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Collisional broadening and shift of spectral lines in quantum dot lasers
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Optoelectronics and High Frequency Device Research Laboratories, NEC Corporation, Tsukuba-shi,
305-8501, Japan

R. Lang
Department of Applied Physics, Tokyo University of Agriculture and Technology, Koganei-shi 184-8588,
Japan

(Received 22 February 1999; accepted for publication 23 March)1999

We estimate homogeneous broadening and shift of optical transition lines in self-assembled
quantum dot$SAQD) caused by elastic Coulomb collisions of carriers in wetting layer with carriers

in the SAQD. In particular, we demonstrate that the dephasing time for lasing transitions can be
~0.1-1 ps at carrier densities in wetting layel0'°>m~2. © 1999 American Institute of Physics.
[S0003-695(199)01421-1

Self-assembled quantum d@AQD) semiconductor la- ening due to theslastic collisions, and show that these col-
sers(see Refs. 1 and 2, for instancattract much attention lisions, which do not change occupations of QD levels, can
due to their interesting physics and potential applications. Ifead to much stronger homogeneous broadening than inelas-
these lasers, carriers are pumped into barriers around thi collisions.
guantum dotgQDs), and then are captured by the QDs, and  In our consideration we follow the approach which is
relax via OD energy levels to the low-lying lasing ones. utilized successfully in the theory of collisional broadening
These relaxation processes can strongly affect laser charaaf atomic spectral line§Figure 1 illustrates the used model.
teristics, and are currently under intense study. While inSAQD of the heightd and of the diameteD is located on
guantum well(QW) lasers fast carrier capture and relaxationwetting layer(WL). The 2D density of electrons and holes in
are mediated by carrier-LO phonon interactions, in QD strucWL is N. The carriers impact the QD, changing phase of
tures carrier relaxation via LO phonon scattering is highlycarrier wave functions in QD. It leads to broadening and shift
improbable due to the discrete nature of the QD energy levof QD spectral lineg. In the approach, the motion of the
els and the fixed energies of LO phonons. Therefore, obearriers in WL is described classically, and the trajectories of
served in SAQD structures carrier relaxation with charactermotion are assumed to be straight lines. Cariri@r=c for
istic times~1-100 ps is ascribed, at least, in part to carrier—€lectrons, and=v for holes, which moves with the velocity
carrier Coulomb collision&.® v along trajectory with the impact parametdr (see

Some laser behavior and characteristitmde competi- Fig. 1), changes the transition frequency= w(t)
tion and modulation characteristics, for instandepend not = o+ Aw;i(t) [w, is the nonperturbed transition frequency
only on carrier relaxation times in laser structure, but also orPetween electron and hole levels in QD, see inset in Fig. 1
the homogeneous linewidth 12 (y,=1/T,, T, is the and the phaseg(t)=['dtAw;(t) of the QD optical oscillator
dephasing timeof lasing transitionT, for QDs similarly to  fosc—€XHiwgt+i7(t)]. The frequency deviatioh w; is de-
bulks and QWs is defined by interactions of QD carriers withfined by the distanc&(t) between the perturbing carrier
surrounding phonons and carriers. The homogeneous linénd QD(see Fig. I: Aw;(t) =Aw;[R(t)]. The overall phase
width 2% y,<0.5meV has been observed in photolumines-change due to the collision,
cence of single QDs at low temperatures, and has been as-
cribed to carrier-acoustic phonon interactigese Ref. 6 and z
references therejnin room temperature QD lasers with car-
rier injection, many carriers can surround QDs, and their
interactions with QD carriers are able to lead to substantial
broadening of optical transitions in QDs.

In this letter we estimate theoretically homogeneous
broadening and shift of spectral lines in SAQD due to Cou-
lomb collisions of two-dimensiongRD) carriers in wetting
layer with QD carriers. Thenelastic carrier—carrier colli-
sions in QD structures can lead to effective carrier relaxation

in QDs>>and it also implies definite broadening of spectral FiG. 1. Illustration of considered SAQD structure. SAQD is a cone of the

lines in QD. In this letter we calculate the linewidth broad- heightH and the diameteD is located on the wetting layeR is the radius

vector of the wetting layer carrigrwhich has the velocity and collides

with QD with the impact parametéx The termr; is the radius vector of the

dAlso with Lebedev Physical Institute, Leninsky pr. 53, 117924, Moscow, carrier j in QD. Inset shows schematically the band gap diagram of the
Russia, and with the Institute for Nonlinear Science, University College,SAQD. The termi w, is the transition energy between electron and hole
Cork, Ireland. Electronic mail: alexusk@sci.lebedev.ru ground states in SAQD.
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depends on the impact paramebeand the carrier velocity

Uskov, Nishi, and Lang
The second order perturbation theory gives the quadratic
Stark effect in the field of WL carrier

AE{?'=—Kg-F?, (7)

v. The collisional line shape of the transition is LorentzianwhereF = q, /(47ee,R?) is the electric field in the center of

with the maximum at ,+ A) and the width %, the shift
A and the halfwidthy, of spectral line being found by aver-
aging over WL carriers which collide with QDThe colli-
sional shift A and the halfwidthy, can be written asA
=A.+A, andy,= y,.+ v,,, accordingly, wherey,. (y,,)

QD created by the WL carriér Generally, due to anisotropy
of SAQD, the coefficienK depends on the direction &.
Below we neglect this dependence, and consideas con-
stant.

From Egs.(6) and (7) we can write for the frequency

and A, (A,) are the contributions into the broadening anddeviation

shift of line, correspondingly, from collisions with electrons
(holes

yZizf:dufi(u)wL)(u), Aizf:dufi(u)w;(u).
2

The termf;(v)=N-mu/KgT-exp(—mv%/2kgT) is the Bolt-
zmann distribution over velocities for carriérgith the mass
m; in WL. The 2D cross sections,(v) andog(v) are given
as

oL(v):zf:db(l—cosﬁ), aL(v)szoxdbsinﬁ.
©)

Equations(1)—(3) allow one to calculate the linewidth
2v, and the shiftA at known dependencA w;=Aw;(R).
The frequency deviationAw;=(AE;.+AE,,)/%, where
AE;(R) [AE;(R)] is the shift of electrorfhole| energy in
QD by Coulomb field of carrief in WL at the distanceR
from QD (see Fig. 1 The energy shiftsA\E;;(R) can be
evaluated with the perturbation theory in the dipole approxi
mation for the Coulomb energy of the carrjein QD

a;q; 1 0iq; (1

Rrj
Amee, |R—T| " 4ree,

R

, (4)

whereq; andr; are the charge and the radius vector of the,herey

carrierj in QD, accordingly(Fig. 1). Below we consider the

transition between electron and hole ground states. In th

first order perturbation theory we have

aiq

R
(l): . —_— —_
AE| 4’7TE€0 R3 <|(rv rc)|>! (5)

whereq=|q;|, and(|(r,—r.)|) is the dipole moment of QD

Cs Cu
Ao=- g5~ R ®)
with
__ 44 B_HZ :q—zﬁ (9)
3 4meesh 2 ' TV 16m%€%es h

The constanC,; is always positive, but the consta@g; can
be positive or negative in dependence of the signg ahd
the q; (i.e., electron or hole collides with QDBelow we
consider separately the collisional broadening and shift of
transition line due to “linear Stark effect’—the first term in
Eqg. (8), and “quadratic Stark effect’—the second term in
Eq. (8).

In accordance with Eq2), the collisional half width and
shift of spectral line can be written as

¥2=A-N, A=B-N, (10

where the broadening coefficieAt and the line shift coeffi-
cient B can be written a®\=A.+ A, andB=B.+B,. The
“coefficientsA, andB,. (A, andB,) describe the contribution
of electrons(holes of WL into the broadening and shift of
line, accordingly, and

Ai:vTiPoiF(ai)’ Bi:UTipOiG(ai)' D

7,= V2kgT/m; is the thermal velocity of the carriers

i. The Weisskopf radiup,,;’ is an important parameter char-
Scterizing the collisions: if carrier passes near QD at the
minimal distanceR,,=(H%4+b?)Y? which is less than the
Weisskopf radiuspy; (Rmin<poi), the carrier perturbs sub-
stantially the phasey (>1), and contributes strongly into
the collisional broadening and shift of QD spectral line. Car-
riers with Rin>p.i broaden and shift QD line weakly. The

in the ground state. If electron and hole wave functions coradiusp,;, the dimensionless parameter=(H/2p,;)?, and
incide in the ground state, the dipole moment is zero. Due tthe view of the dimensionless functioRsandG are defined
strain and asymmetry of SAQD structure, strong internaby the dependencé8). In particular, p,;= 2|C3|/vTi for

electric field is present in SAQDs, so that electrons and holesgjj,,

in QDs are shifted from each oth&in this case the dipole

ear Stark effect,” andp,;=(wC4/2v1)" for quadratic
Stark effect.

mhoment 'S nonzeror.] O&/\_/lnglj to assumgd 3X|al s()j/mrlnetry hOf We have used the abovementioned formulas to calculate
t € QD _structure, .t e dipole moment is |r_ecte along theye collisional broadening and shift of spectral lines for InAs/
axisz (Fig. 1), and_|t_sz component can be erttenlaﬂ-l. In _ GaAs SAQD. In calculations we assumet=0.023, m,
general, the coefficient can be positive or negative, and in =0.34 for carrier masses in wetting layer. Figure 2 shows

strong internal electric fields its magnitude approaches 1. AChe broadeningsolid lineg and shift(dash lines coefficients

cordingly for linear Stark effect as a function of the QD heig¢htg is
g BH2 assumed to be positive. For linear Stark effect, the Weis-
AED=— Imec. 2R (6)  skopf radiusp,j<H, the parameter; in Eq. (11) does not
(o]

depend orH, so thatA andB are proportional tdH (Fig. 2).

In fact, Eq.(6) describes the linear Stark effect in QD. In the broadening coefficier, the contributions from elec-
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FIG. 2. The collisional broadening coefficieAt(solid) and the shift coef- FIG. 3. The collisional broadening coefficieAt(solid) and the shift coef-

Ed_e?]tﬁ (dads_?f in the clase 0]]: Iir?ear Sf:(gr_k effect as a function of the QD ficient (—B) (dash in the case of quadratic Stark effect as a function of the
eightH at different values of the coefficiefit QD heightH at different values of the coefficieftg .

tron and hole collisions with QD are of the same order and )

are added to each other. Inversely, in the shift coeffidgnt K¢ does not depend omd. Figure 3 shows that aN

the electron and hole collisions contribute with different=10>m~> one should expect the dephasing tinTe

signs, and are subtracted. Nonzero result for the net shift is0.1-1 ps.

due to the difference in electron and hole masses, and ac- We have considered the contributions from linear and

cordingly due to the difference in carrier distributions overquadratic Stark effects separately. In real SAQD structures

velocities in the wetting layer. At the used values for thethese effects can present simultaneously. Addition of the

masses, the contribution from electrons is larger than fron§ontributions can have a complicated character, and needs

holes, and this is mainly because the thermal velagjtyfor ~ Special consideration.

electrons is larger than for holes. FBE>0 the net shiftis N conclusion, we have demonstrated that elastic colli-

positive (“blueshift” ). Figure 2 shows that fdi3|>0.2 one sions of 2D carriers of wetting layers with SAQDS can_l_ead

should expect the dephasing timie,~0.1—1 ps atN to the depﬁhasmg t|.m§2.~0.1—1 ps at the carrier .densmes

—10%m-2 N~10®m~2. The time is much shorter than collisional car-
In the case of quadratic Stark effect the broadening and€'" relaxation times in QDs at the same carrier qenSﬁi?S'

shift of line are defined by the coefficielt. [see Eq.(7)]. The situation, when homogeneous broadening is defined

One can estimate the coeffici®mats rather by elastic dephasing collisions than by inelastic colli-
sions, is typical for atomic gaség.he collisional broadening
Ke=q2- (L% Y(EY—EY) and shift of spectral lines in QDs could be studied with four-
F 10 ook wave mixing experiments on SAQD semiconductor optical
amplifiers.

LY, is the dipole moment between the first excited and
ground hole levels. In the estimation we take into account  The authors would like to thank Dr. H. Yokoyama for
only the contribution from transition between two hole levelshelpful discussions.

because the distancEj—E{ between these excited and

ground levels for holes is smaller than according distance for

electrons. Assuminde] —Ej~10meV andLj;~5 nm, one
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