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We estimate homogeneous broadening and shift of optical transition lines in self-assembled
quantum dots~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 layer;1015m22. © 1999 American Institute of Physics.
@S0003-6951~99!01421-7#

Self-assembled quantum dot~SAQD! semiconductor la-
sers~see Refs. 1 and 2, for instance! attract much attention
due to their interesting physics and potential applications. In
these lasers, carriers are pumped into barriers around the
quantum dots~QDs!, and then are captured by the QDs, and
relax via 0D energy levels to the low-lying lasing ones.
These relaxation processes can strongly affect laser charac-
teristics, and are currently under intense study. While in
quantum well~QW! lasers fast carrier capture and relaxation
are mediated by carrier-LO phonon interactions, in QD struc-
tures carrier relaxation via LO phonon scattering is highly
improbable due to the discrete nature of the QD energy lev-
els and the fixed energies of LO phonons. Therefore, ob-
served in SAQD structures carrier relaxation with character-
istic times;1–100 ps is ascribed, at least, in part to carrier–
carrier Coulomb collisions.3–5

Some laser behavior and characteristics~mode competi-
tion and modulation characteristics, for instance! depend not
only on carrier relaxation times in laser structure, but also on
the homogeneous linewidth 2g2 (g251/T2 , T2 is the
dephasing time! of lasing transition.T2 for QDs similarly to
bulks and QWs is defined by interactions of QD carriers with
surrounding phonons and carriers. The homogeneous line-
width 2\g2,0.5 meV has been observed in photolumines-
cence of single QDs at low temperatures, and has been as-
cribed to carrier-acoustic phonon interactions~see Ref. 6 and
references therein!. In 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-dimensional~2D! carriers in wetting
layer with QD carriers. Theinelastic carrier–carrier colli-
sions in QD structures can lead to effective carrier relaxation
in QDs,3–5 and it also implies definite broadening of spectral
lines in QD. In this letter we calculate the linewidth broad-

ening due to theelasticcollisions, and show that these col-
lisions, which do not change occupations of QD levels, can
lead to much stronger homogeneous broadening than inelas-
tic collisions.

In our consideration we follow the approach which is
utilized successfully in the theory of collisional broadening
of atomic spectral lines.7 Figure 1 illustrates the used model.
SAQD of the heightH and of the diameterD is located on
wetting layer~WL!. The 2D density of electrons and holes in
WL is N. The carriers impact the QD, changing phase of
carrier wave functions in QD. It leads to broadening and shift
of QD spectral lines.7 In the approach, the motion of the
carriers in WL is described classically, and the trajectories of
motion are assumed to be straight lines. Carrieri ( i 5c for
electrons, andi 5v for holes!, which moves with the velocity
v along trajectory with the impact parameterb ~see
Fig. 1!, changes the transition frequencyv5v(t)
5vo1Dv i(t) @vo is the nonperturbed transition frequency
between electron and hole levels in QD, see inset in Fig. 1#,
and the phaseh(t)5* tdtDv i(t) of the QD optical oscillator
f osc;exp@ivot1ih(t)#. The frequency deviationDv i is de-
fined by the distanceR(t) between the perturbing carrieri
and QD~see Fig. 1!: Dv i(t)5Dv i@R(t)#. The overall phase
change due to the collision,

a!Also with Lebedev Physical Institute, Leninsky pr. 53, 117924, Moscow,
Russia, and with the Institute for Nonlinear Science, University College,
Cork, Ireland. Electronic mail: alexusk@sci.lebedev.ru

FIG. 1. Illustration of considered SAQD structure. SAQD is a cone of the
heightH and the diameterD is located on the wetting layer.R is the radius
vector of the wetting layer carrieri which has the velocityv and collides
with QD with the impact parameterb. The termr j is the radius vector of the
carrier j in QD. Inset shows schematically the band gap diagram of the
SAQD. The term\vo is the transition energy between electron and hole
ground states in SAQD.
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h̄ i5h̄ i~v,b!5E
2`

1`

dt•Dv i~ t !, ~1!

depends on the impact parameterb and the carrier velocity
v. The collisional line shape of the transition is Lorentzian
with the maximum at (vo1D) and the width 2g2 , the shift
D and the halfwidthg2 of spectral line being found by aver-
aging over WL carriers which collide with QD.7 The colli-
sional shift D and the halfwidthg2 can be written asD
5Dc1Dv andg25g2c1g2v , accordingly, whereg2c (g2v)
and Dc (Dv) are the contributions into the broadening and
shift of line, correspondingly, from collisions with electrons
~holes!

g2i5E
0

`

dv f i~v !vsb
i ~v !, D i5E

0

`

dv f i~v !vss
i ~v !.

~2!

The termf i(v)5N•miv/kBT•exp(2miv
2/2kBT) is the Bolt-

zmann distribution over velocities for carriersi with the mass
mi in WL. The 2D cross sectionssb

i (v) andss
i (v) are given

as

sb
i ~v !52E

0

`

db~12cosh̄ i !, ss
i ~v !52E

0

`

db sinh̄ i .

~3!

Equations~1!–~3! allow one to calculate the linewidth
2g2 and the shiftD at known dependenceDv i5Dv i(R).
The frequency deviationDv i5(DEic1DEiv)/\, where
DEic(R) @DEic(R)# is the shift of electron@hole# energy in
QD by Coulomb field of carrieri in WL at the distanceR
from QD ~see Fig. 1!. The energy shiftsDEi j (R) can be
evaluated with the perturbation theory in the dipole approxi-
mation for the Coulomb energy of the carrierj in QD

V~r j !5
qiqj

4peeo

1

uR2r j u
'

qiqj

4peeo
S 1

R
1

Rr j

R3 D , ~4!

whereqj and r j are the charge and the radius vector of the
carrier j in QD, accordingly~Fig. 1!. Below we consider the
transition between electron and hole ground states. In the
first order perturbation theory we have

DEi
~1!5

qiq

4peeo
•

R

R3 •^u~r v2r c!u&, ~5!

whereq5uqj u, and^u(r v2r c)u& is the dipole moment of QD
in the ground state. If electron and hole wave functions co-
incide in the ground state, the dipole moment is zero. Due to
strain and asymmetry of SAQD structure, strong internal
electric field is present in SAQDs, so that electrons and holes
in QDs are shifted from each other.8 In this case the dipole
moment is nonzero. Owing to assumed axial symmetry of
the QD structure, the dipole moment is directed along the
axisz ~Fig. 1!, and itsz component can be written asbH. In
general, the coefficientb can be positive or negative, and in
strong internal electric fields its magnitude approaches 1. Ac-
cordingly

DEi
~1!52

qiq

4peeo
•

bH2

2R3 . ~6!

In fact, Eq.~6! describes the linear Stark effect in QD.

The second order perturbation theory gives the quadratic
Stark effect in the field of WL carrier

DEi
~2!52KF•F2, ~7!

whereF5qi /(4peeoR2) is the electric field in the center of
QD created by the WL carrieri. Generally, due to anisotropy
of SAQD, the coefficientKF depends on the direction ofR.
Below we neglect this dependence, and considerKF as con-
stant.

From Eqs.~6! and ~7! we can write for the frequency
deviation

Dv i52
C3i

R3 2
C4i

R4 ~8!

with

C3i5
qiq

4peeo\
•

bH2

2
, C4i5

q2

16p2e2eo
2 •

KF

\
. ~9!

The constantC4i is always positive, but the constantC3i can
be positive or negative in dependence of the signs ofb and
the qi ~i.e., electron or hole collides with QD!. Below we
consider separately the collisional broadening and shift of
transition line due to ‘‘linear Stark effect’’—the first term in
Eq. ~8!, and ‘‘quadratic Stark effect’’—the second term in
Eq. ~8!.

In accordance with Eq.~2!, the collisional half width and
shift of spectral line can be written as

g25A•N, D5B•N, ~10!

where the broadening coefficientA, and the line shift coeffi-
cient B can be written asA5Ac1Av andB5Bc1Bv . The
coefficientsAc andBc (Av andBv) describe the contribution
of electrons~holes! of WL into the broadening and shift of
line, accordingly, and

Ai5vTi
roiF~a i !, Bi5vTi

roiG~a i !, ~11!

wherevTi
5A2kBT/mi is the thermal velocity of the carriers

i. The Weisskopf radiusroi
7 is an important parameter char-

acterizing the collisions: if carrier passes near QD at the
minimal distanceRmin5(H2/41b2)1/2 which is less than the
Weisskopf radiusroi (Rmin,roi), the carrier perturbs sub-
stantially the phaseh̄ (h̄.1), and contributes strongly into
the collisional broadening and shift of QD spectral line. Car-
riers with Rmin.roi broaden and shift QD line weakly. The
radiusroi , the dimensionless parametera i5(H/2roi)

2, and
the view of the dimensionless functionsF andG are defined
by the dependence~8!. In particular,roi5A2uC3u/vTi

for
‘‘linear Stark effect,’’ androi5(pC4/2vTi

)1/3 for quadratic
Stark effect.

We have used the abovementioned formulas to calculate
the collisional broadening and shift of spectral lines for InAs/
GaAs SAQD. In calculations we assumedmc50.023, mv
50.34 for carrier masses in wetting layer. Figure 2 shows
the broadening~solid lines! and shift~dash lines! coefficients
for linear Stark effect as a function of the QD heightH. b is
assumed to be positive. For linear Stark effect, the Weis-
skopf radiusroi}H, the parametera i in Eq. ~11! does not
depend onH, so thatA andB are proportional toH ~Fig. 2!.
In the broadening coefficientA, the contributions from elec-
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tron and hole collisions with QD are of the same order and
are added to each other. Inversely, in the shift coefficientB,
the electron and hole collisions contribute with different
signs, and are subtracted. Nonzero result for the net shift is
due to the difference in electron and hole masses, and ac-
cordingly due to the difference in carrier distributions over
velocities in the wetting layer. At the used values for the
masses, the contribution from electrons is larger than from
holes, and this is mainly because the thermal velocityvTi

for
electrons is larger than for holes. Forb.0 the net shift is
positive~‘‘blueshift’’ !. Figure 2 shows that forubu.0.2 one
should expect the dephasing timeT2;0.1 – 1 ps at N
51015m22.

In the case of quadratic Stark effect the broadening and
shift of line are defined by the coefficientKF @see Eq.~7!#.
One can estimate the coefficient9 as

KF5q2
•~L10

v !2/~E1
v2E0

v!.

L10
v is the dipole moment between the first excited and

ground hole levels. In the estimation we take into account
only the contribution from transition between two hole levels
because the distanceE1

v2E0
v between these excited and

ground levels for holes is smaller than according distance for
electrons. AssumingE1

v2E0
v;10 meV andL10

v ;5 nm, one
can getKF;5310234Jm2 V22. This estimation is in agree-
ment with the calculation of confined Stark effect in quantum
disks.10 Figure 3 shows the broadening~solid lines! and shift
~dash lines! coefficients for quadratic Stark effect as a func-
tion of the QD heightH at different values forKF . The shift
coefficientB is negative. This ‘‘redshift’’ of spectral line due
to quadratic Stark effect can be considered as an analog of
band gap shrinkage in bulks and QWs caused by Coulomb
interactions between carriers.11 In Fig. 3, A and (2B) de-
crease at largeH. The behavior is caused by reduction of the
cross-sectionssb

i (v) andss
i (v) with an increase ofH: if H

becomes larger than the Weisskopf radiusroi , carriers in
WL move at the distancesRmin.roi , and perturb QD
weakly. Respectively, the collisional broadening and line
shift decrease. Strictly speaking, the coefficientKF depends
on theH, and can enlarge withH. But if L10

v in Eq. ~18! is
defined mainly by the QD diameterD, we can assume that

KF does not depend onH. Figure 3 shows that atN
51015m22 one should expect the dephasing timeT2

;0.1 – 1 ps.
We have considered the contributions from linear and

quadratic Stark effects separately. In real SAQD structures
these effects can present simultaneously. Addition of the
contributions can have a complicated character, and needs
special consideration.

In conclusion, we have demonstrated that elastic colli-
sions of 2D carriers of wetting layers with SAQDs can lead
to the dephasing timeT2;0.1 – 1 ps at the carrier densities
N;1015m22. The time is much shorter than collisional car-
rier relaxation times in QDs at the same carrier densities.5

The situation, when homogeneous broadening is defined
rather by elastic dephasing collisions than by inelastic colli-
sions, is typical for atomic gases.7 The collisional broadening
and shift of spectral lines in QDs could be studied with four-
wave mixing experiments on SAQD semiconductor optical
amplifiers.

The authors would like to thank Dr. H. Yokoyama for
helpful discussions.

1D. Bimberg, N. Kristaeder, N. N. Ledentzov, Zh. I. Alferov, P. S. Kop’ev,
and V. M. Ustinov, IEEE J. Sel. Top. Quantum Electron.3, 196 ~1997!.

2H. Shoji, Y. Nakata, K. Mukai, Y. Sugiyama, M. Sugawara, and N.
Yokoyama, IEEE J. Sel. Top. Quantum Electron.3, 188 ~1997!.

3U. Bockelmann and T. Egeler, Phys. Rev. B46, 15574~1992!.
4B. Ohnesorge, M. Albrecht, J. Oshinowo, A. Forchel, and Y. Arakawa,
Phys. Rev. B54, 11532~1996!.

5A. V. Uskov, J. McInerney, F. Adler, H. Schweizer, and M. H. Pilkuhn,
Appl. Phys. Lett.72, 58 ~1998!.

6K. Ota, N. Usami, and Y. Shiraki, Physica E: Low-Dimensional Systems
& Nanostructures2, 573 ~1998!.

7I. I. Sobelman, L. A. Vainstein, and E. A. Yukov,Excitation of Atoms and
Broadening of Spectral Lines~Springer, Berlin, 1995!.

8K. Nishi, A. A. Yamaguchi, J. Ahopelto, A. Usui, and H. Sakaki, J. Appl.
Phys.76, 7437~1994!.

9G. Bastard,Wave Mechanics Applied to Semiconductor Heterostructures
~Halsted, New York, 1988!.

10N. Susa, IEEE J. Quantum Electron.32, 1760~1996!.
11H. Haug and S. W. Koch,Quantum Theory of the Optical and Electronic

Properties of Semiconductors~World Scientific, Singapore, 1990!.

FIG. 2. The collisional broadening coefficientA ~solid! and the shift coef-
ficient B ~dash! in the case of linear Stark effect as a function of the QD
heightH at different values of the coefficientb.

FIG. 3. The collisional broadening coefficientA ~solid! and the shift coef-
ficient (2B) ~dash! in the case of quadratic Stark effect as a function of the
QD heightH at different values of the coefficientKF .
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