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We describe a mechanism of nonlinearity of the light—current characteristic common to
heterostructure lasers with a reduced-dimensionality active region. It arises {rpm
noninstantaneous carrier capture into the active region(@ndonlinear(in the carrier density
recombination rate outside the active region. Becaus@)othe carrier density outside the active
region rises with injection current above threshold, and becaugig,dhe useful fraction of current
(that ends up as output lightlecreases. We derive a universal closed-form expression for the
internal differential quantum efficiency that holds true for quantum well, qguantum wire, and
guantum dot lasers. @002 American Institute of Physic§DOI: 10.1063/1.1508171

Reducing dimensionality of the active region signifi- in the active region and the free carriers in the OCL can be
cantly improves the performance of semiconductor laserswritten as follows:
Quantum wel(QW) lasers have replaced bulk lasers in com-

. . - t . _
mercial applicationé. Further enhancement is expected for  Jcapr Jesc™igpon —isim=0, @)
lasers with lower dimensionality, such as quantum wire . . . .
i ~4 jescJcapr19°H+] =0 2
(QWR) and especially quantum dé®D) lasers: esc Jeapt '

In all reported QW, QWR, and QD laser structures, theyherej ., and] .. are, respectively, the current densities of
quantum-confined active elements are embedded in a bulgrrier capture into and carrier escape from the active region,
reservoir regiOlﬁWhiCh also serves as an Optical Conﬁnementj ggg\r/]eandj stim are the spontaneous and the stimulated recom-
layer (OCL)] wherefrom carriers are fed via some sort of apination current densities in the active regigR° is the
capture process. Since the capture process is never instanturrent density of the parasitic recombination in the OCL,
neous, it gives rise to a current dependence of the carrieindj is the injection current density.
density in the reservoin, even above threshold when the The steady-state rate equation for the photons yields
carrier density in the active region itself is pinned by the
steady-state generation condition. The increasingads to . E ﬂ 3)
an increase in the parasitic current corresponding to carrier Jsim=€3 Toh'
recombination in the reservoir, and contributes to a deviation

of the internal differential quantum efficienay,, from unity. yvherg S iSN Fheh activeblaye; ahreahe .crohsslse'ction Cg the q
This fact was noted earliet® but the actual reduction iy, junction), N is the number of photons in the lasing mode, an

has never been quantified 7ph IS the photon lifetime in the cavity.

In this letter, neglecting other known mechanisms of The fact that the optical gaig pins above threshold and

. . ' . . . hence so does the carrier density in the active region, imme-
nonlinearity (such as lattice and carrier heatingve show

that the “reservoir effect,” combined with the nonlineu- diately follows from Eq.(3), taking into account thafm

. . L ) ocgN.
perlinear inn) dependence of the recombination rate in the 9 SINCe j oo, andjaC“"e are both controlled by the carrier
spon

r.eservoir, gives a major cgntribution. to t.h-e sqblinearity of thedensity in the active region, they also clamp above threshold.
light—current characteristi¢.CC) at high injection currénts— 5, yhe other hand, the capture current is linearly related to

comparable in magnitude to the entire experimentally 0bspa carrier density in the OCL, cap= €0 caph, WHETeu cpyis

served LCC degradation. This suggests that the reservoir efpq capture velocityin cm/g. Thus, we obtain from Eq2)
fect is a dominant mechanism limiting both the output power

and the linearity of the LCC.
The steady-state rate equations for the carriers confined N="Ng

1+mjme, (@

J capt,t
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FIG. 1. Injection current density dependence of the free carrier deméity ~ FIG. 2. Internal quantum efficiency against excess injection current density
the OCL reservoir for different ratiojst?]CL/jcapt,lh, as illustrated by exem-  for different ratiosj gCL/jcam + The values oftcr)1CL/jcapt i it » andNs (from

plary calculations specific to QD lasers. The variatiorjﬁﬁﬁL/jcam,thandj"1 the top down are the same as in Fig. 1. '

is accomplished by changing the surface denNigyof QDs. The values of

15 j captn fOT the different curvegfrom bottom to top are 0.033, 0.115,

and 0.523; thgy, values are 31.54, 83.85, and 336.99 Alcthey corre-  ratio vanishege.g., whenj t?]CL: 0—no recombination in the

spond toNg values of 4, 3.3, and 2. 10 cm ™2, respectively. Room- o ; At
temperature operation near 1.a8n for a GalnAsP/InP heterostrutufsee OCL), 7n=1 at an arbitrary _|ngeLct|on current and the LCC

Refs. 10 and 1lis considered. The capture cross section into a QD isis linear. In general, howeverth is a tangible fraction of
plausibly taken to be 103 cn? (see Ref. 1L We assume 10% QD size the totaljy,, and ;<1 even af =j. It is this component
fluctuations. The facet reflectivities, the cavity length, and the lateral size arghat should, first of all, be suppressed to minimjgeand
R=0.32,L=1mm, andW=2 um. optimize the structur&’ The conclusion that high power per-
_ formance of a laser is inseparably controlled by the threshold

With Egs.(1) and(2) and taking into account thaso,®  characteristics is of great importance. The higher the excess
pins above threshold, the excess injection current defsity of the injection current over the threshold current, the stron-
—Jmis ger this relation is manifeste@igs. 2 and 8 The higher is

i —in=jOCt— 9%+, (5) the required output power, the lower should jhe(Fig. 3.
th oL tht_ stim Since QD lasers offer the loweg, our results prove there
H s active ;

wherejn=jp " +]jepon IS the threshold current density, with another—extremely important—potential advantage, namely

iOCL po h | OCL gt n= v ;

it~ being the value of atn=ny,. the possibility of achieving the highest output powers.
When the dominant recombination channel in the OCL At high injection currents, we have

is spontaneous radiation, thgfi“t«n? [with n given by Eq.

(4)]. Using this in Eq.(5) yields

2 Dt = jcapt,th (8)
| =] J sti J si it~ oo

%=(1+ Jsﬂr) 14l ©) SRV

Jth J capt,t Jth

The solution of the quadratic Eq6) gives jim as a I

N=nNy\/ ~ocC ©)

function of j —j,; substituting this function into Eq4), we is

obtain an expression far (Fig. 1).

The internal differential quantum efficiency of a semi- o
conductor laser is defined as the fraction of the excess injec- p= — Sicaptin
tion current that results in stimulated emissiony, e ’
=Jsim/(J —Jw) - With j¢im from Eq. (6), we find

j_jth ﬁ
o B+ ain

(10

Thus, in the limit of high injection currents, the LCC is

B 1 strongly sublineaftFig. 3); n andP increase as] —J, (Figs.
Tint= :OCL ;OCL\2 :OCL . - = 1 and 3, while »;,, decreases as I/— ], (Fig. 2); i<l
1+ Jth \/(1 Jth J Jth ™ 17l
j capt,th 2 ] capt,t ] capt,thj capt,th 7 160 -
We see thaty;, is a decreasing function gf—j, (Fig. 120 | //’, y

2). The output optical power is of the forfA= (A w/e)S(j

P (mW)

=) 7int B (B+ i) Wherefio is the photon energy, ané 80 g :

anda;, are the mirror and internal losses, respectively. Thus, L

the output power is sublinear in the injection curréfig. 3). 4or P

This mechanism of nonlinearity is inherent to quantum- 0 : . .

confined lasers of arbitrary dimensionality. 0.0 25 5.0 75 10.0
For a givenj —j,, the internal quantum efficiency and J - Jy, (kAICM?)

the output power are controlled by the dimensionless param-

Eterjtor1CL/jcapt,th, which is the ratio of the recombination cur- FIG. 3. LCC for di_f(f;)eCrLept ratio§ 9t capten- The dashed Iircl)eCchrrequnds to
rent in the reservoir to carrier capture current, both taken az‘ned'gea('frso't;attr';”{g‘p gés\l;‘ﬂv‘”;g t(r?é"‘:aiq)é Lzeir‘]""":"i’geslof\l;\‘/e/ éfé'r’é‘gg Jrg tree
. . . . . s 4 -
threshold. Lowering this ratio will mak@int closer to unity carrier absorption in the OC(see Refs. 6 and) by putting the internal loss

(Fig. 2 and the LCC more lineaiFig. 3. Ideally, when this  a;,=0.
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andn>ny,. These square root dependences result from thactive region and derived a universal expression for the cur-
assumed bimolecular<{n?) recombination in the OCL. rent dependence of their internal differential quantum effi-
The higher the degree of superlinearity of the recombi-ciency #;,,. This expression retains the same form for QD,
nation rate in the OCL with respect tg the higher the de- QWR, and QW lasers.
gree of sublinearity of the LCC. Since the nonradiative Au-  The actual shape of nonlinear LCC depends on the
ger recombination rate in the OCL increasesrds this  dominant recombination channel outside the active region.
recombination channel can become dominant with increasingnalysis of the LCC shape provides, therefore, a method for
injection current. In this limit, the differenci®“-—j$C" in  identifying the dominant recombination channel in the OCL.
Eq. (5) will be dominated by the cubi@n gy term, i.e., We demonstrate a direct relationship between the power
j—jw=id Hence, bothsm and P will be proportional to  and threshold characteristics in the sense that redygirig
=Ten  and  7in=]sim/(i — ) i stim] im= /i Zim> 1/(j a key to increasingy;,; and P. This indicates that for high
— w2 power applications, QD lasers may have a major advantage
The higher the excess current j4,, the larger fraction over conventional QW lasers.
of it goes into parasitic recombinatidfirst spontaneous and
then Augey outside the active region.
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