
Lithuanian Journal of Physics, Vol. 44, No. 4, pp. 283–289 (2004)

PHOTOLUMINESCENCE OF SMALL-SIZE SEMICONDUCTOR
QUANTUM DOTS

N. Žurauskienė
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The results of photoexcited carrier dynamics and optically detected microwave resonance (ODMR) spectroscopy of small-
size InAs/GaAs quantum dots (QDs) are presented. Very long lifetimes (1–10 ns) of photoexcited carriers were observed in this
system by time-resolved photoluminescence measurements. This feature could be exploited to develop high-sensitivity infrared
photodetectors based on small-size quantum dots. The ODMR spectra of InAs/GaAs QDs were detected via modulation of
the total intensity of the QDs emission induced by 95 GHz microwave excitation, and the exciton fine structure was studied.
The microwave-induced signal at magnetic field of 1.6 T was attributed to magnetic resonance transitions between spin states
of holes confined in the dots. The obtained low field (at 0.18 T) signal is ascribed to cyclotron resonance of the electron in a
two-dimensional wetting layer, corresponding to an effective electron mass of 0.053m0.
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1. Introduction

Intense research in the field of self-assembled quan-
tum dots (QDs) has resulted in rapid improvement in
their fabrication with controlled structural and elec-
tronic properties. In the past decade, several opto-
electronic devices, such as lasers and quantum dot
infrared photodetectors (QDIP) [1–3], have been de-
veloped. QDs provide two main advantages for in-
frared detectors application: ability to absorb the nor-
mally incident infrared photoexcitation, and long, up
to nanoseconds, photoexcited carrier lifetimes. Normal
incidence photoexcitation is desirable for the fabrica-
tion of a two-dimensional focal plane array for pas-
sive location imaging applications. The long lifetimes
ensure higher responsivity of the detector allowing in-
creased temperature operation. Due to discrete energy
levels QDs could be useful for tunable narrow-band de-
tection. These properties of QDs are very promising to
design devices capable to determine a unique infrared
signature, or “fingerprint,” of various objects observed
from the space.

Even though a lot of investigations of photoex-
cited carrier dynamics in self-assembled quantum dots
were performed [3–9], carrier relaxation and scatter-
ing mechanisms in QDs are still under discussion. Car-

rier intersubband relaxation in quantum dots is slower
than in quantum wells due to reduced electron–phonon
interaction, and emission from excited states in QDs
has been observed before the emission from the ground
state was saturated (the so-called bottleneck effect) [7].
Moreover, though it has been demonstrated that carrier
relaxation could be very fast if Auger-like recombina-
tion and impurity-assisted relaxation takes place, it is
possible to observe well-resolved excited states in pho-
toluminescence spectra [8, 9]. The carrier dynamics
in small InAs QDs is of great interest in relation with
experimental results which have demonstrated that ex-
citon lifetime depends on the transition energy [4, 6].
The model developed by Sugawara et al. [10] pre-
dicted the increase of exciton lifetime with increase
of the potential confinement, what means longer ex-
citon lifetimes for smaller QD. To evaluate exciton
lifetimes and to avoid influence of carrier redistribu-
tion within the whole ensemble of QDs with differ-
ent sizes, we performed time-resolved (TR) photolumi-
nescence (PL) measurements on extremely small shal-
lowly formed InAs QDs with weakly bound electrons,
which are spread out into the two-dimensional wetting
layer. The dimensions of the individual dots in the
whole ensemble are significantly smaller (∼7 nm) in
comparison with the dimensions of the mostly investi-
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gated ensembles of large quantum dots (∼15–20 nm).
The increased exciton lifetimes in small InAs quan-
tum dots provided a possibility to perform optically
detected magnetic resonance (ODMR) spectroscopy of
these QDs. The ODMR technique is a highly sensitive
method used to investigate the fine electronic structure
of low-dimensional systems [11, 12]. The first inves-
tigations of optically detected cyclotron and magnetic
resonance transitions in epitaxially grown InAs/GaAs
QDs were reported in [13–15]. In this work, the
ODMR results demonstrating strong anisotropy of the
spectra are presented and discussed considering the in-
fluence of electron confinement on the ODMR spectra.

2. Samples and experimental set-up

The investigated InAs/GaAs quantum dots were
grown by molecular beam epitaxy of InAs in an amount
equivalent to 2.0 monolayers (ML) on a (001) ori-
ented GaAs substrate [16]. The InAs/GaAs QD sam-
ples were provided via P.M. Koenraad of the Physics
Department of the TU Eindhoven (The Netherlands).
The GaAs layer and AlGaAs window were grown to
prevent any surface electrical field. The growth pro-
cess was monitored in situ by means of reflection high-
energy electron diffraction (RHEED), which revealed
the formation of quantum dots. Due to the relatively
high growth temperature (≥500 ◦C) of the GaAs cap-
ping layer, the InAs material is expected to be partly
diffused into this capping layer. This was confirmed by
high-resolution transmission electron microscopy mea-
surements (TEM).

Photoluminescence measurements were carried out
at 9.5 K in a liquid helium cooled optical cryostat illu-
minating the samples with a few mW continuous wave
He–Ne laser operating at 632.8 nm wavelength.

Carrier dynamics have been studied in the temper-
ature range from 80 up to 230 K by time-resolved
photoluminescence measurements after the excitation
with a short laser pulse from a self-mode-locking
Ti:sapphire laser (central wavelength 800 nm, pulse du-
ration 100 fs, repetition frequency 96 MHz). A streak
camera with an infrared enhanced photocathode com-
bined with a 0.25 m spectrometer was used for detec-
tion. The average excitation intensity was varied by
means of neutral density filters in the range from 0.03
up to 10 mW at a spot diameter of 20 µm.

The optically detected magnetic resonance (ODMR)
spectroscopy of the QDs was carried out at W-band
(95 GHz) microwave frequency at T = 4.5 K using
a custom built Fabry–Perot cavity in conjunction with

Fig. 1. PL spectrum of shallowly formed InAs QDs under cw exci-
tation with He–Ne laser.

a split-coil 6 T superconducting magnet (Oxford In-
struments). Excitation of the sample was performed
by using a continuous wave Kr+ ion laser operating
at 647.1 nm wavelength with incident power below
60 mW. The emitted light was collected via a quartz
light guide and directed through a 900 nm cut-off fil-
ter onto an avalanche Si photodiode. The microwave-
induced changes in the total PL intensity were syn-
chronously detected with the on/off modulation of mi-
crowaves at about 3 kHz frequency.

3. Properties of small self-assembled InAs/GaAs
QDs emission band

The photoluminescence spectrum of InAs/GaAs
QDs obtained under cw excitation at low temperatures
(9.5 K) is shown in Fig. 1. It consists of a broad peak
centred at 1.31 eV with a full width at half-maximum
(FWHM) of 40 meV. This inhomogeneous broadening
of the line is typical for the whole ensemble of QDs
with different size (with fluctuations of about 10%) and
shape what causes the distribution of the transition en-
ergies of individual QDs. The relatively high transition
energy of 1.31 eV for InAs QDs points to the small ef-
fective size of the dots. Indeed, typical transition ener-
gies of such type of quantum dots reported in literature
are 1.0–1.2 eV for the lowest exciton state. As reported
in [16], the edge of the wetting layer (WL) in this sys-
tem is around 1.35 eV. No PL from WL was observed
indicating very efficient and rapid capture of photo-
created carriers into quantum dots. Figure 2 shows
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Fig. 2. Temperature evolution of PL spectrum measured under
1 mW excitation intensity.

Fig. 3. FWHM of PL spectra obtained after various excitation in-
tensities as a function of temperature.

temperature evolution of the time-integrated PL spec-
trum recorded by using time-resolved technique after
excitation with 1 mW laser power. As temperature is
increased, the luminescence peak shifts to lower ener-
gies while the FWHM decreases at intermediate tem-
peratures (110 K) and only at the highest temperatures
starts to increase finally reaching the values found at
low temperature. At the same time, photoluminescence
quenching with increase of temperature is observed.
The FWHM dependence on temperature at different ex-
citation intensities (0.3–10 mW) is presented in Fig. 3.
As it can be seen, the well pronounced minimum at
the intermediate temperatures is obtained only for low
excitation power. Figure 4 shows changes in PL spec-

Fig. 4. PL spectra obtained at various excitation intensities and
deconvoluted into two Gaussians: one with a maximum at 1.302 eV

and the other one at 1.325 eV.

tra with increasing excitation power at 80 K. The PL
peak with increase of excitation intensities broadens
and shifts to higher energies what could be explained as
a filling of the higher excited states within the quantum
dots and subsequent recombination without relaxation
to the ground level. The excited state transitions are not
resolved, probably, due to the inhomogeneous broaden-
ing and it is impossible to evaluate interlevel distances
experimentally. However, simple deconvolution of the
PL spectra into two Gaussians (see Fig. 4) with fixed
maxima at 1.302 and 1.325 eV yields about 23 meV
energy difference between the two peaks. As it can be
seen from Fig. 4, the contribution of the excited exci-
ton state increases with the increase of the excitation
power. The reported in literature band structure calcu-
lations of InAs/GaAs QDs using different approaches
yield one or several electron excited states for small
QDs [17]. However, the reported results give higher
energy difference between ground and excited levels
(40–50 meV) [17]. The obtained small energy differ-
ence of 23 meV could be explained taking into account
very small size of the investigated quantum dots. In
such system holes are localized at the apex of the InAs
QDs and tightly confined inside the dots, while the
electrons are close to the two-dimensional (2D) wet-
ting layer. The electrons are only weakly bound to the
dots and spread out into the wetting layer [16]. There-
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Fig. 5. PL transients at different excitation intensities and tempera-
tures for various energies within the emission band (at low and high

energy side) of InAs quantum dots.

fore, in such a case the excited level energy is obtained
to be lower in comparison with the results reported in
literature, when electrons are confined inside the QDs
as well as the holes.

4. Carrier dynamics in InAs/GaAs quantum dots

Time-resolved measurements of the investigated
quantum dots were performed at different tempera-
tures (80–230 K) and at different excitation intensities
(0.03–10 mW). It was obtained that the luminescence
peak shifts in time to lower energies showing much
slower PL decay on the low-energy side than that at
the higher one [18].

Typical PL decays for low (a, b) and high (c) exci-
tation intensities at various energies within the emis-
sion band are presented in Fig. 5. At low excitation
intensity (0.1 mW) and low temperature (80 K) decay
time is longer than in the case of higher temperature
(140 K) or higher excitation power (10 mW). The de-
cay times were obtained from the best least-squares fit.
Only decay at the lower-energy side of the emission
band could be described with one exponential (decay
time τ ), while the high-energy side shows biexponen-
tial behaviour (τ1 and τ2). The following results are
obtained from Fig. 5: (a) 0.1 mW and 80 K: τ = 10 ns
for low-energy side and τ1 = 1 ns, τ2 = 3 ns for high-
energy side; (b) 0.1 mW and 140 K: τ = 1.7 ns for

low-energy side and τ1 = 0.3 ns, τ2 = 1.5 ns for high-
energy side; (c) 10 mW and 80 K: τ = 0.38 ns for high-
energy side (excited level). The main features observed
in the time-resolved measurements could be summa-
rized as follows. The rise time of the PL is fast for all
measured temperatures and excitation intensities and is
limited only by the temporal resolution of the measure-
ments (≤50 ps). The exclusive feature of this system
with very small QDs is very slow decay (1–10 ns) if
compared with the results reported in literature [4, 6].
It could be explained taking into account the separation
of electrons and holes in the investigated QDs. With
the increased temperature, the photoexcited carrier life-
time becomes faster (Fig. 5(b)). The lifetime after high
density excitation (Fig. 5(c)) is also shorter what means
faster decay for excited exciton. However, in compar-
ison with decay for systems with larger dots, the life-
time in the excited level is still long enough (∼400 ps).
These features are very promising for the development
of infrared photodetectors based on QDs with the aim
to achieve higher sensitivity of the devices.

The carrier dynamics in small InAs/GaAs quantum
dots results from different processes related to trap-
ping and thermal escape of the carriers, their intra- and
inter-dot relaxation, and electron–hole recombination.
Also, the role of the wetting layer should be taken into
account [5]. It should be noted that the PL spectra
recorded at different times after the excitation showed
the red shift of the peak energies which could be at-
tributed to a relatively high rate of carrier thermal emis-
sion out of smaller dots (with higher transition ener-
gies) and their subsequent recapture into larger ones.
The wetting layer in such a case acts as a transit channel
to other QDs or to nonradiative states inside or outside
the GaAs barrier. The same behaviour is demonstrated
in Fig. 5 showing faster PL decay at the high-energy
side of the emission band. The reduction of FWHM
of the spectra (see Fig. 3) at low excitation densities
at intermediate temperatures (∼110 K) could be an ad-
ditional argument that carriers are redistributed among
the QDs with different sizes.

5. Optically detected magnetic resonance in small
quantum dots

Due to the exceptionally long exciton lifetimes, up
to 10 ns, observed in these structures (see Section 4),
it became possible to apply high microwave frequen-
cies (95 GHz, the W-band) to InAs/GaAs quantum dots
in order to perform the ODMR spectroscopy measure-
ments.
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Fig. 6. Dependence of the ODMR spectrum on the angle of the
static magnetic field. Rotation is performed from B‖[001] (B par-
allel to the growth direction of the structure) towards B‖[110] (B in

plane of the dots).

Figure 6 presents the dependence of optically de-
tected microwave resonance spectra on the angle of
the static magnetic field B. In the case when B is
parallel to the growth axis z of the sample (0◦), two
spectral features with opposite sign of PL change are
observed: one at B = 0.18 T (width 0.13 T) corre-
sponding to a microwave-induced decrease in inten-
sity, and a broader one at B = 1.6 T (width 0.6 T)
showing the opposite phase. A strong anisotropy of
the signals is observed. Upon rotation of the sam-
ple or the static magnetic field direction away from
the B‖[001] position, the low-field line broadens while
moving towards higher fields. After rotation greater
than 30◦ from the parallel direction, the peak maxi-
mum is shifted to 0.25 T and is broadened to a width of
0.2 T, showing confinement effects. The high-field line,
however, is observed only close to the parallel direc-
tion, and vanishes upon rotation of less than 25◦. The
ODMR experiments performed with a sample grown
under the same conditions but without the formation of
QDs (only an InAs monolayer) did not show any res-
onance in the microwave-induced changes of the PL
intensity. This demonstrates that the observed ODMR
signals are directly related to the electronic states of
the InAs QDs. The obtained low-field signal is as-
cribed to cyclotron resonance of the electron in 2D
WL, corresponding to an effective electron mass of
0.053m0. This value lies between the electron effec-
tive mass in bulk InAs and that in GaAs. Enhance-

Fig. 7. Dependence of the ODMR spectrum on the angle of the
static magnetic field when rotating it in the plane of the dots: from

B‖[110] towards B‖[−110].

ment of the electron mass has been reported for QWs
and superlattices due to confinement effects, therefore,
the obtained result is in good agreement with the liter-
ature: a value of 0.050m0 was found for InAs/GaSb
QW [19]. The microwave-induced signals at higher
magnetic fields were attributed to magnetic resonance
transitions between spin states of the holes confined in
the dots and the effective gh-factors were obtained as
follows: gh = 4.2 for B‖[001] and 3.3 for B‖[110]
direction.

The ODMR spectra obtained upon the rotation of the
static magnetic field in the QDs plane (see Fig. 7) were
different in different crystallographic directions. The
InAs quantum dots are expected to have a pyramidal
shape for which the [110] and the [−110] directions are
equivalent. The change of the ODMR spectrum with
rotation of the static magnetic field in the QDs plane
could be explained by the complicated nonsymmetric
shape of the dots in plane or by strain which influ-
ences the electronic structure of the dots and spin flip
properties of the holes and electrons in different crys-
tallographic directions. As already discussed in Sec-
tion 4, the relatively long exciton radiative lifetimes
could be explained taking into account that the elec-
trons in the quantum dots are spread out into the wet-
ting layer and, therefore, are separated from the holes
in the dots. The observed ODMR peaks in the [110]
direction, vanishing upon the rotation of magnetic field
towards the [−110] direction, could be an indication
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that electron confinement in the QDs plane is very
anisotropic.

6. Conclusions

The photoluminescence properties of small
InAs/GaAs quantum dots have been studied by us-
ing cw, time-resolved and microwave resonance tech-
niques. Time-resolved measurements of carrier dy-
namics showed that photoexcited carrier capture into
the QDs after nonresonant excitation is very fast and
no PL was observed from the InAs wetting layer.
Very long exciton lifetimes, up to 10 ns, were ob-
served for these small QDs with shallowly confined
electrons. This feature could be promising in devel-
oping high-performance QD-based infrared photode-
tectors. PL quenching in InAs/GaAs QDs, obtained
with increase of temperature, is supposed to be de-
termined by thermal escape of carriers from QDs and
their transfer via the wetting layer to nonradiative
states. PL decay at the high-energy side of the spec-
trum is found to be much faster than that at the low-
energy side which is probably related to carrier redis-
tribution among QDs of different size using the wet-
ting layer as a transit channel. The shift of the PL
spectrum to higher energies at higher excitation in-
tensities, broadening, and faster decay are ascribed
to population of higher excited states by carriers in
the QDs.

The microwave resonance measurements of quan-
tum dots allow one to evaluate the effective mass of the
carriers and to get information on the electron confine-
ment and spin splitting of the electron and hole energy
levels in the presence of magnetic field, what is impor-
tant for the development of optoelectronic devices.
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cinkevičius (Royal Institute of Technology, Stockholm)
for performing the time-resolved measurements of the
InAs quantum dots.

References

[1] H.C. Liu, Opto-Electronics Rev. 11(1), 1–5 (2003).
[2] L. Chu, A. Zrenner, M. Bichler, and G. Abstreiter,

Appl. Phys. Lett. 79(14), 2249–2251 (2001).
[3] P. Bhattacharya, S. Krishna, J. Phillips, P.J. McCann,

and K. Namjou, J. Cryst. Growth 227–228, 27–35
(2001).

[4] R. Heitz, M. Veit, N.N. Ledentsov, A. Hoffmann,
D. Bimberg, V.M. Ustinov, P.S. Kop’ev, and Zh.I. Alfe-
rov, Phys. Rev. B 56(16), 10435–10445 (1997).

[5] S. Sanguinetti, M. Henini, M. Grassi Alessi, M. Ca-
pizzi, P. Frigeri, and S. Franchi, Phys. Rev. B 60(11),
8276–8283 (1999).

[6] Yu.I. Mazur, J.W. Tomm, V. Petrov, G.G. Tarasov,
H. Kissel, C. Walther, Z.Ya. Zhuchenko, and W.T.
Masselink, Appl. Phys. Lett. 78(21), 3214–3216
(2001).

[7] R. Heitz, H. Born, F. Guffarth, O. Stier, A. Schliwa,
A. Hoffmann, and D. Bimberg, Phys. Rev. B 64,
241305-1–241305-4 (R) (2001).

[8] X. Li and Y. Arakawa, Phys. Rev. B 56(16), 10423–
10427 (1997).

[9] A.L. Efros, V.A. Kharchenko, and M. Rosen, Solid
State Commun. 93(4), 281–284 (1995).

[10] M. Sugawara, Phys. Rev. B 51(16), 10743–10754
(1995).

[11] B. Cavenett, Adv. Phys. 30(4), 475–538 (1981).
[12] H.W. van Kesteren, E.C. Cosman, W.A.J.A. van der

Poel, and C.T. Foxon, Phys. Rev. B 41, 5283–5292
(1990).
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MAŽŲ PUSLAIDININKINIŲ KVANTINIŲ TAŠKŲ FOTOLIUMINESCENCIJA

N. Žurauskienė

Puslaidininkių fizikos institutas, Vilnius, Lietuva

Santrauka

Pateikti rezultatai, gauti tiriant ypač mažų (∼7 nm) InAs/GaAs
kvantinių taškų (KT), užaugintų molekulinių pluoštelių epitaksijos
būdu, fotoliuminescenciją. Nerezonansiškai fotosužadintų krūvi-
ninkų dinamika buvo tiriama nuo 80 iki 230 K temperatūros ruože,
naudojant 80 fs trukmės Ti:safyro lazerį (800 nm). Rasta, jog
laike išskirtai InAs kvantinių taškų fotoliuminescencijai būdinga
trumpa (∼50 ps) užaugimo trukmė, o eksitonų gyvavimo trukmė
yra pakankamai ilga ir žemoje temperatūroje (80 K) siekia 10 ns.
Temperatūrai kylant, buvo pastebėtas fotoliuminescencijos gesi-
mas, kurį galima paaiškinti krūvininkų terminiu išlaisvinimu iš KT
ir jų nespinduline rekombinacija. Taip pat pastebėta, kad fotoliu-

minescencijos gesimas didesnių KT spektro juostos energijos ve-
rčių srityje yra daug spartesnis, lyginant jį su mažų energijos verčių
sritimi. Galima paaiškinti, kad tai vyksta dėl krūvininkų terminio
išlaisvinimo iš mažų kvantinių taškų ir perėjimo per drėkinamąjį
kvantinio darinio sluoksnį į didesnių matmenų (mažesnės spindu-
liavimo energijos) kvantinius taškus. Eksitonų smulkioji sandara
buvo tirta, naudojant optiškai detektuojamo magnetinio rezonanso
metodą, matuojant bendrą fotoliuminescencijos intensyvumo po-
kytį, paveikus kvantinius taškus 95 GHz mikrobangomis ir keičiant
išorinį pastovų magnetinį lauką nuo 0 iki 6 T. Gautieji rezultatai
aptarti, parodant mažų kvantinių taškų perspektyvumą, kuriant inf-
raraudonosios šviesos jutiklius.


