
Experimental analysis of the optical gain and linewidth enhancement factor of GaInNAs/GaAs

lasers

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2004 J. Phys.: Condens. Matter 16 S3095

(http://iopscience.iop.org/0953-8984/16/31/007)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 27/05/2010 at 16:21

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/16/31
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 16 (2004) S3095–S3106 PII: S0953-8984(04)74362-3

Experimental analysis of the optical gain and linewidth
enhancement factor of GaInNAs/GaAs lasers

N C Gerhardt and M R Hofmann

Optoelektronische Bauelemente und Werkstoffe, Ruhr-Universität Bochum, Gebäude IC2/155,
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Abstract
The gain and α-factor spectra of a molecular-beam-epitaxy-grown 1.3 µm
GaInNAs laser are experimentally determined using the method of Hakki
and Paoli and a transmission method. The gain in our structure is due to
inhomogeneously broadened band–band transitions but, in general, critically
depends on the growth process. The value 2.5 for α at the laser emission
wavelength clamps with increasing injection current.

1. Introduction

Growing bandwidth requirements for optical fibre communication demand long wavelength
semiconductor lasers emitting in the 1.3 and 1.55 µm wavelength region. While GaInPAs/InP
is a well established material system for edge emitting lasers in these wavelength regimes [1],
its use in vertical-cavity surface emitting lasers (VCSELs) introduces considerable problems.
The main difficulty is the lack of high quality Bragg reflectors that could be epitaxially grown
lattice matched on InP substrate. However, VCSELs are superior to edge emitting lasers
for applications in telecommunications because of their numerous advantages with regard
to optical fibre coupling and dynamical single-mode operation. New GaAs-based material
systems based on dilute nitrides such as GaInNAs [2, 3] and GaInNAs(Sb) [4–6] are very
promising active materials for circumventing these fundamental problems in VCSEL growth.
They can be combined with the well established GaAs/AlAs Bragg mirror technology and
promise emission wavelengths around 1.3 and 1.55 µm [7–14]. Furthermore, the dilute
nitride materials offer important advantages in comparison to InP-based materials such as
higher temperature stability [15–18], due to broad gain spectra, and higher differential gain,
due to a higher carrier confinement [19, 20].

However, although important improvements especially with regard to laser device
development have been achieved, there is still little known about important laser properties
such as the gain mechanism and the linewidth enhancement factor α in these metastable
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material systems. Insights into the gain mechanism allow further improvements of laser
devices which cannot be obtained by investigation of the photoluminescence alone. Moreover,
the optimization of the gain spectra towards larger gain bandwidth could lead to a further
optimization of the temperature stability especially for VCSEL devices [16, 19]. This could be
achieved on the basis of new effects occurring for this material class, e.g. by the controlled use
of additional discrete bandgaps in GaInNAs arising from different possible nearest-neighbour
configurations of the nitride N in the GaInAs matrix [21, 22].

Detailed knowledge of the linewidth enhancement factor α is important for further
optimization also, because it determines the chirp of optical pulses in directly modulated
lasers.

In this paper, we present experimental studies of the gain and linewidth enhancement
factor α in state-of-the-art 1.3 µm GaInNAs/GaAs quantum well lasers. The paper is
organized as follows. Section 2 describes the laser samples investigated. Section 3 deals with
experimental techniques and details of measuring the gain and linewidth enhancement factor
in semiconductor lasers. The results for GaInNAs laser devices are presented and discussed
in section 4 and finally summarized in section 5.

2. Samples

The samples studied in this work are laterally single-mode ridge-waveguide (GaIn)(NAs)/GaAs
laser structures. These edge emitters were grown by molecular-beam epitaxy on n-GaAs
substrates and were all processed from the same wafer. A radio-frequency (RF)-coupled
plasma source was used to generate reactive nitrogen from N2. The active region contains
three 6 nm wide (Ga0.62In0.38)(N0.019As0.981) quantum wells which are separated by 20 nm
wide (Ga0.95In0.05)(N0.015As0.985) barriers. The active layers were symmetrically inserted into
a 300 nm thick undoped GaAs waveguide layer. The p- and n-type cladding layers consist
of 1.5 µm thick Ga0.7Al0.3As doped with Be and Si, respectively. A highly p-doped GaAs
layer was used as a contact layer [23]. The N content is determined solely by the N flux,
assuming that all reactive nitrogen is completely and preferentially incorporated at growth
temperatures below 520 ◦C [24]. The absolute uncertainty of the N content is estimated to
be ±0.5% [16]. The thermal annealings of the nitride-containing layers were automatically
performed during growth of the upper cladding and p-contact layers [24, 25]. The ridge-
waveguide laser structures were processed using an Ar ion dry etching technique and RF-
sputtered SiNx [23]. The laser emission wavelength is 1.28 µm. The laser diode used for the
gain measurements with the transmission method has a cavity length of 200 µm and a narrow
stripe width of 3.5 µm. Both facets of this laser are antireflection coated with a single layer
which leads to residual reflectivities of approximately 2% per facet. The laser diode used
for the gain measurements with the method of Hakki and Paoli and for the investigation of
the α-factor discussed in section 4.2 is 350 µm long and has a narrow stripe width of 4 µm.
The facets are uncoated. The threshold current at room temperature in continuous wave (cw)
operation of this laser sample is 19 mA. Further details about electrical properties and laser
performance in pulsed and cw conditions were already published in [23].

3. Experimental details

Lots of different techniques are commonly used to measure the gain in edge emitting lasers.
Examples are the method established by Henry [26, 27], the electrical or optical stripe length
method [28, 29], the widely used method of Hakki and Paoli [30] and methods based on
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transmission or pump–probe experiments [31]. The gain investigations presented in this paper
were done by the method of Hakki and Paoli in comparison to a transmission method.

3.1. Gain measurements with the method of Hakki and Paoli

The method of Hakki and Paoli evaluates the gain from the Fabry–Perot modulation depth in
the amplified spontaneous emission (ASE) spectra of an edge emitting laser below threshold.
Although this technique is conceptually simple, it suffers from few limitations. It is only
reasonable to measure the gain below threshold due to the clamping of the carrier density above
the laser threshold. The use of antireflection coatings to increase the threshold introduces
difficulties, because the wavelength dependence of the facet reflectivity has to be precisely
known for the evaluation of the gain. Additionally it substantially complicates the accurate
detection of the Fabry–Perot modulation due to a reduced modulation depth. Furthermore, and
most important, the method requires very highly resolved measurements of the ASE spectra to
push the measurement error for the gain as low as possible [32]. To check for possible errors
in gain evaluation due to the limited resolution, we convoluted an ideal Fabry–Perot mode
for RG = 0.8 with a typical, unit area, triangle response function for our optical spectrum
analyser. R is the reflectivity of the facets and G the single-pass intensity gain, defined as

G = eLg

where g is the single-pass net modal gain and L the cavity length. Figure 1 displays the
original unmodified Fabry–Perot mode in comparison to the modes detected with 12 and
50 pm resolution. The convoluted mode for 50 pm full width at half-maximum (FWHM)
already shows a strong reduction of the modulation depth in combination with a broadening of
the mode. This leads to a significant underestimation of the gain. The error in gain evaluation
depends on the reflectivity–gain product RG due to a change of the Fabry–Perot mode shape.
Therefore not only the absolute value of the gain but also the shape of the gain spectrum changes
with resolution. The reflectivity–gain product dependent behaviour of the gain evaluation error
for the method of Hakki and Paoli is presented in figure 2(a). With a resolution of 12 pm it
is possible to reduce the error to values less than 1%. Another possibility for circumventing
these difficulties is to use the modified approach of Cassidy [33]. This method extracts the gain
from the Fabry–Perot modes as well. But instead of evaluating the gain from the modulation
depth and the ratio of maximum intensity to minimum intensity, as in the case of the method
described before, it is calculated from the ratio of average mode intensity to minimum intensity.
This approach is less sensitive to the system resolution but more sensitive to noise [32]. The
error in gain evaluation for this method is shown in figure 2(b). Considering these results, we
used an optical spectrum analyser (OSA) with resolution of 12 pm around 1.3 µm wavelength
for our gain measurements with the method of Hakki and Paoli.

3.2. Linewidth enhancement measurements calculated from the Fabry–Perot mode shift

The measurement of highly resolved ASE spectra as required for the gain measurements with
the approach of Hakki and Paoli allows one to investigate the linewidth enhancement factor α

easily from nearly the same data. The α-factor is given by

α = −4π

λ

(
�n

�N

/
�g

�N

)

with �n being the refractive index change and �g the variation of the net modal gain due to
a carrier density change �N in the active material [34]. The net modal gain change can be
determined directly using the method of Hakki and Paoli. The refractive index change �n
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Figure 1. Typical Fabry–Perot modes for a reflectivity–
gain product RG = 0.8. The original case (solid) and
after convoluting with a spectrometer response function
of 12 pm (dotted) and 50 pm FWHM (dashed).

Figure 2. The error in gain evaluation for different
resolutions of the optical spectrum analyser, depending
on the reflectivity–gain product. (a) shows the behaviour
for the method of Hakki and Paoli, while (b) shows that
for the modified approach of Cassidy.

with injection current variation �λ can be calculated from the wavelength shift �I of the
Fabry–Perot modes. Using

�n

�I
= −n

λ

�λ

�I
the α-factor can be written as [35]

α = −4πn

λ2

�λ

�g
.

A spectral resolution high enough for detecting the mode shift with enough accuracy is
important for this approach. The α-factor data presented in this paper were measured with a
resolution of 12 pm. The laser diode was operated under continuous wave conditions at room
temperature. To reduce heating, we used a Peltier-based active temperature control. In spite
of the temperature stabilization, a small temperature shift in the active layer, due to the varying
current flow, could not be avoided. It could, in principle, be suppressed by operating the laser,
pulsed, with a very small duty cycle. Combined with the requirements for spectral resolution,
this leads often to difficulties due to poor signal-to-noise ratio. Our approach for accounting
for the additional shift of the Fabry–Perot modes due to this residual heating is as follows.

Assuming that the heating in the active layers is dominantly due to the Ohmic resistance
of the laser diode, the heating is a function of the injection current only. The heating induced
mode shift can be separately investigated by taking into account that the carrier density is
clamped at the threshold density for currents above threshold. Therefore the wavelength shift
of the Fabry–Perot modes for current variation above threshold is only caused by heating and
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Figure 3. The experimental set-up for the transmission approach for measuring the optical gain.
A GaInNAs laser diode comparable to the sample and operated below threshold was used as a
broadband light source for the probe light.

contains no carrier density variation induced contributions. This behaviour above threshold
can be extrapolated to currents below threshold to extract the pure carrier density induced
shift [36, 37]. Our α-factor results were corrected by this approach.

3.3. Gain measurements with a transmission method

Even though the resolution requirements can be satisfied, the approach of Hakki and Paoli
is only able to give spectral information about the gain over a limited spectral region around
the gain peak. It is not possible to measure in spectral regions with stronger absorption
due to the lack of ASE intensity. In order to circumvent these restrictions we additionally
use a gain measurement technique based on a transmission approach developed by Ellmers
et al [31]. This transmission method is a powerful alternative experimental technique for
determining the gain over a very broad spectral range far down into the absorption region with
very high quantitative precision. The experimental set-up is shown schematically in figure 3.
The broadband light source used to probe directly the single-pass gain of the GaInNAs laser
diode is a superluminescence diode, which is almost identical to the sample under study. To
measure the gain, the probe light is coupled into a single-mode fibre and then from the fibre
into the waveguide of the sample using fibre microlenses. The light intensities propagating
from one laser to the other are small enough to inhibit significant interaction among them.
The polarization of the probe light can be controlled using fibre loops in order to measure
polarization dependent gain for the transverse electric (TE) and the transverse magnetic (TM)
mode. The sample and the probe light source are pumped electrically with low noise current
sources. The light output from the sample is coupled into a fibre as well and detected with an
OSA. The ASE spectra of the sample with, I (ω), and without probe light, Isp(ω), are measured
as well as the probe spectrum of the broadband light source Ipr,0(ω). The gain can be extracted
from these spectra using [38]

g(ω) = 1

L
ln

(
I (ω) − Isp(ω)

Ipr,0(ω)

)

where g(ω) is the single-pass net modal gain and L the cavity length. This holds only in the
linear regime, i.e. the probe intensity has to be low. Moreover, this concept assumes a single-
pass propagation of the probe light through the sample. To ensure this, the sample has to be
coated on both facets with antireflection layers which requires additional processing steps and
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represents a relevant restriction of this approach. Furthermore, the value of the probe power
coupled into the waveguide is difficult to measure precisely. Assuming constant coupling over
the entire wavelength range, this uncertainty introduces a constant offset to the gain spectra.
The offset can be extracted from the data in the transparency region at lower photon energies.
Anyway, it is not possible to measure waveguide losses with this approach in contrast to the
method of Hakki and Paoli.

3.4. Calculation of the linewidth enhancement factor using Kramers–Kronig relations

As discussed in section 3.2 the linewidth enhancement factor α describes the ratio of the
refractive index change to the variation of the gain due to a change of the carrier density and
therefore describes the ratio of the variations of the real and imaginary parts of the complex
refractive index. In linear systems the relationship of the real and imaginary parts of the
complex refractive index can be described by the Kramers–Kronig relations [39]. This allows
one to calculate the spectral dependence of the refractive index change �n, if the change in
absorption �α or gain �g = −�α is known, using

�n(ω) = c

π
P

∫ ω1

ω2

�α(ω′)
(ω′)2 − ω2

dω′

where P is the principal value of the integral and ω2 → ω1 is the spectral range, where
the absorption change is non-negligible [40]. The transformation from �g to �n is only
accurate if �g is known over the whole spectral range where it is non-negligible. However,
the contributions of �g at frequencies ω′, affecting the calculation of �n at frequencies ω,
are normalized with 1

(ω′)2−ω2 . Therefore the influences are decreasing with increasing spectral
distance but are not negligible, anyway. Since the transmission method provides the gain and
the differential gain over a very broad spectral range, one might speculate on whether the
�g spectra are sufficient for calculating reliable �n spectra and α-factor spectra using the
Kramers–Kronig transformation. However, the detailed discussion in section 4.4 will show
that even the knowledge of the differential gain over a 275 meV wide spectral range around
the emission wavelength is insufficient for getting more than qualitative information about the
linewidth enhancement factor.

4. Results and discussion

4.1. Gain measurements with the method of Hakki and Paoli

Figure 4 presents gain spectra for different injection currents from 5.7 to 17.2 mA and 0.3 to
0.9 times threshold, measured by the method of Hakki and Paoli. The measurements were
done at room temperature under continuous wave operation. The peak of the net modal gain
spectrum for 0.9 times threshold is at 1280 nm and has the value of 25.8 cm−1. The full width
at half-maximum for this spectrum is 33 meV. The waveguide losses for this structure can
be determined from the transparency region of the gain spectra as 2 cm−1. The spectra are
not polarization resolved and therefore, in principle, include contributions from TE and TM
polarized gain. However, results discussed later show that the gain contains only marginal TM
contributions.

It was shown recently [41] that these gain spectra are very similar to those for commercial
1.3 µm InP-based laser structures. This shows that the active material is competitive for
applications and gives rise to the assumption that the laser process is similar to that in the well
established material system. This will be addressed further in section 4.3.
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Figure 4. Experimental gain spectra for a
GaInNAs laser, measured by the method of Hakki
and Paoli for injection currents of 5.7, 7.6, 9.6,
11.5, 13.4, 15.3 and 17.2 mA.
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Figure 5. Experimental spectra of the linewidth
enhancement factor for a GaInNAs laser for
different injection currents of 6.7, 8.6, 10.6, 12.5,
14.4 and 16.3 mA. The spectra were obtained
by analysing the Fabry–Perot modes with carrier
density variation. The laser emission wavelength
at threshold is marked by an arrow.

4.2. Linewidth enhancement measurements calculated from the Fabry–Perot mode shift

Using the method for determining the refractive index change described in section 3.2 in
combination with the gain results shown in figure 4 we were able to investigate the linewidth
enhancement factor of the GaInNAs laser diode with good accuracy. The uncertainty in the
amplitude of α is ±0.4. The results for current windows around 6.7–16.3 mA or 0.35–0.85
times threshold are displayed in figure 5. The laser emission wavelength at threshold is marked
by an arrow. The value of α at this fixed wavelength is around 2.5±0.4 and almost constant with
variation of the carrier density and current, as presented in figure 6: α varies by less than 0.35
for currents between 6.7 and 16.3 mA. This clamping behaviour of α for fixed wavelength
observed in these GaInNAs lasers can be an important feature for VCSELs. In contrast to edge
emitting lasers, where the emission wavelength follows the gain peak with variation of the
current, the emission wavelength in VCSELs remains constant because it is set by the cavity
mode. Thus, a small variation of the linewidth enhancement factor at a fixed wavelength is
crucial for the VCSEL optimization. The clamping behaviour investigated and the spectral
dependence of α agree very well with results obtained from a microscopic theory based on the
kp method and using the anticrossing model as developed for GaInNAs [37, 43–45].
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Figure 7. Experimental gain spectra for a
GaInNAs laser, measured by the transmission
method for injection currents of 0, 5, 10,
15, 20, 30, 50 and 70 mA. The additional
red-shift is due to device heating at higher
currents.

4.3. Gain measurements with a transmission method

The experimental techniques based on the analysis of the Fabry–Perot modes produce accurate
results as regards gain and linewidth enhancement factor over a spectral region of approximately
75 meV around the gain peak and for carrier densities below threshold. However, to obtain
further insight into the material system and to determine the laser process unambiguously,
it is necessary to get more spectral and carrier density dependent information on the gain.
This is possible with the transmission method presented in section 3.3. Gain spectra for TE
polarized light, measured with the transmission method for different currents from 0 to 70 mA,
are displayed in figure 7. The spectra were measured at room temperature in continuous wave
operation without active temperature control. Accordingly, the spectra show an additional
red-shift due to heating at higher currents in addition to the normal blue-shift of the gain peak
with increasing carrier density.

The current values corresponds to approximately 0 to 5 times the original threshold without
antireflection coatings. Therefore the transmission method allows the determination of the gain
over a much larger carrier density range especially far down into the absorption region and
for zero injection current. The excitonic dip at 1271 nm, clearly visible at zero injection
current, marks the dominant quantum well transition. The dip is disappearing with increasing
current and at 70 mA gain can be observed with a peak value of 83 cm−1 and a full width at
half-maximum of 83 meV.

Apart from the larger carrier density range, the transmission method produces much more
spectral information. A comparison between the transmission method and the method of Hakki
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Figure 8. Comparison of gain spectra measured
by the method of Hakki and Paoli (symbols)
and the transmission method (curve). The
transmission method allows one to determine the
gain over a much larger spectral range.

and Paoli is presented in figure 8 and confirms this conclusion. The gain spectrum determined
with the transmission method is approximately 275 meV wide in contrast to 75 meV for the
method of Hakki and Paoli. The high quantitative precision and the large information content
of the spectra obtained from the transmission method provide a perfect basis for a comparison
with a microscopic theory in order to analyse details of the laser process in the material.
The experimental gain spectra of this GaInNAs laser can be described very well by a fully
microscopic theory based on inhomogeneously broadened band–band transitions [37]. We
conclude from the very good agreement between experiment and theory that the gain in this
MBE-grown GaInNAs laser can be fully described by inhomogeneously broadened band–band
transitions. High density quantum dots as reported for the metastable GaInNAs system [42]
by another group are not relevant for our MBE-grown and annealed structure. However, the
strong inhomogeneous broadening is not yet fully understood. Possible explanations could
span from fluctuations in quantum well thickness or material composition to contributions of
nearest-neighbour configuration fluctuations of N in the GaInAs matrix [16, 21, 22].

The larger amount of spectral information obtained with the transmission method can be
further used to get even more insight into the quantum well transitions relevant for the gain in
this GaInNAs laser structure. Figure 9 displays a comparison between TE polarized (a) and
TM polarized (b) gain which shows strong differences. While for TE gain we measured large
positive gain for 35 mA at 1280 nm and a strong absorption dip for zero injection current, only
marginal gain and absorption changes at this wavelength could be found for TM gain. This can
be explained by the compressive strain of the GaInNAs quantum wells which leads to a strong
heavy-hole (hh)–light-hole (lh) splitting. The gain is dominantly generated by the confined
heavy-hole-1–electron-1 transition which is only contributing to the TE polarized gain. The
TM polarized gain spectra show no region with positive gain due to the fact that the lh is not
confined in the quantum well due to the large hh–lh splitting [46]. Therefore the light-hole
transitions contribute only very weakly to the gain spectra.

4.4. Calculation of the linewidth enhancement factor using Kramers–Kronig relations

As discussed in section 3.4, knowledge of the differential gain spectrum over a sufficiently
broad spectral range allows the calculation of the refractive index change and therefore the
determination of the linewidth enhancement factor. The differential gain spectrum obtained by
the transmission method for 12.5 mA (current window 5 mA) is plotted in figure 10(a). Even
with the transmission method the spectra are not accessible at energies above 1.1 eV (1130 nm)
due to the strong absorption. Unfortunately, this is also the region with the largest differential
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Figure 9. Comparison of the optical gain of a GaInNAs
laser diode for TE polarization (a) and TM polarization
(b). The injection currents were 0 and 35 mA. The
polarization resolved gain spectra were measured by the
transmission method. The TM gain contributes only
marginally due to unconfined light-hole states.
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Figure 10. The differential gain spectrum for a current window around 12.5 mA measured by the
transmission method (a). Two different extrapolations for differential gain contributions at higher
energies were used to calculate the linewidth enhancement factor using Kramers–Kronig relations
((a), solid curve, dashed line). (b) shows the calculated results for both extrapolations (curves)
in comparison with results measured by the method described in section 3.2 with a comparable
sample (symbols) for injection currents 14.4 (circles) and 16.3 mA (squares).

gain. To evaluate whether these contributions of the differential gain at higher energies are
relevant for the determination of the α-factor around the laser emission wavelength we used
two extremely different extrapolations of the differential gain spectra. The first one sets the
differential gain to zero for higher energies. The second one assumes a linear decrease in
contribution with increasing energy, as displayed in figure 10(a). This concept of extrapolating
the differential gain spectra is only reliable if both extrapolations would provide the same
value for α at the laser emission wavelength. For GaAlAs bulk laser structures this concept
was reported to be successful [47]. The calculated α-factor spectra for both extrapolations
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are plotted in figure 10(b), in comparison to results obtained by the method based on Fabry–
Perot mode analysis. The spectral behaviours for the two extrapolations are quite similar and
are comparable to the results obtained by the Fabry–Perot method. But the absolute values
of α differ considerably for the different high energy extrapolations of the differential gain.
Obviously, the variation of the absorption at high energies due to varying carrier densities
in the barrier states is of great relevance for the refractive index and thus for the α-factor of
our GaInNAs structure. Therefore the technique for calculating the α-factor from the gain
results measured by the transmission method, though providing qualitative information about
the spectral behaviour of the α-factor, is insufficient for determining absolute values for α for
GaInNAs/GaAs QW structures.

5. Conclusions and outlook

In conclusion, we have extensively analysed the gain and α-factor spectra of a state-of-the-
art 1.3 µm GaInNAs laser structure using two experimental concepts: the evaluation of the
Fabry–Perot modes in the amplified spontaneous emission spectra (the method of Hakki and
Paoli) and the transmission method with a broadband probe. The Hakki–Paoli measurements
provided gain spectra over a limited spectral region and reliable spectra for the α-factor.
The transmission method, in contrast, provides quantitative gain spectra over a large spectral
range and over a large range of carrier densities. The approach for extracting the α-factor
via a Kramers–Kronig transformation failed because the differential gain spectra were still
incomplete.

We find that the gain spectra of our GaInNAs structure are similar to those of commercial
InP-based structures and conclude that the material is competitive for telecommunication
applications at 1.3 µm. The linewidth enhancement factor has a typical value of 2.5 at the
laser emission wavelength and clamps at this value for increasing injection current.

The optical gain in our material arises from inhomogeneously broadened band–band
transitions. However, the origin of the inhomogeneous broadening has yet to be exactly
determined. Moreover, other groups have reported high density quantum dot behaviour for
GaInNAs material [42] and we have found strong indications that the gain mechanism in
MOCVD-grown material without intentional annealing is considerably different from that for
the MBE-grown annealed structures analysed here [21]. Using gain measurements with the
stripe length method, we obtained structured gain spectra due to locally varying environments
of the nitrogen in the lattice [19].

This substantial variation of the observations for structures fabricated under different
conditions shows that there is a large potential for intentionally designing the optical properties
of the metastable dilute nitrides, which should be further exploited in the future.
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