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Abstract

We report on the effect of temperature fluctuations on the midinfrared electroluminescence from a cascade of coupled
AllnAs quantum dots and GaAs quantum wells. The observed line width is significantly broadened with increasing
temperature. We then present our theoretical results on homogeneous line broadening due to temperature fluctuations
for our experimental system. Our numerical simulations clearly indicate that, temperature fluctuations can account for

the observed finite width of the emission lines at high-temperatures.
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There has been an upsurge of interest in
nanostructured systems with reduced dimension-
ality. A prominent example is the quantum dot
(QD) interband laser with its performance now
being comparable to that of quantum well (QW)
lasers [1]. One other important system that is our
main focus here is the QD cascade structures [2—4]
with intersublevel transitions. Earlier theoretical
work on the effect of temperature fluctuations on
the spectral properties of individual semiconductor
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QDs [5] indicated that homogeneous broadening
of the line width can be attributed to temperature
fluctuations which reduces the optical gain at
higher temperatures. Temperature dependence of
the homogeneous line width of the ground state
exciton in InGaAs/GaAs self-assembled quantum
dots has also been investigated [6] in single dot
photoluminiscence spectroscopy. In this paper, we
report on our experimental observation of broad-
ening of the emission spectra of a QD-QW
cascade structure. We also report on our theore-
tical work for the temperature dependence of the
homogeneous line broadening, following the pre-
scription of Ref. [5], that explains the temperature
dependence of the observed spectra.
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The QD nanostructure consists of coupled
AllnAs self-assembled QDs and GaAs QWs with
optical transitions between the electronic sublevels
of the AllnAs quantum dots and the subbands of
the GaAs quantum wells. The layer design and the
electronic band structure are described in Ref. [2].
The sample for the present electroluminescence
work described below contains a stack of 10 layers
of AlysIngsAs QDs each grown on top of a
54.4 nm thick superlattice with GaAs QWs and
Alp45Gag ssAs barriers. Each QD layer is capped
by a 6.9 nm thick tunneling barrier to inject
electrons from the superlattice into the QD
sublevels while preventing electron leakage into
the two-dimensional wetting layer. The QDs are
formed during the deposition of 11.5 monolayers
of highly strained AljsIngsAs on Aly45GagssAs at
a growth rate of 0.4 A/s and a temperature of
490°C, using a Gen II Applied Epi molecular
beam epitaxy system. The growth sequence on a n-
type semi-insulating GaAs substrate starts with an
800 nm thick n*-GaAs contact layer and a 200 nm
thick n™-GaAs buffer layer grown at 630°C
followed by the QD-QW stack grown at 490°C
and is terminated with a 500 nm n~-GaAs buffer
layer and a 200 nm n*-GaAs contact layer. The
samples are processed into 120 x 120 um® mesa
with Ti/Pt/Au top and bottom metallization and
mounted in a variable-temperature He-flow cryo-
stat.

Electroluminescence measurements were per-
formed using a Fourier transform infrared spec-
trometer with step scan and lock-in detection
techniques. The samples are pumped at a pulse
repetition frequency of 93 kHz and a pulse width
of 4 us. The emitted light is detected with a liquid
nitrogen-cooled HgCdTe detector with a cutoff at
100 meV. The emission spectra obtained from two
adjacent mesas at 15 mA pumping current and at
various heat sink temperatures are displayed in
Fig. 1. The peaks at 158 meV are attributed to
transitions from the discrete electronic states of a
resonant subensemble of QDs [2]. The line width is
clearly broadened from 10 meV at 70 K to 14 meV
at 200 K and 16 meV at 240 K.

In order to understand the observed broadening
of the emission peaks in Fig. 1, we have performed
a detailed theoretical study as described below.
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Fig. 1. Electroluminescence spectra at different heat sink
temperatures from 10 periods of the coupled QD-QW cascade
structure. The QD layers contain AllnAs QDs in the AlGaAs/
GaAs material system.

Assuming that the homogeneous line broadening
is due to temperature fluctuations, we can follow
the procedure outlined in Ref. [5] to investigate the
temperature dependence of the broadening. Such
temperature fluctuations are standard temperature
fluctuations of thermodynamically small systems,
such as a QD that is in contact with a thermal
reservoir, e.g. phonons. It should be noted
however that there are three main differences
between our system and the system considered in
Ref. [5]: (1) In our case, the optical transitions are
intraband intersubband transitions, 1.e. the electrons
are in the conduction band and the optical
transition corresponds to electron transition from
one subband to another. In Ref. [5], only inter-
band transitions, i.e. transitions between conduc-
tion and valence bands are considered. (ii)) The QD
in Ref. [5] is spherically symmetric, while in our
case, the QD has almost cylindrical symmetry.
More precisely, our QD system has a large in-
plane radius and a small height. This geometry of
the QD allows us to consider only in-plane
temperature fluctuations and disregard the tem-
perature fluctuations in the direction perpendicu-
lar to the plane. (iii) The electron in Ref. [5] is in
the QD before and after the transition, i.e. the
transition is of the dot-to-dot type. In our case,
after the transition the electron is in the QW, i.e.
the transition is of the dot-to-well type.
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Following the procedure described in Ref. [5],
we present the time-dependent electron wave
function in the initial state in the form

Yi(t,r) = exp {—%(Eit + /[AEi(l]) dt1>} Wi(r), (1)
0

where AE; is the fluctuation of the electron energy
due to temperature fluctuations. The temperature
fluctuations AT(z,r) result in the fluctuations of
the conduction band edge energy E. from which
fluctuations of the electron energy can be derived
according to the equation

OFe / drAT(t, Y, (r).

AE() = 5

The time-independent part of the electron wave
function Y(r) can be written as a product of y,(z)

and R(p), p = (x,)
Y i(r) = 12 (2)R(p),

where y,(z) corresponds to the second subband of
the size quantization (due to the confinement
potential in the z-direction) and R(p) is the
electron wave function of the ground state of a
QD. In what follows, we assume that the confine-
ment potential of the QD has the parabolic form,
ie.

1 2
R(p) = —5exp (—%),
where / is the oscillator strength.

Since after the transition, the electron is in the
QW, i.e. there is no in-plane confinement poten-
tial, the final state of the electron is characterized
by the in-plane wavevector, k. Then, similar to
Eq. (1), the time-dependent electron wave function
in the final state can be written as

lPk(lts I")

::ﬂpP%O%H:AAEMMdhﬂwﬂd @

where
OE,
AB() =5 [ ATl
:%?/AMT@nm@W, 3)

D = 00 2,

Here, S is the area occupied by the QW and y,(z)
corresponds to the first subband of the size
quantization. Note that the energy fluctuations
AE;(t) do not depend on k [Eq. (3)].

Using the time-dependent perturbation theory,
we calculate the transition probability for the
transition from initial state ¥i(¢,7) to all final
states Vi(¢,r)

t t
P(z):C/ dtl/ dt,
0 0

« / Ak R(k)el @00t -) ¢ lo-dwly (4

where C is a numerical constant independent of
the frequency o of the emitted light, R(k) =
[ dpR(p) exp(ikp) = 2nl? exp(—k*I?/2), wp = Ei—
Ej, and

1

MGZ%AdMMMmfAQMH

The averaging (angular brackets) over the tem-
perature fluctuations in Eq. (4) can be rewritten
following Ref. [5] as

<ei[¢(t|)*ff>(tz)]> - <eiA¢(f1*tz)>
— o (A1) /2 (5)

Substituting Eq. (5) in Eq. (4), the optical transi-
tion rate W = P/t is given by

Wm»:q/MmMﬂw—mx ©)
where
f(Aw) = / dtye= AP /2 cos(Awry). (7

In order to determine F(Aw), we need to calculate
the average { A¢>(7)>, which has the form

(AFW)
1 (OE\? [! t
:ﬁ(ﬁ> /0 dll/o dlz/dz
X//@WMW%%@—Y%@

X [RA(py)13(2) — S~ 71(2)]
x (AT (t1, p)AT (12, p) . (8)
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In what follows, we shall disregard the second
terms in both square brackets because they are
much smaller than the corresponding first terms,
which is due to the additional small factor S~'.

The correlation function of the temperature
fluctuations can be found from the solution of the
Langevin heat diffusion equation
OAT
T DrVPAT + F, 9)
where D7 is the thermal diffusion constant related
to the thermal conductivity ¢ and the heat capacity
¢, as Dy = £/c,. The correlation function of the
Langevin force is given by
CE(t,r)F(t,m))

= BV V8 — r)d(t — 1), (10)

where ff = 2Drkg T2 /cy. As we mentioned above,
the dependence of the fluctuating functions (AT
and F) on the z-coordinate is disregarded due to
the small size of the system in the z direction.
Then, by taking two-dimensional Fourier compo-

nents of both parts of Eq.(9), the solution of
Eq. (9) is obtained in the k-space as

t
AT(t, k) = / de F(ty, kye Prkct=n), (11)
—

The correlation function of the Fourier compo-
nent of the force F can be found from Eq. (10) in
the form

CELK)E(, k)Y = A1 B8 (k — k1)d(t — 1).

Taking into account the relation between AT(t, k)
and F(t,k) [Eq. (11)], the correlation function of
the temperature fluctuations is then

(AT (L R)AT (1, k)Y

2
L 1
Dr

Substituting Eq. (12) into Eq. (8), we obtain

R N A '
(Ad (’”‘w(aT) ZODT/O dtl/o dn

x / k dk[R(k)Pe~Pricin=rl,
0

where z5! = [dz y3(z) and R*(k) = exp(—k>*1%/4).
After the integration over k, f;, and f,, the

expression for { A¢*(7)) takes the form
(AP (D))

2 pp2
! <aE°> bl [(t + Din(t + 1) — 1]

" 2ai?\3T ) zD}
kpe, T2 (QE.\*
=20(T)F (t/10), (13)
where  ©=t/tg,to =1*/2Dy and F(x)=

(1 4+ x)In(1 4+ x) — x. The asymptotics of the func-
tion # are. ZF(x)~x*/2 for x<1 and
F(x)~xInx for x>1. Substituting Eq. (13) in
Eq. (7), we obtain

f(Aw) = / dt; e D7 1/0) cos(Awty).

The final expression for the transition rate (shape
of the emission line) is then

W(w)oc /da)’ Wo(aw' — w1) f(o — o), (14)

where Wy(w — w;) is the transition rate at low
(zero) temperatures, centered at frequency w;. In
addition to the factor R(k) in Eq. (6), which results
in a finite width of the line at low temperature, there
are other contributions to Wy(w), e.g. inhomoge-
neous broadening. One of the origins of this
inhomogeneous broadening is the fluctuations of
the dot geometry. The effect of these fluctuations
on line broadening has been extensively studied
theoretically in Ref. [3]. We approximate all these
contributions by a Lorentzian function, Wy(w) =
I'/[2n(w?* + (I'/2)?)], with a finite width I'. In our
calculations below we set I' = 15 meV.

The temperature dependence of the function
&(T) [Eq. (13)] comes from the following factors:
(a) the explicit 72 term, (b) through &(T), for
which we take the following approximation [7]
E(T) =036 —0.0017T +2.47 x 10772, and (c)
through E(T) = E.o — aT?/(T + B) dependence,
which gives OE.(T)/0T = aT(T + 28)/(T + B)*,
where o and f are material constants. Substituting
these dependences into the expression for function
&(T) [Eq. (13)], we obtain

_ kpe,o? (12) THT +2p)°

anh? \z0) E(TN(T + B~

o(T)




276 V.M. Apalkov et al. | Physica E 24 (2004) 272-277

There is also temperature dependence of the time
lo

B 2 B e,

C 2Dy 24T)

It should be noted that the experimentally
observed additional peak in the emission spectra
(see Fig. 1) at high temperature and low frequency
cannot be explained just from temperature broad-
ening of a single line. The explanation of this
additional structure requires introduction of op-
tical transitions from an excited state of the system
with excitation energy FEe. Such a state will be
occupied at high temperatures and will modify
expression (14) as

W(w)
oc /dw’ {Wo(w' — 1) f(w— o)+ exp <—ETex)

lo

X Wl — on) flo> w/)} , (15)

where w; is the transition frequency for the excited
state.

In our calculations we have used the following
parameters for the QD-QW system: ax2.8 x
104 eV/K, f~80K, ¢,~1.4J/ecm’ K, and [ =
15 nm. The results of calculations are shown in
Fig. 2 at different temperatures. There is an
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Fig. 2. The shape of the emission line for the QD-QW structure
is shown at different temperatures for a parabolic QD with
[ = 15 nm. Broadening of the emission line can be attributed to
temperature fluctuations.

additional peak at low frequency and high
temperature which is due to the optical transition
from an excited state of the system. Appearance of
this peak indicates that the corresponding optical
transition is the transition from the excited state of
the QD to the excited state of the QW, compared
to the main optical transition which we can call the
transition from the ground state of the QD to the
ground state of QW. The low-frequency transi-
tions can be due to the inhomogeneity of the
system and come from the region where the QW
has a smaller width. Decreasing of the width of the
QW compared to the normal region, which is
responsible for the main peak, increases the size
quantization energy both for the QD and QW.
This means that the transition in this region is the
transition from the excited state of QD to that of
the QW. Because the sensitivity of the size
quantization energy to the width of the QW is
higher for QW than for QD, the corresponding
optical transition results in a low-frequency line.
Theoretical results presented in Fig. 2 clearly
indicate that temperature fluctuations can be the
reason for the observed finite width of the emission
line at high temperatures.

In conclusion, generally the main origin of
temperature broadening of emission lines is the
temperature repopulation of energy levels of the
system. The specific feature of our system is that it
consists of the QDs. The excitation energy in the
QD (energy difference between the levels) is higher
than the characteristic temperature range in the
present experiments. In such a case, the mechan-
ism of temperature broadening due to temperature
fluctuations becomes dominant.
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