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Electron-filling modulation reflectance in charged self-assembled lfGa; _,As quantum dots
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We present some observations of electron-filling modulation reflectance in charged self-assembled
In,Ga, _,As quantum dots. This electron-filling modulation reflectance is a different type of electroreflectance,
which is based on the Pauli blocking of interband transitions in quantum dots. By adjusting the appropriate ac
and dc reverse biases, electron filling in the quantum dots can be modulated. Experimentally determined
interband transitions have been compared with those obtained from photoluminescence spectra. The good
agreement between these results reveals that at least three quantum-confined electron states are contained in
our quantum dots due to their electron-filling character. As the temperature is increased, the relative intensity
of each state can directly reflect the electron populations of the quantum states. The technique developed here
provides an efficient way to observe the interband transitions of quantum[86t63-18209)51028-X

Self-assembled quantum dai®D’s) have recently been Xx10¥cm™3) GaAs buffer layer was first grown on the sub-
of interest due to the application of this material in optoelec-strate, followed by a 400-nm-doped (Si, 5% 10'%cm3)
tronic devices:? In particular, thes-function-like density of andp'- (Be, 1x10"°cm °) doped GaAs layers. The self-
states is expected to fabricate temperature independent andsembled I§:Ga sAs QD’s were embedded in amtype
low threshold current density QD lasérs. Self-assembled layer at 300 nm below the*-n interface. Transmission
QD’s are grown by molecular beam epitadylBE) in the  electron microscopyTEM) was used to observe the QD’s.
Stranski-KrastanowSK) mode®” which lays one semicon- Both plan and cross-sectional specimens were prepared by
ductor (InGa, _,As) on top of another materialGaAs,  using conventional argon ion milling after mechanical thin-
whose lattice constant differs from that of the overlayer. Ini-ning and polishing. TEM images showed that our QD’s were
tially, a two-dimensional growth of IGa_,As is laid lens shaped, 3-nm high in the growth direction, with a 15-nm
down, until the film reaches a critical thickness, and three-average diameter and a dot density of 10'*cm™2. In order
dimensional QD’s are formed on a residual two-dimensionato verify the QD’s electron-filling character, we grew a ref-
wetting layer(WL). When the dot layer is capped by anothererent sample for comparison. The referent sample had the
semiconducto(GaAs, the structure exhibits rich electrical same structure as the dot sample except for the absence of
and optical propertie.® Recently, the interband transitions Iny <Ga, sAs QD’s and WL, i.e., a GaAp*-n structure.
of QD’s have been studied by photoluminescetfeg),41° The PL experiments were performed using the 514.5-nm
calorimetric? and transmission spectroscoptégut the QD line of an Ar" laser as an excitation source. The laser beam
modulation reflectance spectrum is very weak so far, withwas focused on a spot about 1A in diameter. The lumi-
only a few works being reported.Because modulation re- nescence was dispersed by a 0.5-m monochromator and de-
flectance is a powerful method for studying two-dimensionaltected by a cooled Ge detector or a Si photodiode. The EFR
semiconductor structures, such as quantum wells, superlatvas performed by applying a dc reverse bias and ac modu-
tices, and high electron mobility transistors, éfcit is ex-  lation voltage between the front and back contact electrodes.
pected to develop an efficient modulation mechanism for th@he front contact was fabricated by evaporating gold film
investigation of zero-dimensional QD’s. In this paper, weonto ap™ cap surface through a mask with 1-mm-square
will present a different type of electroreflectar&R), which  apertures. The back contact was formed by the ochmic contact
is called electron-filling modulation reflectandEFR), to  of an n* substrate to a copper plate. The ac modulation
study the interband transition of charged@®a ,As QD’s.  frequency was about 230 Hz. The EFR experiment was the
The EFR mechanism is based on the Pauli blocking of Q@same as the ER except that the ac and dc voltages were
interband transition¥ As the electron is occupied in a QD adjusted to move the electrons in and out of the QD’s. As
energy level, the interband transition for this level will be shown in Fig. 1a), if a QD is located at the-type flat band
blocked. On the other hand, when the electron is evacuatesgion, it is charged with electrons. As the reverse bias is
from the level, the interband transition will be allowed. applied, the electron will be evacuated from the dot. The
Modulating the electrons in and out of the level, by suitablymodulation between a charged and empty dot will give the
adjusting the ac and dc bias, will induce a strong change iEFR spectrum. The modulation voltage in this case is de-
the reflectance AR) which will enable us to observe the fined asAV=|V,|—|V,|, whereV, is the reverse bias and
EFR signals AR/R). V, is a constant voltage that defines the initial QD charging

The samples used in this study were grown by MBE on arstate. From the capacitance-volta¢@-V) measurements,

n* (001) GaAs substrate. A 300-nnm*-doped (Si, 5  shown in Fig. 1b), we find that the QD’s are loaded with
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FIG. 1. () Schematic diagram of the electron-filling modulation
mechanism for quantum dotgb) Capacitance spectrum of dot

samples measured at 10 K.

behavior provides more evidence for the electron-filling
character of the EFR experiments.

In Fig. 3(a), we compare the EFR spectra with the PL, for
the QD sample, at a temperature of 10 K. The PL spectrum
shows two peaks at energies between 1.2 eV and 1.4 eV,
while the EFR spectrum displays three structures in this en-
ergy range. By deconvoluting the PL and EFR spectra with a

electrons at zero bias, and start to evacuate electrong at Gaussian fit we find that the signals near 1.25 &¢)(and

= —2 V. Therefore, if we modulate the bias voltage betweenl.29 eV ;) correspond to the QD’s ground state and ex-
Vo=0V and |V,|=2, the QD’s EFR spectra may be ob- Cited state interband transitions. The structure near 1.38 eV

served.

in the EFR is attributed to the interband transition of two-

Figure 2 shows the EFR for the QD and referent samplesdimensional(2D) Ing sGa sAs WL. The WL signal was not

at 10 K. These spectra were obtained by varying the biagbserved in the 10-K PL spectrum, but it did appear at higher
voltageV,, from —1 to —4 V. Spectra for the two samples temperatures T=50K). Using the bias dependent EFR
display similar oscillation signals at photon energies largespectra at 10 K, a plot dE, andE; transition intensities at
than 1.4 eV. These signals indicate the band gap transition éfifferent biases is shown in Fig.(l3. For the bias of
GaAs and their associated Franz-Keldysh oscillatibnen- ~ —2.8V<V,<-2V, only the electrons occupied in tHg
tributed by the electric field near the Gaps-n interfaces.  state are modulated and, as a consequence, onk;ttn-
Below 1.4 eV, the QD sample exhibits additional structuressition was observed. Whew,<—2.6V, the Fermi level

for reverse biasVy|=2V. These extra structures occur (Ef) is well below theE; states in our QD ensemble, the
when electrons move in and out of the QD. Therefore, theyelectrons occupied in the; states have all been modulated
are referred to as signals arising from the QD’s. Because thand the transition intensity would become saturated. Simi-
QD’s EFR signal is proportional to the number of modulatedlarly, the E, intensity starts to become significant negy
electrons, its line shape will be a first derivative of the di-=—2.6V and saturated when all the electrons are evacuated
electric function with respect to the intensifyr oscillatory at V,>—4.6V. These results demonstrate that a selective
strength.*®1° Fitting the QD line shape with a Gaussiéar ~ modulation of a particular QD electron state can be achieved
Lorentzian function, the fitting intensity will reflect the Dby suitably adjusting the bias voltage.

number of modulated electrons in the QD ensemble. As We also measured the QD’s EFR at different tempera-
shown in Fig. 2, the increase in QD intensities for largertures, which are shown in Fig. 4. All of these spectra were
reverse biases indicates an increase in the modulated eleweasured withVo=0V and V,=—4.6 V. Since the elec-
trons in the QD ensemble. When we further increased thé&rons in the QD’s are fully depleted at,=—4.6 V, the
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parameter. Once the electronic confinement energies were
FIG. 3. (a) Comparison of EFR and PL spectra for a QD samplegpecified, the number of electrons accumulated in the QD
at 10 K. The EFR was measured\g§=0V andV,=—4.6 V. (D) |ayer can be uniquely determined from tBe and conduc-
A plot of bias dependent transition intensities of the grouBg)( iy pand bending due to the SCR forming around the QD’s
and first excited [E,) state. The lines are guides for the eye. plane. We choose the QD'’s confinement energies so that, at
10 K, the average occupation is about 2—3 electrons per dot.
relative intensity of the EFR directly reflects the electronThe electron occupation in each state at different tempera-
occupation of each quantum state in the entire QD’s entyres was then calculated and compared with the EFR inten-
semble under a zero bias. As indicated by arrows, in Fig. 4sjties. From this calculation, we find that the calculated elec-
the excited statesH; andE;) become more clearly resolved tron occupation of each state is consistent with our EFR
as the temperature is increased. The most striking feature iatensities at different temperatures. It indicates that the EFR
Fig. 4 is the temperature dependence of the relative intensityan be a direct tool for observing the temperature depen-
for each quantum state. The ground state intensity is dejence of electron populations in QD’s states.
creased, accomplishing an increase in excited states at higherwe analyzed the transition energies of these EFR spectra
temperatures. Since only ti&, and E; transitions are ob- with a Gaussian line shape. The fitting results for the inter-
served at 10 K, thég is near the energy level d&;. In  pand transition energies are listed in Table |, and are com-
other words, the twofold degenerdig states are filled with  pared with those obtained from the PL spectra. In the PL
two electrons and th&, states may be partially empty. As experiments, information is lacking about whether the tran-
can be inferred in Fig. ®), the ratio of the saturated inten- sition occurs due to the same electron state to several hole
sity of the E; and E, states is abouf. It means that the states® or just between different electron and hole states
average number of electrons in the QD’s is about 2—3 elecwith the same quantum numbEiherefore, a different the-
trons per dot. As the temperature is increased, the populatiosretical approach will lead to a conflicting assignment of
of electrons in theE, states will be decreased, while the these luminescence peaks. From Table |, good agreement is
excited states will be thermally occupied due to the Fermifound between EFR and PL in the determination of QD and
Dirac distribution. Therefore, the temperature dependence AL interband transitions. Due to the electron-filling charac-
the EFR intensity reflects the thermal distribution of electronter of the EFR spectrum, we can state that these optical tran-
populations in QD’s states. The electron filling in QD’s sitions, as observed in our EFR and PL experiments, are
states is determined by the density-of-std©S) and the  contributed by different electron states. In other words, our
Fermi-Dirac distribution function. It should be balanced by QD’s contain at least three quantum-confined electron states.
the positive charges in the space-charge-re¢ROR form-  These results are also consistent with electron-addition ca-
ing around the QD’s plane, and also determined byBhe pacitance spectroscop§,transmission spectroscopy,and
and the doping concentration in the GaAs bulk. The theorettheoretical prediction$.
ical description of the temperature dependent electron popu- In conclusion, we have presented the observation of EFR
lations in EFR is similar to the calculation of electron distri- in charged IgsGa, sAs self-assembled QD's. EFR is a dif-
butions in QD’s C-V experiments. We assume the QD’s ferent type of ER, which is based on the Pauli-blocking
electronic DOS as multiple Gaussian functions and the eleanechanism for interband transitions. EFR experiments were
tronic confinement energy of each QD state was treated asgerformed by adjusting the modulation voltage to control
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TABLE I. Comparison of the ground stat&(), first excited stateE,), and second excited statE),
QD’s interband transition energies and the interband transition energies oE\)|l) between the EFR and

PL.
Temperature EFReV) PL (eV)
EO El E2 EWL EO El E2 EWL
10 K 1.247 1.289 1.369 1.253 1.300 1.338
100 K 1.239 1.282 1.361 1.240 1.287 1.330 1.364
175 K 1.222 1.262 1.301 1.342 1.218 1.260 1.296 1.341
250 K 1.203 1.240 1.276 1.325 1.198 1.238 1.273 1.315

electron filling in the QD’s. From these experiments, weFrom the temperature dependent relative intensity of each
found that the EFR signal was rather strong, comparable tetate, we found that the EFR can be a direct tool for observ-

the band gap signal of the GaAs buffer layer. Therefore, théng the temperature dependence of electron populations in
EFR technique developed here provides a simple and dire@dD’s states.

method for studying the interband transition of charged

QD’s. Experimentally determined interband transitions have The authors would like to thank Y. S. Lan for her help

been compared to those obtained from the PL spectra. Thaith the experiments. This work was supported in part by the
good agreement between these two results indicates that lational Science Council of the Republic of China under
least three quantum-confined electron states are contained @rant No. NSC 88-2112-M-008-003.

our QD’s, due to the electron-filling character of the EFR.
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