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Comparison of experimental and theoretical gain-current relations in GalnP
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We compare the results of a microscopic laser theory with gain and recombination currents obtained
from experimental spontaneous emission spectra. The calculated absorption spectrum is first
matched to that measured on a laser, ensuring that the quasi-Fermi levels for the calculation and the
experiment(spontaneous emission and gaame directly related. This allows us to determine the
inhomogeneous broadening in our experimental samples. The only other inputs to the theory are
literature values of the bulk material parameters. We then estimate the nonradiative recombination
current associated with the well and waveguide core from a comparison of measured and calculated
recombination currents. @000 American Institute of Physid$S0003-695000)04412-(

AlGalnP based quantum well lasers emitting betweerthe p-cladding layers is small in these structures below 350
620 and 690 nm are of interest due to an ever increasing. We have used devices of length 450 and 758 and
range of applications, including digital versatile dig&/D)  have performed the measurements that follow at room tem-
and photodynamic therapy. At the short end of the waveperature to separate the behavior we wish to examine from
length range it is still difficult to design lasers to meet all theeffects due to thermally activated leakage, which has already
performance requirements, particularly threshold current aniieen shown to be important in GalnP/AlGalnP devités.
efficiency. To aid the design we need to have a good descrip- We have measured spontaneous emission spectra
tion of the gain and recombination process and, in additionthrough a 4um-wide opening in the top contact of the 50-
to understand which of the possible recombination mechaxm-wide, 450um-long oxide stripe lasers. By measurement
nisms are significant in these devices. In this letter we mak@f the wavelength of the laser line and the slope of the spon-
a detailed comparison of the results of a microscopic lasei@neous emission spectrum, we were able to determine the
theory with gain and recombination currents obtained fronfluasi-Fermi level separation at threshdf@ihis information
an analysis of experimental spontaneous emission spectrig. Used in the relationship between gain and spontaneous
To begin the calculated absorption spectrum is matched tgMmissiofi to determine the gain spectrum. The measurements
that measured on the laser chips, enabling us to make acciere corrected for the system spectral response but since an
rate comparisons between theory and experiment in terms smknown fraction of the total spontaneous emission is col-
internal quasi-Fermi level separation. Through this analysi¢ected, the spontaneous emission spectra and the derived gain
we determine the inhomogeneous broadening in the las&Pectra are not given in gb;olute units. We converteq them
samples to be 10 meV. The only other input parameters reglto real urlnts by determining the threshold logs gain
resent the bulk material band structure and these are obtainggt917 ¢cm  for the 450um-long devices The internal op-

from the literature. Having fixed all parameters, a compari{ical mode loss &) was determined from measurements of

son between the calculated and measured device current ¢he external differential efficiency as a function of device

_ —1 H _ —1
ables us to determine the carrier loss rate due to nonradiati\}gngth (‘,“i - 7'0i_1 c¢m ). The mirror loss f,=27.5 Cm, )
recombination in the well and waveguide core region. and optical confinement factdi’=1.8%9 were determined

The structure we have chosen to investigate consists oflem tGhe r:eflraagttl\ée |r1|de>§ values f:)r iheb(": e 303)”;!3 anc? b
6.8-nm-wide, compressively strained, Gdng s° quantum 05Gas)inP,” the auminum contents being confirmed by
: . photovoltage absorption spectroscdpyhe points in Fig. 1
well set in an (A)sGay 5)g 511N 4 Waveguide core and clad : .
. . show the gain spectra measured from a sample at different
with (Al /G& 3)g51Ng.4dP- These layers emit at 670 nm. We excitation levels
observe that devices of length between 250 and@bthave )

threshold currents that incr in a linear fashion with tem The gain calculation was performed by solving the semi-
eshold currents that Increase In a finear fashio €Mzonductor Bloch equations, with collision effects treated at
perature up to about 350 K, with an exponential type in-

the level of quantum kinetic equations. The details of the

crease becoming evident above 350 K for the shorter deéalculations are given in several lettéfSThis approach has

vices. The measured- external differential efﬂmency is als%everal advantages over the more familiar gain calculations
constant up to approximately 350 K. These observations leag,qeq on the relaxation rate approximation. It eliminates the
us to believe that the thermally activated loss of carriers tcﬂephasing rate as a free parameter. It also includes contribu-

tions from nondiagonal Coulomb correlations, which are
dElectronic mail:smowtonpm@cf.ac.uk found to be important in describing the experimental shape
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FIG. 2. Peak gain vs quasi-Fermi level separation as meassoéd sym-
FIG. 1. Room temperature gain/absorption spe@dats measured at cur-  bols) and calculated using homogeneous broadening @gghed lingand
rent densities between 40 and 960 Afcrihe calculated spectftines) are for inhomogeneous broadening of ($blid line) and 20 meV(dotted ling.
for carrier densities between-gL0'® and 3.6<10' m~2. The inset shows

the absorption portion of the spectra—the arrow indicating the energy of the . . . . .
1st electron to heavy—hole transition as measured by photovoltage absorfHlasi-Fermi level separation in _theory and experiment are
tion spectroscopy. both known for each value of gain.

In addition to determining the transverse elect{T&)
peak gain from measurement of the spontaneous emission
. - i through the top contact it is also possible to determine the
The_ Inputs tq .the gain calculations are the band'Strucu{r?ecombination rate associated with the measured TE sponta-
properties, specifically the electron and the hole energy dissequs emission by integrating the spontaneous emission
persions, as well as the optical dipole matrix elements. Thes@pectrum over energyThe result is given by the dots in Fig.
quantities for a GalnRAIGa)InP strained quantum well 3 Theoretically, we obtain this recombination rate by using
were computed using a>@ Luttinger—Kohn Hamiltonian  the calculated gain spectfgig. 1) and the same phenomeno-
and the envelope approximatidhinput parameters to the |ogical relationship between the spontaneous emission spec-
band-structure  calculations were the bulk materialtrum and gain spectrum used in the experinfeimtegrating
parameters!1? the spontaneous emission spectrum over energy gives the
To ensure that the inputs to the calculation represent thepontaneous emission rates(N,T), in units of mis
measured devices we matched the results of the calculatiofheoretically we may determine either the TE part of the
for low carrier density (X 10°?m~%) with the energy(1.855 spontaneous recombination rate as shown in Fig. 3 or the
eV) of the excitonic absorption peak measured by photovolttotal recombination rate by summing the spontaneous emis-
age absorption spectroscopy on the lasers themS8dlaeew  sion of both polarizations. This total is the injection current
in the inset of Fig. 1 density for a device that has an internal efficiency of 100%.
The experimental results are likely to contain the effects’"e good agreement between the experimental and theoreti-
of inhomogeneous broadening due to well width or alloyc@l TE spontaneous emission rates as shown in Fig. 3 leads
fluctuations. To take account of these effects, we performelfS t0 believe that the calculated total spontaneous emission
a statistical average of the homogeneous gain and absorpti§fte 1S also a good representation of that in the real device.
spectra, with a weighting described by a normal distribution

and carrier density dependence of gain spettra.

that is characterized by an inhomogeneous broadening 5
width.** Inhomogeneous broadening produces a reduction — *
and a red shift of the peak gain. Figure 2 shows the peak gain f 4
versus chemical potential separation for inhomogeneous ‘@
broadening of 0, 10, and 20 meV. The solid points represent _; 3
the experimental results corresponding to the data in Fig. 1.  §
An inhomogeneous broadening of 10 meV best reproduces 5 2
the experimental gain peak values. This value correspondsto &
(for examplg a Ga variation in the quantum well of about E 1
one percentage point (@a;_,P, wherex=0.41+0.01). =

The calculated specti@dines) in Fig. 1 contain an inho- ?_75 1.80 1.85 1.90
mogeneous broadening width of 10 meV and follow the ‘
shape and relative magnitudes of the experimental data. They
also correctly predict the separation between the peak gain
energy and the peak in the absorption spectrum due to tH:éG. 3. Theoreticalcalculated from the gain spectra, as described in the

xt) (line) and experimentalsolid pointg integrated TE polarized sponta-

first electron to heavy_hOIe transition over a Iarge range Ofem,ls emission spectra. The exnerimental data has been scaled hy the same

injection level. This process is oniy possible because theactor as the gain spectra.

quasi-Fermi level sep. /eV
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vated loss process does not dominate the recombination in
e these samples at 300 K. To estimate whether this 55% effi-
W// 4 ciency is reasonable we deduce from the calculated total ra-
< diative recombination rate at threshold (4.80°* m=3s™)
KA and the calculated carrier density at threshold %6167
X kg m~3) that the radiative lifetime at threshold is k40 ° s.
,K/. A nonradiative lifetime of 1.X10 ° s is necessary to pro-
duce an efficiency of 55% within the well. A more likely
scenario is that part of the nonradiative recombination is due
to loss of carriers from the quantum well and part due to
nonradiative recombination within the quantum well. For ex-
600 900 1200 ample an internal efficiency in the quantum well of 75% and
a lifetime in the barrier of 15 pgthe carrier density in the
drive current per well /Acm-2 barrier is calculated assuming thermal equilibrium between
quantum well and barri¢ralso reproduces the experimental
FIG. 4. Pea‘f gs\'lf;\(’:su frae'rftif'g:e;’nteo\tsé;Pfgéinlgﬁusdg\llzﬁlI‘;ﬁ”‘;%zgd result (dashed ling The exact balance between these two
gﬁzengr;tgoﬂm_long device open tHancies and 2 wol 4pmlong g Processes is uncertain, however it is necessary to include a
vice (star3. The calculated data reflects the fundamental lower limit for a quantum well(or current independeninternal efficiency of
device with an internal efficiency of 100%. The dotted line includes anat most=75% in order to match the recombination current at
?nternal eff_ic_iency of 55%. The dashed ]in_e is 'cal_cula_ted fora q_uantum wel|OW values of gain. The Comparison indicates that there are
internal efficiency of 75% and a nonradiative lifetime in the barrier of 15 ps.sti” significant improvements to be made in these devices
with regard to nonradiative recombination within the quan-
We have confirmed that the calculation correctly de-yym well and also in the barrier material alongside the quan-
scribes the peak gai@and spectrumand spontaneous recom- t;m well.
bination rate in our devices. We now make use of a compari- |5 symmary we have demonstrated good agreement be-
son of the calculated gain-current curve with that derivedyyeen experimental gain spectra and TE radiative recombi-
experimentally to estimate the nonradiative recombinatiomation rates and those produced using a microscopic semi-
rate within the quantum well and waveguide core of the dexonductor laser theory. By comparing the calculated gain and
vice. total radiative recombination current with the measured
Figure 4 shows the peak gain versus t¢#E and TM  threshold losses and device drive current we have shown that
spontaneous emission contribution to the current density, significant proportion of the total laser drive current is due

(solid line), for the 6.8 Nm Ggy1lno s*/(Al0sG&.slosilNo.ad®  to nonradiative recombination within the quantum well and
guantum well. The spontaneous emission current is given bM/aveguide core.

Jsp=eLWg(N,T) per unit area, where is the electron

charge, and., is the quantum well width. This curve repre- This work was supported by the Engineering and Physi-
sents the theoretical minimum limit to the threshold currentcal Sciences Research Coun@il.K.) GR/M70698 and the
density for a given threshold gairGy,=G,. The solid U. S. Department of Energy under Contract No. DE-AC04-
circles are the experimental results obtained from the gai®4AL85000.
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ing two quantum wells in the active regigstars. In the 1144(1991).
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current and a nonradiative contribution from the quantunmo; M.’Lu?t?néer E;n'd W. Kohn, Phys. Re97, 869 (1955.

well where we have assumed that this can be represented BA0. Madelung,Landolt-Bornstein Numerical Data and Functional Rela-
an overall internal efficiencynot the differential efficiency ~ tionships in Science and TechnoloGpringer, Berlin, 1982 Vol. 17a.

of 55%. The similarity of shape between the experimental f\‘/'wl’:daﬂ;\'lvpﬁgfk'cilggzrc’pe”'es of 1iI-v: Semiconductor Compounds
data and this theoretical value calculated using a currentsyy W¥’Chow, A. F. Wright, A. Girndt, . Jahnke, and S. W. Koch, Appl.

independent efficiency also suggests that any thermally acti-Phys. Lett.71, 2608(1997).

2.0

S

gain per wellx10”/m

1.0

0.5




