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Random telegraph noise in photoluminescence from individual self-assembled quantum dots

M-E. Pistol,* P. Castrillo,† D. Hessman, J. A. Prieto,‡ and L. Samuelson
Department of Solid State Physics, Lund University, Box 118, S-221 00 Lund, Sweden

~Received 8 October 1998!

We have performed photoluminescence microscopy studies of spatially resolved quantum dots grown by the
Stranski-Krastanow technique. A small fraction of the dots~one in about a thousand! has been found to exhibit
an intermittence, with their emission intensity switching between discrete levels on a time scale of seconds.
The statistics of the switching corresponds to a random telegraph signal and the frequency increases superlin-
early with excitation power density. The intermittence can be irreversibly suppressed by strong illumination.
Emission spectra of these dots show significant differences between the on-state and the off-state. The ob-
served switching behavior is attributed to mobile photoactivated nonradiative recombination centers.
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Random switching between discrete levels is known
random telegraph noise. Such switching may affect obs
able properties in many different ways and have differ
origins.1–3 This has been observed in various systems suc
in resonant tunneling diodes,4 metal-oxide-semiconducto
structures,5 metallic nanoconstrictions,5 tunnel barriers,6

single atoms,7 and in single molecules.8 In solids, random
telegraph noise has most often been observed via elect
effects and has usually been attributed to defects.3 In atoms
and molecules, switching has been detected via li
emission.7,8 Recently the switching of the luminescence i
tensity of nanocrystallite quantum dots has also b
reported9,10 and it has been attributed to an intrins
ionization-neutralization process.9,11 These quantum dot
were fabricated by chemical means and supported by, bu
coherently bonded to, a substrate. We describe here the
nomenology of random switching of luminescence in se
assembled quantum dots, coherently embedded in a sem
ductor. This is another of the main types of nanostructu
with possible applications in quantum dot-based devices.12 In
this case the experimental data are consistent with a m
lation of the radiative efficiency of the dot originated b
switching defects.

The samples were grown by metal-organic vapor ph
epitaxy, and the quantum dots were formed by the Stran
Krastanow growth mode.13 The quantum dot material is InP
and the barrier material is GaInP, which is lattice matched
the GaAs substrate. The GaInP layers are typicallyn-type
with a carrier concentration of 231016cm23. The InP thick-
ness was adjusted to be slightly above the critical thickn
of quantum dot formation~1.5 monolayer!. The quantum
dots are shaped like truncated pyramids on a hexagonal
with a typical height of 15 nm.14 The results that we will
report here correspond to samples having a GaInP cap
layer of 300 nm, unless otherwise indicated. The quan
dots are thus fully strained.15 The lateral quantum confine
ment energies in these dots are about 10 meV for elect
and 1 meV for holes and the exciton lifetime is about 1 ns16

A detailed optical study of individual quantum dots has be
reported in Ref. 16 and a theoretical study in Ref. 17.

The quantum dots were excited with the 488 nm line of
Ar1 laser or the 532 nm line of a frequency-doubled YA
PRB 590163-1829/99/59~16!/10725~5!/$15.00
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laser, focused with conventional optics. The excitation pow
densities were typically 1–10 W/cm2. The photogenerated
carriers were generated mainly in the barrier material th
captured by the dots, where they eventually recombined.
luminescence from the sample was collected through an
tical microscope. For imaging, the wavelength was selec
using either a long-wavelength–pass filter or a tunable in
ference filter with a band-pass of 10 nm. A CCD camera w
used for detection. The spatial resolution of the system w
about 1.4mm and the emission from individual quantum do
was easily resolved, due to the low density of quantum d
(106– 107 cm22) in our samples. The temporal resolution
our experiments was given by the integration time of t
images. The shortest integration time that we could u
keeping an acceptable signal-noise ratio, was 8 ms in the
case, but typically 120 ms. In order to obtain spectrally
solved movies we used a low-resolution monochromato
combination with a video camera. The emission spectra
the quantum dots~within the above mentioned power densi
range! corresponded to no state-filling conditions.16 The
measurement temperature was typically 7 K.

Figure 1~a! shows an image of the emission from th
quantum dots. The image has been obtained using a de
tion energy of 1.66 eV, corresponding to the quantum
emission. Well separated quantum dots are clearly obser
Although most of the dots continuously emit light, we foun
that there are some exceptions. Figures 1~b! and 1~c! show
magnified images of the marked area of Fig. 1~a! taken at
two different times. In one case one of the quantum dot
weakly emitting~‘‘off’’ state ! while in the other it is emitting
with an intensity similar to that of the other dots in the ima
~‘‘on’’ state!. A trace of the emission intensity of this quan
tum dot is displayed in Fig. 2. It can be seen that the inten
switches between two discrete levels on a time scale of
onds.

In order to determine if the switching is random, it
necessary to analyze the statistics of the plateau duration
the intensity traces. If that is the case, the probability den
~p! of the occurrence of an on-plateau with durationt should
obey3

p~ t !5t21exp~2t/t!, ~1!
10 725 ©1999 The American Physical Society
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FIG. 1. ~Color! ~a! An image of the emission from a sample containing quantum dots. The photon energy monitored was 1
corresponding to the quantum dot emission. Magnified images of the marked area recorded at two different times are also show@~b! and
~c!#. In one of them the emission from one of the quantum dots is absent~OFF! while in the other it is emitting~ON!.
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where t is a characteristic time length for the dot in th
on-state. The same behavior should be obeyed for the
plateaus, but with a differentt. Histograms of the number o
on- and off-plateaus as a function of the duration are sho
in Fig. 2, along with exponential fits to the data, for the ca
of the switching dot of Fig. 1. As can be seen, the data
consistent with the random switching described by Eq.~1!
and we thus conclude that we see a random telegraph s
in the emission intensity of this quantum dot.

More than 100 000 dots have been inspected~in samples
with a capping layer! and about 100 of them have been fou
to exhibit switching. It has to be kept in mind, though, th
intermittences having time constants below 40 ms or ab
20 s would typically not be detected. We have observ
switching dots in samples grown on bothn-type andp-type
substrates~with the Fermi level differing about 0.2 eV in th
vicinity of the dots!. Samples without a capping layer hav
also been found to contain switching dots, and in a prop
ff-

n
e
re
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t
e
d

r-

tion higher than in capped samples. Although most switch
dots switch between two levels, there are exceptions. S
dots were found to switch between three levels and we h
also observed a dot switching between four levels. We c
centrate here on the most common type of switching d
having two levels. It should be mentioned that most of t
switching dots retain their characteristics even after repea
cycling between room temperature and low temperatures

Figure 3~a! shows traces of a switching quantum dot
different excitation power densities. The characteris
switching rates (ton

21 andtoff
21) are displayed in Fig. 3~b! as a

function of the excitation power density. At sufficiently low
power the switching times are of the order of minutes and
extrapolation of the data taken at low power shows tha
zero excitation power there is no switching. This sugge
that the switching is actually induced~rather than being
monitored! by the excitation light. The emission intensity i
the on-state scales linearly with excitation power dens
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indicating that the number of carriers captured by the qu
tum dot is linear with excitation power density~in this power
range!. In contrast, the switching rates are strongly super
ear with excitation power density@see Fig. 3~b!#, suggesting
that the switching process involves multiple particles. In F
3~c! we have plotted the ratio of the mean time-on with t
mean time-off (ton/toff). The ratio increases with excitatio
power density, this behavior being opposite to the photoda
ening observed in nanocrystallite quantum dots.9 At suffi-
ciently high excitation power density it saturates.

At even higher excitation power densities the quant
dots irreversibly stop switching and stay permanently in
on-state, even if the excitation power is again reduced.
required excitation power is of the order of 50 W/cm2, which
is high enough to clearly observe state-filling features in
emission spectrum of the quantum dots.16 After a dot stops
switching we have found no reliable way to turn it back to
switching situation. These effects from the excitation pow
density have been found for all switching dots. Similar
fects ~although in this case involving a final off-state! have
been observed in single molecules.8

If we increase the temperature in the range of 4–30 K
find that the switching rate increases@Fig. 4~a!#. The emis-
sion intensity has carefully been kept constant in these
periments in order to avoid effects of the excitation pow
density ~Fig. 3!. It is not sufficient to keep the excitatio
power density constant, since we have found that the cap
into the dots is quite temperature dependent. It is possibl
derive an activation energy of switching of about 10 m
from these experiments. Such an activation energy is, h

FIG. 2. ~a! A trace of the emission intensity of the switchin
quantum dot of Fig. 1 as a function of time. The emission inten
switches between two discrete levels.~b! and~c! The histograms of
the occurrence of plateaus of time lengtht ~both off and on! as a
function of t are plotted. Theoretical fits assuming random switc
ing are included.
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ever, quite ambiguous since the dots become unstabl
higher temperatures~30–60 K!. An example of a dot which
goes from a switching behavior to a nonswitching behav
~but not irreversible! is shown in Fig. 4~b! at a temperature
of 57 K. Such instabilities are in fact very common at hig
temperatures, and we also have examples of dots going f
nonswitching to switching behavior as well as dots sudde
changing their rate of switching~data not shown!. What is
common for all investigated dots is that the switching ra
increases with temperature, before such instabilities occu

In Fig. 5 we show emission spectra of a switching d
both in the off-state and the on-state, as a function of ex
tation power density. Previous investigations of quant
dots of this type~InP in GaInP! have shown that the emissio
spectrum always contains multiple lines, also at very l
excitation power density.16 The switching dot~Fig. 5! has an
emission spectrum which is similar to nonswitching do
The emission energy is the same and also here mult
emission lines are present. A comparison of the energie
the different lines in the off- and the on-state shows no
ergy shift. There are clear signs of state-filling in the spec
for the off-state. Also for the on-state we see some transfe
the lowest energy peaks at the lowest excitation power d
sity.

We performed an additional experiment in which the c
riers were generated directly in the dot. To do that, we u
a Ti:sapphire laser with a photon energy of 1.72 eV, tha

y

-

FIG. 3. ~a! Examples of emission traces of a switching quantu
dot for different excitation power densities. The emission intensi
were normalized by the excitation power density. The character
switching rates of the on- and off-states (ton

21 andtoff
21, represented

by full and open symbols, respectively! are plotted in~b! as a func-
tion of the excitation power densityP. The ratio between the
switching times (ton/toff) is displayed in~c!. As a reference, the
slopes corresponding toP4 andP2 and toP2 andP0 are displayed
in ~b! and ~c!, respectively.
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lower than the absorption edges of the barrier material an
the wetting layer. In these conditions, in which no captu
process was involved, the switching behavior was still o
served. Thus, we can conclude that the effect is related

FIG. 4. ~a! Traces of a switching quantum dot at different tem
peratures illustrating the increase of switching frequency with te
perature.~b! Example of a dot which goes from a switching state
a nonswitching state at high temperature~57 K!.

FIG. 5. Spectra of a switching quantum dot for different exci
tion power density. Full lines correspond to the dot in the on-s
and dashed lines correspond to the dot in the off-state. The spe
resolution was 1 meV. P corresponds to an excitation power de
sity of about 0.5 W/cm2.
of
e
-
a

modulation of the radiative recombination efficiency, rath
than to a modulation of the carrier capture.

In our case, the modulation of the radiative efficien
causing the switching cannot be related to an effect intrin
to the dots, since most dots do not switch. We attribute
switching to a native defect in the neighborhood of the d
The defect would have two metastable configurations co
sponding to the off-state and to the on-state, respectiv
where in the off-state configuration the defect acts as a n
radiative center. The observed occurrence of switching d
would correspond to a defect density of the order
1015cm23. The transition between the two configurations
photoactivated~Fig. 3! and the defect is also mobile~since
the switching can be irreversibly turned off by intense ill
mination!. Such photoactivated, mobile, and nonradiati
defects are by no means without precedent and h
been individually observed using photoluminescen
topography.18,19 They are indeed a common feature in ph
todegradation of semiconductor heterostructure lasers.20 Sev-
eral models for a photoactivated mobility have been p
posed, one of which is the phonon-kick model.21 In this
model the defect is activated via phonons generated by
rier recombination. In our case the phonons would m
likely be generated by the relaxation of carriers in the d
The superlinear intensity dependence of switching~Fig. 3! is
then a sign of a multiphonon process of activation.21 Increas-
ing the temperature also gives a supply of phonons wh
will enhance the transition between the two configurations
the defect~Fig. 4!. We do not see any Stark shift between t
emission spectra in the on-state and in the off-state~Fig. 5!.
Thus, most likely, the transition between the two configu
tions does not involve a change in the charge state. For
creasing excitation power the defect-related nonradiative

FIG. 6. ~a! Upper trace corresponds to a normal switching do
a temperature of 7 K. After increasing the excitation power den
about 10%~which quenched the switching! the dot became noisy
This is shown in the lower trace which was taken a few minu
after the upper one. After a brief time in the off-state the dot
turned to the on-state without excess noise.~b! Trace of a dot
switching between three levels.
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combination would saturate and the emission intensity in
off-state would become rather similar to that of the on-st
~Fig. 5!. Upon sufficiently strong illumination the defec
moves far away from the dot, and has no effect on the em
sion.

Based on this model, we designed an experiment wh
we gently quenched the switching~that is, we increased th
excitation power density only about 10% over the thresh
for quenching to the on-state for a few seconds!. When we
subsequently observed the emission intensity of the dot,
found that initially the emission intensity was much mo
noisy than for nonswitching dots@Fig. 6~a!#. During the mea-
surement the dot returned once to the off-state and t
settled down permanently in an on-state~without excess
noise!. Although we have no explanation for the return to t
off-state, we conclude from this experiment that the resp
sible defect moved only a small distance away from the d
and that it still was affecting the emission from the dot~seen
d
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as noise! for some time. This resembles the noise behav
observed in electrical nanodevices when a defect diffu
near the active region.5

The model suggested here is quite crude, but it does
a framework for discussion and it gives guidelines for futu
experiments. The fact that there are switching dots hav
several levels@Fig. 6~b!# indicates that a unified model i
going to be very complicated and, most likely, several ty
of defects are involved.
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