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Two lasing thresholds in semiconductor lasers with a quantum-confined
active region
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We show that the free-carrier-density dependence of internal optical loss gives rise, in general, to the
existence of a second lasing threshold above the conventional threshold. Above the second
threshold, the light-current characteristic is two-valued up to a maximum current at which the lasing
is quenched. ©€2003 American Institute of Physic§DOI: 10.1063/1.1636245

Internal optical loss adversely affects operating charac- Assuming equal electron and hole occupancidg (
teristics of semiconductor lasers. Because of the lower value f,), and writing the total net internal loss coefficiem,
of the optical confinement factor, the effect of internal loss is(the quantity we shall refer to simply as the internal Jogs
stronger for lasers with a reduced-dimensionality active rethe sum of a constant, and a component linear in, the

gion, such as quantum welQW), quantum wire(QWR), lasing threshold condition is brought into the form
and quantum dotQD) lasers, than for bulk lasefs. .

All different processes contributing to the internal loss MaX 2f 1) = B+ ot oy 2
can be grouped into two categories: one, such as free-carrier g"H(2fh = 1) =t aot in e e

absorption in the optical confinement lay&CL), or simply max : _ _
waveguide, dependent on the injection carrier density; th&/1€reg"™ is the maximum(saturation value of the modal

—_ qMma _ ; i .
other, such as interface scattering or absorption in the claogaln 9(fr)=9 bX(Zf_“ 1)(:1 B is thf? mirror loss, ar_]d‘f'?t I
ding layers, insensitive to this density. Absorption in the ac-— CONSt0) can be viewed as an effective cross section for a

tive region of QW and QWR lasers is relatively small com- 2PSorption loss processésr the type of carrier that domi-

pared to absorption in the OCL, at least at high injectionnates absorpyon i
currentsj [or high temperature$ (see Refs. 2 and)} The The solutions of Eq(2) are[Fig. @]
analogous process in the active region of QD lasers—which
is carrier photoexcitation from the discrete levels to the ¢  _gorit \/(fcrit)z_f o_lﬂ 3
continuous-spectrum states—is also srallNeglecting e " w2 gmax

these processes, we must be concerned only with the free-

carrier densityn in the OCL. Therefore, we need a relation Where

betweenn and the occupancy of states in the quantum-

confined active region, involved in the lasing transition. At fcrit:1< 14 f0+ la 1 Ui“‘nl) 4)
sufficiently high temperatures and below the lasing thresh- " 2 2 gmax 2 gmax

old, this relation is given by equilibrium statistics and is of - ) ) )
the fornf is the “critical” solution {when the cavity length equals its

minimum tolerable valu¢see Eq(13)]}, and

fa

n=n11_—fn, (1) :8

max
g

foo=5| 1+ ®)

wheren; =Ng“ exp(~E,/T), N0 =2(m0'T/127:%)3% E, s the solution in the absence of internal loss.

is the carrier excitation energy from a reduced- Both solutions(3) are physically meaningful and de-
dimensionality active region, and the temperatliris mea-  scribe two distinct lasing thresholds. The lower solution
sured in units of energy. The functidp is the Fermi—Dirac (f.1) is the conventional threshold, similar fq, but modi-
distribution, describing the occupancy of the confined stateSijegd by a;, The second solutionf(,) appears purely as a
For QW or QWR lasersf, is the occupancy of the subband- consequence of the carrier-density-dependept in the
edge level, involved into the lasing transitions. For a QDoc| .

laser,f,, is the occupancy of the discrete level. In the absence of lasing, the injection current density has
the following relation tof ,:®
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FIG. 1. lllustration of the threshold conditid@) and the two lasing thresh-
olds. Modal gaing=g™®{2f,—1) [inclined dotted line in(a) and dotted
curve in(b)], internal lossa; = ap+ oinin = ap+ oin f, /(1—f,) (dashed
curve and difference of modal gain and internal Idsslid curve against
confined-carrier-level occupancy in the active redigiia), free-carrier den-
sity in the OCLn [(b), top axi§ and injection current density[(b), bottom

axis]. The intersections of the solid curve and the horizontal dash-dotted Iinq‘n: fnl or fn =f

for the mirror lossB=(1/L)In(1/R) are the solution$3) of (2). A GalnAsP/
InP-based QD-heterostructure lasing near 1ub%(see Refs. 4-)6is con-
sidered for illustration. We assume 10% QD size fluctuations Bgd
=6.11x 10" cm?; at these parameterg"®=29.52 cm . At T=300 K,

n;=5.07<10' cm 3. The mirror lossB=7 cm . ay and o are plausi-
bly taken to be 3 cm! and 2.6 101" cm™?, respectively.

whereb is the OCL thickness anB is the radiative constant
for the OCL.

Next, we need a relation between the spontaneous r
combination current densifgs.°and the occupanc, . For
QW, QWR, and QD lasers, we have, respectiVély,

J o= €NowB2oN3p(fa), (7)

whereNgyy is the number of QWs anB,, is the radiative
constant for a two-dimensioné2D) region (in cn?/s);

8

where N, is the linear density of QWRs anB, is the
radiative constant for a one-dimensional regi@m cm/s;
and

strY(\J/r'?: eN Bpnip(fn),

QD _

spon

©)

eNs ,
TQD n
whereNgs is the surface density of QDs ang) is the radia-
tive lifetime in a QD.

The 2D-carrier densityn,p in @ QW is expressed in
terms off,, as follows’

N,p=N2PIn (10)

1-f,’
whereNZP=m2"T/7%2. A functional relationship between

n.pin a QWR andf,, is also readily calculated, albeit not as
a closed-form expression.
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FIG. 2. Two-valued characteristics: gain-curréat and light-current(b).
The branches corresponding to the lower and the upper lasing re(golies
and dashed curves, respectiyelyerge together at the point,,, which
defines the maximum operating current. jAt j .., the lasing is quenched.
The dotted curve ina) is the gain-current dependence for a nonlasing re-
gime; the intersection of the solidlashedl curve and the dotted curve de-
terminesjy1(jn2)- In (b), the assumed stripe width=2xum.

The lower and the upper threshold current densitjgs (
andj,) are given by Eq(6), wherein one substitutes either
n2-

The existence of a second lasing threshold stems from
the nonmonotonic dependencegf «;,, on f, [Fig. 1(a)] or,
equivalently, onn or j [Fig. 1(b)]. The point is that the

modal gaing(f,) increases linearly with,, [Fig. 1(a)] and
saturates at its maximum valgd'® as f,—1 {which corre-
sponds ton—c and j— [see Eqgs(1) and (6), and Fig.
1(b)]}. At the same timeg;,,; is superlinear irf , [see Eq(2)
and Fig. 1a)] and increases infinitely afs,—1. At a certain
. (i.e., at a certain), the rate of increase ia,, with j will
inevitably equal that of increase o and hence the differ-
enceg— a;, Will peak. Any further increase of will de-
crease the differenag— «a;, [cf. Fig. 1(b)]. This corresponds
to the so-called “loss-multiplication” regime, discussed in
Refs. 2 and 3 for QW laseiand attributed to the pile-up of
carriers due to electrostatic band-profile deform&tirand
in Refs. 10 and 11 for QD lasers. As evident from our analy-
sis, this regime and the second lasing threshold are inherent
to all structures in whichy;,; depends om.

It should be noted that the second lasing threshold can
also arise due to other mechanisms; for example, carrier
heating. As the carrier temperature increases Wjth?~°
the modal gain itself can become a honmonotonic function of
j, decreasing at high.*®

In a continuous-wavéCW) operation, increasingfrom
zero, one reaches the first lasing threshilg. Above this
threshold, the difference between the gain and the internal
loss is pinned at the value of the mirror logsand hence,
Fig. 1 (which is valid for determining the positions of both
threshold$ no longer applies. What actually happens above
jw1is shown in Fig. 2, derived by rigorously solving the rate
equations in the presence of light generation.

Above the second threshojgd,, and up to a maximum
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—= Measurement oL™" provide yet another way of the
Jwg -~ internal loss parameters determination. For exampl&"
L, can be measured for two structures characterized by different
, mirror reflectivities. With these two values &f"", Eq. (13
\Juo j will give a set of two equations iry and oy, (provided the
~~~~~~~~~~~~ = other parameters are fixed
0a 1.2 2.0 The restrictionL™" can be considerably more stringent

L (mm) compared td_g"". Thus, for a QD laser similar to that con-

sidered in Refs. 4—6see the caption to Fig. 1 for the param-
FIG. 3. The lower and the upper threshold current densjtigsand . eters, at ap=3 cm ! and 0j;=2.67x10° Y cm™?, the

(solid and dashed curves, respectiyegainstL. The curve forj,; join maximum tolerable mirror loss i8™*=10 cmi i Assum-
smoothly the vertical dash-dotted line at the critical point. The dotted curve

and the vertical dotted line show the threshold current dengjgyand its "?g aS-Cnlﬂenaved facet reflecpwty at both en {0'32),’ this
asymptote at the critical point in the absence of internal loss. yieldsL™"=1.139 mm, which is almost a threefold increase

compared tol J""=386 um. Hence, the absence of lasing
current i both the gain-current dependenfiéig. 2a] often observed in short-cavity QD structures can be attrib-
and th(Jam?i)ic’]ht-current gcharacteristibzig 2Ab)] a?é WO- uted to internal loss, which is consistent with the discussion
valued. Atj =% the two branches merge in both charac-" R§|f|sé 136;2?151; this paper apply equally to QW, QWR
teristics. The origin of this striking behavior is clear. Ag; 9 Paper apply equatly e
) . ) . ) and QD lasers. One specifies the type of laser by substituting
increases with the current, the gain strictly follows it so as to ; o : .
o . - . the relevant expression fg™ and the appropriate relation
maintain the stable generation conditign- o= 8. This betweenj ™ and ¥, [see Eqs(6)—(9)]
continues up to the maximum pump curr@pt, at which the spon = n . -
lasing is quenched. In cpnclusmn, we predict the existence of a secanut
At this time, we cannot propose a definite experimentafoeb I'asmg threshold when t.he mterpaliloss has a component
technique to access the lower branch of the Iight—currenrthat increases with the carrier density in the; wavegwde.'Any
characteristic[Fig. 2(b)]. Analysis of the stability of the measurement of the upper threshold contains valuable infor-
lower-branch regime will be published elsewhere Neverthematlon about the internal loss parameters. These parameters
; Lo are not easy to measure directly and our theory may yield a
less, we stress that an experimental determination of the Seﬁé W experimental method
ond threshold would provide us with a new and valuable P '

technique for measuring the loss parameters. Indeed, with This work was supported in part by the AFOSR MURI

the measuregly; andjn;, the values off,, andfn,; can be  under Grant F49620-00-1-0331 and the New York State Cen-
calculated from Eq(6). ag and oy, can then be expressed in ter for Advanced Sensor Technology. The work of L.V.A.

terms off,; andf,;, as follows[see Eqs(3) and (4)]: was also supported by the RFBR and by the Russian Pro-
ao=29"*(f 1 ro—Fro), (11) ~ 9ram “Physics of Solid State Nanostructures.”
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