehydrate at 125 OC for 5 minutes
Photoresist Developing and Baking (AZ9260)
Spin on HMDS photoresist adhesion enhancer at 4000 RPM for 45 seconds
Spin on AZ9260 photoresist at 4000 RPM for 45 seconds to thickness of ~6 μm
Soft bake sample at 115 OC for 3.5 minutes
Expose on MA-6 for 35 seconds at 12 mW/cm2
Develop in (1 AZ400K developer: 3 de-ionized water) for 2.5 minutes
Photoresist Developing and Baking (SA-1813)
Spin on HMDS photoresist adhesion enhancer at 4000 RPM for 45 seconds
Spin on SA1813 photoresist at 2000 RPM for 45 seconds to thickness of ~2.5 μm
Soft bake sample at 105 OC for 1 minute
Expose on MA-6 for 11 seconds at 6.0 mW/cm2
Develop in MF-319 for 1 minute, 25 seconds
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Table A.1 – Hydrogenation Recipe for Trion PECVD System
Parameter

Value

chamber pressure

750 mTorr

ICP power

175 W

RIE power

50 W

chuck temperature

250 OC

(NH3) flow rate

220 sccm

process time

15 min @ 250 OC

cool down procedure

cool to 100 OC in plasma

Table A.2 – Oxide Deposition Recipe for Trion PECVD System
Parameter

Value

chamber pressure

900 mTorr

ICP power

175 W

RIE power

50 W

chuck temperature

355 OC

2% SiH4 / 98% N2 flow rate

300 sccm

N2O flow rate

71 sccm

deposition rate

45-50 nm/min

Table A.3 – Oxide Etching Recipe for Samco RIE System
Parameter

Value

chamber pressure

50-100 mTorr

RIE power

50 W

CF4 flow rate

10 sccm

etch rate

40 nm/min
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Table A.4 – Photoresist Etching Recipe for Samco RIE System
Parameter

Value

chamber pressure

50-100 mTorr

RIE power

50 W

O2 flow rate

10 sccm

etch rate

150 nm/min
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APPENDIX B. DEVICE CHARACTERIZATION
The performance of laser diodes can be quantified by measuring current vs. voltage (I-V)
curves, light power vs. current (L-I) curves, and radiated flux as a function of wavelength
(optical spectra). This appendix describes the instrumentation used to make I-V and L-I
measurements and demonstrates the accuracy and reproducibility of the experimental
data. The peak emission wavelength was already known for the laser materials under
consideration so it was not necessary to perform spectral measurements as part of this
thesis research.

There are two different methods for sourcing current: continuous wave (CW) and pulsed
wave (PW). While CW operation is significantly easier to perform, it may result in
heating of the device which could adversely affect the measured characteristics. This
heating can manifest itself in a variety of ways:
1.) Higher turn-on voltage for the p-n junction
2.) Permanent damage due to melting of metal contacts
3.) Higher threshold current for lasing
4.) Saturation and possibly “roll-over” of the L-I curve
In many cases of interest, the threshold current for lasing is high enough that it is
necessary to minimize the impact of heating. This goal can be accomplished by pulsing
current through the device with a low duty cycle so the average power dissipated is
greatly reduced compared to CW operation.
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B.1 Design & Calibration of I-V Measurement Setup
The apparatus used to make continuous wave I-V measurements is shown in Figure B.1.
A Keithley 2425 source-meter unit (SMU) acts as both a current/voltage source and a
current/voltage probe. The SMU can deliver up to 1 A of current with a voltage
compliance of 100 V. The lowest measurable current is 10 pA and the minimum
detectable voltage is 1 μV. No special circuits are need to measure a laser device using
this setup; a laser device on a substrate can be driven and measured directly using a
standard BNC connection to a pair of probe manipulators. Such manipulators can be
equipped with probes having a tip radius smaller than 10 μm.
V+

Keithley
2425 Sourcemeter

To Probes (BNC Cables)

V-

DUT

From Probes (BNC Cables)

Figure B.1 – Continuous wave I-V measurement setup.
A computer is used to synchronize the individual measurement tasks and to collect the
experimental data. Each measurement sequence is controlled using a custom LabVIEW
virtual instrument, which can be programmed to perform I-V measurements in specified
intervals with both linear and logarithmic sweeps over the desired current ranges.

The final step in validating this measurement setup is to determine the accuracy of the
acquired data. Because the individual instruments were calibrated by the manufacturers,
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any inaccuracies in measurement must come from the apparatus itself. For I-V
measurements, the primary source of error can be characterized by performing a shortcircuit test; such a test will identify the effective “instrument resistance” which can then
be subtracted from future measurements to improve accuracy. This test is preformed in
practice by shorting two probe heads together and measuring the combined resistance
from the probes and the cables. A four-probe configuration can also be used to physically
separate the source and measure functions – thereby eliminating the voltage drop across
the source cables and probes from the voltage measurement.

AV Tech
Current Pulse Generator

V+

V-

Measured I

R

To Probes (BNC Cables)

3.3Ω
Measured V+

DUT
Measured V-

From Probes (BNC Cables)

Figure B.2 – Pulsed wave I-V measurement setup.

The apparatus used to make pulsed wave I-V measurements is shown in Figure B.2. An
AVTech 107D-B Current Pulse Generator is used to drive the device under test (DUT).
This Current Pulse Generator is capable of producing current pulses with pulse widths as
small as 50 ns to a maximum of 5 μs with a repetition frequency of 1 Hz to 500 Hz. It can
deliver a maximum current of 20 A with an output voltage compliance of 60 V. A voltage
probe attached to a Tektronix TDS-520 Oscilloscope is used to measure the voltage
difference between the “Measured V+” and “Measured V-” terminals. The Oscilloscope is
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also used to measure the voltage from an Integrated Sensor Technologies Model 711
Current Probe at the “Measured I” location. The Current Probe has a conversion of 1 mV
/ 1 mA and is capable of measuring pulses up to 2 μs in duration with a pulse droop of
10% and a maximum pulse width-current product of 6 μs-amp. The oscilloscope is
capable of performing measurements up to 500 MHz which is adequate given a minimum
pulse width of 50 ns. Another custom LabVIEW virtual instrument is used to synchronize
and control the individual measurement devices and to record experimental data.
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Figure B.3 – Voltage and current waveforms for a single bias pulse (pulse width =
2 μs, repetition frequency = 200 Hz). The DUT was a NVG D650-5 laser.
An important feature of the pulsed measurement setup is the addition of two resistors into
the network. These additional circuit elements are required because the current pulse
generator was initially purchased for driving higher amounts of current through larger
devices. The AVTech 107D-B is only capable of producing well-formed current pulses
when its output current is in the range of 800 mA to 18 A. The 3.3 Ω resistor ensures that
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the output voltage will never exceed 60 V, because the total resistance of the parallel
network will remain below 3.3 Ω. Since most of the lasers fabricated for this thesis have
a threshold current below 200 mA, a method is needed to reduce the range of current
delivered to the device while maintaining an acceptable pulse shape. This was
accomplished by inserting another resistor to form a current divider network. A value
between 33 to 3300 Ω was chosen for R to perform measurements within a drive current
range from 1 to 200 mA. Figure B.3 shows current and voltage waveforms acquired
during a typical measurement. The signal levels within the light blue and yellow areas of
the waveforms are averaged to produce the reported experimental values.

1

Current (A)

0.1

0.01

0.001
CW
33 Ohm
330 Ohm
3300 Ohm

0.0001
0.001

0.01

0.1

1

10

Voltage (V)

Figure B.4 – Pulsed wave and continuous wave I-V data for a 3.3 Ω test resistor.
Figure B.4 compares pulsed and continuous I-V data taken for a 3.3 Ω test resistor.
Measurements were made using three different values of R to cover the current range of
interest. Ignoring the scatter at low drive currents the PW and CW data are in good
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agreement. At low current, the voltage drop across the DUT is close to the measurement
limit of the oscilloscope giving rise to scatter in the acquired data.

Figure B.5 – Pulsed wave and continuous wave I-V data for an Amoco laser
diode.
Figure B.5 compares the results from pulsed and continuous I-V measurements performed
on a packaged device made by Amoco Laser Company. Measurements were made using
four different values of R to cover the current range of interest. When driving a p-n
junction laser diode over a current range starting just below threshold and stopping at a
few times above threshold, the DUT voltage drop will exceed 1 V so the measurement
limit of the oscilloscope does not present a problem.

B.2 Design & Calibration of L-I Measurement Setup
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A calibrated light power measurement is required to compare laser parameters extracted
from measurements with those found in the literature. In the experimental setup used for
CW measurements, light is collected using two different methods.
1.) Light emitted from one facet is collimated using a lens and fed directly into the
detector (see Figure B.6 – upper diagram).
2.) The output facet is placed just inside the input port of an integrating sphere and
the detector is mounted on the output port (see Figure B.6 – lower diagram).

V+
To Probes (BNC Cables)

Keithley
2400 SMU

Lens
Newport 2823-C Power Meter

DUT

Newport 818-UV Detector
V-

From Probes (BNC Cables)

V+

Keithley
2425 Sourcemeter

To Probes (BNC Cables)

V-

Integrating
Sphere

DUT

Newport 2823-C Power Meter

Newport 818-UV Detector
From Probes (BNC Cables)

Figure B.6 – Continuous wave L-I measurement setups with lens system (upper
diagram) and integrating sphere (lower diagram).
The detector used for CW optical power measurement is a Newport model 818-UV unit
coupled with a Newport 2823-C dual channel power meter. The Newport integrating
sphere is made from a special, highly reflective plastic with an optical reflection
coefficient greater than 99% for wavelengths between 400 nm and 1600 nm. There are
two ports on the integrating sphere, one for collecting light emitted from the DUT and the
second for mounting a detector. Light emitted by the DUT enters the spherical cavity and
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is reflected many times until reaching the detector. A physical barrier exists inside the
integrating sphere to block direct flow of light from the DUT to the detector. This ensures
that light emitted into the cavity by the DUT has a uniform spatial distribution and
random polarization and thus creates a near ideal optical input to the detector. For high
power measurements, a special optical density filter (ODF) can be used to attenuate the
input light signal and thus avoid saturation of the detector. Calibration data for each
experimental configuration has been provided by the manufacturer in the form of
“calibration modules” or read-only memory chips.

The mode of operation depicted in the upper part of Figure B.6 is most convenient
because the laser bar (or chip) does not have to be mounted in a package. It should be
possible to capture most of the light emitted from the facet of a laser using a conventional
glass lens; however, there will still be some optical loss due to absorption of light by the
lens material. The challenge at hand was to quantify the optical throughput of the lens
system / CW detector combination, FCW. This physical quantity is defined by Equation
B.1, where Popt is the optical power emitted by the laser and PCW is the light power
reported by the CW detector.

Popt =

1
× PCW
FCW

(B.1)

Instrument calibration was accomplished by recording L-I data on a packaged laser using
both measurement configurations – FCW is just the scaling factor necessary match to the
L-I data acquired with the integrating sphere to that obtained using the lens system. This
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same scaling factor can be applied to any L-I data acquired using the lens system as long
as the DUT is similar to the reference laser with regard to optical mode shape and
divergence angles.

When moving from CW to pulsed current biasing, care must be taken to ensure that the
output optical waveform is not distorted by the detector and that its average signal level
can be converted into units of optical power with good accuracy. The Newport 818-BB
series of detectors was designed specifically for measuring pulsed optical waveforms
when combined with a high-frequency oscilloscope. The Newport 818-BB-40 was
chosen because it has a linear output response over the widest range of input optical
power. This linear response is characterized by a responsivity of Rdet = 0.5 volts per watt.
The apparatus used to make pulsed wave L-I measurements is shown in Figure B.7. The
pulsed wave detector is coupled to a Tektronix TDS-520 oscilloscope through a standard
BNC cable and a 50 Ω termination.

Avtech 107-D
Current Pulse Generator

V+

V-

R

Measured I
To Probes (BNC Cables)

3.3Ω

Lens

Tektronix TDS-520 Oscilloscope

+

Measured V

DUT
Measured V-

From Probes (BNC Cables)

Newport 818-BB-40 Detector

Figure B.7 – Pulsed wave L-I measurement setup.
A typical set of input and output waveforms is shown in Figure B.8. The solid blue line
represents the output optical waveform (reported in units of detector voltage) and the
dashed pink line corresponds to the input drive current (measured using the IST Current
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Probe described previously). The signal levels within the light blue and yellow areas of
the waveforms are averaged to produce discrete experimental values.

Figure B.8 – Light power and current waveforms for a single bias pulse (pulse
width = 2 μs, repetition frequency = 200 Hz). The DUT was a NVG D650-5 laser.
Equation B.2 shows the connection between Popt and the output voltage generated by the
pulsed detector, Vdet. The symbol FPW represents the optical throughput of the lens system
/ PW detector combination.

Popt =

1
1
×
× Vdet
FPW Rdet

(B.2)

If a reference laser is chosen with a low value of Ith and the current does not increase
beyond 2Ith or so during the measurement cycle, then the actual device operating
temperature should be close to room ambient in both PW and CW cases. In this situation,
the magnitude of Popt should be independent of the biasing mode and the right hand sides

78

of Equations B.1 and B.2 may be set equal to each other. Equation B.3 gives the final
expression after solving for FPW in terms of the other parameters.

⎛ 1 Vdet
×
FPW = ⎜⎜
⎝ PCW Rdet

⎞
⎟⎟ × FCW
⎠

(B.3)

The following procedure was used to calibrate the pulsed wave L-I measurement setup:
1.) Perform PW measurement to obtain detector voltage vs. drive current data for
the reference laser diode.
2.) Divide the measured detector voltage values by Rdet to determine the
corresponding light power levels incident on the pulsed detector.
3.) Perform CW measurement over the identical drive current range as the PW case
for the same reference device.
4.) Calculate FPW using Equation B.3 and divide the light power values obtained in
step 2 by this empirical parameter to yield a “corrected” pulsed wave L-I curve.

Figure B.9 compares PW, CW, and corrected PW light power vs. bias current
characteristics for a commercial NVG D650-5 laser. The corrected PW data and original
CW measurement are in good agreement. Note that the CW L-I curve becomes sub-linear
for bias currents higher than 25 mA – suggesting that heat dissipation is beginning to
influence device performance.
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Figure B.9 – Light power vs. current data taken using both pulsed wave and
continuous wave excitation methods. The DUT was a NVG D650-5 laser.
This calibration procedure was repeated for the unpackaged lasers analyzed in this thesis
due to the significant differences between them and the NVG D650-5. An oxide-confined
laser with a 4 μm stripe width was chosen as the “reference” because its threshold current
is low enough to avoid substantial device heating. The “original” L-I data in Figure B.10
shows that some junction heating occurred during the CW measurement – Ith (CW) is
slightly larger than Ith (PW). However, the relevant issue is whether or not the slope of
the CW curve was influenced by device heating. The original (pulsed) L-I data was
calibrated as described above to yield the “scaled” (pulsed) curve – note that the slope of
the scaled PW curve is nearly identical to that for the CW characteristic. The good
agreement between Ith for the original and scaled PW curves further demonstrates the
soundness of this calibration method.
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Figure B.10 – Light power vs. current data taken using both pulsed wave and
continuous wave excitation methods. The DUT was an unpackaged OC-NS laser
with WS = 4 μm and L = 470 μm.
It was not possible to perform this calibration directly on lasers with WS > 4 μm, because
their larger values of Ith gave rise to significant device heating under CW operation. As a
result, the same scaling factor was applied to L-I data from all lasers being considered for
further analysis. This simplification is justified because FPW is limited by the far-field
divergence angle in the transverse direction (which is much larger than the lateral
divergence angle even for the narrowest laser stripe width of 4 μm). Moreover, since all
laser diodes considered herein have the exact same material structure, this transverse
divergence angle should not vary from device to device.
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APPENDIX C. MATERIAL PARAMETER EXTRACTION FOR NS LASERS
The transverse injection efficiency, ηt, accounts for carrier losses due to leakage across
the junction in the transverse direction; that is, ηt is a material parameter and does not
depend on lateral geometry. As such, ηt would be applicable to truly broad-area lasers in
which there is no lateral current flow or carrier transport. The results in Chapter 4
demonstrate there can be a considerable amount of current flow (Ileak) outside the active
stripe width for narrow-stripe lasers. The symbol ηi is used to denote the injection
efficiency for narrow-stripe lasers. Equation C.1 from Coldren [1] provides a connection
between these two different parameters. Note that ηi can only approach ηt in the limiting
case of Ileak much smaller than the total current flowing through a NS laser at threshold
(Itotal).

⎛

I

⎞

ηi = ηt ⎜⎜1 − leak ⎟⎟
I
⎝

total

(C.1)

⎠

Using Equation 4.5 in Chapter 4, the parameters ηi and <αi> were extracted from Figure
C.1 as 0.50 + 0.05 and 7.4 + 1.4 cm-1 respectively. This value of ηi was inserted into
Equation C.1 along with the appropriate values of Ileak and Itotal to find ηt = 0.78 + 0.08.
For modern laser structures, ηt is closer to unity but recall that the material used herein
was grown around twenty years ago.
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Figure C.1 – 1/ηext vs. L plot and linear curve fit to extract <αi> and ηi.
Assuming the logarithmic relationship between G and J given in Equation C.2, G0 and J0
can now be extracted by combining Equations 4.3, 4.6, 4.11 and C.2 to give Equation
C.3.

⎞
⎛η I
⎛η J ⎞
G
= 1 + ln⎜⎜ t ⎟⎟ = 1 + ln⎜⎜ t total ⎟⎟
G0
⎝ J 0WS L ⎠
⎝ J0 ⎠
J th =

I total − I leak J 0
= e
WL
ηt

1
R
+
−1
ΓG0 ΓG0 L

αi

(C.2)

ln

(C.3)

Taking the natural logarithm of both sides in Equation C.3 gives Equation C.4 which is a
straight forward way to extract J0 and G0 from data as shown in Figure C.2. The effect of
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the ILeak correction is also shown on both the data and the extracted parameters.
⎤
⎛ 1
1⎞1 ⎡ ⎛J ⎞ α
ln( J th ) = ⎜⎜
ln ⎟⎟ + ⎢ln⎜⎜ 0 ⎟⎟ + i − 1⎥
⎝ ΓG0 R ⎠ L ⎣ ⎝ ηt ⎠ ΓG0 ⎦

(C.4)

Here, the values for G0 and J0 were calculated to be 1760 cm-1 and 380 A/cm2 without the
Ileak correction and 1430 cm-1 and 230 A/cm2 with the Ileak correction, respectively. The
correction accounts for a rather significant deviation in extracted material parameters: a
20% deviation for G0 and 65% deviation for J0! In comparison to the difference in values
(with and without the Ileak correction) for Coldren’s data, these deviations are more
significant but expected due to much larger observed I1 and I2 values.
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Figure C.2 – ln(Jth) vs. 1/L plot with linear curve fits to extract J0 and G0. The
effect of the Ileak correction on G0 and J0 is shown by comparing data, calculated
with and without the correction.

84

To verify which set of extracted G0 and J0 values are indeed the correct parameters, the
derivative of C.3 can be taken with respect to WS to remove the dependence on Ileak,
giving Equation C.5.

dI th
J
=L 0e
ηt
dWS

1
R
+
−1
ΓG0 ΓG0 L

αi

ln

(C.5)

Values of dIth/dWS have already been calculated from the slopes in Figure 4.7 and all
other parameters have been quantified. With no dependence on Ileak, only the correct set
of values extracted for G0 and J0 using this technique would produce a curve to fit the
data points as shown in Figure C.3. Clearly, only the parameters calculated with the Ileak
correction fit the measured data.
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Figure C.3 – dIth/dW vs. L plot with data points and calculated curves using values
of G0 and J0 with and without the effect of the Ileak correction.
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