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A combined experimental and theoretical approach to measuring the variation in carrier density
along the length of a semiconductor laser is developed. It is shown that by following the rate of
increase of the principal spectral peak, rather than monitoring the optical power at a fixed energy,
measurements can be made less susceptible to the effects of heating in the sample. Experimental
results showing the development of the longitudinal carrier density profile with injected current are
presented and, when compared with the results of self-consistent modeling, provide insights into the
internal operating mechanisms of the laser. ©1996 American Institute of Physics.
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Spontaneous emission from the active region of a se
conductor laser is rich in information, such as the relat
strength of radiative transitions in the material, the local fi
intensity and carrier density, and the temperature. In o
to determine these key parameters rigorously and s
consistently, a number of independent measurements w
be required; such an intricate and challenging investiga
has yet to be reported. Instead, previous investigators
introduced simplifying assumptions or have neglected s
ably small effects, focusing their attention on a regime
which these approximations are valid. For example, fro
facet amplified spontaneous emission has long been us
study net modal gain during passage through the cavit1,2

More recently, detailed analysis of spontaneous emis
spectra from a top-contact window has provided valua
insights into higher confined multiquantum-well states,3 gain
nonlinearity,4,5 recombination mechanisms,6 and temperature
sensitivity of the laser threshold.7 The restriction on these
techniques is that they can usefully be applied only be
the laser threshold—a regime in which longitudinal var
tions may be neglected.

Progress was recently made in the experimental cha
terization of longitudinal effects through the study of spo
taneous emission over a fixed, narrow wavelength range
few positions along the length of the laser cavity.8 The re-
sults of this approach demonstrated the dependence o
degree of carrier nonpinning in the above-threshold reg
on longitudinal position.

We sought to combine the merits of these two
proaches by studying spatial variations using the techniq
of spectral analysis pioneered by the first group of auth
Our approach was two pronged. We began by examin
theoretically the relationship between the local carrier d
sity and the salient spectral features of the spontaneous e
sion. On the basis of this investigation, we formulated
experimental and analytical technique which benefited fr
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a minimal sensitivity to changes in temperature and wh
exhibited a simple relationship between the carrier den
and the intensity of the first quantum-well transition pea
With this new tool in hand, we embarked on a study of t
longitudinal variations in the carrier density profile.

We begin by describing our experimental technique. W
measured spontaneous emission from the side of a l
cleaved along its length at a distance of 20mm from the
ridge. The shortest resonant cavity in the direction of m
surement~formed by the cleaved edge and the ridge! gives
rise to oscillations with a period of 0.009 eV, an order
magnitude down from the separation of the spectral pe
studied. These Fabry–Pe´rot oscillations could be filtered out
if necessary, without losing the essential information
quired for analysis of the spectra. A tapered fiber was tra
lated longitudinally and aligned in the lateral and transve
directions using a micropositioning system. The lasers un
study are fabricated from metal-organic chemical-vap
deposition ~MOCVD! grown single-quantum-well~SQW!
wafers, with no intentional GaAs buffers cladding the QW
The device on which detailed results are reported herein
10% reflectivity mirrors deposited on both facets to increa
the threshold carrier density. Similar devices with 10%/90
coatings had threshold currents around 20 mA.

On the theoretical side we began by calculating ba
offsets for the strained materials system under study.9 The
quantized energy levels in the conduction band and the
lence band~for both heavy and light holes! were then deter-
mined. The difference in energies between the first electro
light-hole transition and the first electron–heavy-ho
transition is 0.08 eV. Experimental spontaneous emiss
spectra~Fig. 1! agreed well with these calculations. Als
evident in the measured spectra is a decrease in the
transition energy with current, attributable to temperatu
induced band-gap shrinkage. The measured spectra exhi
the anticipated Fabry–Pe´rot-type oscillations with a constan
6/80(3)/1904/3/$10.00 © 1996 American Institute of Physics
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energy spacing of 0.009 eV, suggesting a resonance betw
the cleaved edge and the ridge. The period of oscillation w
invariant under translation of the fiber.

The evolution of spectral shape with increasing curre
exhibited in Fig. 1 motivated our exploration of the develo
ment of theoretical transition peak intensities with increasi
carrier density. If a fixed relation was found to exist betwe
the intensity of one of the transition peaks and the carr
density in the active region in the operating range of t
laser, then the shape of the carrier density distribution co
then be mapped out experimentally. Spontaneous emiss
spectra were therefore calculated9 for the quantum-well sys-
tem under study, and the evolution with carrier density of t
peaks associated with the allowed electron–heavy-hole tr
sitions was followed since these were most easily discern
in the measured spectra. Figure 2 shows the calculated r
tionship between the transition peak intensities and the c
rier density. The intensity of the lowest-energy transition
very nearly linear with carrier density up toN5331018

cm23 because the hole and electron densities of states see
approximately linear portion of the Fermi distribution func
tion near the Fermi energy. At low carrier densities, the se
ond electron–heavy-hole transition peak lies in the expon
tial tail of the Fermi distribution function, giving rise to
exponential growth with carrier density at these energy le
els. Only when the quasi-Fermi-level separation approac
the energy of this higher transition does an approximate
linear relation take over.

Proceeding further with modeling, we compared th
temperature sensitivity of the peak-following technique pr
posed herein with that of the fixed photon energy approac8

We did this by imposing a linear increase in temperatu
with carrier density up to a typical 60 °C above the zero-bi
temperature atN5331018 cm23, and assuming a rate o
band-gap shrinkage of 0.325 meV/°C.10 The peak-following
technique exhibits a slight deviation from linearity due to th

FIG. 1. Normalized spectra at the laser midpoint for currents below a
above the 50 mA threshold.
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spreading of the spontaneous emission spectrum as a re
of the broadened Fermi function at the higher temperature.
the fixed photon energy approach, because the band
shifts with temperature, the measured intensity is no long
on the spectral peak, and the peak intensity rolls off mo
rapidly with increasing carrier density.

It was concluded from our modeling efforts that the ca
rier density could reasonably be taken to be proportional
the intensity of the first spontaneous emission peak over
regime of operation of the laser, making it possible to stud
experimentally the development of the longitudinal distribu

ndFIG. 2. Theoretical prediction~Ref. 9! of the evolution with carrier density
of the amplitude of the first two allowed electron–heavy-hole transitio
peaks identified in the spontaneous emission spectrum, along with the
of best fit over the linear range.

FIG. 3. Experimental peak intensity variation with injected current at mid
point and facet.
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tion of carriers with current. In Fig. 3 we present a compa
son of the rate of growth of the measured spectral sponta
ous emission at the peak energy with increased drive curr
at the midpoint and the facet of a symmetric cavity~10%
reflectivities! laser. Peak intensities at each position are sep
rately normalized to the threshold value at that position.
the facet, the nearly flat relationship between peak intens
and current above threshold indicates carrier pinning. T
more prominent growth in peak intensity with current at th
laser midpoint reflects a continued increase in carrier dens
In Fig. 4 we plot the carrier density profile along with
theoretical distributions obtained through self-consiste
modeling using a transfer-matrix technique.11 The evolution
of the shape of the longitudinal carrier density profile wit

FIG. 4. Profile of peak spontaneous emission intensity normalized to thre
old value at each position for a 750-mm-long symmetric-cavity laser with
10% facet reflectivities. Spectra acquired very near the facets~at 0 and 750
mm! were dominated by scattered stimulated emission and are not sho
Because of cleave irregularities near the 200 and 550mm positions, a very
low signal was obtained at these points, and they are omitted as well.
1906 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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increased current is thus clearly seen. The observed n
clamping is attributable to carrier heating, which causes
decrease in the gain with an increase in the injected curre
to the variation in the lateral mode profile which results from
carrier-induced changes in refractive index, and to the depe
dence of gain on the photon density via the nonlinear ga
coefficient.5

In sum, we have demonstrated an experimental tec
nique for profiling the distribution of carriers in a semicon
ductor laser. Because of the chosen geometry of our expe
ment, we are able to recognize and follow specific radiativ
transition peaks. Our technique is less sensitive than a fix
photon energy approach to band-gap narrowing due
changes in temperature and carrier densities. Our meth
lends itself to the study of longitudinal distributions of car
riers in semiconductor lasers because of the good degree
linearity in the relation between the measured peak intens
and the local carrier density in the typical regime of opera
tion. We are in the process of applying this technique to th
study of distributed feedback lasers, in which theoretical pr
dictions of the longitudinal carrier and field intensity profile
are of great interest, but remain to be confirmed experime
tally.
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