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Temperature dependence of the zero-phonon linewidth in quantum dots:
An effect of the fluctuating environment
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We report systematic measurements on the broadening of the emission spectrum of single quantum dots as
a function of temperature and incident power. Spectral diffusion effects in the motional narrowing regime
provide a quantitative interpretation of our experimental results. We show that, at low incident power, the
thermal activation of spectral diffusion results in a Lorentzian zero-phonon line with a width that increases
linearly with temperature. Our study provides a unified interpretation to the widely debated issue of the
dispersion of the data on the temperature dependence of this zero-phonon linewidth. Our explanation is based
on an original model where acoustic phonons interact with carriers outside the quantum dot.
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The optical spectrum of semiconductor quantum dots
(QDs) has recently attracted considerable interest because of
its importance for fundamental physics and its applications
in quantum information processing. Two spectroscopic fea-
tures have been particularly addressed, namely, the optical
line shape in the zero-temperature limit and the temperature-
induced broadening of the QD spectrum. In the case of the
former, the experimental results show marked differences de-
pending on the spectroscopic techniques. In photolumines-
cence (PL) measurements, the experimental evidence of
light-induced spectral diffusion in single QDs has revealed
the existence of randomly fluctuating electric fields due to
the presence of localized charges in the vicinity of the QD.!~
This phenomenon with spectral jitters ranging from a few
tens of ueV to several meV breaks down the simple picture
of a two-level system where the linewidth is given by the
radiative limit in the ueV range. However, spectral diffusion
effects appear to be considerably reduced under resonant ex-
citation of the fundamental interband transition and the limit
of radiatively limited optical spectra is nearly reached either
in nonlinear four-wave mixing experiments’ or in linear ab-
sorption measurements.®

The temperature-induced broadening of the optical spec-
trum is another major issue of the QD optical properties.
Temperature-dependent measurements have shown that the
line shape can be described by the superposition of the so-
called zero-phonon line (ZPL) and broad side bands extend-
ing on several meV.”® These sidebands arise from the radia-
tive recombination of electron-hole pairs assisted by the
emission and the absorption of acoustic phonons. This pure
dephasing phenomenon is interpreted in the framework of
the Huang-Rhys theory by an independent boson model with
a linear coupling to acoustic phonons. However, within this
theoretical treatment, the ZPL does not show any broadening
with temperature, in strong contrast with published data.!%-!3
In a more sophisticated model including a quadratic coupling
to acoustic phonons via phonon-assisted transitions to higher
QD levels,'* it has been shown that the ZPL width increases
linearly with temperature.'> Nevertheless, the magnitude of
this contribution can not quantitatively explain the experi-
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mental results'®'3 and, in particular, the confinement energy

dependence found in Ref. 13. Phonon damping by scattering
at surfaces also results in a linear increase with temperature
of the ZPL width and this process was proposed in Ref. 12 to
explain the measurements carried out on different mesa
sizes. However, again, the magnitude of this contribution is
too small to account for the experimental results in Ref. 11,
where single-QD spectroscopy is performed without mesas.
The dispersion of the data on the temperature dependence of
the ZPL width suggests the existence of an additional contri-
bution. Such a process is missing in the different models
developed in Refs. 12 and 15 which both rely on an interac-
tion between acoustic phonons and carriers confined inside
the QDs. We present here an interpretation based on an origi-
nal model where acoustic phonons interact with carriers out-
side the quantum dot.

The recent experimental evidence of a motional narrow-
ing regime for the spectral diffusion phenomenon in QDs
(Ref. 16) shines a new light on the two former issues that are
separately debated in the literature. In Ref. 16, two regimes
of fluctuation are considered for the electrostatic environ-
ment, namely, the slow modulation limit, where the optical
line shape reflects directly the statistical distribution of the
fluctuating system energy, and the fast modulation limit (or
motional narrowing), where the fluctuation is smoothed out
and the line shape is narrowed into a Lorentzian profile. The
motional narrowing regime was shown to take place surpris-
ingly at low temperature, thus explaining why the ZPL may
have a Lorentzian profile with a width which is not given by
the intrinsic radiative limit, but by the extrinsic reservoir
fluctuation dynamics.

In this Brief Report, we show that the thermal activation
of the processes leading to spectral diffusion in the motional
narrowing regime results in a Lorentzian ZPL with a width
that increases linearly with temperature. This contribution to
the temperature dependence of the ZPL width relies on an
interaction between acoustic phonons and carriers outside the
QDs. This extrinsic dephasing process is studied by system-
atic measurements of the linewidth for single QDs in the
motional narrowing regime, i.e., with a ZPL that keeps a
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FIG. 1. (Color online) (a) Fourier-transform spectroscopy on the
PL signal of a single QD at 20 K, for two incident powers. The
solid lines represent exponential fits with a time constant
T,~30 ps at 0.045 kW cm™2, and 8.5 ps at 2.9 kW cm™2. (b) Full
width at half maximum (FWHM) of the zero-phonon line, as a
function of incident power for three temperatures: 20 K (red
circles), 30 K (blue diamonds), and 40 K (green squares). The solid
lines (20 K in red, 30 K in blue, and 40 K in green) are calculated
within a model taking into account the carrier dynamics in the en-
vironment [Egs. (2) and (3)]. Inset: Temperature dependence of the
FWHM of the zero-phonon line for an incident power of
0.08 kW cm™2. The solid line is a linear regression of the data with
a slope ap~ 1.55 ueV KL,

Lorentzian profile in the investigated range of experimental
parameters. The importance of this extrinsic contribution to
the dephasing processes at low temperature is further illus-
trated by the example of a peculiar QD where the efficiency
of the temperature-induced broadening can abruptly change
from one day to the other.

We study self-assembled InAs/GaAs QDs grown by
molecular-beam epitaxy in the Stranski-Krastanow mode.
Submicrometer mesa patterns are processed on the sample
surface in order to isolate single QDs.!” The QDs studied in
this work come from the same wafer as in Ref. 16 and they
are located in 0.5 um mesas. Single-QD spectroscopy at low
temperature is carried out by standard micro-PL measure-
ments in the far field using a microscope objective (numeri-
cal aperture of 0.5) in a confocal geometry. The excitation
beam is provided by a He:Ne laser and we perform PL mea-
surements under nonresonant excitation at 1.96 eV. Both the
shape and the width of the emission line of single QDs are
analyzed by high-resolution Fourier-transform
spectroscopy.'®

In Fig. 1(b), we display the full width at half maximum
(FWHM) of the PL spectrum of a single QD, as a function of
incident power for three temperatures (20, 30, and 40 K).
The emission line is centered at 1.375 eV at 10 K, and its
profile remains Lorentzian in the investigated range of inci-
dent power and temperature, as can be seen in Fig. 1(a) from
the exponential decay of the interferogram contrasts C(7)
recorded by Fourier-transform spectroscopy.'® This behavior
contrasts with the one reported in Ref. 16, where a smooth
transition between Lorentzian and Gaussian profiles was ob-
served on increasing incident power or temperature. This
means that the spectral diffusion phenomenon is always in
the motional narrowing regime in the present study, because
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of a smaller modulation amplitude 3, as detailed below. In
Fig. 1(b), at 20 K, the ZPL width increases by a factor of 4
over the two decades of incident power, with a pronounced
rise around 0.6 kW cm™. At higher temperatures, the varia-
tions are qualitatively the same but the ZPL broadening with
incident power is reduced when the temperature increases.
The ZPL width increases only by a factor of 2.5 at 30 K and
1.7 at 40 K. The systematic measurements displayed in Fig.
1(b) indicate, in fact, the existence of two regimes. In the
first one, at low incident power (P <0.2 kW cm2), the tem-
perature dependence of the ZPL consists of a linear increase
with temperature [Fig. 1(b), inset] that can be described by
the simple expression

1—‘=1—‘0+ CY()T, (1)

where the slope « characterizes the efficiency of the
temperature-induced broadening and hardly depends on the
excitation density. For the QD discussed in Fig. 1, we find
for oy a value of 1.55+0.15 ueV K~! [Fig. 1(b), inset], i.e., a
standard figure compared to published data, where a ranges
from 0.05 to 4 ueV K~!.19-13 In the second regime, at high
incident power (P>0.2 kW cm™?), the efficiency of the
temperature-induced broadening does depend on the incident
power [['=I"((P)+ a(P)T], and the higher the excitation den-
sity, the smaller the ZPL broadening with temperature
[a(P)<ay]. For P=2 kW cm™, the variations lie within
our experimental uncertainty. We obtain an upper limit of
0.25 ueV K™! for the a(P) coefficient at high incident
power.

From the analysis of the data shown in Fig. 1, we con-
clude that the ZPL broadening cannot be characterized by
two uncorrelated, additive contributions AI'(7) and AI'(P)
that would depend only on temperature and incident power,
respectively. We now provide a quantitative interpretation of
these experimental results in the framework of the motional
narrowing phenomenon for the spectral diffusion effect.!®

The optical spectrum of semiconductor QDs is highly sen-
sitive to the presence of fluctuating electric fields. Impurities,
defects, or localized charges in the vicinity of a QD induce
microelectric fields that shift the QD emission line through
the quantum confined Stark effect.!~* The fluctuations of the
QD environment thus randomize the emission energy over a
spectral tange X on a characteristic correlation time 7. In
Ref. 16, a crossover from Lorentzian to Gaussian profiles of
the ZPL was observed on increasing either the incident
power or the temperature. This effect indicated a smooth
transition between the two regimes of fluctuation, namely,
the fast modulation regime (or motional narrowing), where
the ZPL profile was Lorentzian with X7, decreasing down to
0.4#, and the slow modulation regime, where the ZPL profile
was Gaussian with 3,7, increasing up to 1.35%. In the present
study, we are always in the motional narrowing regime, and
the FWHM of the Lorentzian ZPL is given by 2327, /4.

The fluctuating environment can be described in a simple
model where N uncorrelated traps individually induce a
Stark shift A of the QD emission line. The carrier dynamics
in the traps is characterized by a capture time 7| and an
escape time 7. The correlation time 7, and the spectral
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modulation amplitude 3, are then glven by the expressions
1/7=1/m+1/7 and 2=23/(V TT/Tl+\TL/TT) respec-
tively, where the maximum value 3 of the modulation am-
plitude is reached for 7/~ 7; and is equal to VNA/2.16

We now compare the predictions of this model with our
systematic measurements of the ZPL width as a function of
temperature and incident power. We plot in solid lines in Fig.
1(b) the theoretical values of the FWHM of the ZPL that are
calculated by assuming that

l=l[1+n1(T)]+l[1+n2(T)]s 2)
Tl T )

l = lnl(T) + inz(T) + lf(P) @)
m T T 73

The existence of phonon-assisted mechanisms is taken into
account by the first two terms on the right-hand side of Egs.
(2) and (3). The capture (escape) is thermally activated due
to the emission (absorption) of an acoustic phonon of mean
energy E; or an optical phonon of energy E,. The capture
and escape efficiencies are proportional to 1+n;(r) and n(z),
respectively, where n,(¢) is a Bose-Einstein occupation factor
given by 1/[exp(E;/kgT)—1]. In Eq. (3), the additional term
accounts for the contribution of Auger processes to carrier
escape. f(P) has the general form P#/(PP+Pf), where B8
indicates the power-law exponent for the dependence of the
Auger processes on incident power, and P is the excitation
density where saturation of the Auger processes appears.'”

In Fig. 1(b), we observe a fair agreement between the data
and the calculations for the set of parameters 3~ 150 ueV,

~200ps, 7~5ps, m~35ps, E; ~1meV, E,
~30 meV, B=2, and Py~ 0.96 kW cm~2. Note that the in-
clusion of the same Auger term f(P)/7; for the capture
mechanism in Eq. (2), although physically sound, hardly
modifies our theoretical calculations and almost identical fits
are obtained by increasing 2, by 10%. As far as the determi-
nation of the time constants 7|, 7, and 73 is concerned, the
theoretical calculations displayed in Fig. 1(b) depend only on
the ratios 7;/7,, and 73/7,. An estimation of the absolute
value of 7, would be possible if a crossover from Lorentzian
to Gaussian line shapes occurred. Since 7, is the smallest
time constant, the correlation time 7, is given by 7, in a first
approximation, and its value could be estimated from the
FWHM of the ZPL at the Lorentzian-Gaussian crossover,
where the product of the modulation amplitude 3 and corre-
lation time 7. is close to #.'¢ In the present study, where the
ZPL keeps a Lorentzian profile, we are always in the mo-
tional narrowing regime and the condition X 7.<# must be
fulfilled in our calculations. This inequality is verified if 7, is
smaller than the upper bound of 5 ps, and in Fig. 1(b),
37,<0.7h, which ensures that the ZPL is Lorentzian.

If we now examine the relative importance of the micro-
scopic processes involved in the carrier dynamics in the QD
environment, we observe that the capture process is domi-
nated by the emission of optical phonons, and the escape
process is activated either by acoustic phonon absorption on
increasing the temperature or by Auger processes on raising
the excitation density. This hierarchy between the different
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mechanisms is qualitatively the same as the one deduced in
Ref. 16, where it was pointed out that the capture process is
indeed much more efficient than the escape one. However,
quantitatively, we notice that in the present case the asym-
metry between the capture and escape processes is less pro-
nounced than that in Ref. 16. In the latter study, the ratio
between the capture and escape times 7/7; was always
smaller than 1072, whereas here, it increases up to 0.2. This
difference is, in fact, at the origin of the dependence of the «
coefficient on incident power [I'=I'y(P)+a(P)T]. In the
limit where 7)/7) <1, the modulation amplitude 2, increases
linearly with y7/7; and 7.~ 7|, so that the FWHM of the

ZPL is given by
2
. h
I~ 8(M) -, (4)
h TT

where the contributions of the phonon-assisted and Auger
processes become separable according to Eq. (3). This situ-
ation corresponds to the regime of low excitation density in
Fig. 1 (P<0.2 kW cm™2), and from Eq. (4), we easily derive
the expression of the ¢ coefficient

8327k

9 5
ﬁTlEl ( )

ay=
where kjp is the Boltzmann constant. Since the capture pro-
cess is dominated by optical phonon emission (Tl~72) a
numerical evaluation of Eq (5) with 7,~5 ps gives an «
coefficient of 1.47 ,ueVK , which is consistent with our
experimental data [Fig. 1(b), inset].

On the other hand, when 7|/ 7, =1, the modulation ampli-
tude 3 deviates from its asymptotic behavior 237 /7; and
the linear approximation of Eq. (4) is no longer valid. As a
matter of fact, when T/ increases, &E/&(Tl/ TT) decreases
and tends to zero for 7/ 7~ 1, where the modulation ampli-
tude X reaches its saturation value 2. In other words, the
temperature-induced broadening becomes less and less effi-
cient when increasing the incident power, which explains the
dependence on power of the « coefficient and its decrease as
a function of excitation density (Fig. 1).

From the expression of a; in Eq. (5), we thus conclude
that the carrier dynamics in the QD environment provides a
significant contribution to the temperature-induced dephas-
ing in the low-temperature limit (7<50 K). In contrast to
the model proposed in Refs. 12 and 15, the temperature de-
pendence of the ZPL width comes from the interaction of
acoustic phonons with carriers outside the QD. This purely
extrinsic contribution suggests the picture of the decoherence
dynamics in QDs as a probe of the carrier dynamics in the
QD environment and provides a simple interpretation to the
wide dispersion of the published experimental data on the
ZPL broadening.!%'3 We have even observed that « varies
from QD to QD all located in the same mesa, thus indicating
that the scale of the fluctuating environment is smaller than
the mesa size (0.5 um here).

We further illustrate the extrinsic origin of the tempera-
ture dependence of the ZPL broadening by the striking ex-
ample of another QD where the «, coefficient shows abrupt
changes from one day to another. In Fig. 2, we display the
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FIG. 2. Temperature dependence of the full width at half maxi-
mum (FWHM) of the zero-phonon line of a single QD (different
from the one in Fig. 1), for two different days.

measurements of the ZPL width of this QD, at low incident
power, for two different days of acquisition. By two different
days, we mean that the sample was heated up to room tem-
perature and cooled down to 10 K at least one time between
the two runs. The fits displayed in solid lines are performed
according to Eq. (1) and we find [y=1 ueV, o
=1.3 ueV K™ and I'h=3 ueV, ay=3.5 ueV K~! for the two
sets of data. We stress that we have only observed these two
values for the ¢, coefficient, and that these measurements
have been obtained several times, at low incident power,
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either under nonresonant excitation at 1.96 eV or under qua-
siresonant excitation of the wetting-layer continuum at
1.43 eV. Since the PL experiments have been carefully car-
ried out in the low-excitation limit, we can rule out any in-
cident power effect to explain the variations of a. We sug-
gest the existence of two subclasses of traps of amounts N,
and N, where one type of traps is completely inactive de-
pending on the cooling cycle. This effect would result in
day-by-day fluctuations of the saturation value X, which
modifies the efficiency of the temperature-induced broaden-
ing [Eq. (5)].

In conclusion, we report systematic measurements of the
ZPL width of single QDs as a function of temperature and
incident power. We interpret our experimental results by
spectral diffusion effects in the motional narrowing regime.
Our study shows that the carrier dynamics in the QD envi-
ronment provides a significant contribution to the
temperature-induced dephasing in the low-temperature limit
and provides a unified interpretation to the widely debated
issue of the dispersion of the data on the linear temperature
dependence of the ZPL width.
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