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Abstract—Characteristic temperature coefficients of the
threshold current ( 0 ) and the external differential quantum
efficiency ( 1 ) are studied as simple functions of the temperature
dependence of the physical parameters of the semiconductor
lasers. Simple expressions of characteristics temperature coefficients of the threshold current ( ) and the external differential
quantum efficiency ( 1 ) are expressed as functions as physical
parameters and their temperature dependencies. The parameters
studied here include the threshold ( th ) and transparency ( tr )
current density, the carrier injection efficiency ( inj ) and external
( ) differential quantum efficiency, the internal loss ( ), and
the material gain parameter ( ). The temperature analysis is
performed on low-threshold current density (
1.17–1.19 m)
InGaAs–GaAsP–GaAs quantum-well lasers, although it is applicable to lasers with other active-layer materials. Analytical
expressions for 0 and 1 are shown to accurately predict the
cavity length dependence of these parameters for the InGaAs
active lasers.
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Index Terms—Diode lasers, epitaxial growth, long-wavelength
lasers, quantum-well lasers, semiconductor growth, semiconductor
lasers, strain, temperature analysis.

I. INTRODUCTION

T

HE EXPLOSION in the Internet and data transmission
has led to an increased demand for higher bandwidth
in optical fiber communications. The demand for higher
bandwidth and longer transmission distance has led the pursuit
of the single-mode 1.3- m edge-emitters- or vertical-cavity
surface-emitting lasers (VCSELs)-based systems, operating at
a modulation bandwidth of 10 Gb/s, for the metro application
using single-mode fiber, which will allow data transmission up
to a distance of 20–30 km [1].
In order to realize low-cost 1.3- m-based optical communications systems, high-performance (i.e., low-temperature-sensitive) diode lasers (either in-plane or VCSELs) are needed. However, conventional InP-based long-wavelength diode lasers, at
1.3 m, are inherently highly temperature sensitive [3], due
to strong Auger recombination, large carrier leakage from the
active layer, and intervalence band absorption. Typical values
for the conduction-band offset for 1.3- m InGaAsP-active on
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InP-substrate lasers are 204 meV [2], resulting in severe carrier
leakage out of the quantum wells (QWs) [3] as well as increased
Auger-assisted carrier leakage [4]. These factors lead to a high
sensitivity of the laser performance to temperature changes and,
as a result, additional electronics are needed to maintain the operational temperature of the lasers. This additional temperature
controller will lead to a significant increase in the laser packaging
cost [3]. Contrary to InP-based lasers, very large conduction band
offset (471 meV) [23] can be achieved for a 1.3- m emitting QW
active with GaAs confinement layers. The large band offset helps
suppress carrier leakage out of the QW to the confining region [1]
and also the Auger-assisted carrier leakage [4].
Another major factor motivating the development of 1.3- m
GaAs-based diode lasers is the ease in forming high-quality
(Al)GaAs–AlAs distributed Bragg reflectors (DBRs) on GaAs
substrates [5]. Although many attractive alternative approaches
have also been proposed on InP, e.g., by wafer bonding [6],
metamorphic DBRs [7], and Sb-based DBRs [8], results have
been inferior to typical GaAs-based VCSELs.
An attractive approach for achieving long-wavelength laser
emission on GaAs substrates is the use of highly strained InGaAs
[9]–[13] or InGaAsN [1], [14]–[19] QWs. The use of highly
strained InGaAs QW active lasers to extend the emission wavelength to 1.20 m was pioneered by Sato et al. [10] and Iga and
Koyama et al. [11], [12]. Recently, GaAsP tensile barriers have
also been implemented to strain-compensate the InGaAs QW
[9], [13]. Contrary to 1.3- m lasers on InP, recent studies on
recombination mechanisms in InGaAsN–GaAs lasers, at 1.3 m,
have shown that Auger recombination is not the dominant recombination processs in this material system [20].
We describe here optimization of highly strained InGaAs
material optical quality and laser structure design which
is expected to lead to significantly higher performance
from MOCVD grown devices, including the compressively
strained In Ga As QW (laser A), a strain-compenQW (laser B), and the
sated In Ga As–GaAs P
QW (laser
strain-compensated In Ga As–GaAs P
C). A comprehensive temperature analysis of the InGaAs QW
devices is performed based on the temperature dependencies of
the physical parameters, as discussed in Section V.
II. DESIGN CONSIDERATIONS
The method of incorporating very low N content ( 0.5%) in
high In content InGaAs QWs was first proposed by Sato et al.
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[15]. The use of high In content (approximately 35%) allows an
InGaAsN QW with low N content (about 0.5%) to reach emission wavelengths of 1.3 m with improved optical luminescence
over that of the high N content alloys.
Extending the emission wavelength of the InGaAs QW diode
laser grown by MOCVD relies on two techniques. The first
technique to extend the emission wavelength is by growing the
InGaAs active region at a reduced temperature in the range
510 C–550 C. Previous studies have shown improvement
in the optical luminescence of the materials grown at reduced
temperature due to a reduction in dislocation density in the materials [9], [13], [21]. By growing the InGaAs QW at a reduced
temperature, the surface energy during the growth is lowered
compared to the energy to form dislocations, which will in
turn increase the effective critical thickness of the materials
[22], [23]. The temperature-dependent critical thickness has
also been shown theoretically [22] and experimentally [23],
with the lower substrate temperature resulting in larger critical
thickness. Other techniques to calculate the critical thickness
have also been proposed by Schlenker et al. [24]. Based on the
model by Schlenker et al. [24], for an In Ga As QW, the
critical thickness is approximately 83 Å, which, as expected,
is slightly higher than the critical thickness calculated with
the People and Bean model (75 Å). For most of our InGaAs
As
QW laser structures studied here, we employ an In Ga
0.35–0.4) with a thickness of 60–80 Å for the active
QW (
region.
The second technique to both improve performance and extend the emission wavelength of the highly strained InGaAs QW
laser is the implementation of strain compensation for the active
region. The use of tensile-strained GaAsP barriers surrounding
the InGaAs QW [9], [13] is beneficial in two ways. The first
benefit is associated with strain compensation, that is, the total
strain of the QW and the barriers surrounding the QW will be
lowered due to the existence of the tensile barriers. The reduced
total strain of the QW and the barriers may lead to an increase in
the effective critical thickness of the InGaAs QW. The second
benefit of employing GaAsP barriers is the higher bandgap provided by the GaAsP barrier around the InGaAs or InGaAsN
QW, which leads to a reduced carrier leakage out of the QW,
and possibly a reduction in the Auger-assisted carrier leakage
[4]. As a result, stronger carrier confinement in the QW lowers
the temperature sensitivity of both the threshold current density
and also the external differential quantum efficiency of the diode
laser [9]. In our experiments, tensile strain barriers of ( 0.6%)
and ( 1.2%) GaAs P
have been impleGaAs P
mented and studied in the InGaAs QW structures.
III. MOCVD GROWTH STUDIES
All the quantum well structures studied here were grown
by low-pressure metalorganic chemical vapor deposition
(LP-MOCVD) on nominally exact (100) n-GaAs substrates.
The [AsH ]/III ratio was in excess of 100 for the InGaAs-active
10–20) for
laser structures, but was reduced ([AsH ]/III
the incorporation of nitrogen in the InGaAsN structures.
Trimethylgallium (TMGa), trimethylaluminum (TMAl), and
trimethylindium (TMIn) are used as the group III sources. For
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Fig. 1. Schematic energy bandgap diagram for the basic structure of the
As QW edge-emitting
GaAsP strain-compensated highly strained In Ga
lasers.

the group V sources, AsH (100%) and PH (100%) are used.
Dilute (2% in Hydrogen) SiH and dielthylzinc (DEZn) are
used for the n- and p-dopants, respectively. The basic separate
confinement heterostructure (SCH) InGaAs-active structures
is shown in Fig. 1. Implementation of GaAsP and InGaP
strain-compensation layers into the structure will be discussed
later. The characterization of the strain and composition of the
QW were obtained by using high-resolution X-ray diffraction
experiments (HR-XRD), secondary ion mass spectroscopy
(SIMS) experiments, and photoluminescence studies. From
the HR-XRD and SIMS experiments, the composition of the
As can be determined to be approximately 33%–35%
In Ga
In, which corresponds to approximately 2.45% compressive
strain. The thickness of the InGaAs QW, measured by TEM,
is determined to be approximately 79 Å. The typical peak
wavelength and full width at maximum (FWHM) of the
measured room-temperature photoluminescence spectra for
the In Ga As QW is approximately 1.16–1.188 m and
26–27 meV (Fig. 2).
By reducing the thickness of the QW to 60 Å and increasing
the In content as high as 40%, the In Ga As QW exhibits
strong optical luminescence, as shown in Fig. 2. The peak photoluminescence wavelength for the In Ga As QW is approximately 1.210 m, with an FWHM of 29 meV. We observe a
reduction of approximately 50% in the peak intensity of the photoluminescence of the In Ga As QW, compared to that of the
In Ga As QW. Although the optical luminescence intensity for the 40% In content InGaAs is reduced, we find that the
In Ga AsN QW has stronger optical luminescence intensity
compared for the In Ga AsN QW, due to the reduced required nitrogen, to achieve 1.3- m emission [19].
As shown in Fig. 1, n-Al Ga As QW, grown at 800 C,
is used as the lower cladding layer, in order to represent the
AlGaAs-based n : DBR in future VCSEL structures. Above the
n-Al Ga As cladding, a film of n-In Ga P, grown at
700 C, enables us to explore the possibility of strain compensation through the use of tensile-strained InGaP below the compressively strained InGaAs(N) QW. The use of a 50-Å n-GaAs
transitional layer, between the n-AlGaAs and the n-InGaP, is
used to allow the temperature ramping (from 800 C to 700 C)
to be performed with GaAs on the top surface.

642

IEEE TRANSACTIONS ON QUANTUM ELECTRONICS, VOL. 38, NO. 6, JUNE 2002

HR-TEM image of our In Ga As QW appears to be compositionally more abrupt at the leading edge of the QW compared to the trailing edge [30]. From the image of HR-TEM
studies on the highly strained In Ga As QW, the existence
of line dislocations in the In Ga As QW is not observed.
IV. BROAD-AREA LASER ANALYSIS: HIGHLY STRAINED
InGaAs QW-ACTIVE LASERS
A. Method and Theory of Laser Characterization

Fig. 2. Photoluminescence comparison between an 80-Å In
and a 60-Å In Ga As QW.

Ga

As QW

The insertion of transitional layers of 20 Å of
between the n-InGaP and the u-GaAs
u-GaAs P
confining layers improves the InGaP–GaAs interface [25]. A
transitional layer of 50 Å of u-GaAs is also used after the
so the temperature ramping from 700 C
u-GaAs P
to 550 C is performed with GaAs on the top surface. Both
the GaAs confining regions and InGaAs QW are grown at
a temperature of 550 C. We find that the buffer layer of
InGaP–GaAsP is essential for the growth of In Ga As
QWs on a high Al-content AlGaAs bottom cladding layer [19].
Our original structures (lasers A and B) utilize
p-In Ga P, grown at 650 C, for the top cladding
layer, with three purposes. The first purpose is that the growth
of InGaP materials for the top cladding will allow us the
possibility of exploring etch and regrowth processes for the
fabrication of index-guided device structures [26], [27], due to
the low surface recombination velocity and low reactivity to O .
The second purpose of the use of the InGaP for the p-cladding
is for temperature control for the annealing of the InGaAsN
QW in our future studies. Annealing of InGaAsN is commonly
performed during the growth of the p-cladding [28]. By using
InGaP as the material for the p-cladding, which can be grown
with high optical quality in a wide range of temperature from
600 C to 725 C, larger flexibility in selecting the optimal
growth temperature for the in situ anneal of the InGaAsN
QW can be gained. By contrast, the growth of a high-quality
p : AlGaAs based cladding layer generally employs a growth
temperature above 750 C. Finally, the series resistance of the
Al-free materials also makes InGaP an attractive choice of
material for the p-cladding [29].
Laser C (utilizing In Ga As QW) utilizes modified
cladding layers, with n- and p-cladding layers formed by
1.1- m Al Ga As. The impact of changing from p-InGaP
to p-AlGaAs for laser C is discussed in Section IV-B. Higher
performance is achieved with the p-AlGaAs cladding layer,
due to the elimination of carrier leakage through interfacial
defects between the interface of the p-InGaP and udoped-GaAs
confining region.
Material characterization of the active region was also performed, on the structure in Fig. 1, by employing high-resolution
transmission electron microscopy (HR-TEM). The atomic level

Several laser structures are fabricated and studied.
Laser structures A and B utilize the highly strained 80-Å
strain
In Ga As QW, without and with GaAs P
compensation, respectively. Laser C utilizes a higher In content
strain compensation.
In Ga As QW, with GaAs P
The strain-compensated structure is shown in Fig. 1. The
uncompensated structure is similar to the structures in Fig. 1,
only without the GaAsP tensile barriers. As stated in the
previous section, lasers A and B utilize n-Al Ga As
and p-InGaP as the cladding layers. By contrast, laser C uses
n-Al Ga As and p-Al Ga As as the cladding layers.
The GaAsP tensile barriers have previously been shown to
improve the performance of highly strained InGaAs QW
lasers near the 1.2- m wavelength regime [9], [13]. The
barriers, which are approximately 75 Å each,
GaAs P
are grown approximately 100 Å before and after the InGaAs
QW. Lasers with higher P-content GaAsP tensile barriers, and
higher doping-level p-cladding layers for suppression of carrier
leakage to the cladding [31], [32], are also studied in the device
optimizations (Section IV-B).
All the semiconductor wafers are processed into
100- m-wide broad-area lasers of various lengths, with
stripes defined in the (001) direction by the vertical grooves
etched to the top cladding layers. The etching of the cap layers
of GaAs is accomplished using an NH OH : H O : H O
(3 : 1 : 50) solution, which is selective to InGaP materials.
An oxide-defined stripe geometry is then used to confine the
current into the gain medium.
The above laser structures are characterized by extracting the
device parameters from measurements on various cavity-length
100 m) diode lasers. The extracted device
broad-area (
parameters include the threshold ( ) and transparency ( )
current density, current injection efficiency ( ), external differential quantum efficiency ( ), temperature characteristic coefficients of threshold current density ( ) and external differential quantum efficiency ( ), internal loss ( ), and material
gain parameter ( ). The optical confinement factor for the QW
active region in all the laser structures is designed to be approximately 2.2%. All the length studies to extract the physical parameters of the lasers are performed on as-cleaved devices under
low duty-cycle pulsed operation (6 s, 1 kHz). We assume the
0.29, for the as-cleaved facets. The erreflectance value
rors in the analysis of the multi-length studies, in determining
the above-threshold current injection efficiency ( ) and the
internal loss ( ), are due to the uncertainty in determining the
intercept from these length studies. The multi-length studies,
which are commonly used [3], [44], [45], [47], assume the internal loss to be independent of carrier density. An alternative
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measurement proposed by Andrekson et al. [57] allows more
accurate measurement of internal loss; however, we chose to
perform length studies here for simplicity.
In our analysis, the gain expression for QW lasers is assumed
to follow the semi-logarithmic gain expression which is a function of material gain parameters ( ), the fraction of injection
), and the transparency curcurrent density in the QW (
rent density in the QW ( ) [33], [34]. This semi-logarithmic
threshold-gain expression is
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TABLE I
PERFORMANCE OF In
Ga
As (SAMPLE A),
In
Ga
As–GaAs
P
(SAMPLE B), In Ga As–GaAs
P
(SAMPLE C) DIODE LASERS FOR 100-m-WIDE 1-mm-LONG DEVICES

2

(1)
,
Using the threshold condition
the threshold current density for a single QW laser can then be
expressed as follows:
(2)
is the current injection efficiency (i.e., the fraction of
where
current density entering the active region), which equals the internal quantum efficiency as measured above laser threshold. It
of interest here is the current
is important to clarify that the
injection efficiency, which is distinct from the internal efficiency
( ). The internal efficiency is a function of internal quantum
efficiency ( ), current injection efficiency ( ) and the lat) [56]. The
for the broad
eral-pumping efficiency (
area lasers, with a 100- m-wide stripe, and the above threshold
is expected to be close to unity.
in (2) enables us to determine the internal
The use of
, which is a function of nonratransparency current density
diative (defect-induced), radiative, and Auger recombination in
the QW. By taking into account only the fraction of threshold
current density that contributes to recombination (including
nonradiative, radiative, and Auger processes) within the QW
), the internal transparency current density should be
(
unchanged for structures with similar active regions, regardless
of modifications to the device structure which may effect the
carrier injection efficiency. Equation (2) can be rearranged as
(3)
From the threshold condition expressed in (3), the threshold gain
, and the slope of
can be plotted against the logarithm of
value. Also, the intercept
the resulting line will give us the
of the plot of (3), with the axis, will yield the transparency
is
current density. The peak differential gain at transparency
(
), which can then be written as
defined as
. Differential gain values at transparency and also
at threshold are important parameters in determining the maximum modulation frequency of the diode laser. Characterization
of the characteristic temperature coefficients for the threshold
current density and external differential quantum efficiency are
performed over the temperature range of 20 C–70 C. In addition to the threshold current density and the external differential
efficiency, the temperature characterization of the current injection efficiency, internal loss, transparency current density, and
material gain parameters are investigated. The optical field profiles for all the laser structures studied here are designed to be

similar with each other for consistency in the comparative experiments described below.
B. Laser Characteristics
1000 m) for samAll the extracted experimental data (
ples A, B, and C are all presented in Table I. The low current
, ( 37%) of laser A is the cause of
injection efficiency,
the low external differential efficiency ( 29%–33%) of this device structure. The temperature characteristic coefficients of the
threshold current density ( ) and external differential quantum
efficiency (primary ) for these lasers (A) are found to be
and
may be reanomalously high. These high values of
lated to a high defect density, as described below.
tensile barriers (sample
By incorporating GaAs P
B), significant improvement in the lasing performance of the
InGaAs QW lasers is obtained. In sample B, threshold and
transparency current density of as low as 65 A/cm (for
1500 m) and 30 A/cm are measured respectively. External
differential quantum efficiencies as high as 56% are measured
500 m). The measured
for shorter cavity laser diodes (for
room-temperature peak lasing wavelength for this particular
lasers (sample B) is approximately 1.165 m. The inclusion
of the GaAsP barriers results in a significant improvement of
(61%) from laser B compared to that of laser A. The
the
(54%–60%) of the highly strained InGaAs QW lasers,
low
at nearly 1.2 m, with InGaP cladding layers has also been
reported by Chen et al. [35] and Kondo et al. [36]. Possible
causes for the observed low internal efficiencies are discussed
in Section V.
The material gain parameter, , and the transparency current density, , are extracted, from (3) by fitting the measured
threshold current density with various cavity lengths, to be approximately 1975 cm and 30 A/cm , respectively. From the
and
derived above, the peak differential
values of the
can be determined to be approximately
gain at transparency
66 cm/A. The observed reduction in the characteristic temperature coefficients ( and ) of laser B is presumably due to the
reduction in dislocation density in the QW active region. Large
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nonradiative recombination will lead to temperature-insensitive
lasers.
In order to rule out the possibility that the large value of the
strain of the InGaAs QW is a factor responsible for the low
, we reduce the strain in the QW (same thickness,
1.5%) to achieve an emission wavelength of 1.06 m. From this
is found to be comparable to that
experiment, the extracted
of sample A. Therefore, we can rule out the large strain in the
.
QW as the major factor leading to the observed low
as tensile barriers surrounding the
The use of GaAs P
In Ga As QW is found to not improve the lasing performance any further. The highly doped p-cladding material is used
to suppress electron leakage from the confining region into the
top cladding. The modification of the Fermi level in the highly
doped p-cladding material results in a higher barrier, leading
to less electron leakage from the confining region [31], [32],
[37]. Although the highly doped p-cladding should help in suppressing the carrier leakage from the confining region into the
of the highly-doped p-cladding
top p-cladding region, the
57%), which is comparable to that
laser is still low (
61%) of sample B. A significant increase (from
(
2 cm to 12 cm ) in the internal loss of the highly-doped
p-cladding laser is observed. The increase in the internal loss
in the sample, with high-doped p-cladding, can be attributed to
the large field-overlap with the highly doped p-cladding in the
narrow waveguide SCH structure [38]. Since the suppression of
of the lasers, there must
carrier leakage does not improve the
be an additional channel that leaks or traps out 30%–40% of the
injected carriers. Since the quasi-Fermi levels for the carriers
in the confinement region are not pinned, even above threshold,
nonradiative recombination results in the loss of carriers that interact with interfacial defects between the undoped-GaAs confining region and p-InGaP top cladding layers [32].
In support of our presumption, recent improvement in
from 54% to 89% by replacing the InGaP cladding layers with
AlGaAs cladding layers has been demonstrated by Kondo et
al. [36]. The improved interface between GaAs and AlGaAs,
compared to GaAs–InGaP, reduces the nonradiative recombination due to a reduction in the interfacial defect density of the
GaAs–AlGaAs interface. The temperature analysis, presented
in Section V, also identifies carrier loss through interfacial
defects, between p-InGaP and u-GaAs, as a possible leakage
channel.
By replacing the p-InGaP with p-Al Ga As for the top
of laser
cladding of laser C, significant improvement in the
80%, is observed. The threshold- and transparencyC,
current densities of laser C that utilizes a strain-compensated
1500 m) and
60-Å In Ga As QW are 100 A/cm (for
and
of laser C are slightly
59 A/cm , respectively. These
higher than those of strain-compensated In Ga As QW
and
, in laser C is expected
lasers (B). This increase in
due to the lower optical luminescence of the In Ga As QW
as compared to that of the In Ga As QW. Even though the
lasing performance of In Ga As QW is poorer compared
to that of In Ga As QW, the optical luminescence of the
In Ga AsN QW is stronger than that of In Ga AsN
QW due to the lower required N, for the In Ga AsN QW,
to achieve 1.3- m emission [19].
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V. TEMPERATURE ANALYSIS OF THE InGaAs QW LASERS
A. Temperature Analysis of the Threshold Current and
Differential Quantum Efficiency
The primary motivation for the temperature analysis preand
values in simple and
sented here is to express the
more intuitive expressions, for the purpose of analyzing the
and
temperature sensitivity of semiconductor lasers. The
values are expressed as functions of the physical parameters
and their temperature dependencies. The simple forms of the
and
expressions should allow for practical identification and
insight in determining the dominant mechanisms controlling the
temperature sensitivity of diode lasers. The laser performance
and extracted physical parameters are studied as a function of
temperature, within the temperature range 20 C–70 C for
samples B (In Ga As QW) and C (In Ga As QW).
The parameters studied here include the threshold ( ) and
transparency ( ) current density, the current injection ( )
and external differential ( ) efficiency, internal loss ( ), and
material gain parameter ( ).
The measurements of the variation of the threshold current
density and the external differential quantum efficiency with
temperature changes over 20 C–70 C are conducted on
broad-area lasers, with a stripe width of 100 m and various
500–2000 m). From the measured
cavity lengths (
threshold current density and the external differential quantum
efficiency for each cavity length at various temperatures, temperature-dependent internal device parameters are extracted.
For each temperature, the inverse of the current injection
efficiency ( ) can be extracted from the intercept of the plot
of the inverse of the external differential quantum efficiency
) as a function of cavity length ( ) with the
axis. The
(
internal loss , for each temperature, can be extracted from
the slope of the plot of the inverse of the external differential
) as a function of the cavity length
quantum efficiency (
( ). Once the internal loss and internal efficiency for various
temperatures have been extracted, the modal material gain
), at each temperature can be extracted from
parameter (
) as a
the slope of the plot of the threshold modal gain (
function of logarithm of the internal threshold current density
)] for each temperature, using (3). The intersect
[ln(
versus
of the semi-logarithmic linear regression of
with the
axis will allow us to extract
the transparency current density ( ). All these processes are
reiterated for each temperature from 20 C to 70 C with a
temperature step of 5 C. After reiterating the process over
the entire temperature range, the characteristic temperature
coefficients of the threshold and transparency current density,
the internal and external differential quantum efficiency, the
internal loss, the gain parameters, and the transparency current
density are extracted.
The temperature dependence of the threshold current density
( ) and the external differential quantum efficiency ( ) empirically follow the known equations
(4)
(5)
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To understand the different contributions to the characteristic
temperature coefficient of the threshold current density ( ), it
is informative to express it in a different form. The threshold
can be expressed as shown in (2) and the
current density
modal threshold gain can be expressed as a function of internal
. By taking
loss and mirror loss:
in (2) with respect to temperature changes,
the derivative of
while assuming all the physical parameters to be temperatureas follows:
dependent, we can write

(6)
The internal efficiency ( ), extracted from the multi-length
studies, is essentially the above-threshold current injection
efficiency ( ). The above- and below-threshold current
injection efficiencies are in general distinct from one another.
A fundamental assumption of this analysis is that the aboveand below-threshold current injection efficiency ( ) and their
) are similar, which we expect to
temperature dependence (
be reasonably accurate for comparing the temperature-behavior
of the carrier loss processes in QW lasers with similar structures [58]. As long as carrier recombination within the SCH
region does not increase rapidly above threshold, which can be
confirmed from the linearity of the – curve, this assumption
is expected to be accurate. The validation of this assumption is
and
confirmed by experimental verification, in which the
expressions are shown to be accurate representations for
devices with both large and reduced recombination in SCH. By
assuming the transparency current density ( ), internal efficiency ( ), material gain parameter ( ), and modal threshold
) also vary exponentially with temperature (note
gain (
that this assumption is validated by the experimental data
shown in Figs. 3 and 4), we have
(7)
(8)
(9)
(10)
The only temperature-dependent term in the modal threshold
) is assumed to be that of the ingain (
ternal loss, since the mirror loss is assumed to be constant with
can also be expressed
temperature changes. The term
, with
.
as
From the relationship of the threshold current density with
temperature changes in (4) and (6), we can reexpress the inverse
of the characteristic temperature coefficient as follows:
(11)
A similar expression relating the values to the internal parameters has also been proposed by DeTemple and Herzinger
[33]. From (11), the cavity length-dependent ( ) terms in the

Fig. 3. T values of structures of 1.2-m lasers for laser B (In
Ga
As
QW) and laser C (In Ga As QW), as functions of cavity length. The
theoretical calculated values are shown by the solid line.

Fig. 4. T values of structures of 1.2-m lasers for laser B (In
Ga
As
QW) and laser C (In Ga As QW), as functions of cavity length. The
theoretical calculated values are shown by the solid line.

formulation come in the modal threshold gain (
)
terms. Just by using (12), we can observe that the
and the
values for shorter cavity devices are lower due to the higher
) in shorter cavity devices compared
modal threshold gain (
to those in longer cavity devices. As shown in Fig. 3, the theoretvalues, based on (11), agree well with the
ically calculated
values. The structures shown are
experimentally measured
both for the optimized (In Ga As QW—laser C) and unoptimized (In Ga As QW—laser B) structures with emission
wavelengths of 1.17–1.2 m, in which the optimized structure
exhibits strong suppression of recombination within the SCH.
The un-optimized structure has a large defect-induced recombination in the interface between the cladding and the confinement
region. Although the recombination in SCH is increased for the
values
unoptimized structure, the calculated and measured
also compare very well with each other, with an error less than
5%. Further verification of the analysis presented has been per980-nm) lasers, with
formed on optimized InGaAs QW (
strong carrier confinement in the QW’s, also demonstrating errors of less than 5%. Several computational [39], [40], analytical
[33], [41], and experimental [42], [43] results have also demonstrated similar behavior of an increase in the value for longer
cavity devices, in agreement with (11).
In order to characterize the temperature dependence of the external differential efficiency, one can go back to the fundamental
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As shown in (5), the temperature dependence of the external differential efficiency ( ) can be expressed as a derivative of the
external differential efficiency with respect to temperature. By
taking into account the temperature dependence of the current
injection efficiency and the internal loss, we can express the invalue as follows:
verse of the

considered to be functions of temperature. The
term is
a positive value function, since the transparency carrier density
of any given material will increase with increasing temperature
due to the smearing of the Fermi–Dirac distribution function
as the temperature increases [44], [45], [47]. Experimentally,
the transparency carrier density has also been shown to have a
strong dependence on temperature changes, in InP-based lasers,
quantitaby Zou et al. [46]. To illustrate the dependence of
tively, one can express the simplified peak gain, , as a function
of the quasi-Fermi levels [47], with the assumption of zero scattering linewidth and only one occupied conduction and valence
subband, as follows:

(13)

(15)

equation to express the external differential efficiency as a function of current injection efficiency, mirror, and internal loss as
follows:
(12)

In (13), the cavity-length-dependent term of the expression
) and the temperature
came from the modal threshold gain (
dependence of the internal loss ( ). As discussed above, the
term increases as the cavity length decreases, which leads
values for the longer cavity, as shown in
to a decrease in the
value for longer cavity devices
Fig. 4. The reduction in the
has also been observed experimentally in the 980-nm emitting
InGaAs-active QW lasers [55]. The cavity length dependence
values will be stronger for diode lasers with a low
of the
temperature sensitivity of the current injection efficiency (i.e.,
strong carrier confinement), which corresponds to very high
values. As shown in Fig. 4, the
values are expressed
as a function of cavity length, for both laser C (In Ga As)
1.17–1.2 m. The
and laser B (In Ga As) devices at
values are shown to accurately repretheoretically predicted
values
sent the experimentally observed trend of decreasing
with increasing cavity length [55]. The relationships between
and
will determine how significant is the depenthe
values on the cavity length.
dence of the
B. Temperature Analysis of the Transparency Current Density
By analyzing the temperature behavior of the physical paand
expressions in (11) and (13), further
rameters in the
physical insight can be achieved by identifying the dominant
controlling mechanisms of the and values. By identifying
the mechanisms that lead to poor temperature characteristics of
any given diode lasers, further improvement or changes in the
device design can be pursued. In this analysis, the temperature
dependencies of the transparency current density ( ), current
), internal loss ( ), and the material
injection efficiency (
gain parameters ( ) will be analyzed.
In order to further understand the characteristic temperature
coefficient of the transparency carrier density ( ), some additional analysis is needed. The transparency current density
can be expressed as a function of the various recombination mechanisms as follows:
(14)
in (14) are the monomolecular, radiawhere , , , and
tive, and Auger recombination coefficients and the transparency
carrier density, respectively.
In the analysis, all pf the recombination coefficients , ,
and , as well as the transparency carrier density ( ), are all

term in (15) is defined as the energy level separation
The
between the first conduction and the first valence subbands in
value represents the gain coeffithe QW active region. The
cient determined by the transition matrix element and the 2-D
reduced density of states. For an undoped QW active region,
the electron carrier density ( ) is assumed to equal the hole carrier density ( ). Taking the approximation used by Vahala et al.
[48], the quasi-Fermi level of the conduction band ( ) and the
valence band ( ) can be approximated as
(16a)
(16b)
and the effective density of states for the conduction and valence
band can be expressed as [47]
(17a)
(17b)
), the
For the case of an undoped QW (with the condition
peak gain [see (15)] can then be expressed as a function of the
carrier density as follows:
(18)
The transparency carrier density is defined as the carrier denis equal to zero. The condition
sity at which the peak gain
0 occurs when
. The transparency
current density and its temperature dependence, based on (18)
, are shown in Fig. 5. From Fig. 5,
for various ratios of
it is clear that the transparency carrier density of the laser is approximately linearly proportional to the temperature. By taking
the derivative of the transparency carrier density with respect to
temperature, and dividing the result by the transparency carrier
(i.e.,
) can
density ( ), the values of
,
be extracted. The temperature dependence of
also shown in Fig. 5, is found to be proportional to the inverse of
ratio.
the temperature , independent of the ratio of the
(or
From the argument given here, the value of
) can be approximated with a high degree of accuracy by
, where is the temperature of the measurement.
Both the nonradiative ( ) and the radiative ( ) recombination coefficients have a weak dependence on temperature
and
coefficients, the Auger
changes [46]. Unlike the
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sured to be approximately 141 K [52], which falls into the range
of the theoretically predicted
values in (20).
For the case in which Auger recombination is dominant, we
. From [3]
need to take into account the contribution of
and [49], it has been shown that the Auger recombination coef, where
ficient can be approximated as
is a temperature-independent coefficient and
is the activation energy for the Auger recombination process. Thus, the
) can be approximated
Auger recombination coefficient (
, which is always a positive
as
. By
function with a value decreasing toward zero as
taking into account that the Auger recombination coefficient can
be approximated as an exponential function of the activation enfor the case in which the Auger reergy and temperature,
combination is dominant can be expressed as
(21)
Fig. 5. The transparency carrier density (n ) and its temperature
characteristics (T ) as functions of temperature for m =m
10 and 20.

=

recombination coefficient ( ) is a strong function of temperature, especially in InP-based lasers [46], [3], [49]. For a limited
coefficient can be approximated as
temperature range, the
constant, since the coefficient depends mostly on the dislocation density, in QWs and the SCH, that are constant over a
limited temperature range. If the coefficient is assumed to be
can be neglected.
a weak function of temperature, then
In laser structures for which the nonradiative recombination
can then be approximated asymptotically
term is dominant,
as
(19)
values, at room temperature (
As expressed in (19), the
300–350 K), for the case at which the nonradiative recombination term, is dominant will be close to 300–350 K.
There have been studies [50] where the temperature dependence of the bimolecular recombination coefficient, the coefficient, is neglected. By contrast, there have also been several
coefficient
predictions [3], [51] that the expression for the
.
should be proportional to the inverse of the temperature,
coefficients can be exFor our purposes, the model of the
, in which varies from 0 to 1. For the
pressed as
, this represents the model at which
. For
value of
the case at which is a weakly temperature-dependent function, the values of will approach 1. By utilizing the expresand
,
can also
sions
be approximated asymptotically, for the case in which the radiative recombination term is dominant, as
(20)
By looking at (20), for measurements taken at room temperature
300 K), then the
values, for the case in which radia(
tive recombination is dominant, will be ranging from 150 K to
300 K depending on the dependence ( values) of the coeffor the case
ficient on temperature changes. The values of
of radiative recombination dominated lasers at 980 nm is mea-

always has a
The quantity
positive value and is a decreasing function with increasing temapproximately to
perature . For the case of a laser with
values are approximately less than three
zero, the predicted
values for the nonradiative recomtimes smaller than the
has been
bination dominated lasers. The activation energy
shown to range from 20 to 60 meV depending on the type of
the active regions and the barriers surrounding the active regions [3], [51]. By assuming a room-temperature measurement
300 K), and the activation energy, , to range from 20 to
(
values for the Auger recombination
60 meV, the predicted
dominated lasers should range from 55 to 79 K, which is also in
(64 K) of InP-based 1.3- m
agreement with the measured
lasers [52].
From (19), we can now understand that the anomalously high
are possibly a result of a strong nonradiative comvalues of
ponent in the transparency current. A high defect density results
in a strong nonradiative recombination term in the characteristic
temperature coefficient for the transparency current density. By
for Auger-recombination dominated
contrast, the values of
lasers, such as InP-based 1.3–1.55 m-emitting lasers, can be
zero) than one-third the values for
less (for the case
the nonradiative recombination dominated lasers. The typical
values for InGaAs QW on GaAs at 980 nm and InGaAsP
QW on InP at 1.3 m, are 141 K and 66 K, respectively [52].
for an InGaAs QW
As expected from (20), the value of
980 nm [52], which does not
laser structure emitting at
suffer from Auger recombination or major nonradiative recomcompared to InP-based lasers at
bination, has a much higher
1.3 m.
From this simple model of the temperature dependence of the
transparency current density ( ), one can determine whether
Auger recombination is a major recombination mechanism in
the active region of the semiconductor laser. For the lasers that
value should
suffer only minimal Auger recombination, the
have values in the range of 150–350 K for measurements
near room temperature, regardless of whether nonradiative or
radiative mechanisms dominates the recombination. Only if the
Auger recombination mechanism dominates will the values of
be less than 80 K, as shown in Fig. 6.
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Fig. 6. The different regime of the T values corresponding to different
dominant recombination mechanisms. For the Auger dominated case, the T
value ranges from 50–80 K, which is very distinct from the radiative and
nonradiative dominated case.
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Fig. 8. The measured current injection efficiency  as a function of
temperature for In
Ga
As–GaAs
P
QW active (sample B), and
for In Ga As–GaAs
P
QW active (sample C).

tion (which effects
), and the temperature dependence of
the material gain parameter ( ). The suppression of Auger revalue,
combination within the QW active will improve the
value may still be affected by the other mechahowever, the
nisms described above.
C. Current Injection Efficiency, Internal Loss, and Material
Gain Parameters

Fig. 7. The transparency current density J as a function of temperature
for In
Ga
As–GaAs
P
QW active (sample B), and for
In Ga As–GaAs
P
QW active (sample C).

The transparency current density of the InGaAs QW (
1.17–1.2 m) lasers are analyzed as functions of temperature, as shown in Fig. 7 for lasers B (In Ga As) and C
(In Ga As). The temperature dependences of both InGaAs
values of
QW structures are found to be similar, with
value, indicates that Auger re287–300 K. This high
combination is not the dominant recombination processes, as
1.2 m. These
values may indicate there
expected at
exists large monomolecular processes in the QW, presumably
due to the use of the high strain values of the QW. The higher
transparency current density of the In Ga As QW devices,
compared to that of the In Ga As QW, may reflect higher
values, for
defect density in the In Ga As QW. The
sample A, are found to be as high as 360–400 K, which are
attributed to the large monomolecular recombinations in the
in laser A.
SCH, enhanced by the low
The same temperature analysis of the transparency current
density can be carried out in InGaAsN QW [60] or InP-based
lasers to determine the role of Auger recombination in these
laser structures. It is crucial to note that the temperature dependence of the threshold current density ( ) is not solely a function of the recombination mechanisms reflected in the transvalues can
parency current density. As shown in (12), the
be affected by several factors: the recombination mechanism in
), intervalence band absorpthe QW ( ), carrier leakage (

The temperature dependence of the current injection ef) is an important parameter for characterizing
ficiency (
carrier leakage from the InGaAs QW. Carrier leakage occurs
through three kinds of mechanisms. The first mechanism is
carrier leakage out of the QW into the confining region. The
second mechanism is carrier leakage out of the confining region
into the cladding region. The third mechanism is the “leakage”
or loss of carriers through recombination in the SCH region,
since the quasi-Fermi levels outside the QW are not pinned
above the laser threshold [32]. If interfacial defects exist at
the interface between the confining regions and the cladding
regions, the carrier leakage path may occur through the carrier
sinks created by the interfacial defects. A low value of
will indicate severe carrier leakage occurs through one of three
for GaInAlAs QW
mechanisms. The typical values of
lasers on InP at 1.55 m and for InGaAsP QW lasers on InP at
1.3 m are 106 K [53] and 64 K, [52] respectively. By contrast,
for InGaAs QW lasers on GaAs substrates emitting at 980 nm,
(in the 20 C–60 C range) can be extremely
the values of
high [54]. Further studies are still required to understand further
design.
the controlling mechanisms in achieving a high
The temperature analysis of the current injection efficiency
is carried out on the experiments involving InGaAs QW devices (lasers B and C), as shown in Fig. 8. In InGaAs QW
lasers, the thermionic emission of the QW-confining and confining-cladding is expected to be minimal due to the large bandoffset of the structures. The laser B structure has larger recombination in the SCH, due to the increase in the recombination
due to the interfacial-defect in the confining-cladding interface,
of 350 K. By replacing the top
thereby resulting in a lower
cladding from p-InGaP to p-AlGaAs, the improved interface has
up to 950 K from
resulted in a significant increase in the
values in laser C are
350 K, evidenced in laser C. The high
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significant because they demonstrate that the use of a p-AlGaAs
top cladding layer in laser C helps in suppressing the carrier loss
mechanism as compared to that of laser B, and are reflected in
and
of laser C.
the improved
The temperature behavior of the internal loss should allow
further understanding whether intervalence band absorption
(IVBA) and free carrier absorption are the main controlling
and
of semiconductor
mechanisma in the behavior of
lasers. From the experiments of our 1.17–1.19 m InGaAs
values ranging from 500 to
QW lasers, the measured
6
10 cm /K) are very high com1000 K (
90–100 K,
cm /K) [3]
pared to that (
of our InGaAs
of the InP-based 1.3- m lasers. The large
1.2 m, indicates that IVBA or free carrier
QW lasers, at
absorption are minimal in our lasers, as would be expected for
1.2 m.
The material gain parameter, , decreases as a function
of increasing temperature [44], [46]. The temperature depen, plays a role in the difference
dence of the gain parameter,
values for different cavity length devices as
between the
shown in (11). Both the material gain parameters ( ) of lasers
B and C have relatively weak temperature sensitivity, in ex350 K.
values for InP-based lasers have
cess of
not been reported, although they can be estimated from the
temperature dependence of the differential gain to be approx200 K [25].
is an important parameter for
imately
the investigation of the maximum modulation speed with temperature changes.

VI. CONCLUSION
We have demonstrated low threshold- and transparency-current density diode lasers and high external quantum efficiency
with an emission wavelength of 1.165–1.19 m, with
strain-compensated In Ga As QW and In Ga As
100 A/cm ,
2000 m)
QW. Low-threshold-(
59 A/cm )
and low-transparency-current-density (
strain-compensated In Ga As QW lasers, with an emission
wavelength of 1.185- m, are achieved with high current injec80%) utilizing AlGaAs as both cladding
tion efficiency (
layers. The increase in current injection efficiency, in laser C,
is attributed to the use of p-AlGaAs instead of p-InGaP for
the choice of the p-cladding layer, which is consistent with
the hypothesis of increased carrier leakage through interfacial
defects in lasers A and B.
[see (11)] and
[see (13)] into
A simple expansion of
the characteristic temperature coefficients for the fundamental
,
, and
) has been derived.
device parameters ( ,
and
expressions allow practical identificaThese simple
tion of dominant controlling mechanisms useful for further understanding of the temperature behavior of the semiconductor
and
are accurately prelasers. The length dependence of
dicted, as confirmed by measurements on InGaAs-active lasers.
The studies of the temperature behavior of the physical parameters should allow further insight into optimizing the device deand
values.
sign for high
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