Longitudinal carrier density profiling in semiconductor lasers via spectral
analysis of side spontaneous emission
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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.1@96 American Institute of Physics.
[S0021-897€06)02415-2

Spontaneous emission from the active region of a semia minimal sensitivity to changes in temperature and which
conductor laser is rich in information, such as the relativeexhibited a simple relationship between the carrier density
strength of radiative transitions in the material, the local fieldand the intensity of the first quantum-well transition peak.
intensity and carrier density, and the temperature. In ordeyyith this new tool in hand, we embarked on a study of the
to determine these key parameters rigorously and selipngitudinal variations in the carrier density profile.
consistently, a number of independent measurements would /o begin by describing our experimental technique. We

be required; such an intricate and challenging inveStigatio%easured spontaneous emission from the side of a laser

has yet to b? repo_rted. Insteaq, previous investigators ha}v(ﬁeaved along its length at a distance of @2fth from the
introduced simplifying assumptions or have neglected suit-

. . : . . ridge. The shortest resonant cavity in the direction of mea-

ably small effects, focusing their attention on a regime in .
which these approximations are valid. For example, front_guremen(fgrmgd by Fhe cleayed edge and the rifigees
facet amplified spontaneous emission has long been used g€ t© oscillations with a period of 0.009 eV, an order of
study net modal gain during passage through the cadity. Magnitude down from, the separation of the spectral peaks
More recently, detailed analysis of spontaneous emissiofitudied. These Fabry—Rxe oscillations could be filtered out,
spectra from a top-contact window has provided valuabléf necessary, without losing the essential information re-
insights into higher confined multiquantum-well statemin  quired for analysis of the spectra. A tapered fiber was trans-
nonlinearity’® recombination mechanismsind temperature lated longitudinally and aligned in the lateral and transverse
sensitivity of the laser thresholdThe restriction on these directions using a micropositioning system. The lasers under
techniques is that they can usefully be applied only belowstudy are fabricated from metal-organic chemical-vapor-
the laser threshold—a regime in which longitudinal Varia‘deposition (MOCVD) grown single-quantum-wel{SQW)
tions may be neglected. _ _ wafers, with no intentional GaAs buffers cladding the QW.

_Progress was recently made in the experimental charaghe gevice on which detailed results are reported herein had
terization of longitudinal effects through the study of SPON"1 094 reflectivity mirrors deposited on both facets to increase

:Z\Tveogziteig'zsé?gnovgealgﬁeﬂ; r(;?rtrr?;vI\;ngrelceargi’:;h;a?g? att?ie threshold carrier density. Similar devices with 10%/90%
P 9 9 coatings had threshold currents around 20 mA.

sults of this approach demonstrated the dependence of the On the theoretical side we began by calculating band

degree of carrier nonpinning in the above-threshold regime i ,
on longitudinal position. offsets for the strained materials system under studiie

We sought to combine the merits of these two ap_quantized energy levels in the conduction band and the va-
proaches by studying spatial variations using the technique§nce bandfor both heavy and light holgsvere then deter-
of spectral analysis pioneered by the first group of authorsnined. The difference in energies between the first electron—
Our approach was two pronged. We began by examinindgight-hole transition and the first electron—heavy-hole
theoretically the relationship between the local carrier dentransition is 0.08 eV. Experimental spontaneous emission
sity and the salient spectral features of the spontaneous emispectra(Fig. 1) agreed well with these calculations. Also
sion. On the basis of this investigation, we formulated arevident in the measured spectra is a decrease in the first
experimental and analytical technique which benefited fromransition energy with current, attributable to temperature-
induced band-gap shrinkage. The measured spectra exhibited
dElectronic mail; sargente@vrg.toronto.edu the anticipated Fabry—Ra-type oscillations with a constant
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FIG. 1. Normalized spectra at the laser midpoint for currents below anq:IG. 2. Theoretical predictiotRef. 9 of the evolution with carrier density

above the 50 mA threshold. of the amplitude of the first two allowed electron—heavy-hole transition
peaks identified in the spontaneous emission spectrum, along with the line
of best fit over the linear range.

energy spacing of 0.009 eV, suggesting a resonance between

the cleaved edge and the ridge. The period of oscillation Wagpeading of the spontaneous emission spectrum as a result

invariant under translation of the fiber. , of the broadened Fermi function at the higher temperature. In
The eyolqtlon of s.pectral shape Wlth. increasing currenty o fixed photon energy approach, because the band gap

exhibited in Fig. 1 motivated our exploration of the develop-gpitis \ith temperature, the measured intensity is no longer

ment of theoretical transition peak intensities with increasingy, e spectral peak, and the peak intensity rolls off more
carrier density. If a fixed relation was found to exist betweenr(,j‘pic“y with increasin:q carrier density.

the intensity of one of the transition peaks and the carrier * |+ \\as concluded from our modeling efforts that the car-

density in the active region in Fhe operatin_g range of thee, density could reasonably be taken to be proportional to
laser, then the shape of the. carrier density distribution gou_l%e intensity of the first spontaneous emission peak over the
then be mapped out experimentally. Spontaneous emissiq@gime of operation of the laser, making it possible to study

spectra were therefore calcula%efdr the quantum-well sys- o, herimentally the development of the longitudinal distribu-
tem under study, and the evolution with carrier density of the

peaks associated with the allowed electron—heavy-hole tran-
sitions was followed since these were most easily discerned

in the measured spectra. Figure 2 shows the calculated rela- g 1.4 et —— .

tionship between the transition peak intensities and the car- 5 |+ 50 pm from laser facet

rier density. The intensity of the lowest-energy transition is 2 4ol ° middle of laser cavity s = =

very nearly linear with carrier density up thN=3x10%® g ' e T % ;5 %

cm 3 because the hole and electron densities of states see the ° i £ 1 1 1

approximately linear portion of the Fermi distribution func- 3 101 I )

tion near the Fermi energy. At low carrier densities, the sec- % 3

ond electron—heavy-hole transition peak lies in the exponen- £ 08¢ s e ‘ 17

tial tail of the Fermi distribution function, giving rise to i E 5ot 3

exponential growth with carrier density at these energy lev- £ 06 [} § . 7

els. Only when the quasi-Fermi-level separation approaches é i g 25 ¢ ]

the energy of this higher transition does an approximately x 041 B ok R

linear relation take over. Q i £ b
Proceeding further with modeling, we compared the 5 02k 0 100 200 |

temperature sensitivity of the peak-following technique pro- % I current (MA)

posed herein with that of the fixed photon energy appréach. g 0O LatEe o

We did this by imposing a linear increase in temperature :g: 0 50 100 150 200

with carrier density up to a typical 60 °C above the zero-bias injected current (mA)
temperature aN=3x10® cm3, and assuming a rate of

. a .
band-_gap Shrlhkage Of 0.325 me_V/ €The _peak_—followmg FIG. 3. Experimental peak intensity variation with injected current at mid-
technique exhibits a slight deviation from linearity due to thepoint and facet.
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increased current is thus clearly seen. The observed non-

‘o ] clamping is attributable to carrier heating, which causes a
1081 o E decrease in the gain with an increase in the injected current,
107 4 ] to the variation in the lateral mode profile which results from
g ] carrier-induced changes in refractive index, and to the depen-
S 1061 ] dence of gain on the photon density via the nonlinear gain
2 405l E coefficient’
? E In sum, we have demonstrated an experimental tech-
2 104} E nique for profiling the distribution of carriers in a semicon-
3 1031 E ductor laser. Because of the chosen geometry of our experi-
§ Tk : ment, we are able to recognize and follow specific radiative
é 1.02 E transition peaks. Our technique is less sensitive than a fixed
5 1o1h E photon energy approach to band-gap narrowing due to
. ] changes in temperature and carrier densities. Our method
1.00 | . lends itself to the study of longitudinal distributions of car-
T T S riers in semiconductor lasers because of the good degree of

o

100 200 300 400 500 600 700 linearity in the relation between the measured peak intensity
longitudinal position (um) and the local carrier density in the typical regime of opera-
tion. We are in the process of applying this technique to the

FIG. 4. Profile of peak spontaneous emission intensity normalized to threshsFuqy of d|str|buted.feeldback Iajsers’ In ,Wh"fh thec-)retlcal-pre-
old value at each position for a 75@m-long symmetric-cavity laser with ~ dictions of the longitudinal carrier and field intensity profiles

10% facet reflectivities. Spectra acquired very near the fdee3 and 750  are of great interest, but remain to be confirmed experimen-
wm) were dominated by scattered stimulated emission and are not showrﬂa"y_
Because of cleave irregularities near the 200 and @®0positions, a very
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