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We have made a comparative study of the linewidth enhancement (a&tey and chirp in quantum

dot (QDL's) and quantum well lasef®WL'’s). The simulations are based on the quasiequilibrium
approximation and on semiempirical transition energies and amplitudes of InGaAs quantum
pyramid structures. We have accounted for the carriers confined in the active material as well as for
the carriers in all the other material layers. It is found that in the quasiequilibrium approximation
inhomogeneous broadening leads to asymmetric population of the quantum dot ground state. If the
QDL is operated at the gain maximum, the asymmetry leads to nonzero chirp even for a single
bound resonance state located at a large distance from other resonances. Our calculations show that,
by detuning the laser emissiontol5 nm shorter wavelengths with a frequency selective cavity and

by tailoring the resonance energies and inhomogeneous broadening, the LEF and chirp of a QDL
can be made very small. This detuning does not add a substantial penalty to the efficiency of the
laser. For QWL's, a similar reduction of chirp is generally not feasible due to the fundamentally
different density of states. Therefore QDL's have an important advantage over QWL's as directly
modulated light sources in applications where the stability of the emission wavelength is critical.
© 2003 American Institute of Physic§DOI: 10.1063/1.1591059

I. INTRODUCTION tion 11l describes the laser structures involved in the calcula-
tions, and Sec. IV presents the results. A short summary of

Quantum dot laserQDL’s) are expected to have supe- the main results is given in Sec. V. In the Appendix we

rior operational characteristics since théunction-like den-  calculate the linewidth enhancement factbEF) for an iso-

sity of states(DOS) of the lasing material can be made to lated inhomogeneous QD ground state and show that it does

match the photon modes of the Fabry®ecavity. This not approach zero even at the limit of vanishing inhomoge-

would give QDL's the maximum possible material gain for aneous broadening.

given carrier density. In actual QD laser structures, however,

the performance is limited by inhomogeneous broadening

and by other nonidealities and losses. Recently it has bedh THEORY

shown that the performance of QDL’s is not limited by slow

' - ) ; The potential benefits of using QD’s as the active mate-
carrier relaxation“phonon bottleneck’ since under lasing

" ; S ; ' rial in semiconductor lasers were realized before the first QD
conditions the carrier dynamics is dominated by fast carrieriasers were fabricated. The advantage of the QDL regarding
carrier (Coulomb interactions.™ Progress has also been e temperature dependence of the threshold current was pre-
made in reducing the mhomogeneous_broadenlng_and a VeRjcted theoretically by Arakawa and Sakaki in 198Phey

low thrgshold current and other nearly ideal operational chargq reported experimental evidence of the reduced tempera-
acteristics have been demonstrated for QDLS. ture dependence of the threshold current of QWL's set in a

w4
_In a recent measurement, Saio al” showed that the = gong external magnetic field. The dependence of the gain
chirp can be very low in QDLS. In their measurements, for 8,5 the threshold current on the size of quantum dots and

strong modulation of 1 GHz, the chirp was lower than 0.01y,qir gensity in the lasing material was studied by Asatia
nm (2 GH2), an order of magnitude smaller than in the simi- 5 i, 19869 The need to reduce the inhomogeneous broad-
lar conventional quantum well laséQWL) they used as @ gping for maximization of the gain was pointed out by Va-
reference. Chirp causes problems in the channel selectivity 5 i, 1988° The gain and dynamical properties of QDL's

of dense wavelength division multiplexing networks. There-p,caq on InGaAs/GaAs were studied by Grundmann and
fore low chirp would give QDL’s an important advantage aSBimberg and Bimberget al2 According to the last refer-

light sources in high-capacity optical communications. Un-gnce the chirp of a QDL is zero for a single isolated emission
derstanding how chirp depends on the lasing material qnd tr]ﬁ]e_ Very recently, Schneidest al'® have studied the influ-
structure parameters of the lasers has great technological sigi e of electron-hole polarization on the dynamics of QDL's.

nificance. They report substantial shift in the gain spectrum as a result

In this work, we have studied theoretically the chirp in @ ot ihe coupling between the carriers in the wetting layer and
QD laser similar to the one used in Ref. 4. In Sec. Il Weya carriers that are relaxed in the dot states.

present the theoretical model used in the calculations. Sec- |, this work we have made a comparative study of how

the LEF and chirp depend on the change in the density of
¥Electronic mail: jani.oksanen@Ice.hut.fi states when one goes over from conventional QWL's to
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InGaAs/GaAs QDL’s. Our calculation focuses on a comparaconduction(valence band edgek, (k) is the total transition
tive study of the QD and QW lasers. Therefore we use the@nergy, and is the band gap energy of the QW material. In
parabolic band model as a first order approximation. In adEq. (3) E,, is the Kane matrix element.

dition, we study qualitatively the dependence of the LEF and The average material gain of the mainly inhomoge-
the chirp on the carrier density and the energies of the boundeously broadened QD layer is obtained statistically from
QD states. We discuss the influence of many-particle effectgq. (1) and given by*

briefly in the Conclusions.

. > . o 2me’my 2
In the linear approximation the material gain is given — 0
by™2 Gao(®, Ua) soCT v m%ﬁ P(ho, o)
me’m, © X[ AL Fe(Ee) — Fu(E,)]. @
Gl u= = [ kg2 | e
gotollr@ mnp The inhomogeneous broadening function of the QD energy
XL(Eq,(K) — i) fu(k)—f,(k)], () levels,P(hw, ), is assumed to be Gaussian:
wherew is the angular frequency of the photarn, the unit P(fiw, 0)= 1 expl—[fo—Eq (K ]2(209).  (5)
’ - cv .

vector along the polarization of the photon, amdthe re- N

fractive index of the material. The DO&pin degeneracy ) .

included is denoted by(k) and the functiorL describes the 10 account for the lower maximum gain of strongly broad-
spectral linewidth broadening. In the argument.oE, (k)  €ned QD states, the standard deviations in (Bwere cal-

is the direct transition energy from conduction to the valencéulated usmgmthe rela;gve standard deviatignand the rela-
band. In Eq.(1) p)™" is the momentum matrix element tion o= o0,[E¢'(0)+E,”(0)] [see Eq(3) for the symbols

evaluated for the photons with polarization along the unit rl]r: facri(zrlflon trc;itf;e iﬁatrlee:; (t:t(i):f'rlled Irn tr:]c?tSDs,r\:\i/era(;l-d
vectoru, . The functionsf., denote the quasi-Fermi func- countforthe carriers € wetling fayer a € barrier a

tions for the conduction and valence band electrons respet?—ptical cladding layers, whose material gain is calculated us-

tively. The sum is taken over the different subbands of the"9 Eq.(1). The total gainG is the sum of all these material

structure:m stands for the electron subbandsfor the hole gains weighted by the appropriate optical confinement fac-

S ) . tors
subbands, ang indicates the differentheavy and lighthole . . . .
(HH and LH bands. The integration is over the electron According to the Kramers-Kronig relation the refractive

wave vectork. indexn, and the gain are related ¥y

The conventional Lorentzian linewidth broadening func- ch = —G(E)
tion becomes inaccurate below the band gap energy. There- n(fiw)—1=—; f (6)
fore we have used the broadening factor suggested by
Asada™ For the calculation of the change of, the numerical inte-
gration can be limited to that part of the spectrum where the
[L/f,(0)]f,(hw—Ec,) gain changes as a result of a change in the carrier density.
(hw—Eg,)2+{[T/f,(0)]f,(hw—Eg)}? The upper limit of integration is set to several hundreds of
(2 meV above the band gap of the optical cladding layer and the
lower limit is below the broadened QD ground state spec-
m.
The linewidth enhancement factor was calculated ffom

27 Jo E?—(hw)?

L(Aw—Eg,)=

HereI'=#/7 is the lifetime broadening factor. Equatid®)
resembles a Lorentzian except for the lower part of the spe(.l—ru
trum, where it decays exponentially. The exponential decay
(included in the Fermi factoysesults from additional broad- an, long
ening effects caused by intraband relaxation procédses. LEF(hiw)=—2ko—~m—=, (7
Without this exponential decay the absorption of the bulk ¢
layers even below the band gap could dominate over th#hereky is the photon wave number in vacuum amds the
modal gain of the QD’s. carrier density.

The dependence of the momentum matrix element on the In the first approximation the chirp of the laser can be
direction of the electron wave vector in the well layers hascalculated using the standard laser rate equations
been taken into account by the approximate forrftula dN 1

N
1 . EZE—UG(N)S— P (8
7 (1 co$o)meE,2, TE, B=HH, is Ny
—=0(G(N)— a)S+ —, (9)
dt T

1
IpTA2= ¢ S sif(O)meEy/2, TM, B=HH,  (3) _ , ,
: 2 whereN is the number of electrons in the systehthe in-

mnH AL jection currentp the velocity of light,Sthe number of pho-
§—|Pif A% B=LH, tons in the cavity, and,. the recombination lifetime of the

. carriers with the stimulated emission excluded. The total

where co$0=[EZ(0)+E)*(0)J[Ee,(K—Egl. ET(K) [E)P(k)]  losses are denoted hy the radiative carrier lifetime by, ,

denotes the energy of the electr@mole) measured from the and the coupling of spontaneous emission to the laser mode
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by 7. Solving Eqs.(8) and(9) gives the carrier density dur- 106 Fr———T— . ;
ing the relaxation oscillations caused by direct current modu- a) Barriers =~
lation. Knowing the carrier density as a function of time 105 0. .
enables us to determine the corresponding changes in th g ]
refractive index. The chirp is then obtained frod\ 10tk p—— ]
=(n=n"M\g, wheren"™andn"" are the maximumand _  Z/me ocL | ]
minimum values oh, experienced during the relaxation os- § 103 L Zj‘; Barrier ,
cillations. E: (2SS L0 | ]
The rate equation model in Eq&) and (9) assumes .8 102:_ 1075———— QD' | ]
single mode operation of the laser and neglects a number o g* 1025 oD.°
unidealities like the spectral and spatial hole burning effectsd = | [ (T ]
and carrier diffusion processes. These processes will be th<< 19 OL——————QD 0
subject of a separate work. ok ;z : 5 'QDCIZ i
é a0 |
lll. SIMULATED STRUCTURES 10" 3ad Barrier |
: ocL ]
The QDL structure selected for simulation mimics the _ [ ,  —/—4—F—p 1 |
QDL used in Ref. 4. It includes a 1,6m n— Al sGa, -As £ 10°Fp) 1
optical cladding layer, a 50 nm GaAs barrier layer, three b=t 10°F Cladding 1
InAs QD layers separated by 55 nm GaAs barrier layers, .S 104; \ . -
again a 50 nm G_aAs barrier Iayer,_ and a Iun p g- 10° \\ ow Barriers .
— Al sGa 7As cladding layer. We also included three 1 nm & 102 £ L P S ]
thick wetting layers giving rise to one bound state of elec- < 1000 1200 1400 1600 1800 2000
trons and holes each. The two-dimensional density of the 70 (meV)

quantum dots is 5%10%cm 2. The laser cavity has a
highly reflective coating to give a reflection coefficient of FiG. 1. The absorption spectra of the laser structures for very low carrier
R=0.99, its length is 97Qum, and its width is 2.5um. densities:(a) the quantum dot las€iESY and (b) the quantum well laser.

A quantitatively accurate calculation of the electron and'"e insetin(@ shows the energy levels of ES1.
hole confinement energies in a QD is difficult due to the
large uncertainties in the shape and dimension of the quan-
tum dots in the fabricated QD’s. Therefore we used thrednGaAs QW structure is limited to shorter wavelengths.
semiempirical sets of QD electron and hole confinement enTherefore we used a multiple-QW laser made of the quater-
ergies in our calculations. The first set of energy leyg8)  nary compound Gén;_,As/P;_, as a reference. The Ga
is shown in the inset of Fig. 1 and the other téS2 and and As fractions were set to=0.26 andy = 0.56 in the well
ES3 in Fig. 2. Comparing calculated LEF and chirp values(well width 7.2 nm andx=0.15 andy=0.33 in the barrier
for the three sets of QD energy levels should give a goodbarrier width 10 nm This QWL has approximately the
qualitative picture of how the dynamical properties of thesame emission wavelength as the QDL structures above.
QDL change as a function of the strength of the confinementhe calculation of the QWL gain is based on the parabolic
effect. The results shown in Figs 1, 3, an@44(c) corre- ~ approximation, accounting for one confined electron level
spond to ES1. For ES2 and ES3 we only give a summary odnd three confined hole levels as well as the three-
the results in Sec. IV. For all these structures the relative
standard deviation of inhomogeneous broadening was set to

0=0.12, resulting in ground state full widths at half maxi- ) F/mev a) b)

mum (FWHM's) of 20 meV for ES1 and ES2 and 40 meV 1564 OoCL —_— oCL

for ES3. 1276 — Barrier 376 Barrier
The oscillator strength involved in the expressions for 1225 SSSSXY 777, 0 122s S /7Z,.°

gain[Egs. (1) and(4)] depends critically on the overlap in- 1175~ - 0D} 1125 oD,

tegrals of the envelope wave functions. Recently it has beer 1095 . QD 0 1025 oD.°

shown that the envelope overlap factors of the ground state c

transitions can be as low §sV§|Wg)|?~0.17 for small py- 1025 meV 11025 meV

ramidal QD’s’ Here we used(W§|Wy)|> as a parameter _28——~—~-~--~~~—QDV0 _48"‘“‘“‘“‘“QDVO

and studied its influence on the LEF and the chirp. The re- Y : QD B 5h ; QD 3

sults shown in Figs. 1<4) were obtained with{ W §|W})[? 125 SIS g7z, 0 -125 WL

=0.5. For the bound QD states we assumed the degenerac -147 __——_Bar\;‘ier -147 Bar‘;ier

factor g,,=2n, whereny,=1, ... is the principal quantum 235 -235

number. OCL oCL

An ideal reference QW laser would be based on eXacmﬁlG. 2. The other choices of energy levét®t in scalg used in the calcu-
the Same Hlfv compounds as the QDL above and have thgions: (a) ES2 with four conduction band energy levels gyl ES3 with
same emission wavelength of 1.24n. However, a GaAs/ two widely separated conduction band energy levels.
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FIG. 3. (a) QDL gain for selected carrier densities in the vicinity of the i 1F
lowest recombination lines QPand QD of ES1 andb) QWL gain for the 0 A4zl 0
same photon energy range. o

. . . ) ] n (10*'m?) n (10%2m>)
dimensional3D) continua corresponding to the barriers and

the cladding. FIG. 4. The gain of(a) the QDL and(d) the QWL, the change of the
refractive index ofb) the QDL and(e) the QWL, and the LEF as a function
of carrier density for(c) the QDL and(f) the QWL. Photon energiefswg

IV. RESULTS AND DISCUSSION (solid lines correspond to the energies of the gain maximum at lasing con-

_ditions (¢=210/m) and:w (dashed lingsenergies slightly above the gain
The results were calculated for the transverse electrighaximum to demonstrate the reduction of LEF due to laser detuning. The

(TE) mode and room temperature with linear polarizationshort vertical lines denote the threshold carrier densities for total losses of
fixed in the QW plane. Figure 1 shows the absorption spectr%lo/m'
for the QDL and QWL structures. The intrinsic lifetime used
for calculations of the lifetime broadening in the QW’s was
set tor=70fs® The gain spectra in the vicinity of the QD given value of$°" the gain maximum of the QDL does not
and QW emission lines for different carrier densities arecoincide with the (joint) DOS maximurout is redshifted
shown in Fig. 3. from the maximum of the QDL ground state DOS by 7 meV.
Figure 4 shows the calculated gain, change of the refracSimilar redshifts of gain maxima were obtained for other
tive index relative to zero injection level, and LEF of the choices of energy levels. The redshift of the gain maximum
QDL and QWL as a function of the carrier density for two from the DOS maximum is a general result for inhomoge-
different transition energies, specified in detail below. neously broadened QD ensembles obeying Fermi-Dirac sta-
tistics. This implies that at finite temperature the ground state
gain of a QDL is not symmetric with respect to the gain
The total losses and the frequency response of the lasenaximum(see Fig. 3 and accordingly the LEF of a QDL is
cavity determine the steady state operating point of the lasenever zero at this operation point. For reference, we have
For a 30um wide QDL an internal loss of 130/m has been shown in the Appendix that this result holds true even when
reportecd®!® In determining the operating point of the simu- the influence of the higher QD emission lines and the wetting
lated laser structures we used a slightly larger, but still verylayers is neglected.
small, value of 210/m for the losses. Assuming that there is The LEF value 1.1 obtained for ES1 is lower than the
no frequency selectioriexcept for the Fabry-Pet mode LEF value 2.2 of the reference QWL only by a factor of 2
structure by the cavity, we obtain for ES1 and the QWL the [see Figs. &) and 4f)]. In the case of the QDL it is noted
threshold carrier densitiesP"=1.4x107*m 2 and n§"*  that for ES1 only one-third of the total LEF value is due to
=45x10?m 3. The maximum values of gain @ the excited states, leaving a contribution of 0.7 to arise from
=210/m) for these carrier densities are located at emissiothe ground state alone.
energiesi o2P-=1018 meV andi 0= 1010 meV. It is reasonable to expect that the LEF decreases when
Comparing the energy of the QDL gain maximum with the inhomogeneous broadenifg of the ground state de-
the resonance energy of 1025 meV, we conclude that for thereases. This was confirmed by our calculations. With the

A. Laser operation at the gain maximum
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inhomogeneous broadening reduced from FWAHROD to 10  the gain maximum, the changes of the refractive index were
and 5 meV, the LEF is reduced from 1.1 to about 0.9 and 0.74.5< 10"* (QDL) and 1.0<10™* (QWL), and the resulting

respectively. However, it was found that the LEF does not g&hirps becameAr~0.19nm (37 GH2 and 0.13 nm(25
to zero even in the limit FWHM- 0. GHz). The modulation used to calculate the chirp pushed the

The calculations were repeated for other choices of enlasers below the threshold, and therefore the values of the
ergy levels. For ES3 we obtained LER.3. The larger value chirp are not in good proportion to the values of the LEF.
of LEF (compared to ESLlis due to the larger inhomoge- For the blueshifted lasers, the changes of refractive indi-
neous broadening of the ground state: the gain peak is noges for the QDL and QWL became 610 ° and 5.4
located at a lower energ§urther away from the DOS maxi- X 10 °, respectively. The corresponding chirps ate
mum) and the ground state contribution to the LEF has in-~0.0074nm(1.5 GH2 and 0.067 nm(13 GH2. The very
creased. In contrast to ES1 and ES3, the LEF for ES2 is onlipw LEF of the blueshifted QDL makes its frequency almost
slightly lower (LEF~1.8) than for the QWL (LEF2.2), independent of the strong current modulation.
because the gain spectrum does not have as clear a gap be-
tween the first excited level and the wetting layer. D. Comparison to experiments and other calculations

We also studied the effect of the total cavity losses and  Thg |aser structures used here are idealizations regarding
the overlap integral of the dipole amplitude on the LEF forie gyrict selection rules, perfect Gaussian inhomogeneous
ES1. The minimum LEF of about 0.8 was obtained for tOta_"broadening of QD states, and single mode laser operation,
losses of about 2000/m. The LEF depends on the cavitgic However, qualitatively our results agree well with the

losses because the laser resonance approaches the DRSasured photon energy and carrier density dependence of
maximum when the threshold gain increases. At still highetne | EF8.20-22 Note that the record low LEF value 0.1 in

carrier densities, the LEF starts increasing again because @faof 6 was obtained below the laser threshold.

the gain saturation of the ground state. The envelope overlap gy first approximation calculations neglect quantitative

function appearing in the optical matrix element influence§reatment of transition amplitudes and nonlinearities in the

the LEF through the same mechanisms as the cavity lossegpsorption as well as band gap renormalization. Recently,
The LEF is not strongly temperature dependent neascnneideret al'? treated the latter two effects using the

room temperature, but it begins to increase at low and highiemiconductor Bloch equation approach. They excluded the

temperatures, the limits depending on the energy separatiQferactions of carriers confined in the QD’s. However, ac-

of the dot energy states. cording to recent first principles calculations of Braske
_ _ _ al.?® these interactions are very prominent. The most puz-
B. Laser operation away from the gain maximum zling feature is that the experiméhtioes not agree with the

Next, we assumed that the lasers were forced to Opera{gporteq large redshifts qf Schneictgral..Therefore further .
12 meV above the gain maximum of the previous section b};heorencal and computquonal work is still qeeded to quantify
using frequency selective cavities. The corresponding emi<2ur present understanding of QDL dynamics.
sion energies aré »°°-=1030 meV (this is 5 meV above
the QDL ground state DOS maximomand %W V- CONCLUSIONS
=1022meV. As a result the refractive index of the QDL we have calculated the gain, refractive index, LEF, and
[Fig. 4(b)] changes drastically. The LEF of the QDL at this chirp of a QDL and a QWL in the quasiequilibrium distribu-
operation point reduces to LEF0.04. For the QWL the LEF  tion and parabolic band approximations. We found that the
becomes~1.1. This energy shift also increases the thresholdjominant contribution to the LEF results from the QD
carrier density[Fig. 4@] and threshold current ta@”™  ground state emission line itself. We also show in the Appen-
=1.9x10"m~® (36% increaseand QWL 5.0<10”m™°  dix that, in counterdistinction to a previous wdrkeven for
(11% increasefor the QDL and the QWL, respectively. a single isolated inhomogeneously broadened emission line
It is concluded that, due to the shape of the DOS, theghe LEF is never zero at the gain maximum.
LEF of a QDL can be made approximately zero by blueshift-  We found that the LEF can be made zero if the absorp-
ing the operation point from the gain maximum. In the caseion spectrum of a QDL for a very low carrier density de-
of a QWL the value of the LEF does decrease but it is uncreases strongly abowvevithin ~kT) the laser frequency.
likely that the value zero can be obtained for realistic struc+or a QDL with widely separated absorption peaks this re-

tures under lasing conditions. quirement is well satisfied. The inhomogeneous broadening
mainly determines the magnitude of the blueshift required to
C. Chirp attain zero LEF: the smaller the broadening, the smaller the

blueshift. Small detuning generally increases the threshold

We have used the rate equatiofiisgs. (8) and (9)] in fcurrent of the laser by a few tens of percent.

their simplest form to calculate an estimate for the chirp o
the two lasers. A 1 GHz sinusoidal signal biased|gt
+3.6 mA and amplitude 163.6 mA was used as a stimulus
in the rate equations for both lasers. The threshold currents In this appendix we consider the LEF of a single isolated
were set to 4 and 30 mA for the QDL and QWL, respec-discrete resonance line. We account for the inhomogeneous
tively, and the spontaneous emission couplipgas given a  broadening and assume thermal quasiequilibrium. There are
value of 10 %. When the two lasers were made to operate atwo goals for this appendix. First, we study the small inho-

APPENDIX
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mogeneous broadening regiomr<€kT) and show that the A T ]
LEF evaluated at the gain maximum does not approach zero “3:;\ E‘ ]
even at the limit of zero inhomogeneous broadening. Note 3 ,}\“-\\:\ § 1.
that we retain the assumption that homogeneous broadening AN = ]
is insignificant in comparison to the inhomogeneous broad- 2K \3 g 17
ening. Second, we plot the LEF for various injection levels I ~ L

TN, 960 1000 1040
S ERT ho (meV) ]

N,

and emission energies.
We start by replacing the Fermi distribution of the con-
duction band electrons by the linear approximation -

R EF20 meV

1 E-Ef 2 L=~ EF40 meV
fC(E) = E - 4kT L] (Al) [ —eemees Ef=80 mev
-3 - EF160 meV
whereEf{ is the Fermi energy of the electrons. This approxi- 960 980 1000 1020 1040
mation is good whenE — E{) <kT. o (meV)

When we assume that the densities of electrons ang I . .
holes in th tem are equal and replace the Fermi modul IG. 5. The contribution of an inhomogeneously broadened isolated ground
10les In the sys - equ p _ I Ul&fate to LEF as a function of transition energy for different injection levels
tion f.—f, of Eq. (4) with 2f.(E)—1, the gain of the en- (the Fermi levelsE{ are measured from the center of the conduction band

semble in the linear approximation is given by ground state The inset shows the corresponding gain profiles. We notice
that the ground state LEF is not generally zero.

G
G(hw, ES) = —4”;"2‘;0 e~ (ho-E0%20° (1 E DY),
(A2) Next we substitute the gaifEq. (A2)] and the refractive
index [Eq. (6)] in Eqg. (A5) and move the derivative inside
Here E, is the energy of the Gaussian resonance line. Tahe integral of Eq.(6). We also divide the integrand into
keep the total number of electron states constant whilgymmetric and antisymmetric functions with respectio.
changing the inhomogeneous broadeningve have normal-  Here we assume for simplicity that the factorB7¢ 4 w?) is
ized the maximum gain & m,,00/0. HereG 4 is the maxi-  antisymmetric with respect tbw, which is an acceptable
mum gain occurring at complete inversioB{E& ) for in-  approximation for the energies concerned. Eliminating the
homogeneous broadening= 0. The transition energyi antisymmetric integral gives
and electron energi are related byE=(Aw—Ey/2). The
energy zero is set to the maximum of the conduction band ho
DOS. LEF= f —4che (heo-B)%20°
The location of the gain maximum is found by maximiz-

ing Eq.(A2) with respect tah w and is given by

0
sin (Ao —E)(hw—Eg)/a?]

=X
hwg=Eq+Ef~ V(ED7+ o2 (A3) o= B) (ot E)

Making the change of variablds— J2ou+fe and substi-

The Fermi level at laser threshold is now obtained from Eq,, .. c : . o
(A2) by solvingG(# wg, E%) = o for ES: tuting Awg [EQ. (A3)] and Ef [Eq. (A4)] gives in the limit

dE. (AB)

o—0
2 2 2 2

PECACI P M) Gmao_ Lep —4ch (o e Vsinh(\2uC) _

=2 “| 16a2K2T2 “| 16a2K2T2 TN hosi2o u(2hwg+2ou)

=Ceo. (Ad) —4ch fo e “sinh(y2uC) d

— u

Here L, is the Lambert W function satisfying mhahwg) - u
L,(x)exdL,(X)]=x, and« is the total loss of the laser cav-
ity. Note that in this approximation the Fermi level is linearly B —2ch ; EC A7
dependent ormr. Therefore the conditior<kT leads to E B )\aﬁweer "2 (A7)
—Ef)<kT for a<G.00/c and the linear Fermi approxi-
mation is justified. The factor Zwg+ oE has been replaced witth wg , where

The LEF can also be defined using the Fermi levels asac[1, 2] and C=C — \/C2L+1 [see Eq.(A4)]. Equation
(A7) gives the upper and lower bounds to the value of the
on, 19ES LEF. At the smallo limit a~2, because the integrand is
LEF=—ko———. (A5)  peaked close tou=0. For QDL parameters like those used
JGIIET for ES1, the lower bound is-1.
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