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Electrically modulated photoluminescence in self-organized InGaAs/GaAs
quantum dots
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Results of photoluminescence~PL! study of the self-organized InGaAs/GaAs quantum dots~QDs!
in a field-effect structure grown by metalorganic vapor phase epitaxy are presented. It has been
found that the PL from the QDs strongly depends on the bias voltage. No PL from the QDs ground
state can be observed from the reverse biased structure, whereas the PL signal recovers in the
forward biased structure. It is proposed that the bias dependence of the PL signal results from the
QDs electron occupancy changes driven by the electric field within the structure. Due to a long
thermalization time, the photogenerated electrons are swept out of the QDs by the electric field
before radiative recombination. The electrically modulated PL~e-m PL!, making use of the bias
dependence of PL signal, is proposed as a tool for QD investigation. The e-m PL spectra at
T5300 and T54.2 K are analyzed and discussed. ©1998 American Institute of Physics.
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There is a growing interest in the quasizero dimensio
structures—so-called quantum dots~QDs!. Confining the
electronic motion in all three dimensions results in a discre
atomic-like electronic density of states.1–3 The physics of
QDs provides an ultimate test for the quantum mechan
The QDs proved their usefulness in many optoelectro
applications.4–6 High electric field in those structures influ
ences quantum states within the QD and can induce cha
in the QD’s electron occupancy.7 Charging of QDs with
electrons can be controlled in field-effect structures by
plied bias voltage. The field-effect structures with large
rays of self-organized QDs have been successfully used
investigation of the QD’s basic properties by means
capacitance8 and absorption measurements.9 Quite recently
the effect of the QD’s occupancy on the photoluminesce
~PL! from the InAs QDs has also been reported.10 The study
of this effect is a main topic of the present letter.

The sample investigated in this work was grown
@100# semi-insulating~SI! GaAs substrate using a low pre
sure metal organic vapor phase epitaxy~MOVPE!. The QDs
were grown in the Stranski–Krastanow mode. An epitax
In0.6Ga0.4As layer was deposited at the growth temperat
of 550 °C and a V/III ratio of 540. The details of the grow
procedure were previously published.11 The surface topogra
phy of a control sample with In0.6Ga0.4As layer grown at the
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top of a structure was examined using an atomic force
croscopy~AFM!. It was found that the lens shaped islands
average basal diameter 3465 mm were formed with a sur
face density equal to 7.13109 cm22. The In0.6Ga0.4As layer
within the structure has been grown under the same co
tions. The sample structure is schematically shown in Fig
It consisted of 200 nm of Si doped (n5231018 cm23) GaAs
acting as a back contact, followed by 20 nm of undop

FIG. 1. The capacitance–voltage characteristics of the investigated sa
at T56 K ~filling of the ground and the excited states within the QDs
marked with arrows!. The schematic sample structure is presented in
inset.
1 © 1998 American Institute of Physics
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GaAs tunneling barrier, the In0.6Ga0.4As layer, the 20 nm
undoped GaAs spacer, 31 nm Al0.2Ga0.8As barrier, and 25
nm GaAs cap. The actual layer thicknesses have been fo
by cross-sectional transmission electron microscopy~TEM!
imaging. At the top of the sample, circular~1.5 mm diam-
eter! semitransparent~30 nm thick! Ni/Cr Schottky contact
was evaporated through a shadow mask. The back gate
formed by alloying an In contact at the top ofn1 GaAs layer
after part of the sample had been electrochemically etc
off. The PL measurements have been performed with
sample cooled in a continuous flow Oxford CF-1204 c
ostat. Bias dependent PL measurements were taken w
laser illumination from the top of a sample through
Schottky contact. A semiconductor laser (l5780 nm) has
been used for PL excitation. PL spectra were dispersed
double-grating SPEX spectrometer and detected with a liq
nitrogen-cooled Gep- i -n diode.

The capacitance–voltage (C–V) characteristic of the in-
vestigated sample measured at low temperature is show
Fig. 1. The constant capacitance for bias lower th
U520.5 V reflects a geometrical capacitance between
top gate and then1 GaAs layer. With increasing bias voltag
the QD’s ground state can be charged with electrons and
threshold of the capacitance atU520.2 V ~see Fig. 1! is
attributed to this effect. A charging energye2/C of a disk-
shaped dot ofd534 nm(C54ee0d) embedded within bulk
GaAs can be estimated as 10 meV. The charging ene
induced splitting of the QD’s ground state cannot be o
served most likely due to low ‘‘lever arm’’ factor7 and the
size distribution of the dots. The next feature in theC–V
characteristic seen atU50.7 V is probably due to the filling
of the QD’s excited state or the formation of a tw
dimensional electronic gas~2DEG! in the In0.6Ga0.4As wet-
ting layer ~WL!. Large capacitance increase atU50.8 V is
attributed to the 2DEG formation at the AlGaAs/GaAs inte
face.

Two characteristic features can be seen in the PL spe
from the biased structure at room temperature~see Fig. 2!.
The main peak atE51.28 eV is attributed to the PL from th
ground state of the QDs. The origin of the feature at 1.37
is not fully clear. The applied bias has a different effect
both peaks. The PL signal due to the QDs can be alm

FIG. 2. The photoluminescence spectrum of the biased structure
InGaAs/GaAs quantum dots measured atT5300 K. The bias dependence o
PL intensity at 1.28 eV is shown in the inset.
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completely quenched under reverse bias~see inset to Fig. 2!.
The bias dependence of the PL signal can be used

electrically modulated~e-m! experiment. In that experimen
the structure is continuously illuminated with a laser bea
and it is biased with a sum of dc biasU0 and ac modulation
signalDU. The latter ac voltage (f 518 Hz, DU50.1 V) is
also used as a reference for a lock-in amplifier. The e-m
signal depends on the radiative recombination processes
sitive to the applied bias and it can be regarded as a der
tive of the PL signal on the bias. The use of e-m PL c
clearly reveal the bias dependence of the PL spectrum.

The e-m PL spectra measured at room temperatur
several bias voltages are presented in Fig. 3. The main
peak at 1.28 eV can be identified in the e-m PL spectru
The maximum intensity of this peak was found atU0

50 V, which corresponds to the largest slope of the PL
pendence on the bias~see inset to Fig. 2!. No energy shift of
the QD’s PL peak with an applied bias can be observ
betweenU0520.2 V andU050.2 V. The e-m PL peak’s
high energy shoulder can be due to recombination from
cited states within the QDs, however its origin is not ful
clear. The feature at 1.37 eV seen in the PL from bia
structure is no longer observed in the e-m PL spectrum. T
reflects the independence of this luminescence on the bi

On the contrary, the e-m PL spectra recorded atT
54.2 K strongly depend on the bias voltage~see Fig. 4!. The
bias driven changes of PL intensity atT54.2 K are observed
betweenU520.6 V toU50.1 V, which is the bias range o
the QDs charging, seen in theC–V characteristic~see Fig.
1!. It can be seen that the higher bias voltage the higher
e-m PL peak energy. Moreover, at the highest bias the lo
energy part of e-m PL spectrum is negative. This reflects
decrease of PL signal with increasing bias at this spec
region.

An explanation to the bias induced quenching of t
QD’s PL signal would be the spatial separation of electr
and hole wave functions due to the quantum confined s
effect ~QCSE!.12,13 The QCSE could also be responsible f
a systematic blueshift of the e-m PL peak as a function
applied bias observed at low temperature~see Fig. 4!. How-
ever, it is difficult to explain why no PL energy shift can b

th

FIG. 3. The electrically modulated photoluminescence spectra aT
5300 K as a function of bias. The amplitude of modulation signal was eq
to 100 mV ~for clarity offset added!.
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seen at room temperature~see Fig. 2!. We propose that the
bias dependence of the QD’s PL peak results from the e
tron occupancy changes within the structure driven by
bias voltage. At reverse bias the QD’s ground state is ab
the Fermi energy and no electrons occupy the QDs. B
photogenerated electron and hole must be trapped onto
QD in order to recombine radiatively. However, due to re
tively weak phonon scattering within the QD,14,15 photoge-
nerated electrons are removed from the dots by the ele
field before thermalization to the ground state. As a result
radiative recombination within the QDs is possible. In
positively biased structure the QDs are filled with electro
Radiative recombination of an exciton can take place afte
photoexcited hole is trapped onto the QD. The model p
posed can be also applied to our e-m PL results. The sys
atic blueshift of e-m PL peak as a function of increasing b
observed at low temperature results in our opinion from
statistical distribution of dot sizes. At large negative b
only the QDs, which have the lowest electron energy lev
~‘‘biggest sizes’’! are occupied with electrons and the e-
PL from those dots can be observed. Increasing the Fe
energy in the QDs plane with a bias voltage results in po
lation of ‘‘smaller dots,’’ of higher energy levels. In such
way the radiative recombination at higher energies can t
place and the blueshift of the e-m PL signal can be obser
A negative e-m PL signal at the highest positive bias volta
reflects the decrease of PL intensity with an applied b
Decrease of the PL intensity from the QDs of lowest ene
levels may be due to an increase of recombination efficie
from the excited states within the QDs. The attribution of
bias dependence to the steady electron occupancy of the
is in agreement with theC–V characteristics of investigate
sample. Results of e-m PL measurements at room temp

FIG. 4. The electrically modulated photoluminescence atT54.2 K as a
function of sample bias. The amplitude of modulation signal was equa
100 mV ~for clarity offset added!. The PL spectrum from unbiased structu
is shown in the inset.
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ture can also be explained in terms of QD size distributi
Due to a thermal broadening of the Fermi distribution, t
electron occupancy of QDs is less sensitive to the bias
plied and no shift of the e-m PL can be seen.

The PL quenching investigated in our experiment h
been explained as an effect of electric field on photogen
ated electrons. We believe that in undoped structures,
built-in electric field is substantially lower and the carri
relaxation into the QDs is not affected. The PL from the Q
in such structures can be observed, which was experim
tally confirmed for the InGaAs/GaAs QDs similar to tho
investigated in this work.16

In conclusion, the measurements of the QD PL from
field-effect structure have been reported. It has been fo
that PL intensity strongly depends on the QD electron po
lation controlled by the applied bias. The PL signal can
completely quenched in QDs with no steady electron po
lation and it recovers after filling of QDs with electrons. Th
e-m PL technique has been proposed as a method of
investigation.
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