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A microphotoluminescence study of single InAs/GaAs quantum dots subjected to a lateral external electric
field gives insight into carrier transport and capture processes into Stranski-Krastanov-grown quantum dots.
The results obtained on the excitons in a single dot demonstrate a considerable luminescence intensity en-
hancement of the dot as well as a charge redistribution when an electric field is applied. The charge recon-
figuration is evidenced by the transition from a predominantly negatively charged to a neutral charge state of
the exciton. The model proposed to explain the charge redistribution is based on an effective hole localization

at the potential fluctuations of the wetting layer.
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Semiconductor quantum dots (QDs) are often considered
as potential candidates for optoelectronic applications such
as QD memory devices,! QD lasers,? single-electron
transistors,> and single-photon emitters.* The operation of
these devices is based on an electric field involved across the
dot structure, which highlights the importance of the effect of
a field, external or/and internal, on the optical response of a
QD.

Internal electric fields play an important role in many in-
teresting optical phenomena such as two-color blinking,’
spectral diffusion,®” random telegraph noise,® and fluores-
cence intermittency.’ For the effect of an external electric
field, the investigations reported have primarily been treating
a vertical field. The studies have essentially been focused on
the capture and escape processes into and from the dot, i.e.,
the most essential factors for the optical characteristics of a
dot.'%-12 However, such experiments do not allow studies on
the step prior to capture, i.e., the carrier transport in the plane
of the wetting layer (WL)."3

In order to gain information on this lateral carrier trans-
port, the carriers should be exposed to a lateral electric field.
However, only a very limited number of such studies can be
found in the literature: CdSe/ZnSe, GaAs/AlGaAs, and
InAs/GaAs QDs have been exposed to a lateral electric
field,'*1® but the experimental conditions did not allow
probing of the associated carrier transport in the presence of
a lateral field. Indeed, in Ref. 15 the single QDs (SQDs) were
excited by resonant pumping directly into the QD’s excited
states, while in Ref. 14 a special sample design (in the form
of a mesa with a lateral size of 50 nm) containing an indi-
vidual QD was used. As a result, a redshift of the QD’s
microphotoluminescence (uPL) lines and a decrease of the
SQD PL intensity with an increasing external lateral electric
field have been revealed.'*!> From investigations of an en-
semble of InAs QDs exposed to a lateral electric field, con-
clusions could be drawn only on the strong change in the
oscillator strength of the transitions studied.'®

In this paper, we report on a study of the effect of an
external lateral field on the transport properties, as probed by
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the optical response of a single dot in microphotolumines-
cence. Experimental conditions are employed in which a la-
ser beam was focused on the sample surface down to a spot
diameter of 2 um (still considerably larger than the lateral
size of the SQD of 35 nm). The uPL results, obtained for
various excitation powers (P,) and temperatures (7), demon-
strate a striking dependence of the PL intensity as well as the
charge state on the external voltage (V). According to the
proposed model, the deficit of holes in the QD at zero field
(V4=0 V) is caused by a more effective localization of holes
at potential fluctuations of the WL during the lateral trans-
port. At V4. >0 V, the holes may tunnel out of the localizing
potentials to become captured into the QD, effectively neu-
tralizing its charge state. Our results demonstrate that the
transport properties of photoexcited carriers should be taken
into account for optical experiments with InAs/GaAs QDs to
understand the origin of the emission lines from QDs mea-
sured at ordinary conditions, i.e., without any external fields.

The samples studied were grown by molecular beam
epitaxy on a semi-insulating GaAs (100) substrate. The
buffer layer was prepared with a short-period superlattice
40X 2 nm/2 nm AlAs/GaAs at a growth temperature of
630 °C. On top of a 100 nm GaAs layer, the QDs were
formed from a 1.7 monolayer thick InAs layer deposited at
530 °C. A first growth interruption of 30 s. was used to im-
prove the size distribution. Then the dots were covered with
a thin GaAs cap layer with a thickness of 7.,,=3 nm before a
crucial second growth interruption of 30 s. Finally a 100 nm
thick GaAs layer was deposited to protect the QDs. As a
result, lens-shaped InAs QDs were developed with the height
and diameter of 4.5 and 35 nm, respectively.

The dot density was extremely low with an average dis-
tance between the adjacent QD’s of around 10 um, which
allowed excitation of a single QD in a diffraction-limited
MPL setup. A lateral electric field is derived between two In
gate electrodes with a 15 um spacing on top of the sample.
By excitation from a tunable Ti-sapphire laser, with an exci-
tation energy (hv,,) in the range from 1.23 to 1.77 eV, the
luminescence signal was monitored by a nitrogen-cooled
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FIG. 1. uPL spectra of a single QD measured at 7=5 K,
Py=20 nW, hv,=1.675 eV, for a number of biases, as indicated in
the figure. The inset shows uPL spectra of the QD measured at
similar conditions, but for an excitation energy of hv,,=1.40 eV.

charge-coupled device CCD camera allowing a spectral reso-
lution of 0.15 meV. Eight single dots at different spatial po-
sitions were examined with a resulting analogous behavior.

The spectrally integrated PL intensity of the QD, Igp, is
approximately 1% relative to the corresponding intensity of
the WL, to be compared with the corresponding volume ra-
tios of ~1073. Consequently, the PL signal from a QD is
primarily not determined by the absorbing dot volume, but is
rather due to transport and capture processes of carriers from
the WL into the QD. This conclusion is further emphasized
by the fact that the uPL spectra exhibit no emission from
GaAs, even for above GaAs band gap excitation.

Also the charge state of the dot, i.e., the relative popula-
tion of electrons (e¢) and holes (4), is essentially determined
by these transport and capture processes, as elucidated by the
electric-dependent measurements. The two excitonic X~ and
X lines (Fig. 1), predominant in the uPL spectra at low ex-
citation powers, are identified as negatively charged and neu-
tral exciton recombination emissions from the SQD, which
correspond to the SQD charge configurations of (2e¢14) and
(lelh), respectively. This interpretation is based on the fol-
lowing.

(i) Detailed theoretical calculations'” show that for the
case of a lens-shaped QD (as in our study), the spectral line
corresponding to the SQD charge configuration of 2elh
(1€2h) should appear red- (blue) shifted with respect to the
line of the neutral exciton (lelh charge configuration in the
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SQD). The reverse situation is predicted for the cone-shaped
QD.!7 The progressive reduction of the transition energy of
the emission from negatively charged exciton complexes in a
lens-shaped QD with increasing number of extra electrons
(up to 20) was also calculated.!®

(ii) The characteristic trion (i.e., singly negatively charged
exciton) redshift of ~5 meV in the InAs/GaAs QD system
has been reported recently in the experiments of other au-
thors (see Ref. 11 and references therein).

(iii) Photoexcited carriers, which migrate in the plane of
the WL prior to capture into the SQD, will, with a certain
probability, become localized at potential fluctuations of the
WL, which are due to the growth-induced variations of alloy
composition and strain along the plane of the WL.!>?° The
probability for carrier localization (in other words, its activa-
tion energy) is higher for holes due to their larger effective
mass. Consequently, it is predicted that the lateral transport
of holes will be hindered compared with the electrons. As a
result, a more probable capture for electrons (compared with
the capture of holes) into the SQD is expected, which should
result in a “negative” charge configuration in the SQD (i.e., a
predominant X~ line in the wPL spectrum at Vg =0 V). On
the contrary, at excitation directly into the SQD (hve,
=1.40 eV), i.e., in the case where no transport of photoex-
cited carriers occurs prior to capture into the SQD and hence,
the capture probabilities of electrons and holes into the SQD
are equal, the uPL spectrum of the SQD entirely consists of
the X line (inset in Fig. 1). It should be stressed that at
excitation energies below the WL, crossed transitions (be-
tween the WL continuum and the QD-confined states) can
play an important role.>"?*> In general, these transitions may
result in different probabilities for electrons and holes to be
captured into the SQD and, as a consequence, the X line
(inset in Fig. 1) might have been interpreted as a charged
exciton complex instead of a neutral exciton. As was shown
in Refs. 21 and 22 the influence of crossed transitions on the
absorption of QDs is entirely determined by the excitation
energy used. However, our data (not shown here) reveal that
in a broad (50 meV) range of excitation energies below the
WL, the uPL spectra obtained consist of the same X line,
which supports our interpretation of the X line as being the
neutral exciton.

(iv) To create the charge configuration of 2elh in the
SQD absorption of more than one photon (each of which
creates only le and 1 & in the sample) is needed. Conse-
quently, a superlinear dependence of the amplitude of the X~
PL line on the excitation power (P,) is predicted. The inset
in Fig. 2 a shows the spectrally integrated intensities of the
X~ (Ix-) and X (Iy) lines in their dependence on P,. Both Iy-
and Iy could be approximated with P, where m is found to
be 1.16 and 1.00, respectively.

At unbiased conditions, the X~ line dominates the uPL
spectrum of the single QD (Fig. 1), but for an increasing
bias, the X line appears and successively gains intensity. In
addition, a significant increase of the total dot PL intensity
Igp by up to a factor of 4, is observed. As stated above, the
photoexcited carriers will migrate in the WL prior to capture
into a dot. However, this migration is sensitive to WL poten-
tial fluctuations caused by growth-induced variations in alloy
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FIG. 2. The dependencies of (a) Iy and Ix-, (b) B, and (c) @ on
Vi, measured at 7=5 K, Py=20 nW, and hv,=1.675¢eV. The
solid line in (c) is a fit to the model described in the text. The
inset in (a) shows the dependence of Iy- and Iy on P, measured at
V4c=0 and 6 V, respectively, at =5 K. The solid lines in the inset
represent fits to the data based on the method of least squares.

composition and strain, since capture of the carrier(s) will
occur with a certain probability.!*?° Consequently, the lateral
transport is anticipated to be more efficient for electrons than
for the heavier holes, which in turn will instigate a higher
capture rate of electrons into the QD and a predominant X~
exciton, in accordance with our experimental observations
(Fig. 1).

The role of the internal electric field, created by charged
impurities in the vicinity of the dots, has been elucidated
earlier. In the low-bias domain, this internal electric
field will dominate over the applied electric field and just
minor PL amplitude variations of the X and X~ lines (Iy and
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Iy-) are observed [see Fig. 2(a)]. However, for a higher bias
(0.7<V4.<1.6 V), an enhancement of Iy- is observed in the
MPL spectrum (reaching a maximum at V4,=2.4 V), which is
explained in terms of an increasing drift velocity for the de-
localized carriers. For an even higher bias V. > 1.6 V, the
neutral X exciton appears with a progressively increasing
PL intensity Iy [Fig. 2(a)]. It should be stressed that the
total integrated dot PL intensity (Iop=Iy+Iyx-) increases
monotonically by almost a factor of 4 in the range
0.7<V4.<4 V, as illustrated in Fig. 2(b) by the B parameter,
defined as B=Iop(Vy.)/Ign(V4.=0). This observation is in
striking contrast with the directly excited dot (with
below-WL excitation when no carrier transport occurs prior
to carrier capture into the QD), and Ip remains unchanged
in the entire bias range studied (inset in Fig. 1).

The charge redistribution in favor of the neutral exciton X
observed in the wPL spectra for higher bias (Fig. 1) necessi-
tates an increased probability for holes to get captured into
the dot. An alternative explanation based on a tunneling pro-
cess of excess electrons out of the dot, triggered by the bias,
is excluded, since a decrease of Iop with increasing bias
should be expected for excitation both above and below the
WL energy, which is in contradiction with our experimental
results [Fig. 2(b) and inset in Fig. 1]. Instead, the following
model for the charge redistribution is proposed. The prevail-
ing deficit of holes at zero bias (see, e.g., Fig. 1) is explained
in terms of an enhanced probability for localization of holes
relative to electrons in the WL potential fluctuations. These
potential fluctuations will be considered as one-dimensional
potentials along the direction of the external electric field.
Under an applied electric field, holes can tunnel through the
barrier of these potentials with a tunneling rate of Ry. The
delocalized hole can, in a subsequent step, migrate and be-
come captured by a dot, with a certain probability 7, to
neutralize the charge state of the dot (with a capture rate of
RI*=1,R;). Consequently, the initially negatively charged
dot can be neutralized, if a delocalized hole is captured into
the dot within a time interval that is shorter than the time
between two successive events of electron capture into the
dot, i.e., R}f“ >R, where R corresponds to the generation
rate of photoexcited electrons into the dot.

In order to assess this neutralization process quantita-
tively, a parameter «, defining the degree of neutrality,
a=Iy/(Iy+1Iy-), is introduced [see Fig. 2(c)]. According to
the model proposed, an elevated temperature is expected
to result in a more neutral charge configuration, even at
V4.=0 V, since the localized holes are assumed to become
thermally released, in accordance with experimental observa-
tions of the uPL spectra (Fig. 3) or by the increasing param-
eter « (inset in Fig. 3).

It should be noticed that the bias-induced charge redistri-
bution detected at 7=5 K (Fig. 1) is also observed at any
higher temperature, provided there is an initial negative
charge configuration (i.e., an observable contribution from
the X~ exciton) at V4.=0 V (Fig. 3). Furthermore, the ob-
served bias-induced enhancement of the total intensity /op is
progressively reduced with increasing temperature. This fact
is likely explained in terms of an increased delocalization of
the carriers achieved at elevated temperatures also at zero
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FIG. 3. The thin (thick) lines represent uPL spectra of the QD
measured at V4.=0 V (6 V) and Py=40 nW, hv=1.675 eV for a
number of temperatures, as indicated in the figure. The dotted lines
are guides for the eye. The inset shows a as a function of the
temperature at V4.=0 V as calculated from the spectra in the main
figure at Vy4.=0 V.

bias together with a considerably increased thermal velocity
of the carriers, as reflected by an enhancement of /o by a
factor of 3 as the temperature is increased from 5 to 50 K
without any electric field applied.

In the next step, we will pursue a quantitative comparison
of the experimental results on the degree of neutrality « [as
deduced from Fig. 2(c)] with the ratio RI°°/R%®" according
to the suggested model. It should be stressed that the dot
intensity /op, which is described by the optical rate R at
V4.=0V, is determined by the generation rate of minority
carriers, i.e., holes. Consequently, R°"'=g7, and RO'=2R"
(because the dot is on time average occupied by two elec-
trons and one hole), where g=Pydgaackans/FVey 1S the laser
pumping rate, dg,as=200 nm is the thickness of the two
GaAs barriers, and k,,;=1.8 X 10* cm™' is the GaAs absorp-
tion coefficient at hv.,=1.675 eV.?* To calculate 7y, we have
assumed that (i) only =40% of the photoexcited carriers take
part in the radiative recombination,? (ii) Iop, is only =1% of
the WL PL intensity (as stated above), and (iii) the depen-
dence of Iop on Vy is given by B(Vy.) [Fig. 2(b)].

With these assumptions, the neutralization probability
Y(Vae) =4 X 1073 X B(Vy.) can be evaluated and a genera-
tion rate of R°P'=4.1x10% s™! is obtained (for Py=20 nW
and Vg.=4 V). The validity of this estimate is confirmed
by the appearance of the biexciton in the uPL spectra at
Py>100 nW (which corresponds to R°P'>2x 10" s™! ac-
cording to these calculations). In fact, the biexciton should
appear when the carrier generation rate into the dot exceeds
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FIG. 4. uPL spectra of the QD measured at hv,=1.675 eV,
V=19 V, T=5 K for different excitation powers P, as indicated
in the figure. The inset shows V|, as a function of Py measured at

hve,=1.675 eV and T=5 K. The solid line represents the result of
calculations based on Eq. (1).

the exciton recombination rate, which has been reported to
be (600 ps)~'=1.7x10° s~! for InAs/GaAs QDs.>> One can

then express « as
Iy Ry YRy 1 h p(— SW\'yzm*Eg/z)

a Iy + 1 - R?pl 27,1g 2g 4m’ L2

3ehF !
(1)

where F is the electric field applied across the localization
potential, E; is the ionization energy of a hole from this po-
tential and R)=y, Ry, where the hole tunneling rate Ry from
a localization potential of width L is derived from Ref. 10. A
fitting procedure of the input data by Eq. (1) [the solid line in
Fig. 2(c)] demonstrates that the experimental points agree
satisfactorily with the dependence predicted by the suggested
model.”® From the slope of the solid line, an activation en-
ergy of E;=2.8 meV can be deduced. Consequently, thermal
release of holes out of the confining potential fluctuations at
elevated temperatures (7>30 K) is expected and is consis-
tent with the temperature dependence of « (inset in Fig. 3).
In order to achieve a completely neutral configuration, i.e.,
a=1 at V4.=4 V, an extension of the localization potential of
L=47 nm is required according to Eq. (1), which is in rea-
sonable agreement with the reported lateral dimensions,
which however vary significantly, from a few tens up to sev-
eral hundreds of nanometers.?”

The tunneling rate Ry is, as expected, dependent on the
bias V., but is also strongly influenced by the excitation
power P, [via g, as follows from Eq. (1)]. Accordingly,
for a given bias, R"’°>R01Dt at low power Py, i.e., a neutral
charge conﬁguratlon is expected, while for a higher power,
RI*°< R, which will result in a negatively charged dot. It is
consequently anticipated that, for a fixed V., an increasing
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power P, will result in a charge redistribution from neutral to
negative, as is experimentally confirmed by the transition
from the X to the X~ exciton in the uPL spectra (Fig. 4).
Based on the model proposed, the intensities of the X and
X~ excitons can be balanced with equal amplitudes (i.e.,
a=1/2) by a proper choice of voltage V. This fact is illus-
trated in the inset in Fig. 4, showing the power dependence
for maintaining equal intensities of the X and X~ lines as a
function of the applied voltage V. These experimental re-
sults are compared with the predicted power dependence as
evaluated from Eq. (1) (with a=1/2) and found to be in nice
agreement (see inset in Fig. 4).

In conclusion, the importance of the carrier transport char-
acteristics for the luminous efficiency of self-organized
InAs/GaAs quantum-dot structures has been evidenced by
means of a single-dot spectroscopy study. Also the effect on
the charge state of the dot is demonstrated to be markedly
dependent on the carrier transport and capture into the dot.
By means of the essential tool in the regulation of the carrier
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transport, a tunable lateral electric field, it is demonstrated
that the charge state accumulated in a single QD and its
emission efficiency can be controlled. It is established that
the potential fluctuations in the wetting layer play an essen-
tial role in localizing, in particular, the heavier holes. Ac-
cordingly, the charge state of the dot is essentially due to the
field-induced tunneling of the holes out from these localiza-
tion potentials, to subsequently become captured into the dot,
and accordingly effectively neutralizing the charge configu-
ration of the dot.
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