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ABSTRACT

InAs/GaAs quantum dots have been subjected to a lateral external electric field in low-temperature microphotoluminescence measurements.
It is demonstrated that the dot PL signal could be increased several times depending on the magnitude of the external field and the strength
of the internal (built-in) electric field, which could be altered by an additional infrared illumination of the sample. The observed effects are
explained by a model that accounts for the essentially faster lateral transport of the photoexcited carriers achieved in an electric field.

In most experiments with semiconductor quantum dots the sample on the carrier capture into and escape out of the
(QDs), electrically injected or photoexcited carriers are QDs has also been demonstrated.

primarily created somewhere in the sample outside the QDs | our previous study, we pointed out another mechanism
(€.g., in the barriers or in the wetting layer (WL), on which ¢ gignificant importance for the carrier transfer from the
the QDs normally are.growﬁ)Conseq.uently,. excited carriers  \wi into the QDs, which has not been previously consid-
undergo a transport in the WL/barriers prior to the capture g 0. 5 pyilt-in electric fieldR;y) directed in the plane of
into the Q[.)S' This circumstance highlights the gru0|al role the WL to facilitate the lateral carrier transp&fttAll QDs
of the carrier transport and capture processes into the.QDwere supposed to capture carriers from the WL area
for the performance and operation of the QD-based devices . . .
such as QD lasefsQD infrared detectorsand QD memor surrounding each QD, which was referred to as the effective
A y carrier collection area. It was suggested that the strength and

devices! The intensive studies of the carrier capture mech- o o . L
anisms reveal optical phonon-assistéduger-like? shake- space distribution of thiBj,; is the major factor determining

upP processes and carrier relaxation through the band tail "€ €Xtension of this carrier collection area of a QD and,
states of the WL with a subsequent emission of localized conseauently, the level of the QDs photoluminescence (PL)
phonong’ intensity (op) at given experimental condition$.

It has also been demonstrated that the lateral (i.e., in the In the present paper, a lateral external electric field is
plane of the WL) carrier transport could be affected by carrier applied across the sample to study the role of the elec-
hopping between QD% by trapping of migrating particles  tric field directed in the plane of the WL on the carrier
into localized states of the WLor into nonradiative centéfs capture efficiency from the WL into the QDs. To the best
in the surrounding media. A more efficient carrier transfer of our knowledge, there are very few earlier publica-
from the WL into the QDs via radiation-induced defects in tions'”:'® in which the micro-PL £-PL) technique was
the WL has been reportéd.A magnetic field directed  employed as the tool to study the QDs subjected to a lateral
perpendicular to the plane of the structure was observed toelectric field. However, in none of the above-mentioned
limit the lateral transport of carrief$.The importantrole of  studies, the carrier transport could be probed as a function
an external electric field directed in the growth direction of of an external lateral field because the QDs were excited

. . : — selectively by either resonant pumping directly into the QD’s

fgggaerstﬁ]%”n‘:'%% %“ﬁggigsﬁ'gﬁgmQtfyaggmélﬁ'jgy (IFM), Lipkag excited statéd or into an individual dot as a result of a
University. special sample design in the form of a mé&sAs a result,
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electric field due to the quantum-confined Stark effect, have
been revealedf. '8 B

Our present results demonstrate that the increase of the
lateral external electric field can give rise to an increase of
the dot luminescence intensity by as much as a factor of 5.
It is also shown that the magnitude of the internal electric
field present in the sample at zero external bias could be
essentially reduced by illuminating the sample with an
additional infrared laser. The results obtained are explained
in terms of an essentially faster transport of the photoexcited
carriers in the plane of the WL when an external and/or Qb1 Pt
internal electric field is present. Vs

The sample studied was grown by molecular beam epitaxy . f" / , . . )
on a GaAs (100) substrate. The InAs QDs with a height of 120 125 130 135 140 145 150
4.5 nm and a lateral size of 35 nm were developed from a Energy (eV)
single layer of a 1.7 monolayer thick InAs WL deposited
by the StranskiKrastanov growth mode. The WL and the
dot layer were sandwiched between two 100 nm thick GaAs
barriers. The sample was grown without rotation of the
substrate, resulting in a gradual variation of the In flux across
the wafer and, consequently, a gradient in the QDs density.
The QDs were studied by means of a diffraction-limited
u-PL.

To apply an external electric field across the structure,
two pairs of In gate electrodes with a 25 spacing on top Figure 1. u-PL spectra for two different spots, (a) QD1 and (b)
of the sample were processed. Two sample spots (denoted@D2 measured dtve, = 1.675 eV,Pp = 20 nW, andT = 5 K,
as QD1 and QD2) with considerably different QD'’s densities SHOWn by solid (dotted) lines fdrs. = 0 V (10 V), respectively.

. . . . Theinsets in (a) and (b) show the dependendg®flw., andlqp,
were investigated in the present study. The exact QD’s respectively, oVgc
density could not be determined at each particular sample
spot. Instead an alternative quantitative method based on thg,tical pumping aws = 10 V. No PL signal was recorded
relative PL intensities of the QD#dp) and the WL (w.) is from the QDs at these experimental conditions, which allows
introduced to compare the relative QD's densities. The g tg exclude the possible origin of the intensity increase of
corresponding parameter, definedag(lop + lw), €quals  the QDs emission as being due to the electric field-induced
0.06 and 1.0 for the sample spots QD1 and QD2, respec-carrier injection into the sample (i.e., the basic operating
tively. principle for QD-based lasé)s

To excite the sample, we used a Ti:sapphire laser, where |t should be noted that some additional spectral lines
the beam was focused on the sample surface down to a spoppear in the PL spectrum of QD1\&. = 10 V (compare
diameter of 2um. The excitation energy of the lasémw(,) solid and dotted lines in Figure 1a). This effect could be
was tuned in the range from 1.23 to 1.77 eV with a maximum explained in terms of carrier filling in the dot, assuming that,
excitation power Ro) of 200uW. For dual laser excitation  at Vo = 0 V, some of the individual QDs are empty,
conditions, a semiconductor laser operating at a fixed alternatively filled with carrier(s) of only one sign (i.e.,
excitation energy of 1.589 eV with a maximum power output electron(s)or hole(s)). As a result, no emission is expected
of 200 nW was used as the principal excitation source, while from these dots. An increase ¥, according to the model
a Ti:sapphire laser was used as an infrared laser operatingsuggested below, initiates an essentially higher capture rate
at a fixed excitation energywir = 1.23 eV. The sample  of both electrons and holes into the QDs, opening the
was positioned inside a continuous-flow cryostat operating possibility to emit light for those individual QDs that initially
at a temperature of = 5 K. had a deficit of carriers afg. = 0 V.

Figure 1la shows the low-temperaturéL spectra of the The dependencies of the spectrally integrated PL intensities
low-density part of the sample QD1, measured at the of the WL,lw., and the QDslqp, respectively, on the applied
conditions given in the figure caption for two different voltage, V4, are shown in the inset in Figure la. Both
applied voltages\(4c. = 0 and 10 V). Both spectra consist of polarities of Vy. exhibit the same influence on thePL
two emission bands: a narrow band at 1.44 eV originating spectra: Whild, progressively decreases with increasing
from the WL and a broad band around 1.30 eV due to the Vq, lop Starts to increase fafyc values exceeding a threshold
QDs emission. AVg = 0 V (solid line in Figure 1a), the  value of V" (as shown in the inset in Figure 1a). It should
WL band dominates the-PL spectrum, while foWy. = 10 be noted that neithdep nor lw, could be further altered as
V (dotted line in Figure l1a), the WL PL intensity has Vg has exceeded a certain saturation voltage€shown in
decreased and the QDs PL signal has increased. Special carthe inset in Figure 1a). For measurements performadgat
was taken to measure the QDs PL signal in the absence of> V5, a photocurrent is initiated that saturates the voltage
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results will exclude the possible explanation involving a
sweep out of the carriers from the QDs for an increasing
lateral electric field (cf. the reports by Kowalik et *dland
Stavarache et &f). Consequently, we can exclude a possible
influence of modifications in the exciton wave functions,
induced by the lateral electric field (see ref 19) from our
model.

(i) The strength of the observed effect of an increased
lop measured on sample spot QD1 for the cas¥f= 10
V vs lgp measured a¥yc = 0 V was found to be almost the
same, not only for excitations above the band gap energy of
the GaAs barriers but also for excitation whihe, < 1.518
eV, i.e., in the WL. However, for excitations withve, =
1.460 eV, i.e., close to the energy of the WL emission band,
only a small increase dfyp (= 10%, which is within the
experimental accuracy) was registered. The latter effect could
be explained in terms of photoexcited carriers getting
localized at WL potential fluctuations, which are due to the
growth-induced variations of alloy, composition, and strain
along the plane of the WLL Consequently, it is reasonable
to expect that the effect dfey On the carrier motion will
disappear as the carriers become localized. This finding could
be used as experimental evidence that the observed increase
of the Igp should be explained by the increased velocity of
free carriers induced blex rather than by carrier-hopping
processes between localized states in the WL stimulated by
Fex,>*which could finally lead to the capture of this hopping

(a) PL of QD1 \

PL intensity (arb. units)

) . | L | L : | .' ’ | L I ‘. L |
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(b) PLE of the WL (sample spot without QDs)
v 4

PLE intensity (arb. units)

s T T R
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Figure 2. (a) u-PL spectra foPy = 100 nW measured divex =
1.40 eV andT = 5 K shown by dotted (solid) lines fovy. =

0 V (10 V), respectively. (b) PLE spectra with detection at the
WL emission, aff = 5 K andP, = 100uW, for unbiased (dotted
line) and biased (solid line) conditiond/ = 0 and 10 V,
respectively).

drop across the structure studied (restricted by the size Ofcar_r.!er Into the_QF’- .

the laser spot of 2m) due to the appearance of an effective  (iii) The possibility that the observed changes in bigih
screening of the external field by the photoexcited carriers. @ndlop are caused by changes in absorption of the sample
Consequently, we can only increase the electric fiBlg, caused by a lateral electric field is ruled out (cf. the report
up to the “saturation” valueFe,®, which is, for given on GaAs/AlGaAs quantum wells by Miller et &). This
experimental conditions (such as crystal temperature andconclusion is based on a comparative study on the WL PL

excitation power), controlled bys.
The simultaneous decrease lgf. and increase ofgp
registered aVy. > 0 V are explained in terms of a drift

properties of a sample spot without QDs in the presence of
a lateral electric field. The PL excitation (PLE) of the WL
(with detection at the maximum of the WL PL band) was

velocity achieved by the photoexcited carriers subjected to fecorded for unbiased and biased conditioig,= 0 and
Fex in addition to the thermal velocity (which carriers possess 10 V, respectively (Figure 2b). This comparison exhibits a
in the absence of an electric field). Consequently, in the ~20% change in the absorption for excitatiomas, ~ 1.515
presence ofF carriers could move with an enhanced €V, which diminishes gradually as the excitation is increased
velocity in the plane of the WL, which in turn increases the UP 10 hwex = 1.65 eV. As obvious from Figure 2b, no
probability for the carriers to approach the QD and, detectable change in the absorption can be monitorkeat
subsequently, become captured instead of recombining in= 1.675 eV (as used in our experiments and indicated in
the WL. These processes should result in a simultaneousFigure 2b).

decrease ofy. and a corresponding increase Igh. This (iv) No change in theéqp for increasingVy was recorded
model is justified by the following experimental observa- for excitation withhve, = 1.675 eV on the sample spot with
tions: (i) No changes in thégp could be monitored for  the high QDs density, QD2 (Figure 1b). At this sample spot,
measurements on the sample spot QD1 in the entire rangeno WL emission is registered & = 0 V, which is the

of 0V < Vg < V®when exciting the QDs with an excitation consequence of a probability close to unity for carrier capture
energyhvey = 1.40 eV, i.e., below the WL emission band. from the WL. Consequently, the carriers capture probability
At these experimental conditions, carriers are excited directly from the WL into the QDs cannot be further increased, not
into the QDs and, consequently, are not subjected to theeven with an applied field. No increase &fp is then
transport along the WL plane prior to capture into the QDs. expected, which is in agreement with the experimental
Figure 2a shows PL spectra, measured for unbiased andbservations (inset of Figure 1b). This experimental result
biased conditions\z. = 0 and 10 V, respectively). Although  demonstrates that the observed increask@fiFigure 1a)
some scatter in the intensities of the spectrally resolved PL cannot be explained in terms of an electric field-initiated
lines, these spectra demonstrate that the spectrally integratedbnization of defects or nonradiative recombination centers,
PL intensity,lop, remains unchanged. These experimental which at Voc = 0 V have captured some part of the
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shown in Figure 3). The possibility to use such an approach
stems from the fact that carrier collection areas of adjacent
QDs in the dot ensemble QD1 do not normally intersect with
each other. This is justified by the experimental fact that
lop < Iwe in the entire range o¥q. studied (see inset in
Figure 1a). In the opposite case, there should be no possibility
to registen .. This situation is only realized for the case of
the denser QDs ensemble QD2 (Figure 1b).

When the carriers, photoexcited\at = 0 V, are subjected
to Fin, they will attain a certain drift velocity (illustrated by
arrows 1 in Figure 3). This results in the increase of the QD’s
collection area, which could be characterized by a collection
length Lin;, @as schematically shown in Figure 3. The shape
of this area is expected to be circular-like (the solid ring in
Figure 3) due to the random changes of the directioR;f
in time and space. Consequently, the magnitudie®and,
hencelop as measured in the experiment, i.e., With taken
into account buty. = 0 V, will be proportional tosLin?.

When Vg, i.e., Fex, is switched on, photoexcited holes
- (electrons), as explained above, will gain a drift velocity in

Figure 3. Schematic illustration of the QD’s collection areas and the (opposite) dlrectlt_)n FFext Th'.s '?ads to twq Processes.
the electric field distribution. Numbered arrows indicate the First, the QD collection area will increase (illustrated by
processes explained in the text. The plane of the figure correspondsarrow 2 in Figure 3) in the direction oFeyq Which in

to the plane of the WL. The effective carrier collection ar@ais turn increasesop. Second, the carriers can also give rise to

schematically shown as an inner area restricted by a dotted ring.5 neutralization of the ionized impurities, which in turn

The rectangles shown.here corrgspond to the collection areas forca_uses a decrease of the QD collection area, and conse-
holes. The corresponding collection areas for electrons will have a

similar spatial shape just below the QD position (not shown in the duently alsoigo. The balance between these counteracting
figure). processes can satisfactorily explain the almost unchanged

lop monitored in the low voltage range, 9 Vg < VI (see

photoexcited carrier® primarily excited in the WL atwey inset in Figure 1a).
= 1.675 eV. At V4. = VI, the QD collection area is expected to be
Next, we will discuss the fact thagp remains unchanged ~ €longated in the direction dfeq and can, at least in a first
in the voltage region of G< Vg < V" (see inset in Figure ~ approximation, be considered to exhibit a rectangular-like
1a), althougHp, according to the suggested model, should shape (schematically shown in Figure 3). The QD collection
increase simultaneously with an applied fiélg,, already  area forVy. = V™"is given by (" + @) x 2 x L, (which is
in the low field regime. The unchangésh can be understood ~ equal torrLin? becauséqp remains almost unchanged in the
if a predominant internal fiel& exists inside the structure ~ voltage range of G< Vgc < V). L™ = Ly(Vac = V™), where
with a component directed in the plane of the WL. The Li is the QD “collection length” (determined Wex) and
existence of such an internal electric field was reported in parallel toFex anda (proportional toL,;) accounts for the
studies of QD samples with different material compositions Possible contribution of thermal diffusion of carriers to the
such as InAs/GaA¥ CdSe/ZnSSe& CdSe/ZnSe&3 and InP/ total collection length of the QDL( + a) in the direction of
InGaP24 The origin of iy is suggested to be due to ionized Fex: Li = var x 7, wherer andvqr are the carrier scattering
impurities spatially separated from the (32526 as time and carrier drift velocity, respectivelyq, is expressed
schematically shown in Figure 3. The magnitude and asu x Fex, Whereu is the carrier mobility and the value of
direction of this internal field at a given time is determined FexCan be estimated 3sx VqJ/d, whered = 25 um is the
by the charge distribution and distances between the impuri-distance between the two metal contacts on top of the sample
ties positioned in the close vicinity of the QD. andy is the factor that accounts for the field reduction inside
In the ideal case, i.e., in the absencergf (and for Fey the sample relatively the nominal field applied on top of the
= 0), the QD is supposed to collect carriers from an area, Sample.
symmetric in space with respect to the QD’s position, which ~ Numerical calculatior?§ for our sample geometry (where
is denoted the effective carrier collection areadf the QD the WL is positioned 100 nm below the sample surface) yield
(Figure 3). A carrier will be captured into the QD, and y =~ 0.65, which is consistent with the value of~ 0.6
accordingly contributing to its PL intensityof), as soon as  calculated by othetéfor the field at a distance of 160 nm
it is located within the interior ofr, where the radiug, is from the top of a similar GaAs/GaAlAs structure. We
determined by the thermal diffusion/drift properties of estimateFex® = Fexx (Vac = V) = 2340 V cm? and,
carriers?’ It should be stressed that, in the following, an consequentlyFei" = 520 V cnt?. This value could be
analysis of the influence of the electric fields{ andFex) regarded as a rough estimate of the space- and time-averaged
only on individual QDs will be presented (as schematically magnitude ofFy, although, as explained above, the exact

impurity (_:' §
atom int

ext
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space distribution dfiy; is not known. It should be mentioned
that Fi,y = 520 V cn1?, estimated for the sample spot QD1

investigated in the present study, is consistent with the

estimate ofF, = 400 V cnT?, which was obtained in our
previous study with dual laser excitation conditions for

another, but neighboring, spot of the same sample with a

very low QD density (1 QD per laser spo¥).
For Vgc > V" igp (and hence alsdqp) will increase

because the QD collection area increases. According to the
suggested model, the total increase of the QD’s collection

area ({; + a) x 2 x L,) should be entirely determined by
the increase ok, with increasingVy (L) = b x Vy, Where

b =17 x u x yl/d). Consequently, the discussed model
predicts a linear increase ®fp (lop) With increasingVgc
according to the following equation:

lop(Vad @+ bx Vg

_a+b><\/th’

Vh<v, <V
loo (V") i

)

To verify the validity of the above predictiopn;PL spectra

of QD1 were measured with a small voltage step (as shown

in Figure 4a). The dependence of the paramg®t) =
lop(Vad)/lap(Vaec = 0) on V. for different excitation powers

is shown in Figure 4b, together with the results of the linear
fit to the data (calculated in the rangeVdf < Vg < Vs by

the least-squares method). The calculated linear curves fit

nicely with the experimental data in Figure 4b, which

consequently supports the suggested model. In addition, these Cal 4 v

linear curves are exactly given by an expressioiVgf\®"
with V" = 2 and 3.5 V forPy = 20 nW and 200 nW,

)
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respectively (see Figure 4b). According to the suggested Figure 4. (a)u-PL spectra and (4 as a function oi/g measured

model (eq 1), this can be achieved only in casa & b x

Vi or expressed in other words, alreadyVat = VI, the
collection length of a QD in the direction ¢ is almost
entirely determined by the carrier drift velocity achieved at
this external bias.

It is obvious that the increase Bf changes the evolution
of 8 versusVy. (Figure 4b): whileV® remains the same (9
V), V" increases angB(Vqc = V) decreases. From the
dependence gf(Vqc = 10 V) on Py (Figure 4c), it is seen
that 5(V4c = 10 V) remains almost constant in the range of
1 nW < Py < 100 nW, but is progressively decreasing to
1 asPy is increased from 100 up to 6000 nW. This be-
havior is explained in terms of screening B« with
increasing concentration of photoexcited carriers Ras
increases. In other words, for a giveéy, and different values
of Po, Fext could be calculated on the basis of the equation
Fext = a(Po) x ¥ x Vgdd, wherea(Po) = 1 for 1 nW < Py
< 100 nW and gradually reduces down to O with the
progressively increasingy in the range ofP, > 100 nW.

To further test the suggested model, the evolutiohygf
is studied as a function dfy, when the sample is excited
with an infrared (IR) laser in addition to the principal laser.
The present study reveals that g is registered when
exciting with only the IR laser. Consequently, only free

on the low dot density spot, QD1 &ve, = 1.675 eV, T = 5 K,
and forPy levels, as indicated in the figure. The solid lines in (b)
correspond to linear fitting curves, as explained in the text. (c)

B(Vac = 10 V) as a function oPy measured for QD1 atve, =

1.675 eV andl = 5 K.

demonstrated that the free holes were optically created in
the sample as a result of the IR excitation induced ionization
of the deep levels positioned in the GaAs barriers. It was
also suggested that this extra (noncompensated) charge could
effectively screeffri..® Consequently, with this assumption,
the Vy. evolution oflgp, with dual laser excitation, should
exhibit an essentially lowe¥" (compared to the case of
single laser excitation), if any.

Figure 5a shows a number gfPL spectra pairs of the
QD1 recorded under single (dotted lines) and dual (solid
lines) excitation conditions. It is seen (Figure 5a) that the
effect of decreasingpp, induced by an additional IR laser,
gradually disappears with increasiMy.. The dependence
of lop on Vg for principal laser (dual) laser excitation is
shown in Figure 5b. For the case of dual laser excitation, no
V" could be revealed, and in additiohgp(Vyc = 0) is
essentially lower compared tgp(Vac = 0) measured for the
single laser excitation (Figure 5b). These two circumstances
prove thatr has effectively compensatég; (totally or at

carriers of one sign (electrons or holes) could be excited in least partially), which was present\di. = 0 V with single

the sample, if any. In our previous publicati®nit was

192

laser excitation. It should be stressed that the twe
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Figure 5. (a)u-PL spectra and (Hhp as a function o¥/y. measured
for QD1 atT = 5 K, hvex = 1.589 eV, hvig = 1.230 eV,P, = 200
nW, andPr = 100 uW with single and dual laser excitation, as
indicated in the figure.

dependencies in Figure 5b almost coincide Vgg = 4 V.
This behavior is expected becaugs should be independent
of Fin, but should be entirely determined By in the region

of V4. = V" according to the suggested model. Consequently,
the experimental results shown in Figure 5b support the

previously suggested id¥ahat the IR excitation effectively
compensates the internal electric field, which in turn
determinesiop (i.€., the QD collection area) measured in
the experiment with the “traditional” single-laser excitation.
The major role of the electric field directed in the plane
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