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Measurement of true spontaneous emission spectra from the facet of diode
laser structures

G. M. Lewis, P. M. Smowton, J. D. Thomson, H. D. Summers, and P. Blood®
Department of Physics and Astronomy, Cardiff University, P. O. Box 913, Cardiff, CF24 3YB,
United Kingdom

(Received 23 July 2001; accepted for publication 17 October)2001

Measurement of the spontaneous emission and gain spectra provides a complete characterization of
a semiconductor gain medium, however, this requires the observation of emission in two directions
to avoid amplification of the spontaneous emission spectrum. We show that both the gain spectrum
and the true spontaneous emission spectrum can be obtained from amplified spontaneous emission
(ASE) spectra measured from the end of a segmented-contact device. The spontaneous emission
spectra agree with spectra measured through a top contact window. If the carrier populations are
fully inverted at low photon energy, it is possible to convert the ASE-derived spontaneous emission
into real units. ©2002 American Institute of Physic§DOI: 10.1063/1.1428774

The true, unamplified spontaneous emission spectrurthe facet of a segmented-contact device for two stripe
emitted under high injection conditions has long been used ttengths. We confirm the validity of the process by a compari-
gain insight into the behavior of semiconductor laserson of the derived spontaneous emission spectrum with that
structures-—® This spectrum reveals the energy distribution observed through a top-contact window. We show that the
of injected carriers and the area under the spectrum providegerived spontaneous emission can be expressed in real units
a measure of the intrinsic radiative current. To determine théf the carrier populations are fully inverted at low photon
spontaneous emission spectrum directly, a geometry must energy.
used which avoids amplification or absorption of the emis-  The experiments were carried out on a méh-wide,
sion by observation through a top-contact windotiiyough  stripe-geometry laser structure consisting of a 68 A wide
the substratéif transparent to the emissigror through the  compressively strained GalngsP quantum well within
side of a narrow buried heterostructure or mesa devit€.  an (Al sGayg)osiNosP  waveguide  core  and
is justified to assume that at high injection the carriers takgAl, ;Ga, 4 51Ng 4P cladding. A 10° angled facet was pro-
up thermal Fermi-Dirac energy distributions, and if thevided by misorientation from thé100) axis towards the
quasi Fermi level separation can be measured, then it is pogt114) direction of the substrate which, together with a 900
sible to transform the emission spectrum to a gain spectrunym-long passive section at the rear of the device, inhibited
and determine the intrinsic gain-current relatidrtowever,  round-trip amplification. Two electrically isolated contact
this process is critically dependent upon the accuracy of thgegments were produced by etching through the top gold
Fermi level measurement and the transformation may bgontact and the GaAs capping layer so that ASE could be
modified by broadening processed. is often preferred to  measured from the end of the device from active lengths of
measure optical gain by more direct methods based on analggg um (L) and 600um (2L) as shown in Fig. 1. A 4

sis of the amplified spontaneous emissi&8E) emerging umx4 um window was etched in the top contact of each
from the end of the device, for example by measurement of

the amplitude of the longitudinal modesr by a single-pass
stripe length methoft’ A complete characterization of the
semiconductor gain medium therefore requires a combina-
tion of techniques for measurement of spontaneous emission
and for measurement of optical gain. This has been done
using end and window emission speftaa by fabricating a
segmented contact structure for a single-pass gain measure- 2,
ment with a window in the top-contact stripe for observation
of spontaneous emissidn.

These approaches require the fabrication of a complex
structur@ and observation of emission from the device in
two different direction$:® Furthermore, the gain and sponta- Energy (eV)
neous emission spectra are obtained from observations of

. . . IG. 1. Inset illustrates the segmented contact device with a window in the
different regions of the sample. In this letter, we show tha'{:op contact for direct observation of the unamplified spontaneous emission

the gain and true spontaneous emission spectrum can be afectrum. Spectra are shown faj the true spontaneous emission observed
tained by analysis of single-pass ASE spectra measured frorirough the window, and amplified spontaneous emission spectra observed
from the facet for lengths 2 (2) andL (3). Spectra(2) and (3) are in the
same arbitrary units, but are not on the same scald)ag\ll spectra were
¥Electronic mail: bloodp@cf.ac.uk measured at the same current density.
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LA L A A B ments through a single top-contact winddiines) for a
range of drive currents. Both sets of spectra are in different
arbitrary units and the scale for the spontaneous emission
derived from the ASE has been chosen such that its peak
value matches that of the window emission to facilitate com-
parison. Agreement is generally good confirming the use of
Eqg. (3) to obtain the spontaneous emission spectrum from
the ASE emitted from the end of the device.

The ratio of the local gaing, to the TE polarized emis-
e e sion rate Rgpon (in real unitg, at any photon energgp, , can
1.8 1.9 20 be writter?

spontaneous emission

Energy (eV)

g 3m2h3c?
FIG. 2. Comparison of the true spontaneous emission measured through the | R = 2n2E2 Pe 4
- . L. . Spo hv
top window (lines) and the spontaneous emission spectrum obtained from

the ASE spectrunfsymbolg on a linear scale. To facilitate the comparison, The inversion factoiPr depends solely on the occupation

the scale for the spontaneous emission derived from the ASE has beeﬂrobabilities for the initial and final states of the transitibn
chosen such that its peak value matches that of the window emission. . [
andf;, respectively,

segment for measurement of the true spontaneous emission _ fi—fs )
spectrum. Measurements were done at room temperature and F fi(1—"f¢)"
low duty cycle of 0.03%.

The ASE intensityl (1) from the end of a pumped stripe
of length| originating from point-source spontaneous emis-
sion spectrd g, distributed uniformly along the stripe’is

The occupation probabilities in Ed5) are not predeter-
mined, however, for the particular case of Fermi—Dirac dis-
tributions, Eq.(5) become®

Eh,,—AEf”
| exd(G—aj)l]—-1 Pr= 1—ex%— , 6
1y st r{é_w -1 W s T ©)
I
. . _ whereAE; is the Fermi level separation.
where G—a) is the net modal gain. Equatiddl) can be Using data foiG obtained from ASE data by E(), we

fitted to data for (1) for a range of pumped lengtAShow-  opiained the modal loss; from the asymptotic value of net

ever it is possible to extradt,,,andG from measurements gain at low photon enerdygiving ;=10=2 cm*. Using
i + .

on only two lengths using simple expressions. If the contacf;,, forl ., obtained from ASE data via E43), we calcu-
segments are of equal length and we denote the ASE frof}aq val b

, ues folPg from the ratio of measure@ and| gy,
the two stripe lengtht=L and|l=2L asl=I_ andl=1,,

respectively, then we can derive the net modal gain as 11(2E3n%\[ G
Pe==+|a=z32) | T— |- @)
1 [y CI'\37°h°c?/ | I spon
G_“i:[m T_l ' (2) The modal gain measured experimentally is related to the

local gain in Eq.(4) by the relationG=1"g wherel is the

and the true spontaneous emission spectrum as optical confinement factor which was calculated for the

Lo |E structure.C is a scaling factor which takes account of the
|spon:E|n I, (U —211)" 3 arbitrary units ofl ;,,,and the coupling into the guided mode
Rspon: Clspon: (8

In this analysis| ¢ponis that part of the spontaneous emission
which is coupled into the modes for which the ASE is ob-and was chosen such that the experimental datePfois
served from the facet and formally it has units of rate per unitunity at low photon energy corresponding to complete inver-
energy interval per unit width observed emitted into a givension of the populatioitf,=1 andf;=0). The results in Fig. 3
mode. The gain is obtained in absolute ur(simber per show that the form of the experimental data f&¢ corre-
unit length whereas themeasuredspontaneous emission sponds to that predicted for thermal Fermi—Dirac distribu-
[Eq.(3)] is in the arbitrary units of_, 1, divided by length. tions (lines). The quasi-Fermi level separation used in the
Equations(2) and (3) show that the gain and spontaneouscalculation ofP was determined for each of the gain curves
emission spectra can both be obtained from measurements a$ the photon energy at the transparency point. The scatter at
the end emission for two stripe lengthsandl,, . low photon energy arises from scatter in the data for net gain
The spectra in Fig. 1 show examples of the primary ob-which is derived from the ratio of low-level light signdEg.
servations. The true spontaneous emission spectoumve  (2)]. The experimental data used in Fig. 3 has been derived
“1” ) was measured through the top window and ASE spectrantirely from end-emitted spectra. Once the fac@ris
for the two pumped length$2” 1, and “3” |, ) were mea- known it can be used to convert the spontaneous emission
sured from the end facet, for the same injection current fospectra obtained from the end emission into real units.
transverse electri¢TE) polarization corresponding to the Using this factor, the area under the spectrum in Fig. 2
window emission. The true spontaneous emission spectrfor the highest current gives a TE spontaneous emission cur-
| soonWere obtained from pairs of ASE spectra using B),  rent of 510 Acm 2. Verified calculation®!! show that at
and in Fig. 2 the resuitédots are compared with measure- this gain the transverse magnetiaV) current is 0.27 of the
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5k o' T single-pass measurements of ASE spectra measured from the
! end of a segmented-contact device. The spontaneous emis-
sion spectra agree with spectra measured through a top-
contact window. These data derived from the ASE spectra
can be used to study the energy distributions of the carriers
and if the carrier populations are fully inverted at low photon
energy it is possible to convert the measured spontaneous
emission spectra into real units. In effect, the method cor-
B rects for the amplification of the spontaneous emission which
MR U N SR B occurs as the light travels along the waveguide. The emission
1.8 1.9 20 and gain are measured from the same volume of the device
and the device processing is much simpler. We note also that
the method described can also be used to determine the spon-

FIG. 3. Inversion functiorPr obtained from tge ratio o6 andlspondeter- taneous emission Spectrum for TM po'arized ||ght by obser-
mined from experimental ASE spectfsymbols. The scaling facto€ was .

chosen such tha& is unity at low photon energy. The lines show values of vation of TM ASE spectra.
P calculated for a Fermi—Dirac distribution.
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