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Results of photoluminescen¢BL) study of the self-organized InGaAs/GaAs quantum dQ@Bs)

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(®im PL), making use of the bias
dependence of PL signal, is proposed as a tool for QD investigation. The e-m PL spectra at
T=300 andT=4.2K are analyzed and discussed. 198 American Institute of Physics.
[S0003-695(198)02345-9

There is a growing interest in the quasizero dimensionatop of a structure was examined using an atomic force mi-
structures—so-called quantum dot®Ds). Confining the croscopy(AFM). It was found that the lens shaped islands of
electronic motion in all three dimensions results in a discreetaverage basal diameter 3% mm were formed with a sur-
atomic-like electronic density of statts® The physics of face density equal to 7x10° cm 2 The In, Gay 4As layer
QDs provides an ultimate test for the quantum mechanicswithin the structure has been grown under the same condi-
The QDs proved their usefulness in many optoelectronigions. The sample structure is schematically shown in Fig. 1.
applications’=® High electric field in those structures influ- It consisted of 200 nm of Si doped € 2 108 cm™3) GaAs
ences quantum states within the QD and can induce changesting as a back contact, followed by 20 nm of undoped
in the QD’s electron occupandyCharging of QDs with
electrons can be controlled in field-effect structures by ap-

plied bias voltage. The field-effect structures with large ar- s sy e ' ' '

rays of self-organized QDs have been successfully used for L [250m Gass T=6K {

investigation of the QD’'s basic properties by means of o |

capacitancéand absorption measuremeftQuite recently [ [20mmGans | moontact I('

the effect of the QD’s occupancy on the photoluminescence 8 200m Gons LMD

(PL) from the InAs QDs has also been report@dhe study c s1Gans ;

of this effect is a main topic of the present letter. 5 : i ,'
The sample investigated in this work was grown on 8 [

[100] semi-insulating(Sl) GaAs substrate using a low pres- @ L 1

sure metal organic vapor phase epitdMOVPE). The QDs o

were grown in the Stranski—Krastanow mode. An epitaxial

Ing 6Gay JAS layer was deposited at the growth temperature . . . . ‘

of 550 °C and a V/III ratio of 540. The details of the growth 2 1541 05 0 05 1

procedure were previously publish€dThe surface topogra- Bias voltage [V]

phy of a control sample with jxGa, 4As layer grown at the
FIG. 1. The capacitance—voltage characteristics of the investigated sample

at T=6 K (filling of the ground and the excited states within the QDs is
3E|ectronic mail: adam.babinski@fuw.edu.pl marked with arrows The schematic sample structure is presented in the
YElectronic mail: cxj109@rsphysse.anu.edu.au inset.
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FIG. 2. The photoluminescence spectrum of the biased structure with
InGaAs/GaAs quantum dots measured &t300 K. The bias dependence of

PL intensity at 1.28 eV is shown in the inset. FIG. 3. The electrically modulated photoluminescence spectral at

=300 K as a function of bias. The amplitude of modulation signal was equal
to 100 mV (for clarity offset addeg

GaAs tunneling barrier, the §rGa, JAs layer, the 20 nm
undoped GaAs spacer, 31 nmAGa gAs barrier, and 25 completely quenched under reverse Wigee inset to Fig.)2
nm GaAs cap. The actual layer thicknesses have been found The bias dependence of the PL signal can be used for
by cross-sectional transmission electron microscOfigM)  electrically modulatede-m) experiment. In that experiment
imaging. At the top of the sample, circulét.5 mm diam-  the structure is continuously illuminated with a laser beam,
etep semitransparent30 nm thick Ni/Cr Schottky contact and it is biased with a sum of dc biék, and ac modulation
was evaporated through a shadow mask. The back gate wagnalAU. The latter ac voltagef18 Hz, AU=0.1V) is
formed by alloying an In contact at the topmf GaAs layer  also used as a reference for a lock-in amplifier. The e-m PL
after part of the sample had been electrochemically etchegignal depends on the radiative recombination processes sen-
off. The PL measurements have been performed with theitive to the applied bias and it can be regarded as a deriva-
sample cooled in a continuous flow Oxford CF-1204 cry-tive of the PL signal on the bias. The use of e-m PL can
ostat. Bias dependent PL measurements were taken withaglearly reveal the bias dependence of the PL spectrum.
laser illumination from the top of a sample through a The e-m PL spectra measured at room temperature at
Schottky contact. A semiconductor laser={780 nm) has several bias voltages are presented in Fig. 3. The main PL
been used for PL excitation. PL spectra were dispersed by peak at 1.28 eV can be identified in the e-m PL spectrum.
double-grating SPEX spectrometer and detected with a liquidhe maximum intensity of this peak was found @
nitrogen-cooled G@-i-n diode. =0V, which corresponds to the largest slope of the PL de-
The capacitance—voltag€ (V) characteristic of the in- pendence on the bigsee inset to Fig.)2 No energy shift of
vestigated sample measured at low temperature is shown the QD’s PL peak with an applied bias can be observed
Fig. 1. The constant capacitance for bias lower tharbetweenU,=-0.2V andUy,=0.2V. The e-m PL peak’s
U=-0.5V reflects a geometrical capacitance between thhigh energy shoulder can be due to recombination from ex-
top gate and tha™ GaAs layer. With increasing bias voltage cited states within the QDs, however its origin is not fully
the QD’s ground state can be charged with electrons and thedear. The feature at 1.37 eV seen in the PL from biased
threshold of the capacitance dt=—0.2V (see Fig. 1is  structure is no longer observed in the e-m PL spectrum. This
attributed to this effect. A charging energ§/C of a disk- reflects the independence of this luminescence on the bias.
shaped dot ol=34 nm({C=4¢e¢e,d) embedded within bulk On the contrary, the e-m PL spectra recordedTat
GaAs can be estimated as 10 meV. The charging energy 4.2 K strongly depend on the bias voltagee Fig. 4. The
induced splitting of the QD’s ground state cannot be ob-bias driven changes of PL intensity’ Bt 4.2 K are observed
served most likely due to low “lever arm” factband the  betweenU=—0.6 V toU=0.1V, which is the bias range of
size distribution of the dots. The next feature in eV  the QDs charging, seen in tl&-V characteristiqsee Fig.
characteristic seen &t=0.7 V is probably due to the filling 1). It can be seen that the higher bias voltage the higher the
of the QD’s excited state or the formation of a two- e-m PL peak energy. Moreover, at the highest bias the lower
dimensional electronic ga@DEG) in the In, Ga, ,As wet-  energy part of e-m PL spectrum is negative. This reflects the
ting layer (WL). Large capacitance increaseldt=0.8V is  decrease of PL signal with increasing bias at this spectral
attributed to the 2DEG formation at the AlGaAs/GaAs inter-region.
face. An explanation to the bias induced quenching of the
Two characteristic features can be seen in the PL specti@D’s PL signal would be the spatial separation of electron
from the biased structure at room temperat(see Fig. 2 and hole wave functions due to the quantum confined stark
The main peak a# =1.28 eV is attributed to the PL from the effect (QCSB.*213The QCSE could also be responsible for
ground state of the QDs. The origin of the feature at 1.37 e\a systematic blueshift of the e-m PL peak as a function of
is not fully clear. The applied bias has a different effect onapplied bias observed at low temperat(see Fig. 4. How-
both peaks. The PL signal due to the QDs can be almostver, it is difficult to explain why no PL energy shift can be
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500 — - - - . ' - ture can also be explained in terms of QD size distribution.
Due to a thermal broadening of the Fermi distribution, the
electron occupancy of QDs is less sensitive to the bias ap-
plied and no shift of the e-m PL can be seen.

The PL quenching investigated in our experiment has
been explained as an effect of electric field on photogener-
ated electrons. We believe that in undoped structures, the
built-in electric field is substantially lower and the carrier
relaxation into the QDs is not affected. The PL from the QDs
in such structures can be observed, which was experimen-
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100 tally confirmed for the InGaAs/GaAs QDs similar to those
investigated in this work®
. P e, O In conclusion, the measurements of the QD PL from the
126 128 1.30 132 1.34 1.36 138 field-effect structure have been reported. It has been found
Energy [eV] that PL intensity strongly depends on the QD electron popu-

FIG. 4. The electrically modulated photoluminescenceTat4.2K as a lation controlled by th.e applied .b'as' The PL signal can be

function of sample bias. The amplitude of modulation signal was equal tocompletely quenched in QDs with no steady electron popu-

100 mV (for clarity offset addell The PL spectrum from unbiased structure |ation and it recovers after filling of QDs with electrons. The

Is shown in the inset. e-m PL technique has been proposed as a method of QD
investigation.
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