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Fluorescence intermittency in InP self-assembled dots is investigated by means of far ficld imaging
and single dot spectroscopy. Based on our observation that blinking dots are found in the vicinity of
scratches and the blinking frequency is drastically enhanced under a near-infrared laser irradiation, we
attribute the origin of the fluorescence intermittency to a local electric field due to a carrier trapped at a
deep localized center in the GagsIng sP matrix. The validity of this explanation is confirmed by a thermal
activation-type behavior of the switching rate and artificial reproduction of the blinking phenomenon by

an external electric field.
DO 10.1103/PhysRevLett.86.4883

Single quantum dot spectroscopy has revealed a lot
of novel information hidden behind the inhomogeneously
broadened photoluminescence (PL) band. One of the most
interesting findings so far reported in quantum dot (QD)
systems is the fluctuation of the PL peak energy and inten-
sity with time, which would be unobservable in macro-
scopic studies. The former phenomenon, called as the
spectral diffusion, is observed in CdSe [1-4] and InAlAs
[5] QDs, where the PL peak energies from confined ex-
citons and their LO sidebands fluctuate during the time
of measurement. The latter phenomenon is referred to
as the fluorescence intermittency or random telegraph sig-
nal, where the PL intensity switches between two or more
discrete levels as the time goes by [1,5~9]. The spectral
diffusion and the fluorescence intermittency are tentatively
attributed to photoionization or mobile photoactivated non-
radiative recombination centers. However, the detailed
mechanism of the fluorescence intermittency is still under
discussion, especially the location of the carriers during

the blinking process and, more importantly, the origin of

such large intensity changes have not been clarified yet.

In this Letter, we report on the origin of the fluores-
cence intermittency derived from a detailed optical study
of self-assembled single InP QDs and show that the blink-
ing is due to a local electric field generated by a carrier
trapped by a deep localized center in the GagslngsP ma-
trix. The validity of our model is confirmed by the thermal
activation-type behavior of the switching rate. In addition,
a strong enhancement of the blinking rate was observed
when a near-infrared (near-IR) laser is irradiated together
with a band-to-band excitation laser, which allowed us to
estimate the energy level of the localized center. Notably,
we clearly demonstrate how (o reproduce all the features
of the phenomenon artificially [10].

Self-assembled InP QDs sandwiched between two
Gagslng.sP barriers 180 nm thick each were grown on a
Si doped (n7) GaAs (001) substrate using a metal-organic
vapor phase deposition system [11]. For the single dot
spectroscopic study, we adopted a confocal micropho-

0031-9007/01/86(21)/4883(4)$15.00

PACS numbers: 71.35.-y, 61.46.+w, 73.21.—b, 78.66.Fd

toluminescence (u-PL) system [9]. The samples were
set on a cold-finger of a liquid He flow-type cryostat.
As the excitation light source, the 488 nm line of a
continuous wave (CW) Ar-ion laser and a CW Ti:sapphire
laser were used. The sample PL was collected using
a microscope objective lens, and then the images were
taken by a thermoelectrically cooled charge-coupled
device (CCD) camera. For the w-PL measurements, the
sample PL was analyzed using a 50 ¢m single monochro-
mator and then detected by a liquid nitrogen cooled
CCD camera.

Figures I(a) and I(b) show the w-PL images consecu-
tively observed over the same area of the sample. Each
bright spot corresponds to the PL from a single InP QD.
As marked by the dotted circles, it was observed that
some QDs exhibit the blinking phenomenon, i.c., the PL
intensity switches randomly between a high efficiency
state (hereafter referred to as “on”) and a very weak state
(*off™), while the PL from other QDs is stable. It should
be mentioned that, even if a blinking QD is in the off
state, the w-PL is not completely quenched, but weak
wu-PL remains.

FIG. 1 (color). Microimages of a blinking InP QD in (a) on
and (b) off states measured at 4 K with a 200 msec integration
time. The observed area is 15 um X 15 um. The black region
at the bottom left side of each image is a flaw on the sample
surface, and thus the PL from the GagslngsP matrix is not
observed in this region.

© 2001 The American Physical Society 4883
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FIG. 2 (color). (a) Contour map made from wu-PL spectra at
4 K of a blinking InP self-assembled dot (SAD) measured suc-
cessively 30 times. (b) w-PL spectra of the on (thick red curve)
and off (thin blue curve) states. Peak A having the highest PL
peak energy shows the large intensity change between the on and
off states. Peaks B and C shift to the higher energy side when
the system switches from the on state to the off state, while the
intensity changes of these peaks are very small.

Figure 2(a) shows a contour plot of the w-PL spectra of
a single blinking QD successively recorded 30 times with
an individual integration time of 200 msec. It is found
that not only the PL intensity but the w-PL spectrum also
changes with time between the two types of spectra shown
by the thick and thin curves in Fig. 2(b). Each of them
corresponds to the u-PL spectrum when the blinking QD
is in the on state and the off state, respectively. The PL
peak denoted by A shows a large intensity change between
the on and off states. On the other hand, the PL bands
B and C are almost unchanged in intensity, but the peak
energies slightly shift to the higher energy side by a few
meV when the state switches from on to off. This result
indicates that the large intensity change observed in the
m-PL images is mainly caused by the intensity change of
the PL band having the highest PL peak energy. This also
explains the weak PL in the off state, viz., some peaks
change little when the state switches from on to off so that
the w-PL intensity in the off state, though very weak, is
not completely quenched as shown in Fig. 1(b).

In many cases a blinking QD was observed near a mi-
nor flaw on the sample surface; for instance, a small flaw is
observed at the bottom left side in Fig. 1. It is thus reason-
able to assume that there are many defect states near that
point. Further, we found that new blinking QDs appeared

4884

after the surface of the sample was intentionally scratched
by a needle. Therefore the fluorescence intermittency ap-
pears to be related to deep defect levels.

A possible mechanism for the switching between the on
and off states can be modeled as follows. In the vicinity of
some QDs there are localized deep levels due to defects.
When a carrier is trapped by such a localized state, a local
electric field generated by the trapped carrier is applied to
the QD. In this case, the overlap of the wave functions
of the confined electrons and holes is decreased. If the
local field is much stronger, the confined carriers escape
from the QD to the matrix. Therefore the w-PL inten-
sity eventually becomes weak, and this is observed as the
switching from the on state to the off state. The trapped
carrier relaxes after a while by recombining with another
carrier of opposite sign, mediated by phonons or through a
photoreabsorption process. In this case, the local field by
the trapped carrier disappears, and the system thus returns
to the initial condition. This shows the switching from the
off state to the on state [12].

In order to confirm the validity of the proposed model,
we performed several additional experiments, which shed
light on local trap centers and local electric fields. First,
we measured the temperature dependence of the integrated
p-PL intensity as shown in Fig. 3(a). If the switching
is due to the trapping process of carriers, the trapping
probability should be explained using a thermal activa-
tion model. As clearly seen, the switching becomes faster
with the increase of the temperature. The average ofl
times measured at various temperatures are summarized in
Fig. 3(b). We found that the off period r.p(7) at tempera-
ture 7" can be well reproduced using a thermal activation
function,

roff(o)
tore(T) = : , (nH
I+ aexp(=E/kpgT)
(a) (b)
- . . T 10! T ~ 10!
s M n ! _
'E inP SAD 9
= 50K NiA ~
2 A T
5 prenrTeT o E
2 25K o g
) ST B =
= 1 t T = 2]
T o e i e g =
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L
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FIG. 3. (a) Time traces of the integrated u-PL intensity of a

blinking QD measured at various temperatures. The switching
rate becomes faster as the temperature is increased. (b) Log-log
plot of the off duration as a function of temperature, which
can be well explained by a thermal activation model written in
Eq. (1), with f,;(0) = 2.5 sec and E = 7 meV.
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as shown by the solid line in Fig. 3(b), where a is a con-
stant and E and kp denote the activation energy and the
Boltzmann constant, respectively. This result strongly sup-
ports the existence of a localized trap center which is re-
sponsible for the switching phenomenon.

We then investigated the depth of the localized cen-
ter. Figure 4(a) shows the integrated w-PL intensity un-
der weak excitation by an Ar-ion laser. As shown in
Fig. 4(b), we observed a drastic enhancement of the on-off
switching rate when the QDs were resonantly excited by
a near-IR (Ti:sapphire) laser of 1.75 eV in addition to the
band-to-band excitation (Ar-ion) laser.

The switching rates which are defined as the reciprocal
duration of the on and off periods are plotted in Fig. 4(c)
as a function of the excitation energy of the near-IR laser.
For comparison, the x-PL spectrum of the blinking QD is
also shown. The broken and dotted lines show the switch-
ing rates of the on state and the off state, respectively,
measured without the near-IR laser irradiation. When the
near-IR laser energy is above 1.5 eV, the switching rates of
the on and off states become 5 and 3 times faster, respec-
tively, than those excited only by the band-to-band laser
[16]. It should be mentioned that the enhancement can be
observed even when the near-IR laser energy is below the
lowest PL level of the InP QD because the near-IR laser can
directly excite a carrier to the defect level in the Gag sIng sP
matrix that is deeper than the confined exciton level in the
InP QDs. The switching rates were almost independent
of the excitation energy of the near-IR laser above 1.5 eV.
When the near-IR laser energy is lower than 1.5 eV, how-
ever, the enhancement was not observed, and the switching
rate was almost the same as that of Fig. 4(a). Hence we
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FIG. 4. (a) The integrated w-PL intensity versus time trace

of a blinking QD under band-to-band (Ar-ion laser) excitation.
(b) The blinking rate is drastically enhanced when a near-IR
(Ti:sapphire) laser beam irradiates the sample simultaneously
with a band-to-band excitation laser beam. (c¢) Plot of the switch-
ing rates of the on (squares) and off (circles) states. The broken

and dotted curves show the switching rates of the on and off

times, respectively, measured without the near-IR laser irradia-
tion. For comparison, the u-PL spectrum of the blinking QD is
also shown. The sharp line observed at 1.75 eV comes from the
scattered light of the near-1R laser.

conclude that the localized center responsible for blinking
has an excitation threshold energy of 1.5 eV [17,18].
Finally we checked the second key point of our model,
namely, the local electric field, which is considered to
cause a strong change in u-PL intensity. Figure 5(a) shows
the contour map of the x-PL spectra of a normal single QD
showing stable PL measured by applying a positive bias at
the top of the sample. In order to perform this experiment,
a semitransparent contact was fabricated by evaporating a
20 nm thick Au layer onto the sample surface. The PL ob-
served at the higher energy side changes more sensitively
than those observed at the lower energy side in intensity.
As a result, the external electric field causes a fairly large
change of the integrated w-PL intensity as shown in the in-
setin Fig. 5(b). The thick and thin curves in Fig. 5(b) were
measured under the bias of 850 mV, which corresponds to
a flat band condition (0 kV/cm), and about 10% weaker
(750 mV = -3 kV/cm), respectively [19]. One can see
that a small change of the electric field induces a drastic
change of the u-PL spectra. One of the most important
points in this study is that the change in intensity and peak
energy of the w-PL spectra in the electric field qualita-
tively well reproduce the change of u-PL spectra between
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FIG. 5 (color). (a) Contour plot of the u-PL spectra in an ex-
ternal electric field. The PL intensity of the peak observed at
the higher energy side is more sensitive to the field than those
observed at the lower energy side. (b) w-PL spectra measured
by applying a bias of 850 mV (the flat band condition, thick red
curve) and 750 mV (thin blue curve), which qualitatively re-
produce the wu-PL spectra of the on and off states, respectively
[compare with Fig. 2(b)]. Inset: Integrated w-PL intensity ver-
sus the applied bias.
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the on and off states of a blinking QD shown in Fig. 2(b).
That is, in Fig. 5(b), the PL peak A observed at the higher
energy side shows the largest change in intensity, and the
PL peaks B and C shift to the higher energy side by a few
meV keeping their PL intensities almost unchanged when
the bias is changed from 850 to 750 meV. This fact is di-
rect evidence supporting our model and brings us to the
conclusion that the fluorescence intermittency is due to a
local electric field induced by a trapped carrier near a single
QD. Furthermore, we can estimate the distance between
a blinking QD and a trap center from this result; if one as-
sumes a static electric field in the sample layer and that one
localized center can accept only one carrier, the distance is
estimated to be 20 nm. This result indicates that the trap
center located very close to (but spatially separated by a
potential barrier from) the QD plays an important role in
the blinking phenomenon.

In summary, we have studied the optical properties of
the blinking self-assembled QDs. From the observation of

the p-PL image and the temperature dependence of the
switching rate, it has been shown that the blinking phe-
nomenon is due to the trapping and subsequent delocaliza-
tion processes of photoexcited carriers. Further, we have
successfully demonstrated that the intensity changes and
peak energy shifts observed in the u-PL spectra of a blink-
ing QD can be well reproduced artificially by applying an
external electric field, which indicates that the fluorescence
intermittency is intimately related to a local electric field.
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Exciton-phonon coupled states in CuCl quantum cubes
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The size dependence of excitonic states and vibrational modes in CuCl cubic quantum dots embedded in
NaCl crystals was studied by means of site-selective persistent spectral hole burning spectroscopy. It is shown
that the interaction of the longitudinal optical (LO) phonon with the exciton results in the formation of coupled
exciton-phonon modes when the energy of the LO phonon approaches the energy spacings between the ground
and excited states of the exciton. The energy anticrossings of the LO phonon modes with two higher optically
allowed excited states of the exciton in CuCl QD’s were clearly observed at confinement energies of about 10
and 6 meV, respectively. In addition, the linewidth of the LO phonon sideband in CuCl QD’s in NaCl crystals
was found to increase abruptly from 0.3 meV to about 1.2 meV at a confinement energy of about 23 meV,
which appears to result from the exciton-phonon mixing of the LO phonon mode with the first excited state of
the exciton. The experimental results are qualitatively understood by the LO phonon renormalization theory.

DOI: 10.1103/PhysRevB.63.033307

Optical investigations on semiconductor quantum dots
(QD’s) or nanocrystals opened an exciting field of basic
physics studies.'” Studies of the size dependence of elec-
tronic and vibrational spectra as well as the exciton-phonon
interaction in QD’s are important for understanding their op-
tical properties. The persistent spectral hole burning (PSHB)
phenomenon is observed in many materials containing QD’s,
and PSHB provides a sensitive spectroscopic technique for
the study of the size-dependent electronic states and vibra-
tional modes in QD’S.HO

Since QD’s containing only a few hundreds of atoms are
like large molecules, the exciton formation in QD’s would be
expected to strongly influence the lattice vibrations. Re-
cently, the LO phonon sidebands observed in the PSHB and
photoluminescence spectra of spherical CuCl nanocrystals in
glass showed an energy reduction of about 2 meV, compared
with the energy of the LO phonon (25.6 meV) in the bulk
crystals. The energy softening was described theoretically in
terms of the phonon renormalization in the presence of a
single exciton in spherical QD’s.*!" Quantum beats of con-
fined exciton-LO phonon complex were observed in CuCl
nanocrystals and the reduction of LO phonon energy ex-
tracted from the quantum beat was interpreted in terms of
LO phonon renormalization.'”> The studies of the excited-
state phonons in QD’s are still at an early stage and knowl-
edge on the shape dependence of the LO phonon renormal-
ization is lacking.

CuCl QD’s embedded in NaCl crystals, unlike those in a
glass matrix, show oscillatory fine structures in the inhomo-
geneously broadened Z; exciton absorption bands. These
structures were assigned to the size-quantized Z; excitons
confined in the CuCl QD’s of cubic shape.>®'* In this paper,
we study the size dependence of the lattice vibrations in the
excited states for CuCl cubic QD’s in NaCl crystals by
means of PSHB. We note that, unlike the conventional Ra-
man scattering which involves the ground-state vibrational
modes, the PSHB spectroscopy gives the information about
phonon modes in the excited states.® The effect of the exci-
ton formation on the lattice vibrations in the QD’s was ex-
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plored experimentally by tuning the size-dependent energy
level spacings between the ground and excited states o be
resonant with the LO phonon.

CuCl QD’s used in the experiment were embedded in
NaCl crystals. The NaCl crystals containing CuCl were
grown by the transverse Bridgman method."* The size of the
QD’s was controlled by heat treatment with different tem-
perature and time. The samples were directly immersed in
superfluid helium at 2 K in an optical cryostat. A narrow-
band dye laser pumped by the third harmonics of the output
of a Q-switched Nd**: YAG laser (355 nm) was used as a
pump source. The pulse duration and repetition were ap-
proximately 5 ns and 30 Hz, respectively. The spectral line-
width was about 0.014 meV. A halogen lamp was used as a
probe source. The PSHB spectrum was measured as follows:
First, the absorption spectrum was obtained and the sample
was exposed to dye laser pulses to burn a persistent spectral
hole at an excitation energy. Then, the absorption spectrum
was measured again after the laser exposure was stopped.
The absorption spectral change — A ad is defined as the dif-
ference between the spectra before and after the laser expo-
sure. The subsequent measurements were performed at the
new position of the samples and not carried out at the posi-
tion burnt previously. The transmitted light of the samples
was detected by a liquid-nitrogen cooled charge-coupled de-
vice in conjunction with a 75-cm spectrometer involving an
1800 grooves/mm grating operated in the second order of
diffraction. The spectral resolution of the experiment was
about 0.13 meV.

Figures 1 and 2 show the absorption and PSHB spectra of
two CuCl QD samples with different QD sizes at 2 K. Os-
cillatory fine structures are observed between 3.22 and 3.28
eV in the Z5 exciton absorption bands as shown in Figs. 1(a)
and 2(a), and are atributed to size-quantized exciton states in
cube-shaped QD’s.>*'* As seen in Figs. 1(b) and 2(b), the
main hole marked by M coincides with the energy of the
pump beam. The broad hole, referred as a
pseudophonon-wing'® with a Stokes shift of a few meV was

©2000 The American Physical Society
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FIG. 1. Absorption (a) and PSHB spectra (b) of CuCl QD’s with
large size in NaCl crystals at 2 K. The excitation energies for spec-
wa A, B, C, D, E.F, G, H, I, and J are 3.2287, 3.2303. 3.2311,
3.2320, 3.2329, 3.23306, 3.2353, 3.2370, 3.2387, and 3.2404 eV,
respectively. The vertical dotted lines show the energies of the hole
burning of the ground state £, under excitation of the excited
state £3;, obtained from the relation £;,,—Ez=3.67(L,,
—FEp). The vertical solid lines represent the energies of the LO
phonon sideband holes calculated from £y — £ g«, where £ g«
=23.1 meV is the LO phonon energy in the excited state.

suggested to originate from the confined acoustic phonon-
assisted absorption of the QD’s.'®!’

The Stokes shifts of the holes E,, E,, E5, LO, and P as
a function of the exciton confinement energy are shown in
Fig. 3. The confinement energies of the satellite holes, Eyq.
— Ey, where E, . is the photon energy of the hole and Ep is
the bulk Zjy exciton energy (Ez=3.2022 eV at 2 K), were
obtained from the PSHB spectra. According to the size de-
pendence of the Stokes shift between the main hole and the
satellite hole in the QD’s, the exciton- and phonon-related
holes can be distinguished. If an infinitely high potential bar-
rier is assumed, the quantized exciton energy levels for a
quantum cube are given by

2 2
hoare
En_‘, N :EB

+—~—————(n%+nz,+nz“), (1
v OM(L=ag)?

where M =2.3m, is the translational mass of the bulk exci-
ton and quantum numbers n,, n,, and n, take values 1, 2,
3,.... Lis the side lengths of the QUamum cube and L—apg is
used for the dead-layer correction. For a quantum cube the
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FIG. 2. Absorption (a) and PSHB spectra (b) of CuCl QD’s with
small size in NaCl crystals at 2 K. The excitation encrgies for
spectra A, B. C, D, £ F. G, and H arc 3.2454, 3.2474, 3.2496,
3.2517, 3.2538, 3.2580. 3.2623, and 3.2664 ¢V, respectively. The
vertical dotted lines show the energies of the hole burning of the
ground state £, under excitation of the excited state £, ob-
tained from the relation £y —Ex=2(L,,—LEy). The vertical
sohid lines represent the encrgies of the LO phonon sideband holes
calculated from Ly, — £ o«, where £ g«=23.1 meV is the LO pho-
non energy in the excited state.

ground state £, and the first and higher excited slates,

Eyy i Eg=2(E,,—Ep), Epay—Eg=3(E,,,~ Ep),
By —Eg=30T(E,,—Ep), Eypa—Ep=4(L),,—Ep),
and E33,— Ep=0.3(E,,,—Ep). As seen in Figs. 1(b) and
2(b), the main hole burnt resonantly at the laser energy E
and the satellite hole E; almost obeys the equation E

—Ep=2(E|—Ep). Thus, the dominant satellite hole E, is

50 —— ——
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FIG. 3. Stokes shifts of the satellite holes £,, £,, LO, and P in
CuCl QD’s in NaCl crystals as a function of the exciton confine-
ment energy. The dashed line represents the energy of LO phonon
in a bulk CuCl crystal. The dotted lines represent the size depen-
dence of the energy spacings between the ground and excited states
in the CuCl QD’s on the quantum cube model.
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from the hole burning of the ground state £, under exci-
tation of the first excited state £, in the quantum cubes.
Further, the holes marked by £, and £5 in larger CuCl QD’s
are assigned to the hole burning of the exciton ground states
under excitation of the excited states E3VH,5 and E53,, re-
spectively. Strictly speaking, direct optical excitation of the
first excited state £, in ideally cubic nanocrystals is for-
bidden and its oscillator strength should be zero. Therefore,
the observation of the hole burning of the ground state under
excitation of the first excited state suggests that the QD’s are
not ideal cubes.>® Recently, the holes £, and £y observed in
Fig. 2(b) were suggested to be from the hole burning of the
exciton ground states under excitation of the degenerate first
excited states £, ;, and E |, in nearly cubic CuCl quantum
boxes.'®

A pronounced nonresonant hole labeled by LO with a
Stokes shift of 23.1 meV is located at the low-energy side of
the main hole and is almost size-independent over a wide
size range as shown in Fig. 3. From the size dependence, the
hole is assigned to a LO phonon sideband of the exciton
ground state, which is slightly smaller than the phonon en-
ergy of 23.5 meV in CuCl QD’s in glass.® In addition, a
broad hole denoted by P with a Stokes shift of about 18 meV
was observed in the PSHB spectra. The Raman spectrum of
CuCl crystals in the transverse optical (TO) phonon regime
is anomalous, consisting of a sharp [TO(y),~21.3 meV]
and a broad [TO(B),~18.7 meV] line at low
term)era[ure.w‘20 The Stokes shift of the hole P measured in
the PSHB spectra is close to the energy of the TO( ). There-
fore, the satellite hole P may be from the optical absorption
together with simultaneous emission of a TO(S) phonon.

As seen in Figs. 1(b) and 2(b), the PSHB spectra are very
complex because the hole burning of the ground states under
excitation of various excited states was clearly observed at
the lower energy side of the spectra, in contrast to the simple
PSHB spectra of spherical CuCl QD’s in glass.® We can
easily demonstrate the LO phonon mixes with the excited
states of the excitons in CuCl cubic QD’s in NaCl crystals
when the LO phonon is close to the energy differences be-
tween the ground and excited states. In the PSHB spectra of
large CuCl QD’s in Fig. 1(b), the holes £, and LO become
close to each other when the dot size is increased. Then the
LO phonon energy becomes small and the LO phonon mode
clearly anticrosses with the optically allowed excited state
E5,, of the exciton at an energy of about 3.212 eV. The
Stokes shift of the hole £, is the energy difference between
the ground state £, ; and the next optically allowed state
E5,; in cubic QD’s, and may be compared to the energy
spacing between the ground state (15) and the excited state
(28) in spherical nanocrystals, whose principal quantum
number n and angular momentum quantum number /[ are
taken as n=1,/=0, and n=2,/=0, respectively.2 An anti-
crossing between the phonon sideband of the exciton ground
state and the higher excited state £5, is clearly observed at
a confinement energy of about 10 meV in Fig. 3.

Further, it is noted that a sharp peak marked by an open
square arises between holes £, and LO in spectra ranging
from G to C in Fig. 1(b). The sharp peak becomes dominant
with the increase of the dot size. The Stokes shift of the peak
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FIG. 4. Size dependence of the linewidth of LO phonons in
CuCl QD’s in NaCl crystals. The vertical dashed line shows the
energy of the phonon that is equal to the energy spacing between
the ground and the first excited state £, ; ;. The inset shows the LO
phonon sideband (closed circles) at the confinement energy of 56.7
meV and a Lorentzian fit (solid curve), respectively.

is about 23.7 meV and is not dependent on the dot size in the
smaller QD’s as shown in Fig. 3. Therefore, the peak is
considered to be an LO phonon mode of CuCl QD’s. The
energy of the LO phonon mode is decreased rapidly when
the dot size is further increased. As a result, the LO phonon
mode shows a clear anticrossing with a higher optically al-
lowed excited state £5;, of the exciton at a confinement
energy of about 6 meV. The above result clearly shows that
the renormalization of LO phonon exists in CuCl cubic QD’s
in NaCl crystals, resulting in clear anticrossings of the LO
phonon mode of the exciton ground states with two higher
optically allowed excited states, E5,,, and E;3,. The ob-
served anticrossings are consistent with the renormalization
theory of the LO phonon ™!

In the following, we studied the change of the energy and
the linewidth for the LO phonon when the LO phonon is
resonant with the energy separation between the exciton
ground state £, and the first excited state E,,;, which
may be considered to correspond to the ground state 1§ and
the first excited state 1P (quantum numbers n=0 and /
=1) in spherical nanocrystals, respectively.2 As seen in
spectra C, D, and E of Fig. 2(b), when the LO phonon is
close to the energy difference between the ground state £ |
and the first excited state £, ,, it is difficult to distinguish
the holes E and LO owing to broader width of the hole E;.
Thus, Fig. 3 does not show a clear energy anticrossing as the
theory predicted.'’ However, it is found that the linewidth of
the LO phonon is increased abruptly at a confinement energy
of about 23 meV, as shown in Fig. 4. When the energy of the
LO phonon in the small QD’s is smaller than the energy
difference between the ground state £y and the first ex-
cited state £, ;, the LO phonon is very narrow and its line-
width is about 0.3 meV, as is shown in the enlarged spectrum
H of Fig. 2(b) and the inset of Fig. 4. The LO phonon be-
comes broad with a linewidth of about 1.2 meV in the spec-
tra A and B of Fig. 2(b) after the phonon is resonant with the
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energy difference between the ground state £, and the
first excited state E, ;. At the same time, it is noted that the
intensity of the LO phonon sideband is enhanced near the
exciton-phonon resonance.

In spherical QD’s, the coupling of /=1 phonons with
exciton P states leads to a renormalization of the latter, as
predicted in Ref. 11, but the P states having a zero oscillator
strength are not expected to show up in the PSHB spectrum.
In the similar manner, the phonon sideband of the ground
state in ideally cubic QD’s can interact with the first excited-
state E,,; with a zero oscillator strength. However, the
PSHB experiment reported earlier™® shows that the oscillator
strength of the first excited state in CuCl QD’s in NaCl crys-
tals is not zero. Therefore, the coupling between the ground
state £, and the first excited state £, through phonons
of appropriate symmetry will cause a weak energy anticross-
ing that can be observed in the PSHB spectrum. Although we
do not see a clear anticrossing of the LO phonon with the
first excited state £ j, we interpret the observed broadening
of the LO phonon sideband as due to exciton-phonon mix-
ing. This interpretation is backed by the lineshape analysis of
Zimin et al.*! around the LO-phonon-exciton anticrossing re-
gion.

PHYSICAL REVIEW B 63 033307

In conclusion, we have studied the LO phonon modes and
exciton states in nearly cubic CuCl QD’s in NaCl crystals by
the PSHB spectroscopy. The exciton formation in the QD’s
has influenced the lattice vibrations, leading to a mixing of
the LO phonon with the excitons near the exciton-phonon
resonance. At larger sizes, the resonant mixing of the opti-
cally allowed excited states E3;; and E35, ol the exciton
and the phonon modes shows clear anticrossing behaviors.
At smaller sizes, the significant linewidth broadening of the
LO phonon probably results from the mixing of the LO pho-
non with the exciton when the phonon is resonant with the
transition between the ground and the first excited state. This
indicates that the interaction of the LO phonons with exci-
tons in QD’s depends on the shape of QD’s. Because the
energy levels of the exciton excited states in nearly cubic
QD’s are more complex than those in spherical nanocrystals,
further theoretical studies on the nearly cubic QD’s are re-
quired to understand the interaction of the LO phonon with
excitons in CuCl QD’s in NaCl crystals.
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Phonon resonances observed in the photoluminescence (PL) spectra of InP and Iny35Gay (sAs self-
assembled quantum dots (QD’s) in an external electric field are studied in detail. The resonances are shown to
arise from fast phonon-assisted relaxation of hot carriers, and to become observable when the PL is quenched
by nonradiative losses from excited states. A simple model is developed that considers tunneling of the carriers
from the QD’s into the barrier layer as the main process responsible for PL quenching in the presence of an
electric field. From this model, the depth of the potential well for holes is estimated to be 10-20 meV for the
InP QD’s. The PL kinetics measurement is performed with a time resolution of 6 ps. Clear evidence of
surprisingly fast carrier relaxation with emission of high-energy acoustic phonons is found. Further accelera-
tion of the carrier relaxation is observed under strong optical pumping. We consider this effect to be caused by
Auger-like carrier-carrier scattering processes. Acceleration of the relaxation observed at elevated temperatures

is ascribed to stimulated phonon emission.

DOI: 10.1103/PhysRevB.63.075316

I. INTRODUCTION

Quantum dots (QD’s) attract much attention because of

their unusual physical properties and promising prospects for
application in device engineering. Three-dimensional carrier
confinement gives rise to discrete energy levels with large
spacings, provided that the QD’s are sufficiently small. For
this reason, QD’s are often referred to as artificial atoms.!
Realization of such artificial atoms in semiconductor hetero-
structures and their integration with conventional electronic
and optical devices offer great potential for applicationsiz‘4
For optical applications, the main physical processes are the
creation of carriers in the QD, their relaxation to the lowest-
energy states, and radiative recombination.

The carrier relaxation process was studied extensively
during the last decade because it mainly determines the lu-
minescence efficiency of QD’s.°~'* At low temperature and
weak excitation, the main relaxation mechanism is spontane-
ous emission of phonons by hot carriers. Though this point
is evident, peculiarities of this process in QD’s are not yet
understood and have been widely discussed up to
now. 1323

In polar semiconductors of interest, electrons and holes
interact strongly only with the longitudinal-optical (LO)
phonons. LO phonons produce an electric field to which the
electrons and holes are sensitive as charged particles. The
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energy spectrum of the LO phonons is typically rather nar-
row, and can be roughly considered as a set of degenerate
energy values. Therefore, fast relaxation occurs only in those
QD’s where the energy spacings are equal to the energy of
one or several LO phonons. The carriers in other QD’s have
to relax via acoustic-phonon emission. This process is inher-
ently slow because of the weak deformation potential inter-
action. This is well known for bulk materials, where the re-
laxation with emission of acoustic phonons is slower by two
orders of magnitude than that with emission of LO
phonons.** Theoretical considerations show that acoustic-
phonon-mediated relaxation is further slowed down in
QD’s—this effect is commonly referred to as ‘‘phonon
bottleneck.””>® Only phonons with wavelengths of the order
of the QD diameter and an energy equal to an interlevel
spacing may cause one-phonon relaxation. Although
two-phonon relaxation is not so restricted, this process
should be also slow because of weak electron-phonon
interaction.’

It seems that some indication of the phonon bottleneck is
found in a few experiments. The simplest experiment con-
sists of the observation of the photoluminescence (PL) spec-
trum of a QD ensemble under an optical excitation slightly
above the PL maximum. Sharp features (resonances) shifted
by the LO-phonon energy from the excitation line were ob-
served in the spectra of some samples.'>!416:18:20.25-27
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Other types of experiments apparently argue against the
phonon bottleneck. The most important of these is the study
of the rise time of the PL, that is determined by the relax-
ation of hot carriers to their lowest energy levels. These ex-
periments show a fairly short rise time of a few or several
tens of picoseconds in high-quality samples.'”"® This obser-
vation contradicts theoretical predictions. However, in such
experiments it is difficult to achieve both good spectral and
time resolutions keeping a low excitation power. Therefore,
it is not clear whether the observed fast relaxation is caused
by LO-phonon emission, by acoustic-phonon emission, or by
some other processes.

Many theoretical efforts have been put forward to explain
fast carrier relaxation. Two-phonon processes involving LO
+ LA combination,” LO-phonon anharmonicity,?' relaxation
through continuum states,” and defect states'*?%* were con-
sidered to spread out the spectral region where the fast
phonon-assisted relaxation is possible. In addition, an alter-
native mechanism of relaxation was proposed that consid-
ered carrier-carrier scattering (referred to as Auger-like
processes).g‘“'?’“‘?’z

We recently proposed a powerful method to study carrier
relaxation in QD’s.”> This method exploits the idea of artifi-
cially controlling PL qm:nching.'z""35 The PL quenching rate
can be changed in a wide range by applying an external
electric field to the sample. This allows one to study carrier
relaxation by varying the ratio of the relaxation and PL
quenching rates.

In this paper, we use this method to study phonon-assisted
carrier relaxation in self-assembled QD’s in more detail. We
study the PL spectra and PL kinetics of heterostructures with
InP and Ing35Gay ¢sAs QD’s in an electric field under qua-
siresonant excitation. We find that. for all heterostructures
studied, a fast LO-phonon-assisted relaxation gives rise to
LO resonances in the spectra of PL partially quenched by an
electric field. The acoustic-phonon-assisted relaxation 1s not
suppressed as strongly as predicted theoretically. The inter-
action with high-energy acoustic phonons is also fairly
strong, and gives rise to a relatively fast relaxation which is
only an order of magnitude slower than the resonant LO-
phonon-assisted relaxation. We discuss a possible physical
mechanism of the relatively strong interaction of an electron-
hole pair with high-energy acoustic phonons. According to
our results, we conclude that there is no phonon bottleneck
effect in QD’s, at least in the sense that it was proposed
theoretically.

We present a model for a PL quenching mechanism in the
presence of an electric field. The essential point of our model
Is the tunneling of carriers from QD’s into the barrier layer.
From a quantitative analysis of the experimental data, we
evaluated the depth of the potential well for holes in InP
QD’s.

We also discuss an acceleration of the carrier relaxation
due to carrier-carrier scattering and stimulated phonon emis-
sion. For this purpose, we study the PL spectra of samples in
an electric field under strong optical pumping and at elevated
temperatures.
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H. EXPERIMENTAL DETAILS

The sample with InP QD’s was grown by gas-source
molecular-beam epitaxy on an n* GaAs substrate. A 300-nm
GaAs buffer layer containing a thin 3
X(2-nm AlAs/10-nm GaAs) superlattice in the middle was
grown at 600°C (o suppress dislocations. A thin (2 nm)
AlAs layer on the buffer layer was grown to prevent compo-
sitional interdiffusion between GaAs and IngsGagsP layers.
One layer of InP QD’s with a nominal thickness of 4 ML
was grown between the 100-nm InysGaysP barrier layers.
The growth rates were 0.5 ML/s for IngysGagsP, and 0.25
ML/s for InP. The interruption times used before and after
the InP growth were 2 and 20 s, respectively. The areal den-
sity of the QD’s is about 10'" em™2. This was determined
by atomic force microscopy on a reference sample, grown in
the same conditions without the top barrier layer. The aver-
age base diameter of the QD’s is =40 nm and the height is
=5 nm, as determined by cross-sectional transmission elec-
tron microscopy. The sample with Ing35GagsAs QD’s was
grown by metal organic vapor phase epitaxy on the (711)B
n" substrate. A QD layer with a nominal thickness of 4.5
MLs is embedded between 250- and 100-nm GaAs layers
containing 2-nm AlAs layers as stop layers for photocreated
carriers. The areal density of the QD’s is about 5
X107 ¢m™?. The average base diameter is =70 nm, and
the height is = 10 nm as determined by atomic force micros-
copy of the reference sample. The samples were provided
with a semitransparent gold or indium tin oxide Shottky con-
tact on the top surface, and with an Ohmic contact on the
back surface.

The PL was excited selectively by a continuous wave
(cw) Ti:sapphire laser within or slightly above the PL band
of the QD’s. This excitation is hereafter referred to as qua-
siresonant excitation. The pump power density was less than
100 W/em?. We checked that the PL intensity depended lin-
early on the excitation power within this range without any
change of the PL spectrum. The spectral width of the laser
line was less than 0.01 meV without any sidebands. The PL
was dispersed by a double monochromator U1000 (focal
length 1 m, numerical aperture 1:8, linear dispersion 0.36
nm/mm) with an extremely low background of scattered
light (107 1 at a distance of 3 meV from the laser line). The
spectral resolution of the setup was approximately 0.15 meV.
A photon counting system with a cooled GaAs or
Iny 35Gay ¢5As photomultiplier tube was used for detection
of the PL signal. :

The PL kinetics was studied using a picosecond Ti:sap-
phire laser with a pulse duration ranging from 1 to 5 ps, and
a repetition rate of 82 MHz. In most experiments, we used a
fairly low average pump power density of about 50 Wiem?
to prevent the creation of more than one electron-hole pair in
a QD per pulse. This allowed us to avoid relaxation due to
carrier-carrier scattering. A 0.25-m double-subtractive dis-
persion monochromator (spectral resolution 0.5 nm) and a
streak camera were used for accumulation of the signal in the
selected spectral points. The time resolution of the setup was
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FIG. 1. The PL and photoluminescence excitation (PLE) spectra
of the sample with InP QD’s. PL spectrum ! was recorded under
Ing sGay 5P band-to-band excitation. It is scaled by a factor 0.025.
The PL bands of the Inj sGay 5P barriers, the wetting layer, and the
InP QD’s are marked. PL spectra 2, 3, and 4 were recorded under
quasiresonant excitation with photon energies indicated by arrows.
The PLE spectrum was recorded by PL detection at Epp
=1700 meV.

about 6 ps. Most measurements were done at a sample tem-
perature 2 K to exclude any processes involving absorption
or stimulated emission of phonons.

1. EXPERIMENTAL RESULTS AND DISCUSSION
A. PL spectra

The PL bands of the heterostructures recorded under non-
resonant (barrier band-to-band) and quasiresonant excitation
have a smooth profile without any sharp features. A typical
spectrum of the sample with InP QD’s is shown in Fig. 1. As
seen, the most intense PL band in the spectrum is that of the
QD’s. The PL profile does not contain sharp features for any
photon energy of excitation. The PLE spectrum is also
smooth.

When a negative bias is applied to the sample surface, the
integral PL intensity decreases. At the same time, the de-
crease of the PL in different spectral points is different and,
as a result, pronounced resonances appear in the PL spectra.
This behavior of the spectra was already discussed in Ref.
23. An example of the PL spectra of the InP QD’s for vari-
ous excitation energies is shown in Fig. 2. As seen, many
resonances appeared in the spectra at negative bias. The most
prominent resonance is shifted approximately {from the exci-
tation line by the LO phonon energy of the bulk InP crystal
[fw =43.5 meV (Ref. 36)]. The energy positions of the
resonances faithfully follow the photon energy of the excita-
tion. Under the excitation at a high photon energy, a reso-
nance shifted by 2hw o (marked by 2LO in Fig. 2) is also
observed. The relative intensity of the 1LO and 2LO reso-
nances depends strongly on the excitation energy. The inten-
sity of the resonances becomes weak when they leave a PL
band measured at zero bias.

A few other weak resonances are visible in the spectral
region between the excitation line and the 1LO resonance
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FIG. 2. PL spectra of the sample with InP QD’s at different
excitations indicated by arrows. Up,.=—1.5 V. The spectra are
shifted vertically for clarity. The top curve, shown by a dashed line,
is the spectrum at zero bias. It is scaled by a factor of 0.05. Inset: a
part of the PL spectrum showing an LO resonance vs the Stokes
shift. A fit of one of the peaks in the resonance by a Lorentzian is
shown by dashed lines.

(hereafter referred to as the acoustic region of the spectrum),
and also between the 1LO and 2LO resonances. Their energy
shifts from the excitation line or the 1LO resonance line
coincide with the energies of high-energy transverse acoustic
(TA) and longitudinal acoustic (LA) phonons in InP crystal.

PL spectra of the sample with Ing 35Gay 45As QD’s are
shown in Fig. 3. Without bias, the PL spectrum consists of
two smooth maxima (see the inset), probably due 1o the ex-
istence of two sets of QD’s with different sizes in this
sample. A number of maxima (resonances) appear in the
spectrum at negative bias. The most prominent resonances
can be assigned to the GaAs- and InAs-like LO phonons of
the Iny35Gag osAs QD’s, because their energy shifts from
the excitation line are close to the energy of the LO phonons
in GaAs and InAs crystals, respectively. They are marked in
Fig. 3 as LOs and LO;. An intense resonance with a Stokes
shift of about 20 meV can be assigned to LA phonons of an
Ing 35Gay ¢sAs solid solution. A narrow peak with a Stokes
shift of 33.2 meV, marked by * in Fig. 3, is probably due to
the Raman scattering from the GaAs barrier layers, because
the intensity of this peak does not depend on bias.

The LO-phonon resonances for all the samples have a
rather complicated structure consisting of a few narrow
peaks. A fit of each separate peak in the resonance by
Lorentzians allows one to estimate the full width at half
maximum (FWHM) to be about 1.2 meV for the InP QD’s,
as shown in the inset of Fig. 2. A similar fit of the LOg
resonance in the spectra of the Iny 35Gay ¢sAs QD’s (see Fig.
3) gives a FWHM of 0.5 meV.

Under positive bias, the PL intensity also starts to de-
crease. However, for Uy,,>0.7 V, a strong increase of the
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FIG. 3. The PL intensity vs the Stokes shift for the sample with
Iny 35Gay ¢sAs QD’s under different biases indicated against cach
curve. £,.= 1246 meV. The spectra are shifted vertically for clar-
ity. The energies of the resonances marked by TA, LA, LO,, and
LOg are 12, 20, 30, and 35.5 meV, respectively. Inset: PL spectrum
of the sample without bias.

PL is observed. This effect is caused by the electric-current-
induced radiative process, and is discussed elsewhere.”’

B. Physical mechanism

Based on the presented data, we now discuss the physical
mechanism responsible for the observed phonon resonances.
Generally, a few processes are possible — resonant Raman
scattering, phonon-assisted electron-hole recombination,
phonon-assisted absorption, and phonon-assisted relaxation
in the presence of nonradiative losses.

Resonant Raman scattering has a low efficiency, as ob-
served, for example, by Sirenko er al. for a heterostructure
with InP QD’s.*® Our experimental results, namely, the de-
pendence of the phonon resonance intensities on the applied
bias and the strongly variable ratio of the 1LO and 2LO
resonance intensities depending on spectral position within
the PL band, allow us to rule out resonant Raman scattering
as the process responsible for the phonon resonances. This
point is further supported by the long decay time of the QD
emission at the phonon resonances and the strong tempera-
ture dependence of the resonance intensities, discussed be-
low.

Phonon-assisted electron-hole recombination can be also
ruled out, because the electron-phonon interaction is weak in
these structures and is able to produce only very small pho-
non sidebands in the PL spectra,” In addition, the ratio of
intensities of the one- and two-phonon sidebands must be
almost independent of the photon energy of the excitation, in
contrast to the observed behavior of the 1LO and 2L.O reso-
nances.

The phonon resonances in the spectra can also be caused
by phonon-assisted absorption when an absorbed photon cre-
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ates an electron and a hole in their ground states, and a
phonon. The probability of this process is usually equal to
that of the phonon-assisted PL, and is also small. It can be
enhanced by a resonance with some direct (phononless) op-
tical transition as is discussed in Ref. 40. The phonon-
assisted absorption in the Iny4GagcAs QD’s was observed by
Findeis er al.*' We neglect this process in the following dis-
cussion.

We assume that the main process causing phonon reso-
nances is the selective phonon-assisted relaxation of hot car-
riers in the presence of nonradiative losses. The appearance
of phonon resonances due to this process can be explained as
follows.'* The quasiresonant excitation creates electrons and
holes in the excited states. The QD’s in the ensemble have
slightly different sizes and shapes, and the interlevel energy
spacing A E has some distribution. The spacing AE can well
match the LO-phonon energy £ o only in some subset of the
QD’s. Carrier relaxation in these QD’s is fast due (o the high
efficiency of this process with the emission of a LO phonon.
The relaxation in the rest of the QD’s occurs via emission of
acoustic phonons i.e., much more slowly. If the electron or
hole can efficiently leave the QD (this process is usually
referred to as nonradiative losses) before relaxation via
acoustic-phonon emission, the PL does not appear in any
spectral point except the point where it is “‘saved”” by fast
LO-phonon-assisted relaxation. In the time-integrated PL
spectrum, a narrow peak shifted from the excitation line by
the energy of the LO phonon, £, o, must be observed in this
case. However, if there are no significant nonradiative losses,
electrons and holes in any QD eventually relax to the lowest
levels and recombine. In this case, the PL spectrum must
reproduce the energy distribution of the lowest optical tran-
sition which usually has a bell-like smooth shape. Behavior
of the spectra presented in Figs. 2 and 3 agrees with this
scenario.

C. Model

The dependence of the PL spectra on the electric field was
qualitatively discussed in Ref. 23. Here we analyze this de-
pendence quantitatively in the framework of the model sche-
matically drawn in Fig. 4. We assume that the quasireso-
nance excitation generates an electron and a hole in excited
energy levels labeled by [1e) and |14), respectively.

The excited electron and hole may relax at different rates.
However, the experimental data do not allow us to separate
these processes. On the other hand, the observed narrow
resonances (see Figs. 2 and 3) can be formed only by one-
step relaxation of carriers, with the emission of a single pho-
non. This may be relaxation of one of the photocreated car-
riers with another one being created in its ground state,* or
relaxation of an electron-hole pair as a correlated system.
Therefore, we consider some effective relaxation rate from
the excited state of the electron-hole pair to its ground state.

The relaxation process competes with the nonradiative
losses. We assume that the external electric field activates the
wnneling of the photocreated carriers from the QD into the
barrier layer. The depth of the potential well for holes is
usually smaller than that for electrons. As for InP QD’s, it is
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FIG. 4. A model of the PL quenching in the electric field. The
vertical arrows marked by P and yp, denote the pumping and ra-
diative recombination processes, respectively. The relaxation of the
hot carriers to their ground states is shown by the wavy arrows
which are not labeled. The wavy arrows marked by vy, . vy, . and
vy, indicate tunneling of the hole from the ground and excited
states, and of the electron from the excited state, respectively.

assumed that the holes are weaklzy localized in the dots or
even in the surrounding material **** A real potential profile
for carriers may be complicated due to strain and also due to
composition fluctuations.*® Nevertheless we assume for sim-
plicity that the potential barrier for holes acquires a triangu-
lar shape in the electric field, as shown in Fig. 4.

In the semiclassical approach, the tunneling rate y;(U)
from the state |/} through a triangular barrier is given by the
expression*®

yi=yie i, (1a)
with
U= (4/3eh)2m*E}™d, (1b)

where m™ is the effective mass of a carrier, E; is the depth of
the potential well for the carrier in state |i), and d is the
effective thickness of the insulating layer to which the bias is
applied (d=0.5u). Here we neglect the dependence of E; on
U.

The well depth for electrons in the InP QD’s is of about
200 meV, which prevents the electron from tunneling into
the conduction band of the barrier layer at a moderate bias.
However, the electrons may tunnel to deep levels that are
present in the vicinity of the QD’s even in high-quality
heterostructures.””*”*® Analysis shows that the electron tun-
neling from the excited state |1¢) affects the PL of the InP
QD’s at Upe<—1 V. To simplify our discussion, we de-
scribe the rate of this process, y;,, by the same equations
(1). We also neglect variations of the carrier relaxation and
optical transition probabilities in the electric field, a possible
built-in electric field,*” and intrinsic dipole moment of
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OD’s.* All these effects influence the PL of the QD’s much
more weakly than the carrier tunneling.

The dynamics of the electron-hole pair populations n; and
ny in the levels [1) and |0), respectively, are described in the
framework of the model by the equations

dnl
=Pyt yn,
dfl()
YT (et Yoo (2)

Here yp is the rate of the electron-hole radiative recom-
bination, 7y, is the relaxation rate from state |1) to state |0),
and v, = v, + v1. and vy, = yg,, are the tunneling rates from
the states |1) and |0), respectively.

For a cw excitation (P =const), the steady-state solution
of Eq. (2) yields an expression for the bias dependence of the
population of the radiative state ny. As a result, the bias
dependence of the PL intensity, which is proportional to
VP, 1S given by

1 1
N A R Ty N
where N is the number of QD’s which can emit light at a
given spectral point under a given excitation.

The tunneling rates are equal 10 zero for zero bias [see
Egs. (1a) and (1b)]. Therefore, the PL intensity does not
depend on the relaxation rate. This is why phonon reso-
nances are not observed in the PL spectra in the absence of
the electric field. In the presence of an electric field, Eq. (3)
depends on the branching ratio of the relaxation and tunnel-
ing rates from the excited state |1). For slow acoustic-
phonon relaxation, this ratio is larger and, therefore, the PL
quenching is stronger than that for the fast LO-phonon relax-
ation.

To illustrate this behavior, in Fig. 5 we plot the bias de-
pendence of the PL intensities for the sample with InP QD’s
at the LO resonance and also at the neighboring spectral
point marked by 2AC in the inset of Fig. 5. The PL in the
2AC spectral point is contributed by those QD’s in which the
carriers have to relax with the emission of a few phonons
because of the energy gap between the acoustic and LO
phonons. The intensities /| o(U) and /,5c(U) at the LO and
2AC spectral points, respectively, are fitted by Eq. (3). The
ratio of these intensities, normalized o unity at zero bias,
may be used as a measure of the contrast of the features in
the PL spectrum at strong bias. The bias dependence of this
ratio is plotted in Fig. 5, and fitted by the equation

lo(U) (14 y,/72a0)

LaclU) ™ (14 v, /v00) “

that follows directly from Eq. (3). Here y o and ysac are
relaxation rates with the emission of a LO phonon and two
acoustic phonons, respectively. As is seen from the figure,
the calculated curves reproduce the experimental values rea-
sonably well. Thus, in spite of its simplicity, the model ad-
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FIG. 5. Bias dependence of the PL intensities at the LO

(squares) and 2AC (circles) spectral points and of their normalized
ratio (triangles) for the sample with InP QD’s. £,,.=1771 meV.
Solid curves the fits by Eqs. (3) and (4). The fitting parameters for
all the curves are U,,=2 V, Uy,=4 V, U, =16 V, yﬂ)‘,/y?,,
=3.8x10% 781)/ Yer.= 150, vi0/v2ac= 12, and ‘)’(&)}:/71,():02' In-
set: the PL spectrum at Uy, =—1.5 V.

equately describes, as a whole, the behavior of the PL inten-
sity of the InP QD’s versus the applied voltage.

From the fit, we have determined U,,=2 V, Uy,
=4 V,and U,,=16 V. These values allow one 10 estimate
the depth of the potential wells for carriers by means of Eq.
(1b). The values E,,=13 meV, £,,=9 meV, and E,,
=65 meV were obtained using the heavy-hole effective
mass,” mF=0.65m,, and the electron effective mass, m*
=0.08m, in the InP crystal.™ Here my, is the electron mass.
The obtained results show that the potential well for holes in
[nP QD’s is small and positive, i.e., the holes are localized in
the dots. This conclusion is further supported by the rela-
tively high probability of optical transitions in the InP QD’s,
as discussed in Sec. I D.

The accuracy of the values of Ey, and E,,, is limited by
many simplifications used in the model. We estimate an ac-
curacy of about 50% by analysis of all sets of experimental
data, as well as by comparing the results using various modi-
fications of the described model. We would like to stress that
the actual accuracy can be verified only by independent mea-
surements of these values with a different technique.

We performed a similar analysis of the PL data for
Ing 35Gag 4sAs QD’s presented in Fig. 3. The bias depen-
dence of the LO, and LA resonances is shown in Fig. 6. Both
dependencies are well fitted by the equation

Ipi( U)=PI{1+ v,/ yp)s (5)

accounting only for a tunneling from the radiative state [0).
This means that tunneling from the excited state | 1) at values
of the bias used in our experiment is much slower than car-
rier relaxation with emission of LO; and LA phonons. As-
suming that the hole tunneling process is responsible for PL
quenching,51 from the fit we can obtain the energy of the
lowest hole state Eq, =70 meV. This value agrees with typi-
cal values considered for Inj 35Gag (sAS QD’s.*
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FIG. 6. Bias dependence of the PL intensity at the LOy (circles)
and LA (squares) spectral points for the sample with [ng 35Gay o5AS
QD’s. The data are taken from the spectra presented in Fig. 3. Solid
curves are fits by Eq. (3). The fitting parameters are Uy =40 V and
Yol ypr= 9 X 10, Inset: PL spectrum at Uy, o= ~3 V.

D. Kinetics

Kinetic measurements of PL allow one (o study the time
evolution of the radiative state population n. The time reso-
lution of our setup (6 ps) was enough (0 study the relaxation
of the photocreated carrier in real time. We also performed a
further verification of the model proposed above by analyz-
ing the kinetics in the electric field.

Examples of the PL kinetics under quasiresonant excita-
tion for two spectral points within the PL band are shown in
Fig. 7. The kinetics consists of a relatively short rising part
and a rather long decay. The PL leading edge is shorter than
the time resolution of the setup for LO resonance and much
longer for other spectral points, as shown in the inset. At
negative bias, the decay becomes faster and the amplitude of
the signal becomes smaller.

The time evolution of the PL intensity can be described
by an equation that follows from Eqs. (2). Assuming that the
excitation pulse is shorter than any other process under con-
sideration, P= Pyd5(1), we obtain

Tpp(1)=Ipfe™ i rodi— e ety (6)

where

To= v Po/[Cy, = vp) ¥ (vi,— Yo ]-

The two terms of the Eq. (6) describe the decay and rise of
the PL pulse, respectively.

The function /(1) given by Eq. (6) well fits the kinetics
for the 2AC spectral point, as seen in Fig. 7. However, the
behavior of the PL kinetics at LO resonance is more compli-
cated. At zero bias, the fast and slow components of the PL
rise are clearly seen. The kinetics is well fitted by

‘ILO( 1= 1(){@ = (ypLt Yot — [ ae” }'L0/+( 1—a)e” Y“CI]C’ - y“r}‘

(7
The slow PL rise component is probably due to multistep
carrier relaxation with emission of acoustic phonons in some
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FIG. 7. PL kinetics of the sample with the InP QD’s (thin solid
line) for different biases at the LO and 2AC spectral points marked
in the inset and a fit (thick gray line) by Egs. (6)—(8) as discussed in
the text. Values of the fitling parameters yp + vy, = 7p.(U) ! and
v+ y,=7,(U)"! for LO and 2AC kinetics, respectively, can be
extracted from Fig. 8. Values of the other parameters for 2AC ki-
netics are yp+ ¥o,=(358 ps)”!, (230 ps) ', and (104 ps)”! for
U=0, —0.8,and — 1.2 V, respectively. Values of the other param-
eters for LO kinetics are y,.+ v,,=(43.3 ps)”' and @=0.67 for
U=0 V, and 7yt v5,=(99 ps)”' and B=060 for U=
~0.8 V, and y,+y,=(11.8 ps)”! and B=037 for U=
— 1.2 V. Values of the parameter y, o+ v,, is chosen to be 1 ps ™!
for all biases. The fitting curves are convoluted with Gaussian with
a FWHM of 6 ps. E.=1771 meV. Inset: the PL spectrum at
Ups=—1.5 V.

fraction (1 —«) of the QD’s. The carrier tunneling at nega-
tive bias compensates for this process, and another process
causing a relatively fast PL decay component becomes ob-
servable [see Figs. 7(b) and 7(c)]. This process is probably
the cascade relaxation of the carriers in “‘large’” QD’s in
which the lowest-energy optical transition is redshifted rela-
tive to the given spectral point. In this case the PL kinetics is
described by

Loty =1{[Be Y+ (1= B)e Mt/ ]e ™ Yol = " n0F 101}

(8)

where B is the fraction of “‘large” QD’s.

A good agreement of the fits with the PL kinetics allows
one to determine the bias dependence of the PL decay time,
7p(U), and the PL rise time, 7,(U). In Fig. 8 we show the

bias dependencies of 7p (U) for the LO resonance and of

7,(U) for the 2AC spectral point. According o Egs. (6)—(8),
they are described by the equations

(V)= e ()= (9)
Tp = .ot (U)= .

o 1+ 7py0, L+ 7y, '
The data in Fig. 8 are fitted by these functions using Eq. (1)
for the tunneling rate, Uy=4 V determined above, and U,
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FIG. 8. Bias dependence of the PL decay time (a) and the PL
rise time (b). Open squares represent the data obtained by fitting of
the PL kinetics. Fits by Egs. (9) are shown by solid lines. The fitting
parameters are (a) 7p =330 ps, 7/8,=0.2 ps™h and Uy=4 V;
and (b) 7,=358 ps, ¥),=2.5 ps”!, and Uy=55 V.

as a fitting parameter.®? As seen. the fit with U, =35.5 V well
reproduces general behavior of the rise and decay times.

As seen in Fig. 8(a), the PL decay time at small bias is
about 300 ps. Experiments show that this time, as well as the
PL intensity of the QD’s, are almost independent of the
sample temperature within several tens of K. This is an in-
dication that PL decay is determined by radiative recombi-
nation of the electron-hole pair. This means that nonradiative
losses of excitation at small bias are negligibly small. A
smooth profile of the PL band of the QD’s observed at any
excitation energies (see Fig. 1) provides additional evidence
of this conclusion. The obtained value of 75 also agrees well
with the model calculations of the radiative life time for
disk-shaped QD’s.> Thus we can speak about a relatively
high probability of the optical transitions in InP QD’s due to
a good overlap of the electron and hole wave functions.

The PL rise time at the 2AC spectral point is about 60 ps
at small bias [see Fig. 8(b)]. Similar kinetic measurements at
acoustic resonances give a PL rise ime that is approximately
twice as small. The PL rise time at the LO resonance is
shorter than our time resolution of 6 ps. A lower limit for this
time can be deduced from the FWHM of the separate peaks
of the LO resonances. It is about 1.2 meV for the InP QD’s
(see Fig. 2), that corresponds to a relaxation time of 0.6 ps.
The corresponding value for Iny 35Gag ¢5As QD’s is about
1.5 ps.

E. Acoustic-phonon resonances

The PL spectra of the biased samples as well as the PL
kinetic data presented above demonstrate that the carrier re-
laxation with emission of high-energy acoustic phonons is
efficient, in contradiction to theoretical predictions.s‘7 To
make this contradiction evident, in Fig. 9 we plot the PL
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FIG. 9. The magnified PL spectra presented in Fig. 2 at different
photon energies of excitation (from top to bottom) vs the Stokes
shift. Uy;= — 1.5 V. The spectra are shifted vertically for clarity.
Similar phonon resonances in different spectra are marked by ver-
tical lines. The arrows labelled “*“TA’", etc., indicate the energy shift
of the resonances from the laser line or 1LO or 2LO resonances.
Inset: the PL spectrum at Uy, = —2 V vs the Stokes shift.

spectra presented in Fig. 2 versus the Stokes shift. ]t is seen
that the various acoustic-phonon resonances are clearly ob-
served not only between the laser line and the 1LO reso-
nance, but also between the 1LO and 2LO resonances.

We cannot propose any quantitative description of the
phenomenon, but there are a few points that, in our opinion,
can be important for future modeling. The observed phonon
resonances are caused by high-energy acoustic phonons.
Acoustic phonons with such energy in the bulk crystal have
a large momentum near the Brillouin zone boundary. This
also holds with good accuracy for structures with QD’s, be-
cause the confinement effect for the acoustic phonons in
these samples may be considered weak due to the small dif-
ference between the elastic properties of the QD and the
barrier material.

The interaction of a carrier with phonons of large momen-
tum is efficient if the energy state of the carrier is character-
ized by the same momentum. The energy states of carriers in
a QD are formed by a mixture of bulk states due to confine-
ment. In other words, the wave function of the quantum-
confined state in a QD is a linear combination of wave func-
tions of various states in the Brillouin zone. To explain the
observed resonances, we have to assume that this linear com-
bination contains a considerable contribution from the large
momentum states such as, for example, the states of the L
valley.

To support this assumption, we would like to note that the
energy shift of the lowest electronic state in InP and
Ing 15Gag 65 As QD’s due to confinement is about a few hun-
dred meV. This value is comparable with the energy separa-
tions of the minima in the I' and L or X valleys in these
materials.”” It should also be taken into account that the ef-
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fective mass of electrons in valleys near the Brillouin zone
boundary is large, and, hence, the energy shift of the states
due to confinement is much smaller than that at the I' point.
As a result, the energy separation between states of the I and
L or X valleys is decreased with the decreasing size of the
QD. This may be the reason why the mixing of these states
in the QD’s is not small. A significant decrease of the energy
separation between the I' and L minima in InP QD’s was
observed by Menoni ef al.>* This decrease can also be in-
duced by strain due to lattice mismatch of the QD’s and
surrounding material. An observation of the I'-X crossover
under high pressure in the InP QD's (Ref. 55) and in the
InAs QD’s (Ref. 56) supports this assumption.

To model this situation it is necessary to go beyond the
widely used effective-mass approximation that constructs
QD energy states from Bloch functions in the neighborhood
of the I' point. In fact, empirical pseudopotential calculations
already showed the importance of 1'-X-L valley mixing in
QD’s (see, for example, Ref. 57). Similar calculations for the
structures studied in this work would be of interest.

Some experimental evidence of the above assumption
seems to be provided by the spectrum shown in the inset of
Fig. 9, where the TA, LA, and LO+TA resonances look like
narrow peaks with a FWHM of about 2-3 meV. The forma-
tion of such narrow peaks is possible only if a small portion
of the acoustic phonons causes a sufficiently strong relax-
ation. According to the above assumption, a selection of
these acoustic phonons is caused by the wave-vector selec-
tion rule. It should be also taken into account that phonons
with wave numbers near the Brillouin-zone boundary show
small dispersions.

The interaction with the high-energy acoustic phonons
may be also enhanced for two other reasons. The first is the
small group velocity of the phonons that lengthens the inter-
action time. The second is the piezoelectric effect in these
crystals that leads to long-range electric fields associated
with acoustic phonons. Modeling these interactions at a large
wave vector g of phonons is the open problem.

I. Auger-like processes

The phonon resonances discussed above can be observed
under specific experimental conditions. The most important
conditions are low PL efficiency, low power density of ex-
citation, and low temperature. We can consider the data pre-
sented above as a illustrations of the resonances arising due
to a decrease of the PL efficiency. In this section, we con-
sider the disappearance of the resonances with increasing
pump power.

We have measured the pump power dependence of the PL
spectra and the kinetics of the biased sample QDP1779 with
the InP QD’s. 5-ps pulses, with a repetition period ol about
12 ns, were used to increase the peak power of the excitation.
The measured spectra are shown in Fig. 10. As seen, the
acoustic-phonon resonances disappear and the LO resonance
becomes barely observable under strong pumping. This fact
means that the relaxation rate for all interlevel spacings be-
comes comparable to the LO-phonon-assisted relaxation rate.
The PL kinetics reveals a steplike component of the PL rise
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FIG. 10. PL spectra of the biased sample with InP QD’s under
cw excitation (bottom curve) and pulsed excitation with average
power indicated against cach curve. The laser spot area on the
sample is S=5X1077 cem? L,.=1746 meV and U=
—1.23 V. An arrow marks the 2AC spectral point where the PL
kinetics was measured. Inset: the PL kinctics under weak and strong
excitations normalized at 130 ps.

with an increase of the pumping (see the inset of Fig. 10),
which also indicates an acceleration of the carrier relaxation.

The observed behavior of the PL spectra and kinetics can
be explained by invoking Auger-like processes. The Auger-
like process involved here is carrier-carrier scatlering, in
which one carrier loses its energy and the other one acquires
81130-32 Op (he one hand, relaxation due to Auger-like
processes should be fast because the carriers as charged par-
ticles interact with each other much more strongly than with
phonons. On the other hand, this process is possible if sepa-
ration between the energy levels for the first carrier coincides
with that for the second one. In the case of the InP QD’s, this
condition can be easily fulfilled for electron-hole or hole-
hole scattering, because of the large density of the high en-
ergy levels for holes. Also, the hole could be ejected out of
the QD into the continuum of the barrier layer, so that the
energy conservation condition is easily fulfilled.**¥ It is evi-
dent that we should not expect any spectral features (reso-
nances) due 1o relaxation via an Auger-like process. It is also
evident that the efficiency of this process should depend on
the number of carriers in the QD, because each carrier can be
scattered by any other one. In the simplest model, the depen-
dence on the pump power should be quadratic.

These features of the Auger-like process agree qualita-
tively with the experiment. Therefore, we can conclude that a
strong pumping activates an alternative relaxation mecha-
nism that is much faster than the acoustic-phonon-assisted
relaxation. The Auger relaxation rate achieved in our experi-
ments is comparable with the rate of the LO-phonon-assisted
relaxation, that is about 1 ps™'.

A quantitative analysis of the presented data is difficult
because the absorption coefficient for the InP QD’s at the
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FIG. I'l. PL spectra of the biased sample with InP QD’s at

different temperatures indicated near each spectrum. £
=1746 meV and Uy, = — 1.5 V. The arrow indicates the spectral
point at which the PL kinetics were measured. Inset: the normalized
PL kinetics at temperatures indicated for each curve.

laser line is unknown.>® As a result, the number of photocre-
ated electron-hole pairs in a QD cannot be estimated cor-
rectly. In addition, the observed pump power dependence of
the PL intensity is more complicated than quadratic. The
reason for this is probably some additional processes at
strong pumping such as saturation of absorption that should
lead 1o sublinear dependence, or saturation of deep levels
that should lead to superlinear dependence.

G. Thermostimulated relaxation

Another way to accelerate the carrier relaxation is to in-
crease the sample temperature. Figure 11 depicts the PL
spectra of the biased sample at a few elevated temperatures.
It is clearly seen that phonon resonances become smaller
relative to the structureless pedestal in the spectrum at T
=100 K. The temperature increase at first destroys the low-
est in energy phonon resonance (TA), then the other acoustic
resonances, and finally the LLO resonance.

This behavior is easy to understand. Heating of the
sample creates phonons. These phonons can cause carrier
relaxation due to stimulated emission of phonons into the
same phonon modes. The number of phonons with small
energy is always larger then that with high energy. There-
fore, the stimulated emission is more efficient for low-energy
phonons. The PL kinetics shown in the inset of Fig. 11 also
demonstrates the shortening of the carrier relaxation time.

An important result is that the rate of relaxation at about
100 K becomes comparable to that of the LO-phonon-
assisted relaxation, independent of the spectral point. Thus
we can conclude that no retarded relaxation of the hot carri-
ers in QD’s should be expected at elevated temperatures.
This result is important for device applications.
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1V. CONCLUSION

The present study of PL spectra of InP and Ing 15Gag ¢5sAS
QD’s in an electric field allowed us to establish the nature of
the observed narrow resonances. These are shown to arise
due to a competition of the fast one-step relaxation of hot
carriers with emission of an acoustic or LO phonon and non-
radiative losses. For InP and Iny 35Gag ¢sAs QD’s in an elec-
tric field, the nonradiative losses are mainly caused by hole
tunneling from the QD’s into the barrier layer.

We developed a model that quantitatively describes the
bias dependence of PL intensity at the phonon resonances.
This model allowed us to estimate the depth of the potential
wells for holes in the studied heterostructures.

The proposed model was verified by the PL kinetic mea-
surements for the samples with InP QD’s. We found that the
carrier relaxation is really fast with emission of not only LO
phonons but also acoustic phonons. This result gives clear
evidence of the relatively strong carrier-acoustic-phonon
coupling in the QD’s. We assume the main reason for this is
a mixing of 1" electronic states with the states with large
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momentum due to confinement of the electron in a QD.

We have also studied carrier relaxation in the presence of
more than one electron-hole pair in a QD. Clear evidence is
found for carrier-carrier scatlering giving rise (o acceleration
of the relaxation. A similar effect was observed under heat-
ing of the sample where the acceleration of the relaxation is
caused by stimulated phonon emission.

By careful analysis of the experimental data, we conclude
that there is no phonon bottleneck effect in QD’s, at least in
the sense proposed in Refs. 5 and 6. Carrier relaxation with
emission of acoustic or LO phonons is much faster than ra-
diative recombination. Our experiments clearly show that
phonon-assisted relaxation is the main channel for the carrier
relaxation at low power density.
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Coherent acoustic phonon oscillation is observed in PbSe quantum dots embedded in phosphate glass by
femtosecond pump-and-probe. The size dependence of the oscillation is investigated. Distinct low-frequency
peaks are observed in Raman spectrum for the same samples. The size-dependence of the {requencics is well
explained by elastic sphere model, but the observed modes are different (o each other for coherent phonon and
Raman scattering. Coherent phonon measurement and Raman scattering are found (o give complementary
information on confined acoustic phonons in this system.
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Semiconductor quantum dots (QDs) have attracted con-
siderable attention in recent years.l'z Three-dimensional con-
finement of electrons to a nanometer-size space changes their
continuous energy spectrum to discrete one. It not only
modifies electronic state, but also modifies phonon spectrum
lo size-dependent discrete lines, and the electron-phonon in-
teraction among them is thought to be changed also. The
size-dependence of the exciton—phonon interaction in quan-
tum dot has been the subject of extensive research. Experi-
mental studies on the optical,j"4 or acoustic’™® phonon modes
in QDs have been carried out mainly by Raman scattering.
Persistent spectral hole-burning (PSHB) spectroscopy was
also successfully applied to QDs.>'® During the last decade,
coherent oscillation of the confined vibrational modes be-
came to be observable directly in time domain. There are
some reports on the observation of coherent optical phonons
in semiconductor QDs, CdSe QDs,'! InP QDS,12 etc. While
the high energy optical phonon forms sidebands in optical
spectrum, low energy acoustic phonon rather contributes to
excitonic dephasing and homogeneous broadening,'3 which
plays a crucial role in nonlinear device applications. There-
fore a detailed understanding of the mechanism of generation
and damping of confined acoustic phonon in QDs is impor-
tant. Coherent oscillation of confined acoustic phonon in
QDs was first reported by Krauss and Wise in 1997."* They
observed temporal oscillation of the transmission in femto-
second pump-and-probe measurement on 3 nm PbS QDs dis-
persed in PVA (polyvinyl alcohol). They also measured Ra-
man scattering of the same sample to compare with coherent
phonon. However, as they mentioned in the paper, they were
not able to systematically study the size-dependence, be-
cause size control in the polymer matrix was difficult. There-
fore, the size-dependence of the relation between coherent
acoustic phonon and Raman spectrum has not been not stud-
ied yet. In this Rapid Communication, we detect coherent
acoustic phonon signal in QDs embedded in glass matrix
with high sensitivity. We measured size-dependence of co-
herent phonon and Raman scattering. The complementary
relation of these measurements was clearly shown.
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For coherent phonon measurements, we performed fem-
tosecond pump-and-probe. A mode-locked Ti:sapphire oscil-
lator was used to produce pump and probe pulses, whose
pulse width was about 30 fs. Center wavelength of the near
transform-limited pulse was about 790 nm. A shaker was
introduced into the pump beam path to modulate pump delay
time at 80 Hz. The pump and probe beams were focused on
the sample surface, and the transmitted probe beam were
detected together with a reference beam by a pair of Si pho-
todiodes to cancel the instability of the laser. The subtracted
signal was led to a lock-in amplifier. To measure Raman
spectra, a cw-Ti:sapphire laser pumped by an Ar-ion laser
was used as an excitation source. A 1-m double monochro-
mator with a photon counting system was used for detection.
Samples used in this study were PbSe QDs grown in phos-
phate glass matrix."”” The mean radius of all samples were
estimated by Small-Angle X-ray Scattering (SAXS), and
found to range between 1.4 nm and 3.5 nm. All experiments
in this study were performed at room temperature.

An absorption spectrum of the sample with mean radius
2.9 nm is shown in Fig. 1(a). The time trace of pump-and-
probe measurement is shown in Fig. 1(b). This is an ex-
panded curve at the tail part of a large absorption change. A
clear oscillatory component can be recognized superimposed
on the absorption change of excitons. The oscillation period
is about 2 ps, and the amplitude rapidly damps. We note that
we detected coherent phonon signal by using a small pump
delay modulation and lock-in technique, and that the data
obtained here corresponds to the time derivative of ordinary
transmission intensity. Therefore the signal in Fig. 1(b) can
be fitted by a damped sine function, but it means that the
corresponding phonon oscillation is expressed by a damped
cosine function. The amplitude of the oscillation is in an
order of 107° times the total probe intensity. In contrast, in
QDs embedded in polymer matrix, PbS in PVA,' the modu-
lation of probe intensity by the coherent confined acoustic
phonon measured by time-resolved pump-and-probe was as
large as 107% under almost equal excitation density to our
experiment. It should be added that they did not observe
coherent phonon signal in PbS in silicate glass matrix. It may

©2001 The American Physical Society
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FIG. 1. (a) Absorption spectrum of PbSe QDs at RT. The mean
radius is 2.9 nm. (b) Time-resolved transmission signal of the same
sample at RT. An overdamped oscillation due to confined acoustic
phonon is clearly observed. A dashed line represents the fitting by a
damped sine function. In the inset, dots correspond to the Raman
spectrum of the same sample. A dashed line is the Fourier trans-
formed spectrum of the fitting curve for the coherent phonon signal.
be due to the weakness of the signal in glass matrix. Small
modulation signal due to coherent acoustic phonon in QDs in
glass matrix was also observed on PbTe QDs in glass.”’ This
coherent phonon signal can be temporarily assigned to the
confined acoustic phonon in the QDs because of its small
frequency. Since the photon energy of the pump pulse is well
above the first excited state of the sample, the pump pulses
coherently excite all of QDs with various sizes in the size-
distribution. Therefore a lot of QDs having different phonon
frequencies contribute to the coherent phonon signal. The
damping does not mean the real damping of the coherent
oscillation of the confined phonon in each quantum dot, but
dephasing due to the inhomogeneous broadening of the pho-
non frequency. As shown later, the damping constant is rea-
sonably explained by the size-distribution. Figure 2 shows
the size-dependence of pump-and-probe signal. The oscilla-

dT/dt (arb. units)

Delay Time (ps)

FIG. 2. Size-dependence of the coherent phonon signal. R is the
mean radius of the PbSe QDs.
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FIG. 3. Raman spectra for various size PbSe QDs at RT. Exci-
tation laser was 750 nm. Size-dependent peaks were observed
around 10 em ™'
tion frequency increases with decreasing dot radius. It sup-
ports the assignment of the oscillation to the confined acous-
tic phonon whose frequency is known to be inversely
proportional to the dot radius as seen later. Since the oscil-
latory component is weaker than the background due 1o the
fast recovery of absorption change, it is difficult to separate
phonon signal from the background. Therefore we obtained
size-dependent frequency from the interval between the first
and the second hump marked by a solid circle in the {igure.

To compare the coherent phonon with Raman scattering.
Raman spectrum of 2.9 nm PbSe dots was measured by us-
ing 750 nm excitation laser. The results are displayed in the
inset of Fig. 1(b) by dots. Fourier transformed spectrum of
the fitting curve of the coherent phonon signal is also drawn
in the inset of Fig. 1(b) by a dashed line. The peak position
in the Raman spectrum is 11 cm™! and it does not coincide
with the spectrum of the coherent phonon signal. There 1s no
structure at 18 cm”™' in the Raman spectrum. The size-
dependence of Raman spectrum is shown in Fig. 3. The ex-
citation laser was 750 nm. The spectral resolution was
1.4 ¢cm™'. Size-dependent low frequency peaks are clearly
observed in the range from 8 cm™! (0 16 em ™', With de-
creasing the dot size, the peak frequency increases and its
width also increases, reflecting that the smaller dots have
larger size-distribution. When we tried using an Ar-ion laser
(514.5 nm) for excitation, the data was almost the same as
750 nm excitation. The peak frequencies in the Raman spec-
tra are plotted as a function of dot radius by open circles in
Fig. 4. For low frequency Raman spectrum, correction of the
occupation number by Bose factor is needed in order to
evaluate real phonon spectrum. The correction modifies the
spectrum particularly in the very low frequency region, but
does not strongly affect the peak position compared to the
error bar under our experimental condition even for the larg-
est dots. Solid circles in Fig. 4 represent the frequencies of
the oscillation observed in the coherent phonon measure-
ment. We can see the linear dependence of both frequencies
on the inverse radius of dots, but the coherent phonon signal
and the Raman signal seem to come from different confined
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FIG. 4. Frequency of the coherent phonon and the Raman peak
as a function of dot size. They are inversely proportional to the dot
radius. Solid lines represent the calculation on the assumption that
the stress at the dot boundary is zero, while a dashed line represents
the calculation with rigid boundary condition. The inset represents
the displacement in Sy, and S,y spheroidal mode.

phonon modes in QDs. As is well known, vibration modes of

a sphere with stress-free boundary condition were studied
theoretically by Lamb.!” According to their results, the vibra-
tional mode is classified into two categories, spheroidal
modes and torsional modes. Duval'® derived the selection
rule from the group theory that the mode observed in the first
order Raman scattering was only spheroidal mode with /
=0 or /=2. The lowest mode of /=0 spheroidal mode is

known as breathing mode. where expansion and shrinkage of

whole sphere occur. This mode is purely longitudinal, but /
=2 is a mixed mode and have both longitudinal and trans-
verse components. Displacements in these modes are illus-
trated in the inset of Fig. 4.

The frequencies of the spheroidal modes are expressed by
v, =&,V /R. where &, is a coefficient depending on the
ratio of longitudinal (V) and transverse (V,) sound veloci-
ties, and R is the dot radius.'” If we assume stress-free
boundary condition, the numerator of the expression can be
calculated by using bulk PbSe parameters. Finally, for the
lowest spheroidal mode with /=0, the numerator, S,
=&,V is S =1.79, that is vy (THz)=1.79/R (nm). We
can also try to assume rigid boundary condition where the
lattice displacement at boundary is zero. This assumption
was applied for the interpretation of the Raman spectrum on
CdSe nanocrystals in glasses.”’ Under this assumption, the
frequency of the spheroidal mode is shifted to higher fre-
quency, S, =2.76. They are represented in Fig. 4 labeled Sy,
and S, respectively. The experimental data of the coherent
phonon is well fitted by calculation based on the stress-free
boundary condition. The assignment is supported by the
phase of the observed coherent phonon signal. In coherent
phonon measurement, the oscillation found to show cosine-
like temporal behavior. In other words, the phonon amplitude
is maximum at r=0 indicating the origin of instantaneous
expansion by pump pulses. An instantaneous isouropic ex-
pansion occurs by the high density carriers impulsively ex-
cited by the femtosecond pump pulses, and the breathing

PHYSICAL REVIEW B 64 201315(R)

mode oscillation starts. The oscillation modifies the optical
spectrum of QDs through deformation potential. It causes
small energy shift of the absorption spectrum synchronized
with the oscillation, which led to the temporal change of the
probe transmission we detected. On the other hand, the Ra-
man peaks are assigned o S,; mode. It is the lowest /=2
spheroidal mode. S;;=0.66 is deduced by assuming stress-
free boundary condition. Small discrepancy may come from
the fact that real PbSe is not exactly isotropic. The Raman
active spheroidal modes (/=0 and /=2) can be distin-
guished by their polarization dependence.m /=0 mode can
be observed only in the same polarization as the excitation
polarization, while /=2 mode can be also observed in cross
polarization. We examined polarization dependence of the
low-frequency peak in Raman spectrum. The peak was ob-
served under both parallel and cross-polarization detection.
Therefore it is acceptable to assign these peaks to /=2 mode.

In this way, based on their size-dependence, the observed
Raman peaks and the {requencies of coherent phonon are
unambiguously assigned to the different phonon modes. In
other semiconductor quantum dots, for example, CdSe
QDs™ and CdS QDs.” both (=0 and =2 acoustic modes
were observed in Raman spectrum unlike our results. The
point is that in PbSe QDs the Raman scattering cannot detect
the breathing mode, on the contrary, coherent phonon mea-
surement mainly detects the breathing mode and could be
useful as a complementary detection technique. We can find
experimental results similar to ours in the research field of
metal nanoparticles. The observed Raman peaks of acoustic
phonon of' Ag nanoparticles is mainly the /=2 mode,*" while
the observed coherent phonon oscillation corresponds o the
/=0 mode.” Montagna and Dusi® deduced that the /=0
mode was not Raman active in nanoparticles with cubic Bra-
vais lattice and for the (dipole-induced-dipole DID) scatter-
ing mechanism and explained why the /=2 mode dominated
the Raman spectra of Ag nanoparticles. Since PbSe has
NaCl-type crystal structure unlike CdS or CdSe where the
crystal lattice is hexagonal, the same arguments as Ag nano-
particles may be applicable to the Raman spectra of PbSe
QDs.

Let us explain the width of the power spectrum of the
coherent phonon and Raman spectrum in the inset of Fig.
1(b). The size-distribution of the sample (2.9 nm) is esti-
mated to be about 28% by the absorption spectrum in Fig.
I(a) and the relation between size and the first excited state
energy which was previously reported.*® The size-
distribution also agrees to the estimation from SAXS data. It
corresponds 10 a FWHM of 6 c¢cm™! for S, mode and
2.9 em™! for S5, mode, and they reasonably agree with the
observed width of 8 ¢cm™! and 5.5 em™'.

The reason why the coherent phonon signal of QDs in
glass is smaller than that of QD embedded in polymer matrix
was not clarified. We cannot simply state that, compared to
polymers, the hardness of the glass matrix surrounding QDs
prevents them f{rom vibrating acoustically and led to the
small amplitude of the coherent phonon, because, as stated
before, the stress-free coherent oscillation of QDs in glass
was observed in our study. Therefore the combination of the
QDs and glass should be relatively weak.
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In Ref. 25, the 68 c¢cm™' Raman peak on 2 nm PbS QDs
in PVA was assigned to confined acoustic phonon mode with
{=0. PbS is not so different from PbSe in elastic properties,
but the frequency of the confined acoustic phonon is much
larger. Moreover the size-dependence of the mode seems to
be quite small, compared to the Raman spectrum on 3 nm
PbS QDs,'* and unlike our results, the coherent phonon sig-
nal reproduces the Raman spectrum in respect of the acoustic
mode in this system. Thus we see that there are still more
problems on the acoustic vibration of QDs in host matrix.

In conclusion, size-dependence of the confined acoustic
phonon modes in PbSe QDs embedded in glass matrix was
investigated by coherent phonon measurement and Raman

PHYSICAL REVIEW B 64 201315(R)

scattering. The size-dependent frequency is well explained
by stress-free elastic sphere model. It was found that coher-
ent phonon experiment measures different confined acoustic
modes from that in Raman scattering and is a useful tool to
study confined phonon in QDs.
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Spins of resident electrons in charged quantum dots (QD’s) act as local magnets inducing the Zeeman
splitting of excitons trapped into dots. This is evidenced by the observation of quantum beats in the linearly
polarized time-resolved photoluminescence of a biased array of self-assembled InP QD’s. An external magnetic
field 1s found to shorten the spin beats’ decay time keeping constant the frequency of the beats. A model using
the pseudospin formalism allows one to attribute the observed quantum beats 1o the radiative decay of hot
trions having two electrons that occupy different energy levels in a QD.

DOI: 10.1103/PhysRevB.65.241312

The charged quantum dot (QD) is a peculiar quantum
object exhibiting quite unusual optical properties.' ™" If the
neutral QD is an analog of an atom, the charged QD is an
analog of an ion.> One should expect drastic alterations in the
fine structure of the energy levels due to charging of the QD.
Since the first observation of charged excitons in QD’s,' they
were studied in QD’s with the electronic population con-
trolled either by optical pumping® or by applying a biag. 07
The fine structure of charged excitons was studied by single-
dot optical spec[roscopy,“(‘ including experiments in mag-
netic fields.>’

While the energy structure of QD’s has been intensively
studied, much less is known about coherent phenomena in
QD's.* " To the best of our knowledge, no experimental
observations of coherent phenomena in charged QD’s have
been reported so far.

Here, we report on a new spin-related effect in charged
QD’s. We have observed spin quantum beats (QB’s) in the
linearly polarized photoluminescence (PL) of an InP QD en-
semble under linearly polarized excitation, while circular-
polarized components of PL under circular-polarized excita-
tion have shown almost no modulation. This behavior cannot
result from the splitting of excitonic levels into states corre-
sponding to linear oscillators, such as those observed in Ref.
11. But it is typical for a Zeeman doublet which is split by a
magnetic field. In our case, such a Zeeman-like splitting is
observed in the absence of an external magnetic field. More-
over, an applied magnetic field suppresses the QB’s caused
by this splitting. We attribute this unexpected behavior to the
peculiar spin structure of the three-particle complex (trion)
formed by an excess (resident) electron located in the QD
and a photocreated electron-hole pair.

We have studied heterostructures with single layers of InP
self-assembled QD’s embedded between Gag singsP barrier
layers grown by gas-source molecular-beam epitaxy. The av-
erage diameter of QD’s was about 40 nm with a height of
about 5 nm. The details of the growth procedure and of the
sample characterization are reported elsewhere.'? In order to
control the charge of QD’s, a semitransparent Shottky con-
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tact has been fabricated on the top surface of the sample, and
an ohmic contact has been attached onto the back surface.
The total thickness of the undoped layers was about 0.5 pum.
The PL was excited within the PL band of the QD’s by
(2—4)-ps pulses of a mode-locked Ti:sapphire laser, and de-
tected at the selected energies near the maximum of the PL
line [see inset in Fig. 1(a)] with a time resolution of 6 ps,
using a 0.25-m subtractive-dispersion double monochro-
mator and a streak camera. The measurements were done in
linear and circular polarizations under normal light inci-
dence. The temperature ol the sample was 5 K.

Figure 1(a) shows the time-resolved PL kinetics excited
by the linearly polarized light, and detected in the same (fur-
ther referred to as parallel) linear polarization. The PL tran-
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FIG. 1. (a) PL kinetics of the InP QD’s in the linear polarization
parallel to that of excitation at the spectral point, with Stokes shift
between the excitation and detection energies of AE= 12 meV for
different bias. (b) Bias dependence of the QB amplitude p,. Dashed
line is the fit by a Gaussian with full width at half maximum AU
=0.22 V. (¢) QB amplitude p, versus the Stokes shift.
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FIG. 2. (a) PL kinctics in the circular parallel (¥ c”) and
cross- (0" o) polarizations, and also in the linear parallel (|]) and
cross (L) polarizations. Applied bias U,;,;=—0.175 V; Stokes
shift AE=15 meV. (b) Degree of linear polarization p; (noisy
curve) and the fit (thick gray curve) by Eq. (1) with 7=30 ps, o
=020 ps~!, and py=0.2. (¢c) Degree of circular polarization p,,
(noisy curve) and the fit (solid curve) by Eq. (1) with the same
values of 7 and w and py=0.05. Non-oscillating part of p,, is sub-
tracted.

sients measured at the intermediate bias (of —0.175 V) show
pronounced oscillations with a period of about 30 ps. Such
oscillations are absent at zero electric field as well as in the
strong-field limit [see Fig. 1(b)].

We assume that the oscillations appear in the case of op-
tical excitation of the QD’s containing one resident electron
per dot. The presence of excess carriers in QD’s under study
at positive bias was evidenced in Refs. 15 and 16. The pres-
ence of the carriers can be easily checked by studying PL
kinetics. Optical excitation creates an electron-hole pair in
the excited state. The long rise time of the PL from the
ground state of the electron-hole pair is governed by the
relaxation time of the pair from the excited state and can be
observed if there are no resident electrons in the QD’s. This
case is realized at strong negative biases as shown in Fig.
1(a). Extremely short rise times for small positive or zero
bias evidence that, in this regime, the conduction-band
ground state is occupied by an exira electron coming {rom
the n-doped substrate or donors that are inevitably present in
the system. At positive bias, each QD contains, on average,
more than two resident electrons. Under strong negative bias,
most of the dots are expected to be neutral, because of their
field-induced depletion. The unusual QB’s are observed at an
intermediate negative bias [see Fig. 1(b)] where about a
quarter of the QD’s have single resident electrons, as will be
shown below.

Figure 2(a) shows the time-resolved PL measured in the
intermediate-field regime (bias of —0.175 V). The magnetic
field is always zero. After excitation by a circularly polarized
light (¢™) and detection either in o"or in o~ circular po-
larizations, we observe oscillations whose amplitude is quite
weak compared (o the value of the background signal in o *
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FIG. 3. Scheme of the optical transitions in a charged QD. The
upper group of levels ([0e1e0h)) represent the fine structure of a
hot trion. Levels [0e) and |le) are the states of the QD before
absorption and after emission of a photon, respectively. T and §
indicate the electron and hole spins, respectively.

polarization. The PL excited by linearly polarized light ex-
hibits pronounced oscillations having opposite phases in par-
allel and cross polarizations (the cross. polarization is or-
thogonal to the polarization of the incident light). These
oscillations clearly manifest QB’s between two eigenstates of
the system corresponding to circularly polarized optical tran-
sitions. Fig. 2(b) shows the linear polarization degree of the
PL: py= (=1 )/{{y+1,), where [y and I, are the PL inten-
sities on the parallel and cross polarizations, respectively. It
exhibits pronounced oscillations without any constant back-
ground, which can be well fitted by a function

p(1)=pyexp(—t/T)cos(wr), (1)
where py, 7, and w are fitting parameters. Amplitude of the
QB’s, py, is sensitive to the applied bias and to the shift
between the energies of excitation and detection of the PL, as
shown in Figs. 1(b) and 1(c), respectively.

The combination of a nearly constant circular polarization
of PL under circularly polarized excitation and pronounced
beats in linear polarizations is usually a signature of the Zee-
man splitting of ™ and o~ polarized exciton states (to fit
our experimental curves, a splitting of 0.12 meV would be
required). We attribute the surprising Zeeman-like exciton
splitting in the absence of an external magnetic field to the
effect of internal exchange fields created by resident elec-
trons in QD’s.

We assume that a QD contains a resident electron in its
ground state |Oe). Optical excitation creates a hole in the
ground state |0A) and an electron in the excited state |1¢)."
Under these conditions, the QD passes into the state
|0e1e0h) shown in Fig. 3(a), which is a hot trion state. We
consider hereafter the fine energy structure of the hot trion,
where spins of the photocreated and resident electrons can be
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parallel or antiparallel. The cold wion, created after the re-
laxation of the photoexcited electron to its ground state, has
a trivial fine structure consisting of a single Kramers doublet,
because spins of two electrons at the same energy level
should be antiparallel, forming a singlet state. It is clear,
therefore, that the cold trion cannot be responsible for the
observed QB’s.

The trion lifetime in the excited state is governed by the
electron relaxation time. QB’s are observed at relatively
small Stokes shifts AE<30 meV [see Fig. 1(c)]. i.e.. at en-
ergies of photocreated electrons (relative to their ground
state), which are smaller than the LO phonon energy in the
InP QD’s, £, ,=45 meV."* The only way for such an elec-
tron to relax is to emit an acoustic phonon. This process
takes several tens of picosecond." Therefore the QB’s can be
observed within this ume. This conclusion is in a perfect
agreement with the data [see Fig. 2(b)].

The fine energy structure of the trion is governed by the
exchange interaction of three particles. The electrons, being
identical particles, interact with each other much stronger
than each of them interact with the hole. This interaction
forms the energy spectrum consisting of a singlet (f=0) and
a triplet (f=1), where fzf, +§2 is the total spin of the two
electrons [see Fig. 3(b)]. One can assume that the singlet-
riplet splitting A, in the InP QD’s is of the same order of
magnitude as that in the InAs QD’s, where it has been esti-
mated as 3.5 meV. %

The exchange interaction of an electron and a hole is well
studied for excitons in quantum wells!” and QD's."S It is
known that the energy spectrum of the QD exciton consists
of two doublets, one radiative and one nonradiative, with the
splitting between them, Ay, of the order of 0.1 meV. The
in-plane asymmetry of QD’s results in the {urther splitting of
the radiative doublet described by the parameter A <€A,
The splitting of the nonradiative doublet, A,, is much
weaker. Since A,,> A, one can consider the exchange in-
teraction of the hole with two electrons in a trion as an in-
teraction of the hole angular momentum J with the total spin

of the two electrons f. This is most conveniently done by
choosing the spin states with J.=|+3/2) and J,=|~3/2) of
the hole for the basic states of a pseudospin j=1/2, which
we denote as |—1/2) and |+ 1/2), respectively.'” Using the
exciton pseudospin Hamiltonian from Ref. 17, we obtain

A =280+ K (fod o= ) F 85t fudy)s ()

e2

where Ko ,=(Af\,+A§72)/2 and Af,, are the corre-
sponding energy constants for the interaction of the hole with
the ith electron.

A very essential point is that in Eq. (2) the heavy hole
pseudospin j= 1/2 interacts with an integer spin f=0, 1. As
a result, the energy spectrum of the entire spin system obeys
the Kramers theorem: in the absence of magnetic fields it
consists of doublets which do not split further no matter how
low the geometric QD symmetry becomes. The correspond-

ing energy spectrum, shown in Fig. 3(c) for the case A,
=A,=0, governs the polarization dynamics of PL.
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Since the energy separation between the f=0 and f=1
level groups is greater than the exciting-pulse bandwidth,
they can be considered separately. The f=0 doublet can
yield no beats: therefore the analysis below will be concen-
traled on the f=1 group of levels. In this group, there are
two radiative doublets and a nonradiative one, marked in Fig.
3(c) by ry, ry. and n. respectively.

Depending on the initial spin state of the resident electron,
s-, the circularly polarized light excites different trion states:

s.= 12, o =]+ D]+12), of —=|0)]=1/2), (3)

s.==12, o' === 172), o —=|0)]+1/2). (4

Here we have used the pseudospin notation |f.)]/.).

As seen from Egs. (3) and (4), only one state of the ra-
diative doublets ry or ry can be excited by the circularly
polarized light. The linearly polarized laser light coherently
excites two states, one of them belonging (o the r doublet,
and the other one to the r| doublet. For the case of .
=+ 1/2, these two excited states are marked in Fig. 3(d) by
arrows which denote the radiative transitions from these
states.'” Due 1o the energy separation of ryy and r, doublets,
radiative transitions {rom these states excited coherently
should give rise 0 QB’s at the frequency w=2A,/f. We
believe that the observed QB’s result from this coherent pro-
cess.

Averaging the intensities ol the polarized components of
light over the spin states of resident electrons in the en-
semble of QD’s, we obtain an expression for the linear po-
larization degree:

pi(1)=4/5co8( wi). (5)

Equation (5) predicts a considerably larger amplitude of
the QB’s, py=0.8, than the maximum of the experimentally
observed value [ py=0.2, see Figs. 1(b) and 1(c)]. The reduc-
tion of the beat amplitude is most likely caused by fluctua-
tions in the occupancy of the QD’s by resident electrons. The
QD’s containing no electron, or two electrons, evidently

BIZ
B=08T B0
Eyummifi
TAL
Hi
Gt+thig
A
93231521
H
[
0 S0 100
time (ps)

FIG. 4. QB’s of trions (noisy curves) in magnetic field indicated
against each curve and the fit (smooth curves) by function p,(B)
= pyexpl—t/ncos(oncos(Awn) with 7=30 ps, ©=0.20 ps~', and
Aw=gugB/h, where g=0.3, for all the experimental curves. The
scheme illustrates the difference of the beat energies, A_ and A .,

in a magnetic field for spin 1 and | of the resident electron.
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should not contribute to the beat signal, but they do contrib-
ute to the total PL signal, thus reducing the amplitude of the
oscillating polarization degree.

A similar analysis can be done if an in-plane anisotropy
is present. Coupling between the two radiative doublets, in-

duced by the A, term in Eq. (2), makes the polarization of
corresponding radiative states slightly elliptical. Under these
conditions, the circularly polarized light excites coherently
both radiative doublets, resulting in the small-amplitude
beats upon a constant background: p,~1—2a%[1
—cos(wn)], where a~A, /A,

One can see that the proposed model describes all the
main qualitative features of the observed effect, namely, the
QB’s both in linear and circular polarizations at the same
frequency, and the fact that the circular QB’s are much
weaker and are superimposed on a virtually time-
independent background [see Figs. 2(b) 2 and 2(c¢)].

The model predicts also that the observed frequency of
beats should not be sensitive to weak magnetic fields applied
in the Faraday geometry (along z axis). Indeed, the magnetic
field splits the Kramers doublets as shown in the scheme in
Fig. 42" The energy separation between the optically excited

states, Ay, depends on the spin projection of the resident
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electron onto the magnetic field. For one projection (say T),
Ay is increased by the value AAw, and for another projec-

tion (]) it is decreased by the same value, ie. A.=A,
+fiAw. Here AAw=|g,+g,lpugB, where g, and g, are g
factors of the electron and the hole, respectively, wp is the
Bohr magneton, and B is the magnetic field. As a result, the
average QB frequency of an ensemble of the QD’s with non-
polarized resident electrons is not shifted. While Aw <1/,
the splitting results in an effective broadening of the fre-
quency bandwidth of oscillations, which manifests itself in a
more rapid damping. As seen {rom Fig. 4, the experimental
polarization transients are well modeled by the calculations
assuming |g,+g,/=g=0.3.

In conclusion, we have observed quantum beats with un-
usual polarization properties in the PL of InP QD’s. The
beats are shown to result from the peculiar spin structure of a
hot trion formed by the electron-hole pair created by light
and a resident electron.

The authors are grateful to A. Fedorov, I. Gerlovin, V.
Kalevich, S. Nair, and A. Zrenner for fruitful discussions.
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Dephasing of the lowest-energy

electronic transition of Ing;GayyAs/GaAs stress-induced quantum dofs in

inhomogeneously broadened system has been investigated by the interferometric double pulse excitation and
time-integrated detection of optical-phonon sideband in their resonant-photoluminescence spectra. [t was found
that combination of the narrow phonon resonance and spectral filtering of the signals allow us to determine the
dephasing time in inhomogeneously broadened ensemble of quantum dots. The dephasing time of about 100 ps
at 2 K shows that a pure dephasing is still essential in the studied system, most likely, as a result of coupling
of electronic excitations in quantum dots with optical phonons of surroundings via deformation potential.

DOI: 10.1103/PhysRevB.66.075326

I. INTRODUCTION

Semiconductor quantum dots (QD’s) present a unique
class of heterostructures possessing atomiclike discrete en-
ergy states and very narrow spectral lines due (o three-
dimensional quantum confinement. The homogeneous widths
fiy, about ~50 peV were observed in photoluminescence
(PL) spectra of single QD’s of different types at low
temperature.’ YA longest phase relaxation time of the funda-
mental exciton transition Th=1/vy, of about 1.3 ns (fiy,
~(0.5 peV) has been found by a photon-echo spectroscopy
for weakly confined CuCl QD’s in an NaCl matrix at I K
(Ref. 4); T, of about 630 ps has been measured by a four-
wave-mixing (FWM) technique for strongly confined
In,Ga, _ (As self-assembled QD’s (SAQD’s) at 7 K. Even for
excited states, 7, of ~40 ps has been measured by means of
a wave-packet interferometry for a single QD formed by
width fluctuation in a GaAs quantum well® {QW) and for
In,Ga,_ As QD selected from a SAQD ensemble.” The low-
temperature long coherence of the electronic state of QD’s is
very important for realization of efficient nonlinear optical
processes in the QD systems and makes QD’s a hopeful ob-
ject for quantum computation and coherent information pro-
cessing. Nevertheless, there is a lack of data on the dephas-
ing time of inhomogeneously broadened QD systems
fabricated by epitaxial growth, although they are most hope-
ful to be used in the optical device engineering. Because of
low QD optical density, conventional methods of studying
the systems e.g. the FWM technique, may be used only for
many ayels of QD’s (Ref. 8) or those in purposely prepared
waveﬂmdes > At the same time a technique of the wave-
packet interferometry developed during the last few years
looks very attractive for the study of the dephasing processes
in the QD sys{ems.(“m'”

This technique is based on interference of two coherent
polarization waves excited by the two coherent pulse trains
at the frequency w, resonant with an optical transition of the
studied system. Optical responses of two level system that

0163-1829/2002/66(7)/075326(7)/$20.00
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are proportional to the square of the polarization amplitude,
e.g. absorption, will possess oscillations N(7)=N(0)[1
+ s(r)cos(m, 7] with a change of a mutual delay 7 between
the pulses.®' ™" Because of intrinsic polarization decay, an
amplitude of the oscillations s(7) decays with a time con-
stant of T,. It is possible to obtain 75 of the resonant states
of mesoscopic semiconductor systems by the time-integrated
detection of the related signal as a function of 7. The signals
of the resonant Rayleigh scattering,' the resonant
fluorescence,'” and the luminescence from low- 1y‘mg, elec-
tron state populated through the higher-energy state” have
been analyzed to get the 75 values. At the same time, it is
known that signals corresponding to incoherent processes in-
volving phonons of the system, e.g. resonant Raman scatter-
ing or optical-phonon sideband of the resonantly excited lu-
minescence, also contain information about T, of the
resonant electronic states of the sys(em"m and can be ana-
lyzed in the same manner. Although the Stokes-shifted sig-
nals allow us to simplify the study of the lowest-energy state
coherence, since they are not masked by coherent stray light,
such experimems have not been performed yet. For the stud-
ies of the QD systems, it is necessary to consider that most of
real QD systems possess essentially inhomogeneous spec-
trum of electronic transitions. It is expected from general
considerations that the inhomogeneity should result in short-
ening of the s(7) decay observed in the time-integrated ex-
periments. However, the lack of an adequate theoretical
model describing the inhomogeneity effect on the time-
mtegrated signals makes it difficult to derive intrinsic 75 of
interest.

In this work, we report the interferometric coherence
measurement of the lowest-energy electronic state of stress-
induced Ing ;GagoAs QD (SIQD) system by means of time-
integrated detection of optical phonon lines in the resonant
photoluminescence (RPL) spectra of QD’s at 2 K. Relatively
long dephasing time is expected for SIQD’s as compared
with other QD systems fabricated by epitaxial growth, e.g.
self-assembled QD’s."® The studied SIQD’s system possesses
essentially inhomogeneous spectrum of electronic transitions

©2002 The American Physical Society
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FIG. I. Solid and dotted lines represent the PL spectra of the
sample at 2 K in the region of the 1-1 and 2-2 transitions of SIQD’s
and the lowest transition of QW excited by a c¢w Tizsapphire laser at
1822 meV with power densities of 15 and 150 W/em?, respectively.
The pairs of narrow lines are the segments of the RPL spectra of
SIQD’s for different excitation energies £, at low excitation power
limit. The different base levels of the segments represent the actual
backgrounds of the RPL signals resulted from excitation of larger
QD’s. The open circles (squares) show the integral intensities of the
LLO- (TO-) phonon lines for different £, , i.e. excitation spectra of
the lines, therefore positions of the circles (squares) are shifted with
respect to the relevant segments by the phonon energies. A dashed
curve is a guide for eyes. Inset shows the time dependence of the
LO-line intensity under 2-ps pulse excitation. £, =1260.73 meV
and £,,=1224.13 meV.

with full width at half maximum of ~20 meV. Basing on
developed theoretical model describing time-integrated sig-
nals of the phonon-assisted secondary emission of inhomo-
geneously broadened system, we demonstrate that intrinsic
dephasing time of the SIQD electronic transitions can be
determined from the interferometric experiments with spec-
tral filtering of the phonon-assisted RPL, when independent
information on the phonon lifetime is available.

II. SAMPLE AND I'TS CHARACTERIZATION

SIQD’s were prepared in an Ing,GageAs quantum well
sandwiched between epitaxial GaAs barriers grown on a
semi-insulating GaAs (001) substrate. A thickness of the
In,Ga, _  As layer is 8 nm. The GaAs top barrier is 6.5 nm.
SIQD’s were formed by local strains caused by InP stressors
grown in a Stranski-Krastanow mode on the top of the whole
structure. The stressors are 60 nm in diameter, and 20 nm
high and the areal density is 2X 10° cm™ . Details of the
sample structure were published elsewhere.'® Electronic en-
ergy structure in the SIQD’s identified by the state-filling
experiment at 2 K is typical for similar QD’s."” The lumines-
cence bands corresponding to the 1-1 transition (at 1277
meV) and the 2-2 transition (at 1296 meV) are shown in Fig.
1. A distinctive feature of the RPL spectra excited in the
region of the low-energy transitions of SIQD’s at 2 K is that
pairs of narrow lines with the Stokes shifts of 33.60 meV and
36.55 meV, and half width at half maximum (HWHM)
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(AT pyy) of about 60 peV dominate the spectra (Fig. 1). The
spectra were measured in a near backscattering geometry by
the use of a continuous-wave (cw) Ti:sapphire laser and a
I-m double monochromator with combined spectral resolu-
tion of 10 ueV. Analogous pair of lines was found when the
excitation photon energies £; of 1169 meV or 1345 meV
were far from the transitions of SIQD’s. The lines correspond
to the off-resonant Raman scattering by the TO and LO
phonons of GaAs.'® A nonzero amplitude of the TO-phonon
line comes from experimental imperfect backscattering ge-
ometry. Strong resonant enhancement of the line intensities
is observed when E, falls in the region of the inhomoge-
neously broadened 1-1 and 2-2 transitions of SIQD’s (Fig.
1). Simultaneously, the LO-phonon line becomes depolarized
in contrast to the off-resonant case. The lowest-energy maxi-
mum in the excitation spectra of the lines corresponds to the
1-1 transition, whereas the higher-energy satellite is shifted
by the LO- (TO-) phonon energy. The results clearly indicate
that the zone center GaAs LO and TO phonons are effec-
tively coupled with the low-energy electronic states of
SIQD’s giving rise to the narrow Raman-like lines. The con-
clusion is correct, whether the resonant Raman scattering or
phonon sideband of the RPL are responsible for the lines in
the cw spectra. However, for analysis of the time-integrated
signals of the lines excited by a pair of 2-ps laser pulses, that
will be described below, it is important to know the origin of
the lines at the pulse excitation. A conventional time-
resolved experiment by the use of a 2-ps laser-pulse excita-
tion and an infrared streak camera with time resolution of
about 30 ps showed that the phonon-assisted RPL makes
main contribution to the LO- (TO-) line intensity. Indeed, an
integral intensity of the slow (luminescence) component of
the LO- (TO-) line signal excited in resonance with 1-1 tran-
sition (inset in Fig. 1) is essentally larger (> ten times) than
that of the fast (Raman) component. It follows that at 2-ps
pulse excitation the lines come mainly from the phonon-
assisted annihilation of directly excited electron-hole pairs
when SIQD’s are excited in the region of the 1-1 transition
(incoming resonance). At higher excitation energies, along
with this process the annihilation of the pairs created by the
optical-phonon-assisted absorption of the light can be re-
sponsible for the signal (outgoing resonance) as well as the
excitation of the electron-hole pairs due to 2-2 transition fol-
lowed by their relaxation to the lowest-energy states with
emission of the LO(TO) phonon and consequent
recombination.'” At the same time, a broadband lumines-
cence background observed in the RPL spectra at analogous
incident photon energies (Fig. 1), most likely, arises due 1o
the second process involving acoustic phonons of the system.

HL INTERFEROMETRIC EXPERIMENT

In the interferometric coherence measurement (block
scheme of the experimental setup is shown in Fig. 2), a
modified Michelson interferometer has been used to form
two coherent pulse trains with the same polarization and in-
tensity separated by variable time delay 7. The pulses were
generated by a ~2-ps mode-locked tunable Ti:sapphire laser
at a 82-MHz repetition rate. The pulse trains emerging from
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FIG. 2. Experimental setup: Ti:S represents picosecond mode-
locked Ti:sapphire laser; M represents monochromators; PD repre-
sents photodiodes; S is the sample in the cryostat; 7 is the fiber
bundle; PMT represents photomultiplier; LIA represents lock-in
amplifiers; C represents counter. 1,2 are the mirrors; 3=7 are the
clements of the interferometer.

the interferometer illuminated the sample immersed in super-
fluid helium with the power density below the state-filling
level. The luminescence was fed to a 1-m double monochro-
mator (M 1) equipped with an infrared photomultiplier. The
monochromator served as a spectral filter that transmitted the
luminescence at fiwp with bandpass I, determined by the
slit width W/2. We used a continuously scanning interferom-
eter instead of actively stabilized one commonly utilized in
the coherent control experiments.®'>!" Then, the mutual time
delay 71is slowly varied in time ¢ by the relation 7=2vt/c.
where v is the scanning speed of an interferometer retrore-
flector, ¢ 1s the light speed, and the time-integrated lumines-
cence signal N(7) is described by

N(TNQ)=1=s(m)cos(wT)=1—s(7)cos(w't), (1)

where w'=2wv/c. The minus sign comes from the odd
number of reflections of this beam off the interferometer’s
beamsplitters. The detected signals N(7) oscillate with low
frequency f=w'/27 of about several tens hertz that allows
one to use a lock-in technique in order to directly record the
envelope ol the oscillations s(7) containing information
about T with improved signal-to-noise ratio. For example,
/=50 Hz corresponds 10 w=w,=1.946Xx10"s"" (E,
=1277 meV) at experimentally used v of 2.4X 1077 cmys.
Continuously scanning the interferometer, we took the data
triggered by the ac component of the signal of the photodi-
ode (PDI) placed behind the output slit of an auxiliary
monochromator (M2). It extracted a narrow spectral com-
ponent at the energy of Aw,=hw,; corresponding to the
spectral maximum of another laser-pulse beam emerging
from the interferometer. The coherence length of the compo-
nent was found to be ~8 ¢m that enabled us to measure 7in
time scale up to 200 ps. The PDI signal N,.(1)~cos(w'r)
served as a reference to the two lock-in amplifiers (LIA’S).
One of them (LIA2) collected the luminescence signal N(7),
and the second one (LIA1) was used for simultaneous re-
cording of the pulse autocorrelation a(7) utilizing the signal
from the second photodiode (PD2) directly illuminated by
the light beam from the interferometer. The amplitudes of the
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FIG. 3. Envelopes s(7) of the ume-integrated signals of the
LO-phonon-assisted RPL for different values of the spectral selec-
tion bandpass W (in energy units). The mean photon energy of the
incident pulses. £, = 1260 meV is in the region of the -1 transition
of SIQD’s and the detection energy  Ep=E, -1,
=1233.4 meV corresponds to the maximum of the LO-phonon
band. a(7) is the laser-pulse autocorrelation. Full spectral width of
the LO-phonon line, 241 ,,;,= 120 peV.

corresponding LIA outputs are proportional o s(7) and
a(7). The high stability of the interferometer and the scan-
ning velocity v allowed us to obtain the good signal-to-noise
ratio with an accumulation time constant up to several sec-
onds (the uncontrolled jitier of the relative phase between the
excitation pulses was determined o be within 0.2-rad rms)
and measure the w; values with accuracy of 0.5%.

IV. RESULTS AND DISCUSSION

In Fig. 3 the envelopes s(7) of the time-integrated signals
of the LO-phonon-assisted RPL are shown for different val-
ues of the spectral selection bandpass W (in energy units).
The mean photon energy of the incident pulses, E;
= 1260 meV is in the region of the 1-1 transition of SIQD’s
and the detection energy E,=E, —f{}; ,=1233.4 meV cor-
responds to maximum of the LO-phonon band. It was ini-
tially found that N(7) oscillates with frequency of w, thatis
a result of the interference in the absorption channel,'%'?%
As seen from Fig. 3, the time trace of s{7) dramatically
depends on W. With the decrease of W down to a value of
about 24T py, the s(7) width monotonically increases, and
does not depend on bandpass below this limit (Fig. 3).
Analogous measurements for the TO-phonon line show the
same results. Keeping in mind a different bandpass depen-
dence of the resonantly excited coherent and incoherent sec-
ondary radiation,'"'**" we have studied the effect of the
spectral filtering on the time trace of s(7) for other
excitation-detection conditions: detection of the laser light
elastically scattered from the sample, Ep=FE,, and de-
tection of the broad luminescence base in the vicinity
(e==3 meV) of the LO- (TO-) phonon lines (£,
=1280 meV, Ep=E,~h{ oroyte). The luminescence
background is observed at E; above the energy of the 1-1
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transition (see Fig. 1). For the elastically scattered light, the
decrease of W resulted in the continuous increase of the
width of s(7) due to interference of two coherent pulses
passed through the monochromator, as it was expected. For
the luminescence base, the s(.7) was found to be independent
of W and to agree with a(zp) within experimental errors.
Such features of the signal are typical for the luminescence
from an optical transition populated through photoexcited
higher-energy states with continuous spectrum, e.g., at exci-
tation in the free-carrier continuum of the bulk semiconduc-
tor and detection of the exciton emission.'? In our case it is,
most likely, caused by a large inhomogeneous distribution of
energy separation between the lowest and higher exciton lev-
els in the SIQD system analogously reported for the self-
assembled InAs QD’s.** Then, though the detected lumines-
cence comes from the lowest-energy states selected by the
filter, these states are populated from the higher-energy qua-
sicontinuum state through intraband relaxation mediated by
acoustic phonons with continuous energy spectrum. Thus, W
dependence of s(7) for the phonon-assisted RPL signal quite
differs from those for other signals.

In order to explain the unusual W dependence of the
phonon-assisted RPL signal and to determine what informa-
tion on relaxation constants of the SIQD’s can be obtained
from the signal analysis, we carried out theoretical analysis
of a spontaneous phonon-assisted secondary radiation.” The
spectral-selected time-integrated signal excited by two coher-
ent pulse trains has been calculated for an inhomogeneously
broadened system with two electronic states by the use of
perturbation theory for the generalized master equation.
Electron-phonon interaction was considered in the adiabatic
approximation. One phonon mode with fixed frequency was
taken into account since, accordingly to our experimental
data, the zone-center GaAs optical phonons contribute
mainly to the interaction. The inhomogeneity width was sup-
posed to be much broader than the spectral width of the laser
pulses, which is in turn much more than the relaxation rate
constants of the system quantum states taken into consider-
ation and smaller than frequencies of the optical phonons.
These assumptions hold for the studied SIQD system.

Then the signal of the secondary radiation for incoming
resonance averaged over the transition {requency is deter-
mined by

B

8 ,
N(7)= TUZFBF(A()L)
I

1+ K(7)cos[ (x+wp+Q)7]
[(x=6,)%+ ?)?

= 1
X dx
J'wf» X2+ I“,z)

where

Y2 iag .
K(T):—“‘C’ (2y5 ry/,/l/z)/+7
Y2 <72

Yi

e T TphT? (3)

Ay =wy—w;, Sp=w, —wp—{), w, is the central fre-
quency of distribution F(Ay,) for electronic transitions in
the inhomogeneous system, w, is the carrier {requency of
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laser pulses with spectral width o, wp and I'p are the fre-
quency and bandpass of the spectral filter, 8 is the constant,
Q) is the optical-phonon frequency, y,= y,/2+ ¥,, ¥, and ¥,
are the coherence loss rate constants due to the full and pure
phase disruptions, and 7y, and y,, are the inverse
lifetimes of electronic population and phonon. The expres-
sion has been derived for exponential laser pulses
(~exp[—olt]]) and a Fabry-Perot spectral filter.
In the case of exact resonance §,=0,

=2 i, :
R T ) (o4 T )

X{1+K(m)e "ocos[ (wp+ Q) 7]}

- 1+K(7)e” “Tcos
(T(O’-Fp)z(o"f'rp)z{ ( wLT}
: {I+K( (1
- T
20 (o—=Tp)o+Tp)

— T

+oT)e” Tcosw T} (4)

If I'p> o, then

4B 1
N(7)= v ;F(A(),‘){l +K(7)(1+o7)e” ""cosw,; T}
I
)

Since o>2v,+ v,,/2 by assumption, K(7)=1-and s(7)
=(1+o7)exp(—o7), 1.e., it coincides with the laser-pulse
autocorrelation a( 7). It is easy to show that the conclusion is
fulfilled for any shape of the pulses.

If 'p<<o, then

8mB T
N(T)=—— —2 F(AqL)
Y oo

X[1+K(r)e To7cos[ (w,+ Q) 7]]. (6)

Importantly the decay of the signal is independent of
the laser-pulse shape and the cosine amplitude
s(P)=K(1)e "0 [see Eq. (1)). Moreover, the decay rate of
s(7) monotonically decreases with ['j, and s(7) tends to
K(7) at I'p<€2y,+ v,,/2 that holds for any kind of spectral
filter. Just in this limit, direct information about relaxation
constants of interest can be obtained from the s(7) analysis.
Since the signal does not depend on the pulse shape, it is
reasonable 10 assign it to a free-polarization one®® that con-
sists of two components in accordance with Eq. (3).%¢ First of
them decaying with 2y, + v,,/2 and proportional to the pure
dephasing ¥, can be attributed to the phonon-assisted RPL.
Such definition is in accordance with the phonon-assisted
RPL of inhomogeneously broadened system at monochro-
matic cw excitation, where a spectral width (HWHM) of the
related line is 2y, + y,,/2 and amplitude is proportional to
¥5. It is the term that contains information about the intrinsic
dephasing constant vy, of the resonant transitions. Second
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term decays with ,,/2 and could be assigned to the resonant
Raman scattering. When ¥,> vy,/2, the luminescence term
dominates the time-integrated signal that decays with 2y,
+ v,,/2, i.e. it contains information on the coherence decay
of the resonant electronic transitions.

Let us consider a correspondence between the limitation
of the model and our experimental data. The direct time-
resolved experiment at picosecond excitation on the SIQD
system shows that the luminescence dominates the Stokes-
shifted signal. The condition of exact resonance §p=w,
—wp—E8=0 is fulfilled with accuracy close to I'. The
observed W, or I', dependence of s(7) is qualitatively evi-
dent from Egs. (5) and (6): s(7) tends to a(7) and K(7) in
the limits of broad and narrow spectral bandpasses, corre-
spondingly. Although the values of y, and v, are a priori
unknown for the SIQD’s as well as the exact value of I, it
is reasonable to think that at saturation condition found ex-
perimentally for W smaller than about 0.1 meV the inequality
of I'p<2vy,+ v,,/2 approximately holds. Physical meaning
of the spectral selection in the interferometric experiment is
analogous to that in conventional cw experiments, where
bandpass of the filter should be smaller than spectral width
of the measured line in order to get a correct value of the
width. As a result, the spectral-selected time-integrated sig-
nal is described by a single exponential decay

s(r)y=e vt v/ (7)

Therefore, the inhomogeneous broadening of the electronic
transitions gives rise 10 the y,,;, term in decay of s(7) and y,
can be determined if vy, is known from independent mea-
surements, e.g., from the off-resonant Raman-scattering ex-
periment.

The wave-packet interferometry experiment on a single
QD controlled the coherent status and measured 7y, for the
excited but not for the exciton ground state of QD.® At the
same time the analysis of the signal of the phonon-assisted
RPL under resonant excitation of the lowest-energy transi-
tion allows to determine dephasing constant for the exciton
ground state of QD. For the SIQD system, it corresponds to
excitation at the low-energy side of the related PL band (1-1
transition). We measured s(7) for the LO line at £, in this
region (E,=1234, 1244, 1260, and 1270 meV) at spectral
bandpass corresponding to the saturation limit. Typical s(7)
for E;=1234 meV is shown in Fig. 4(a). It was found that
s(7) were well described by the monoexponential decay. Fit-
ting of the curves by the use of Eq. (7) allows us to get the
Y=27v2F y,,/2 values. As is seen in Fig. 4(b), Ay is practi-
cally constant of about 60 weV with Ay=55%5 eV for the
lowest incident photon energy of 1234 meV. A set of precise
independent off-resonant Raman measurements of the GaAs
LO-phonon linewidth performed on the same sample at 2 K
by the use of a 1064.2-nm cw radiation of a Nd*"*:YVO,
laser gave us the #y,, value of 8510 ueV. The value was
found by a standard deconvolution of LO-phonon signal with
Lorentzian LO-phonon line and Gaussian apparatus response
measured in the same experiment by the use of the incident
light. Then we can determine the %y, value for the lowest-
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FIG. 4. (a) A semilogarithmic plot of the LO-line signal s(7) for
several £, (shown in a unit of meV). The curves are vertically
displaced for clarity. Narrow spikes on the top of some curves are
well described by a(7) and are related to the broad luminescence
base. (b) Open circles correspond (o the y values determined from
monoexponential fitting of $(7) for different £, (fiy is shown in a
unit of pcV). Note, only for £, <1270 meV the y values arc de-
scribed by 2y, + v,,/2, sec the text. Relevant portions of the PL
spectra of SIQD’s (solid line) and the excitation spectrum of the
LO-phonon line, /*9(£,) (open squares, dashed line) are shown for
comparison.

energy excitonic transition as fiy,=h(y—1y,,/2)/2~6.3
*1.5 neV that corresponds to the dephasing time value 75
of 100£25 ps.

At higher E, (in the overlapping region of the 1-1 and 2-2
transitions and in the region of the 2-2 transition) the s(7)
time traces become narrower [Fig. 4(a)]. A spike related 1o
the thermalized luminescence background and well de-
scribed by a(7) appears on the top of the curves, which
indicates that processes involving electronic states different
from lowest one additively contribute to the signals. Analysis
of the signal becomes much complicated because of un-
known contribution of other processes involving optical
phonons. In this case, the signal s(7) cannot be described by
the above-mentioned simple model. Most likely, the shorten-
ing of the s(7) decay is caused by an increasing contribution
of the next excited state with higher y, to the signal owing to
overlapping of the 1-1 and 2-2 transition energies for differ-
ent SIQD’s.

The low temperature 7, of the lowest excilon slate in
IngGay oAs SIQD’s is longer than that of the HH exciton in
single GaAs QW by an order of magnitude'” and than 75
of the excited states in single QD‘(“7 However, it is shorter
compared with highest known T in CuCl QD’s (Ref. 4) and
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In,Ga, _ As SAQD’s.> Comparison with recombination life-
time of the lowest exciton state (7, is about 300 ps, f vy,
=2.2 peV) found in direct time-resolved experiment shows
that pure dephasing processes (i %, =5.2 ueV) are essential
for the lowest-energy transition in the studied SIQD’s even at
T=2 K. The fact is in a qualitative accord with the FWM
data on III-V semiconductor SAQD’s at ~5—7 K where the
pure dephasing either governs the total dephasing rate of the
exciton fundamental transition® or its rate is comparable with
the depopulation one.” A quantitative discrepancy between
our and cited data as well as mechanisms governing the pure
dephasing in the QD’s systems is still subject for discussion.
A comparative analysis of temperature dependences of de-
population and dephasing rates is normally used for clarifi-
cation of dephasing processes in QD’s usually treated in the
framework of theory of crystal defects.”®*? The simplest case
is two-level systems with radiative limited depopulation rate
and pure dephasing rate caused by an elastic phonon scatter-
ing. The optical-phonon contribution is negligible at tem-
peratures up to few tens of Kelvin due to the reduction of the
phonon population.™ Then acoustic phonons with continuous
energy spectrum govern the pure dephasing rate resulting in
its 77 dependence.®’ A presence of the exciton fine structure
with characteristic energy gap Ag, that is an inherent prop-
erty of most QD systems, causes qualitatively other tempera-
ture dependence: in addition to the elastic phonon scattering,
transitions between levels of the structure with emission and
absorption of the acoustic phonons will contribute to 7y, via
both the vy, and ¥, temperature dependences. In high-
temperature limit Ae<kgT, vy, and ¥, will be proportional
to T and T2, respectively. In opposite limit y; is temperature
independent for transitions with emission of the phonons and
yy~exp(—Ae/kgT) for transitions with absorption of the
phonons, while ¥,~exp(—Ae/kgT) for both absorption and
emission. Just this process was concluded to be responsible
for the low-temperature total dephasing rate in In Ga, _ As
SAQD’s,” where the linear temperature dependence of vy,
has been observed in the range of 5-40 K. The high-
temperature limit holds for this type of QD’s where Ag are
in the range of few hundred weV.”” The same linear depen-
dence has been observed for In Al - GaAs SAQD’s.* It fol-
lows that main contribution to the temperature dependence
of vy, comes from that of ;. At the same time, physics of
pure dephasing remains not quite clear since predicted de-
pendence of §,=aT>+bT7 was not detected despite the fact
that measured values of J, were comparable with or more
than those of y,. In studied In,Ga,.. As SIQD’s relative
contribution of ¥, to total dephasing rate is even greater than
that found in Ref. 8 and we suppose that the y, temperature-
dependence measurements performed for this system will al-
low one to look inside the physics of the low-temperature
pure dephasing in QD’s.
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V. CONCLUSION

In conclusion, we show that dephasing time of lowest
electronic transition of QD’s in inhomogeneously broadened
ensemble can be determined from analysis of time-integrated
signal of optical-phonon-assisted RPL excited by two coher-
ent pulse trains. Spectrally selected phonon-assisted RPL
signals as a function of mutual delay between the pulses
were analyzed in the framework of a theoretical model de-
veloped for the inhomogeneously broadened system with
two electronic states and adiabatic electron-phonon interac-
tion. It has been shown that spectral selection of the lumi-
nescence is necessary condition in order to get information
on dephasing constant of the electronic transition in inhomo-
geneously broadened systems and an optical-phonon dephas-
ing rate additively contributes to decay of the signal. The
interferometric measurements have been carried oul for
Ing 1 GayeAs/GaAs SIQD system by the use of 2-ps pulse
trains. Characteristic property of studied SIQD’s was found
to be coupling of their low-energy electronic excitations with
optical phonons of GaAs barriers or substrate that gives rise
to analyzed phonon sideband of resonant luminescence under
cw and pulse excitation. Dephasing rate of the lowest exciton
state of the swdied SIQD’s of 6.3%1.5 weV (T,=100
+25 ps) has been found from the interferometric data by the
use of appropriate fitting procedure and independent off-
resonant Raman data on dephasing rate of zone-center bulk
GaAs optical phonon.

The time-integrated signals of the phonon-assisted RPL
can be used for the lowest-state coherence measurements of
any inhomogeneously broadened systems with the narrow
optical-phonon resonances in their RPL spectra. Importantly
these data and analogous data obtained for phononless RPL
signal allow one to get complete information on electron and
phonon dephasing of the systems. It is worth noting that in
the absence of the inhomogencous broadening, e.g. for single
QD, the time-integrated signals of the phonon-assisted RPL
give information exclusively about v,.
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The effects of external electric and magnetic fields on InP self-assembled quantum dots (QDs) were inves-
tigated by means of single dot spectroscopy. By systematically changing a bias applied to the sample, succes-
sive energy shifts of the photoluminescence (PL) peaks from excitons and bicxcitons due (o the quantum
confined Stark effect were clearly observed. The quadratic Stark coefficient was evaluated (o be of the order of
107*" Fem?. The energy separation of the PL peaks arising from the excitons and biexcitons changed with the
applied electric field, reflecting a slight difference of the Stark cocfficient between the exciton and biexciton
states. The existence of permanent dipole moments was also revealed in both the exciton and biexciton states.
The spatial separations between the electrons and holes along the growth direction in a QD were estimated to
be 7 A for the exciton state, and 8 A for the biexciton state. Further, the diamagnetic shift and the Zeeman
splitting of the exciton states were clearly observed in a magnetic field. It was found that the diamagnetic
coefficient gradually decreases on decreasing the QD size. A simple qualitative model can explain that this
result is due to competition between quantum confinement and magnetic confinement.

DOI: 10.1103/PhysRevB.66.235309

I. INTRODUCTION

Zero-dimensional (0D) semiconductor structures or quan-
tum dots (QDs), which are often referred to as artificial at-
oms, have attracted considerable interest recently due to their
potential for applications and fundamental physics interest.
From the basic physics point of view, one of the very inter-
esting lopics is experimental measurements of the wave
functions on the confined electrons and holes. While a direct
mapping of the wave functions is rather difficult, quantities
that directly relate to the extent and shape of the electron and
hole densities can be obtained by optical measurements in
the presence of external fields.

In almost all presently available QD samples, the photo-
luminescence (PL) energy separation between the exciton
and biexciton states is much smaller than their macroscopic
PL bandwidth caused by the fluctuations in their size and
shape. In order to eliminate the ambiguity due to these size-
shape fluctuations, the observation of a single QD is very
important. Since the QDs show very sharp PL lines reflecting
the density of states of a 0D system, it is expected that even
very small changes of their electronic energies can be easily
measured.

By observing single QDs, important information and in-
teresting phenomena hidden behind the inhomogeneous dis-
tribution have been clarified, such as many carrier effects,'™
charged excitons,™ strong optical anisotropy,®™® fluores-
cence intermitiency,”'” and photon anti-bunching."' =" In or-
der to observe a signal from a single QD, it is important to
reduce the number of QDs to be excited and probed. The
QDs have to be well separated from each other in compari-
son with the spatial resolution of the detection microscope

0163-1829/2002/66(23)/235309(10)/$20.00
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system. Among the various 0D systems investigated so far,
the QDs flormed thorough the Stranski-Krastanow (S-K)
growth mode are most suitable for the study of a single QD
because the QDs can be fabricated in a single layer. In the
present work, we employed [nP S-K QDs o explore their
optical properties in the external fields.

The optical properties of single QDs in external fields
have been investigated theoretically and experimentally by
several groups. For example, the effects of electric field in a
wide variety of QD systems have been reported in Refs. 5
and 14-24. Since each electronic state (e.g., one exciton,
biexciton, and their excited states) shows a different energy
shift with respect to the applied electric field,'**"** detailed
w-PL measurements are necessary to obtain information on
the wave functions of these states. In quantum wells, Thila-
gam has theoretically shown that the energy shifts have a
different magnitude between the exciton and biexciton
states.” Such a study of QD systems would be interesting.

When an external electric field F is applied, quadratic
energy shifts of the excilon stales E(F) are observed by the
Stark effect:

E(FY=E,—pF—BF?, (n

where E is the energy for F=0. In most -V bulk semi-
conductors, the linear coefficient p is very small. =% Re-
cently, Fu has theoretically predicted a nonzero value of p
due to the existence of a permanent dipole moment in spheri-
cal QDSAZQ However, it is still very small, typically ~1 e-A
in QDs of a few tens of nm in size. On the other hand, in the
case of the S-K QDs having pyramidal or lens shapes (e.g.,
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Al In, _ As, " InAs,"™2122 and In,Ga, _ As,>>), it has been
clarified that there exists a large permanent dipole moment.
Patane ef al. have pointed out that the localization of the
electron is above the hole in Inx(}al,,_rAs.23 In other InAs
QD samples, however, the confined holes are localized above
the electrons in the QDs,'™22 which is opposite 1o that pre-
dicted by theoretical calculations. The discrepancy between
the experiments and theoretical calculations is considered to
be due to nonuniform indium composition in real systems. "
It is thus important to examine the existence of a permanent
dipole moment and its direction in QDs of other materials.
Furthermore, a permanent dipole moment in a biexciton state
has never been carefully studied.

Turning our attention to the magneto-optical effects, mag-
netic field has historically been employed to artificially gen-
erate confined states in bulk semiconductors. In low-
dimensional semiconductors, the excitonic states in a
magnetic field are characterized by three energy scales: the
lateral-size quantization energy, the exciton effective Ryd-
berg energy, and the magnetic confinement energy. The mag-
netic length N, which is equivalent to the cyclotron radius, is

defined by
p
=\ = 2)
¢B

where e and B are the electronic charge and the magnetic
field, respectively. The magnetic length characterizes the
scale of magnetic confinement. We can estimate \ to be 26
nm at I T and 8 nm at 10 T. Since the semiconductor QDs
have sizes of a few tens of nm, the magnetic length is com-
parable to the sizes of typical QDs in this magnetic field
range. Therefore, it is interesting to investigate the competi-
tion between magnetic confinement and quantum confine-
ment in QDs.

The exciton states show Zeeman splittings and diamag-
netic shifts in a magnetic field. In many cases, these changes
are much smaller than the inhomogeneous broadening of the
PL band.**=*? In addition, when the lateral quantization and
the Coulomb attraction are increased by decreasing the QD
size, the magnetic confinement becomes less important, lead-
ing to a smaller diamagnetic shift. It is thus necessary to
investigate PL from single QDs. The PL from single QDs in
the magnetic field has been reported by several groups“'?’z"37
Bayer ef al. have observed a systematic decrease in the PL
peak energy shift with decreasing size in large QDs fabri-
cated from deep etched quantum wells, and related it to the
transition from 2D to OD.*® On the other hand, the diamag-
netic coefficient has almost a constant value in very small
QDs.*? It will be interesting to study these quantities in the
intermediate size regime using QDs of different sizes.

Here we present the optical response of the InP single
QDs in external electric and magnetic fields. From the opti-
cal measurements we extract the quadratic Stark coefficients
of excitons and biexcitons. Our results reveal the existence of
permanent dipole moments in both exciton and biexciton
states. Further, the size dependence of the diamagnetic coef-
ficients is discussed.
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I EXPERIMENTAL DETAILS

The samples used in this study were prepared by means of
metal-organic vapor phase epitaxy (MOVPE), as described
in detail in Ref. 39. Self-assembled InP QDs sandwiched
between two insulating Gag sing sP barriers of 180 nm thick-
ness each were grown on a Si doped (n*) GaAs (001) sub-
strate. In order to apply a dc bias to the sample, an
n-i-Schottky diode structure was fabricated by depositing a
semi-transparent gold layer of 20 nm thickness onto the
sample surface.

As the excitation light source of the optical measure-
ments, the 488 nm line of a continuous wave Ar-ion laser
was used. For the single dot spectroscopic study in an elec-
tric field, a confocal micro-photoluminescence (w-PL) sys-
tem was adapted.3 The samples were set on a cold-finger of a
liquid He flow-type cryostat and cooled down to 4 K. The
unfocused laser beam with a diameter of ~5 mm was irra-
diated on the sample surface to achieve a uniform excitation
intensity. The sample PL was collected using a microscope
objective lens with a numerical aperture of 0.42. A pinhole
was placed on the image plane of the microscope to select a
single QD. The spatial resolution of this system is better than
2 pm.

In order to measure the w-PL spectra by a conventional
macroscopic configuration using a superconducting split-coil
magnet up to 10 T, the QDs were confined in small mesas.*
Micro-patterns were drawn on the sample surface by means
of photolithography. Most part of the sample surface was
chemically etched by HCI:H,0=2:1 at 30°C leaving be-
hind small portions of size about 3X3um?®. The spatial
separation between the mesas is 100 xm. One of the mesas
was selected by setting a pinhole of diameter 100 pm on the
sample.

In both measurements in the electric field and the mag-
netic field, the PL signal was analyzed using a 50 cm single
monochromator, and then detected by a charge coupled de-
vice camera cooled by liquid nitrogen. The spectral resolu-
tion of the detection system was better than 300 upeV.

III. RESULTS AND DISCUSSION
A. u-PL spectra from a single QD

Figure 1 shows the excitation power dependence of the
w-PL spectra of a single InP QD measured without applying
an external field. Under very weak excitation of less than
P=1 mW/cm? a single sharp PL line denoted by X was
observed at ~1.671 eV. When the excitation power was
shightly increased, a new line XX indicated by the arrow was
observed at the lower energy side of X. The inset in Fig. |
plots the w-PL intensities of the PL lines X and XX by
closed and open circles, respectively.

It is instructive to analyze these results using a simple
rale-equation model. The probability of the formation of an
N-exciton state in a QD can be written as®

/
a!\

fN:N!—(’_H» (3)
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FIG. 1. Excitation power dependence of the u-PL spectra {rom
a single InP QD without an external field. The PL peaks denoted by
X and XX come from confined excitons and biexcitons, respec-
tively. The PL from more than three excitons is observed around
1.685 eV and below the biexciton peak (shaded area). Inset: the PL
intensities fof X and XX lines as a function of the excitation power
density P in uW/cm?® units. The solid curves are fitted by Eq. (3).

where « stands for the exciton generation rate that is propor-
tional to the excitation power P. As shown by the solid
curves, the experimentally observed excitation power depen-
dence of the PL lines X and XX are both well reproduced
using a single parameter «. It is thus concluded that the PL
lines X and XX arise from the radiative decay of single ex-
citons (N=1) and biexcitons (N=2) in their ground states,
respectively, i.e., X line comes from the transition of the
confined exciton |X) to the ground state |0), while XX line
reflects the (ransition from the biexciton state |XX) to the
exciton state | X) (see the schematic drawn in Fig. 1). Since
the exchange interaction in 11-V QDs is very small, the en-
ergy separation of the PL peaks X and XX indicates the
biexciton binding energy Ryyx. In the case of InP QDs, a
typical value of the biexciton binding energy is about 3
meV,” which is a few times larger than that of bulk InP.*
When the excitation power was more than ~ 15 mW/cm?,
the PL intensity of the lower-energy side shoulder of XX
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FIG. 2. Effect of an external clectric field on the p-PL spectra of
the QD shown in Fig. I. The excitation power density is
8 mW/cm?. The offset of cach spectrum along the ordinate shows
the bias applied to the sample. The applied field direction is sche-
matically shown in the inset. With decreasing applied bias, the PL
peaks from excitons (X) and biexcitons (X X) show blue shifts.

became strong (shaded area in Fig. 1). We consider that this
shoulder originates from many exciton states, i.e., the exci-
ton complexes composed from more than three electron-hole
pairs. The PL from the confined excitons in the excited states
was observed at ~1.685 eV, ie., the energy separation be-
tween the ground and first excited states is about 14 meV.
First, the effect of an external electric field on the exciton
and biexciton states was studied using this QD.

B. Quantum confined Stark effect

Figure 2 shows a series of the u-PL spectra of the InP QD
measured by systematically changing an external electric
field. In this figure, the offset of each spectrum along the
vertical direction indicates the applied electric field in mV
units. The field was taken as positive when the field lines
point from the Au contact on the surface to the GaAs sub-
strate (see the schematic shown in Fig. 2). The excitation
power was kept at 8 mW/cm? throughout the experiments.
The PL peak from the biexciton XX is clearly observed as
denoted by the open circles, in addition to the main PL line X
from the exciton.
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FIG. 3. PL peak energics of cxcitons (X, closed circles) and
biexcitons (XX, open circles) as a function of applied electric field.
The thick solid curves are fitted by Eq. (1). The quadratic Stark
coefficient of the biexciton has a 40% larger value than that of the
exciton. When the same value was assumed, a good fit was nor
obtained as shown by the thin dotted line in Fig. 3(a). The thick
dotted curve in Fig. 3(b) is the photocurrent measured under the Ar
laser irradiation of 8 mW/cm®. When the photocurrent is small, the
peak energy shows a quadratic shift with respect to the electric
field, while it shows a linear shift (thin solid line) when the photo-
current is large. The magnification of Fig. 3(b) is shown in Fig.
3(a), where the photocurrent is very small.

The PL spectrum measured under the open circuit situa-
tion was reproduced when the applied bias was about 1000
mV.*!" The distinct blue shifts of the w-PL lines from the
exciton and biexciton were observed with the decrease of the
applied bias. Note that when the applied bias is less than
1000 mV, the electric field through the GagslngsP and InP
layers is negative, i.e., the field lines point from the substrate
to the surface. Further, the PL intensities of the excitons and
biexcitons became weak as the applied bias was decreased.

Figure 3 shows the PL peak energies from the exciton X
and biexciton XX shown in Fig. 2 as a function of the elec-
tric field by closed and open circles, respectively. Figure 3(b)
shows the PL peak energies when the field was changed over
a range wider than that in Fig. 3(a). The photocurrent / mea-
sured under the Ar laser irradiation is also plotted by the
thick dotted curve in Fig. 3(b). Since the photocurrent is zero
when the applied bias is ~ 1000 mV, the valence and con-
duction bands are flat at this point, which is consistent with
the result mentioned above. The photocurrent is very small
between — 17 and 0 kV/em (/] <1wA), while the photocur-
rent abruptly increases outside of this region. When the pho-
tocurrent is large, the influence of the inflow of the carriers
into the QDs from the electrode and the substrate has to be
taken into consideration, which causes the increase of the
sample temperature (Ohmic heating) and the formation of
charged excitons as briefly discussed below. We therefore
discuss the energy shift of the PL peaks lor electric fields
between — 17 and 0 kV/cm as the first step in our analysis.

Figure 3(a) shows the magnification of Fig. 3(b). As
shown by the solid lines, the transition energies E(F) of the
exciton X and the biexciton XX are well fitted by Eq. (1). It

23
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was found that the linear coefficient p has a nonzero value,
which implies the existence of a nonzero permanent dipole
moment in these QDs. In other words, the centers of gravity
of the confined electron and hole wave functions are spatially
separated along the growth direction. We find that p is posi-
tive, i.e., the holes are located near the base of the QD, while
the electrons are distributed above the holes.

We note that the direction of the electron-hole alignment
is consistent with the recent theoretical calculations on InP
QDS“’Z The calculations show that holes tend to be localized
closer to the base of the QD for two reasons: (i) the presence
of the wetting layer at the base that pulls the hole towards it
and (i7) the strain profile in the barrier region above the QD
that shifts the valence band edge to lower energies, pushing
the hole into the base of the QD. On the other hand, the
electron density is more spread out in the QD because of the
lighter mass of the electrons and the dilational strain in the
barrier lowering the conduction band edge in the barrier ma-
terial. Similar results have also been reported for InAs QDs
without indium Segregation‘i‘19 The existence of a nonzero
permanent dipole moment has been experimentally abserved
in exciton states of several kinds of QDs as mentioned
above. However, in most InAs QD samples, the sign of the
dipole moment is opposite from what we observe. It is be-
lieved that the reversal of the electron-hole spatial distribu-
tion in InAs/GaAs QDs is due to nonuniform indium distri-
bution.

From the fittings, we evaluated the permanent dipole mo-
ment p for the excitons to be py=1.0x1072 Cm and that
for the biexcitons 10 be pyy=1.4X 107>% Cm. We note that
in Eq. (1), p indicates the z component (the growth direction)
of the dipole moment

p=2 qiz,

where ¢,= +e¢ for a hole and ¢.= —e¢ for an electron. We
can therefore estimate the electron-hole spatial separation d
=(|z,—zy|) along the z axis to0 be dy=7 A for the
excitons.*? Noting that the observed PL energy for the biex-
citon is the difference between the biexciton and exciton
states (see the schematic drawn in Fig. 1), the dipole moment
of the biexciton state is pyx+px=2.4X 1072 Cm. Again,
from Eq. (4), this corresponds to an average electron-hole
separation of dyx=28 A for the biexcitons. To the best of our
knowledge, this is the first report on a nonzero permanent
dipole moment in a biexciton state.

Regarding the quadratic Stark coefficient 8 for the biex-
citons, the fit was not good when the same value as that for
the excitons is assumed [dotted curve in Fig. 3(a)]. The best
fit was obtained when a 40% larger value than that for the
excitons was employed [solid curve in Fig. 3(a)]. We evalu-
ated the Stark coefficient for the excitons to be By=2.1
X 107* Fem? and that for the biexcilons to be 8x=29
X 1073 Fem?. *

When the electric field is either F<—17 kV/cm or F
>0 kV/cm, a considerable amount of photocurrent flows in
the sample as shown by the dotted curve in Fig. 3(b). The PL
peak X from the confined exciton no longer shows a qua-
dratic energy shift, but shifts linearly with the field. The en-

(4)
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FIG. 4. p-PL spectra of three QDs with and without an applied
electric field. The origins of the abscissas are taken at the PL peaks
of the confined exciton lines X. The lower-energy-side peaks of the
exciton lines come from the biexcitons XX. The energy separations
between the exciton and biexciton lines differ from dot to dot in an
clectric field, reflecting the variation of the quadratic Stark coeffi-
cients. The PL peak energies of the excitons at zero electric field are
(a) 1.671 ¢V, (b) 1715 eV. and (c) 1.652 eV, respectively.

ergy shift becomes large on both sides of the small photocur-
rent region. The larger energy shift is not due to the increase
of the sample temperature because an increase in the sample
temperature results in a redshift of PL peakA43 However, the
PL peak shifts to the higher energy side when the field is F
<—17 kV/cm. Instead. this large energy shift can be ex-
plained as follows: when the photocurrent is large, the prob-
ability of the trapping of the excess carriers into the QDs is
enhanced, where the carriers are supplied from the electrode
and the substrate. The excess carriers form coupled states
with the excitons, resulting in new excitations, namely
charged excitons. Unlike the excitons which are electrically
neutral, the charged excitons are more sensitive to the elec-
tric field. Since the probability of the formation of the
charged excitons is high when the electric field is either be-
low =17 kV/cm or above 0 kV/cm and since the charged
excitons are considered to be sensitive to the electric field,
the energy shift becomes larger than that in the small photo-
current region.

We then investigated the optical responses of the exciton
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FIG. 5. Plots of quadratic Stark cocflicients of cxcitons (X,
closed circles) and biexcitons (XX, open circles) as a function of
the PL peak energies at zero electric field.

and biexciton states using several QDs in the same sample.
Figure 4 shows the w-PL spectra when the field is F
=0 kV/cm (flat band condition) and F=-9 kV/cm. The
sharp main PL peak of each spectrum shown in Fig. 4 comes
from excitons and the small peak observed at the lower en-
ergy side arises from biexcitons. The abscissa shows the en-
ergy shift from the confined exciton state. The PL peak en-
ergies of the excitons are (a) 1.671 eV, (b) 1.715 ¢V, and (¢)
1.652 eV. The spectra shown in Fig. 4(a) were measured
using the QD shown in Figs. 1-3. As mentioned above, the
permanent dipole moment has a nonzero value and the qua-
dratic Stark coefficient of the biexcitons has a larger value
than that of the exciton in this QD. Eventually, the energy
separation between the PL peaks from the excitons and biex-
citons becomes small when a negative field is applied.

The magnitude of the quadratic Stark coefficients of the
excitons and biexcitons differs from dot to dot. For example,
the energy separation of the PL peaks from the excitons and
biexcitons becomes large in some QDs when the negative
bias is applied as shown in Fig. 4(b), while the separation is
almost constant in other QDs as shown in Fig. 4(c).

Figure 5 plots the quadratic Stark coefficients of the ex-
citons and biexcitons examined in several QDs. We found
that in most of the QDs B ranges between 1X 107! and 6
X 107%" Fem?. The PL peak energy reflects the size of QDs.
We note that B measures the polarizability of the QDs apart
from a constant. In very thin quantum wells, Barker and
O’Reilly have theoretically concluded that the polarizability
increases with the width.'” A similar dependence may be
expected in QDs. However, a systematic change with respect
to the PL peak energy (i.e., the QD size) was not observed in
InP QDs within the resolution of our experimental setup. The
fluctuation of the values is probably due to a slight difference
in shape of each QD.*

C. Magnetic and quantum confinement

Figure 6 shows the comparison of the excitation power
dependence of the PL spectra obtained by the (a) macro-
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FIG. 6. Comparison of PL spectra of (a) as grown and (b) mesa
samples under various excitation powers. The square bracket in Fig.

6(a) shows the energy region shown in Fig. 6(b). The state filling -

effect was significant when the excitation power was above
~1 W/em?.

scopic and (b) microscopic methods. For the measurements,
(a) the as-grown sample and (b) the QDs in a small mesa
were used. The bracket of Fig. 6(a) indicates the energy re-
gion shown in Fig. 6(b). In the macroscopic observations, the
state filling effects, i.e., a broadening and a high energy shift
of the PL band, were not observed when the excitation power
density was lower than about 1 W/cm?®. We note that the
excitation threshold of the state filling in the sample shown
in Fig. 6 is higher than that in Fig. 1, because the areal
density of the QDs in Fig. 6 is high. In the w-PL spectra (b),
the number and energies of the PL peaks are the same be-
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FIG. 7. Two examples of the PL cnergy shifts in a magnetic
field. Measurements were performed in the Faraday configuration
(k|z|lB). The shifts in the magnetic field measured for the o po-
larization arc larger than those for the o polarization. The PL
peaks which appear at the lower energy side at zero field show a
large energy shift in the magnetic field.
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FIG. 8. Plots of the PL peaks shown in Figs. 7(a) and 7(b). The
peaks denoted by the open squares were observed for o” polariza-
tion, while those denoted by the closed circles correspond o o
polarization. Note that the maximum values of the ordinates are the
same, 900 peV in both Figs. 8(a) and 8(b). The PL peak energies
are well fitted by Eq. (5) as shown by the solid curves.

tween the excitation powers of 110 and 36 mW/cm?®. This
indicates that most of the PL peaks come from the confined
excitons in the ground state when the excitation power is
below ~100 mW/cm?. The magnetic field effects on the
u-PL spectra were measured under weak excitation of
100 mW/cm?® as a beginning of the magnetic PL study.

Figure 7 shows two sets of the u-PL spectra from two
individual QDs measured under various magnetic field
strengths. The measurement was performed in the Faraday
configuration (k|z||B): the magnetic field B was applied nor-
mal to the sample surface, and the directions k of the photo-
excitation and PL detection are parallel to the magneltic field.
Here z indicates the growth direction. The thick curves are
the u-PL spectra al O T. The upper five curves shows data for
o circular polarization, while the lower five curves corre-
spond to o polarization. Since the photo-excitation was
made above the band gap energy of the Ga,sIngsP matrix,
the polarization of the excitation laser beam caused no sig-
nificant change of the u-PL spectra. The PL peaks show
blueshifts on increasing the magnetic field. In all measured
PL peaks, the energy shift was greater for o* than for o .

The PL peak energies in Figs. 7(a) and 7(b) are plotted as
a function of the applied magnetic field in Figs. 8(a) and
8(b), respectively. The peaks denoted by open squares were
observed for o™ polarization, while those denoted by closed
circles were for ¢~ polarization. We note that the maximum
values of the ordinates are the same, 900 peV in both Figs.
8(a) and 8(b). The PL peaks observed at the lower energy
side show a larger energy shift with the field than those ob-
served at the higher energy side. The PL peak energies are
well fitted by
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FIG. 9. w-PL spectra measured in the Voigt configuration
(kllzL B). The energy shift AL of the PL peak indicated by the
arrow is shown in the inset by the closed circles as a function of the
magnetic field B. The PL peak shows a quadratic shift as shown by
the solid curve.

E(B)=Ey*supg*B+v,87, (5)

where E is the zero-field transition energy, uy is the Bohr
magneton, and g* is the effective g-value of the confined
exciton.”” The coefficient y, of the quadratic term in Eq. (5)
is called as the diamagnetic coefficient, which is the main
interest for the following part of the article.

The magnetic field effect on the u-PL spectra was also
studied in the Voigt configuration (k|jzL B) as shown in Fig.
9. In this measurement, a polarizer was not set in the optical
path because of the weak signal.48 All PL peaks shift to the
higher energy side with the increase of the magnetic field
The energy shift of the PL peak indicated by the arrow
(1.6866 eV at 0 T) is shown in the inset by the closed circles.
Again, the PL peak energies can be well fitted using a qua-
dratic function as shown by the solid curve.

The diamagnetic coefficients evaluated from the experi-
mental results shown in Figs. 7-9 are summarized in Fig. 10.
In the experiments, several PL peaks were examined in the
Faraday (closed triangles and circles) and Voigt (open loz-
enges) configurations. The data denoted by the closed tri-
angles (Faraday configuration) and open lozenges (Voigt

configuration) was measured under weak excitation of

~100 mW/cm?, while those denoted by the closed circles
(Faraday configuration) were measured under strong excita-
tion of ~300 mW/cm?. Some PL peaks appear when the
excitation is slightly increased. The PL peaks denoted by the
closed circles were not observed under weak excitation.
Therefore, these PL peaks observed under strong excitation
may come from the excited states or the ground state with
low PL efficiency. A large difference in the diamagnetic co-
efficients was, however, not observed between the PL peaks
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FIG. 10. Plots of the diamagnetic coefficients y, measured in
the Faraday (closed triangles and cireles) and Voigt (opcn lozenges)
configurations as a function of the PL peak energy 2 at 0 T. The
data denoted by the closed triangles (Faraday umhgumnon) and

open lozenges (Voigt conﬁvumlion) were measured under weak ex-
citation of ~ 100 mW/cm®, while those denoted by the closed
circles (Faraday configuration) were measured under strong excita-
tion of ~300 mW/em?*. The open squares were measured in the
Faraday configuration using QDs grown by mcans of GS-MBE
(from Ref. 32). The dotted curve is a guide to the eyes. Inset: Plots
of the model calculation using Eq. (8). The experimental results
observed in the Faraday (thick curve) and Voigt (thin curve) con-
figurations are qualitatively well reproduced.

that appear under strong and weak excitations. The open
squares were measured using QDs grown by means of gas-
source molecular beam epitaxy ((JS MBE. for details. see
Ref. 32). A systematic decrease of the diamagnetic coeffi-
cient was found with the increase of the detection energy
when measured in the Faraday configuration. In other words,
the diamagnetic coefficient decreases with decreasing QD
size. The diamagnetic coefficient asymptotically approaches
a constant value of ~3 weV/T?. This is almost the same as
the value measured in the Voigt configuration. When the size

of QDs becomes very small, the diamagnetic coefficient
ShOUld finally approach the value of bulk Ga()gln(),P due o
the leakage of the exciton wave function.”” However, the
minimum value of the diamagnetic coefficient obtained in
this study is ~3 weV/T?, which is much smailer than the
diamagnetic coefficient in bulk Gagsln,<P.” Y We thus con-
sider that the small value is due to the strong confinement in
small InP QDs.

In the Faraday configuration (B||z), the magnetic fields
confines the carriers in the x-y plane, while they are confined
in the y-z plane in the Voig ). Therefore,
the diamagnetic coefficient measured in the Faraday configu-
ration reflects the wave function along the lateral direction (x
and y), while that measured in the Voigt configuration re-
flects the wave function along the growth direction z. Due to
the flat shape of the QD, the quantum confinement along the
z direction is stronger than that along the x-y direction, and
thus the exciton wave function is already shrunk significantly
along the z direction even at 0 T. In this case, an additional
confinement by the magnetic field is less effective. This ex-
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plains why the diamagnetic coefficient is smaller when ob-
served in the Voigt configuration.”’
The diamagnetic coefficient can be written as

, (6)

where e, \m, and p are the electronic charge, the effec-
tive exciton size, and the reduced mass, respectively. We
note that the wave functions of the electrons and holes are
assumed to have the same size. The effective exciton size
due to the magnetic confinement can be estimated using this
relationship.

The size dependence of the diamagnetic coefficient in the
Faraday configuration is qualitatively understood as follows.
In a strong confinement regime, the confined exciton energy
E and the QD radius R have the relation

h2m?
E=Eg+ ——
2

_ )
2uR”

where Eyp is the band gap energy of the bulk InP (Ey
=1.42 eV at liquid helium temperature®®) and the second
term is the confinement energy. In Eq. (7), the shape of the
QD is assumed to be spherical for simplicity. The effective
exciton radius is considered to be comparable with the QD
size. Thus, we finally obtain the relation

. ()
T E-Ey
with a=(hen/dp)®. In the case of InP, a=17
X 107% eVHT? is obtained when we use m,,=0.56m, (1,
is the free electron mass) for the heavy hole and m,
=(.08m, for the conduction electron to estimate the reduced
32

exciton mass,’”
1 P!
= —+—] .
“ My, M,

Despite the simplicity of this model, it explains our experi-
mental results in the Faraday configuration very well, as
shown by the thick curve in the inset in Fig. 10. The diamag-
netic coefficient 7y, gradually decreases as the observation
energy E increases, which is consistent with the experiment.

)
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Further, since the height of the QDs is about a quarter of the
base diameter,** the diamagnetic coefficient when measured
in the Voigt configuration is expected to be four times
smaller than that in the Faraday configuration. Based on this
model, the calculated result of the diamagnetic coefficient in
the Voigt configuration is also shown by the thin curve in the
inset in Fig. 10. Again, the agreement between the experi-
ment and the model is fairly good. Therefore, we conclude
that the gradual reduction of the diamagnetic coefficient with
the QD size reflects the decrease of the effective exciton size
due to the strong quantum confinement in the QDs.

IV. SUMMARY

We have studied the optical properties of the InP QDs in
the presence of external electric and magnetic fields. The
quantum confined Stark shifts of both the exciton and biex-
citon states were clearly observed. The quadratic Stark coef-
ficient was evaluated to be of the order of 107%' Fem?, and it
varies slightly from dot to dot. It was found that the energy
separation of the PL peaks between the exciton and biexciton
states changes with the applied bias, reflecting a small dif-
ference of the Stark coefficient of these states. We find that
the exciton and biexciton states have a nonzero permanent
dipole moment. The average spatial separation of the elec-
tron and hole wave functions along the growth axis was
evaluated to be about 7 A for excitons and 8 A for biexci-
tons. We also found that the holes are located closer to the
base of the QDs compared to the electrons. The experimental
results are consistent with reported theoretical calculations.

Zeeman splitting and diamagnetic shift of the excilon
state were also clearly observed by the magnetic PL mea-
surements of single InP QDs. We found that there is a sys-
tematic decrease of the diamagnetic coefficient with decreas-
ing size of the QDs. The diamagnetic coefficient measured in
the Voigt configuration was small compared to that measured
in the Faraday configuration. We concluded that the gradual
reduction of the diamagnetic coefficient with the QD size
reflects the decrease of the effective exciton size due to the
quantum confinement.
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The paper reports on quantum beats observed in the photoluminescence kinetics of a single layer of the InP
self-assembled quantum dots in a magnetic field. It is found that the beats arise only after removal of excess
charges from the quantum dots by an external electrical bias. The quantum beats are shown (o be related to the
interference of the excitonic fine-structure states split by the magnetic-ficld. The dependences of the beat
characteristics on the magnetic-field strength and orientation are studied. Theoretical analysis based on a model
spin Hamiltonian has allowed us to describe adequately the shape of the oscillating component of the signal.
We have determined the values of the clectron g-factor components and estimated the spread and the mean
value of the hole g factor, as well as of the electron-hole exchange splitiing parameters.

DOI: 10.1103/PhysRevB.66.235312

I. INTRODUCTION

Spin dynamics of carriers and excitons in the low-
dimensional semiconductor heterostructures attracts nowa-
days a particular interest in view of potential feasibility of
the logic and computer memory elements based on the ef-
fects of optical spin orientation.'™ The most promising, in
this respect, are the structures with quantum dots (QD’s)
whose spin states are characterized by a high stability.* The
main drawback of such structures is a large inhomogeneous
broadening of their energy states, resulting from a strong
spread of the QD parameters. The inhomogeneous broaden-
ing hampers getting information about spin-related structure
of the excitonic states (fine structure) and makes impossible
analysis of the spin dynamics. The inhomogeneous broaden-
ing can be eliminated using the single QD spectroscopy
technique.5’7 This technique, however, provides information
about individual QD’s rather than about the ensemble as a
whole.

An efficient way to determine the ensemble-averaged
fine-structure parameters is considered to be detection of the
quantum beats (QB’s) associated with interference between
the spin states. This method is attractive due to its ability to
detect small splittings (fractions of meV) hidden within in-
homogeneously broadened excitonic transitions. The quan-
tum beats technique is widely used for studying the fine
structure and Zeeman splitting in quantum wells and
superlattices.*'?

One could expect that the QB technique may be also suc-
cessfully applied to studies of QD’s. Indeed, there are several
publications where the QB’s in QD’s were observed. But
these observations were made only under specific experi-
mental conditions. In particular, in the absence of the mag-
netic field, the beats between the exciton fine-structure states,
split by the anisotropic exchange interaction, were observed
in Ref. 16. Another example is the QB’s between the fine-
structure sublevels of the negatively charged exciton
(trion).'7 Besides, the beats related (o the free-electron spin
precession in a transverse magnetic field were detected in

0163-1829/2002/66(23)/235312(9)/$20.00
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Refs. 14 and 15. At the same time, no information about the
QB’s between the Zeeman sublevels of the excitonic states in
QD’s is available in the literature.

Unul recently, the reasons why observation ol the spin
beats in QD’s are hampered were obscure. As a rule, the
absence of the QB’s is associated with a great spread of the
Zeeman splittings in the inhomogeneous ensemble of QD’s.
In our opinion, however, there is one more, perhaps not less
important, reason related to the fact that QD’s in most struc-
tures are charged. This circumstance was pointed out by
many authors.”®7"2 Even the presence of a single excess
charge drastically complicates the excited-state fine
structure.'” As a result, the polarized light excites several,
rather than only two, sublevels split by the magnetic field. In
this case, the beats at different frequencies interfere and the
oscillations of the resulting signal virtually vanish, which
was observed experimemally.]7 So, observation of the QB’s
on the fine-structure Zeeman components is possible only in
the ensemble of neutral QD’s.

In this paper, we report on a study of kinetics of resonance
photoluminescence (PL) of the InP QD’s in a magnetic field.
We have found that discharging the initially charged QD’s by
an external electric field, indeed, gives rise to strong QB’s.
Polarization characteristics of these beats differ from stan-
dard characteristics of the beats in the excitonic Zeeman dou-
blet. The frequency of the beats was found to be dependent
on the magnetic-field orientation. A theoretical analysis of
the experimental data performed with the use of a model spin
Hamiltonian has allowed us to identify the fine structure of
the excitonic states in the system under study, to determine
the longitudinal and transverse components of the electronic
g factor, and to estimate the spread of the hole g factor and
electron-hole exchange interaction parameters.

II. EXPERIMENTAL DETAILS

We studied a heterostructure with a single layer of the InP
QD’s sandwiched between the Ing sGay 5P barrier layers. The
sample was grown by the gas source molecular-beam epitaxy

©2002 The American Physical Society
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FIG. 1. (a) PL kinetics in the circular co-polarization for different biases applied to the top surface of the sample, indicated against each
curve. B=2 T,0=40°,AE¢, 4., =44.5 meV. The dashed line shows fitting of the smoothly varying background by function (2) with the
parameters 7,=2.8 ps, 7p, =456.6 ps. (b) Oscillating part of the PL signal normalized to /, (noisy curve) and its fitting by formula (1) (thick
gray line). (¢) PL spectrum of the QD’s. The arrows show the photon energies for the exciting and detected light spaced by the Stokes shift
AEg ores - Geometry of the experiment is shown schematically in the inset. (d) Dependence of the beat amplitude /,,,,,(0) on the bias (open
squares) and the fitting by the function y=yu{l —erf[(U—Up)/(0.6AU)]} (solid line), where U,p=Uy,— AU, Uy=-02V, AU
=0.22 V, and erf(x) is the error function. The values of the parameters U, and AU are taken from Ref. 17.

on an n¥ GaAs substrate. Details of the growth procedure
and sample characterization are given in Refs. 21-24. The
areal density of the QD’s is about 10! cm™2. The average
base diameter of the QD’s is =40 nm and the height is
~35 nm. To control the charge of the QD’s, the sample was
provided with a semitransparent indium tin oxide Shottky
contact on the top surface and an Ohmic contact on the other
one. The thickness of the undoped epitaxial layers, to which
the electric voltage was applied, was about 0.5 um.

In kinetic studies, the luminescence was excited by 3-ps
pulses of a Ti:sapphire laser within the PL band (quasireso-
nant excitation) as shown in Fig. 1(c). The PL kinetics was
measured with a time resolution of 6 ps using a 0.25-m sub-
tractive double monochromator and a streak camera. The
measurements were made in a cryostat with a superconduct-
ing magnet in the fields up to 7 T. The design of the cryostat
allowed us to excite the sample and to detect its emission
either along the magnetic-field direction (the Faraday con-
figuration) or across the field (the Voight configuration). The
PL was detected in the backscatiering geometry as shown in
the inset of Fig. 1. To study the beats at different angles &

between the growth axis z of the structure and direction of

the magnetic field B, the sample was rotated around the ver-
tical axis.

1. EXPERIMENTAL RESULTS

As has been shown experimentally, the PL pulse shape in
a magnetic field is strongly affected by the applied bias. At
zero and positive bias, the shape is smooth while at negative
bias, the PL kinetics exhibits pronounced intensity oscilla-
tions as shown in Fig. 1{a). The oscillating part of the signal
[hears can be determined by subtracting the smoothly varying
background /, from the total signal /p, and normalizing to
Lo pugs=Up,—1)/1,. The oscillations can be well ap-

proximated by a simple equation,

Dears{ ) = pou (0)exp(— 1/ T)cos(wi), (1)

as shown in Fig. 1(b). Here, /,,,,(0), @, and 7 are the
amplitude, frequency, and decay time of the oscillations, re-
spectively. :

The background can be approximated by the function

1=1lo[exp(—t/7p,) —exp(—1/7,)]. 2

The parameters 7, and 7p; characterize the PL rise and de-
cay times, respectively. The PL rise is related to relaxation of
the hot photogenerated carriers to the radiative energy level.
This process was studied in detail in Ref. 23. The PL decay
results from radiative recombination of the electron-hole
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pairs and nonradiative loss of the excitations. At negative
bias, the nonradiative loss is due to the hole tunneling pro-
cess as shown in Ref. 23.

The analysis of the experimental data has shown that the
oscillation frequency as well as the oscillation decay time do
not depend on the applied voltage. At the same time, the
oscillation amplitude /,,,,(0) rapidly increases with in-
creasing negative bias beginning from Uy=—0.15 V, while
at Uy<—0.5V the growth of the amplitude is saturated [see
Fig. 1(d)]. We attribute this behavior of the oscillations to
variations in the QD’s charge state.

The InP QD’s grown on the n-doped GaAs substrate are
known to be usually chargedAZO The presence of the charges
is related to the fact that the lowest electronic level of the
QD’s is positioned below the Fermi level of the doped sub-
strate. Application of a negative voltage to the top surface of
the sample removes the excess carriers from the dots and
thus renders them neutral *>*2 The magnitude of the voltage
at which most dots become neutral depends on the mean size
of the dots and equals, in the structure under study, U,;,,
<—0.5V."7 As seen from Fig. 1(d), the oscillation ampli-
tude becomes the greatest exactly at this voltage. Such a
correlation between the beat amplitude and the charge state
of the QD’s allowed us to conclude that observation of the
QB’s in a magnetic field is possible only for QD’s with no
excess charge. The presence of a finite interval AU, in which
the value of /,,,,,(0) increases, is likely to be caused by a
spread of heights of the potential barriers in the QD’s
ensemble.”

We studied behavior of the oscillations in different experi-
mental conditions. The results of the study have shown that
the oscillations are observed under excitation within or
above the PL band of the QD’s and under PL detection with
the Stokes shifts, AE ¢ 1p» UP 10 AE g 20,=70 meV. The
oscillation frequency does not depend on the exciting photon
energy and slightly decreases with decreasing photon energy
of the detected PL. At the same time, the oscillation ampli-
tude essentially depends on the Stokes shift between the PL
and exciting light frequencies. The most intense oscillations
are observed at the Stokes shift AEg,,..,=45 meV, which
corresponds to the energy of the longitudinal optical (LO)
phonons in the InP QD’s.>* All the data presented below are
obtained for this value of the Stokes shift. The spectral de-
pendence of the oscillation amplitude is discussed in detail
elsewhere *®

Polarization characteristics of the oscillations appeared to
be rather curious. It was found (see Fig. 2) that the most
intense oscillations were observed under circularly polarized
excitation with detection of the PL in the same polarization
(co-polarized PL). Almost no oscillations were observed in
the cross-polarized PL. Under the linearly polarized excita-
tion, the oscillations in kinetics of the linearly co- and cross-
polarized PL have the same phase. Their frequency coincides
with that in circular polarization, but their amplitude is sub-
stantially smaller. [t is noteworthy that the antiphase oscilla-
tions in the linear co- and cross- polarized PL, typical for the
QB’s of split Zeeman sublevels,*?” were not observed in our
experiments.
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FIG. 2. PL kinetics in different polarizations (indicated against
each curve). Symbols || and L denote the co- and cross-linear po-
larizations, respectively; o and o denote circular polarization of
the right and left helicities, respectively. In the case of circular
polarization the first symbol denotes polarization of the excitation
and the second the PL polarization. Experimental conditions arc B
=2 T, 6=40°, AE=45 meV, and U,,;,,=—0.75 V.

To identify the nature of the oscillations, we studied the
effect of the magnetic-field strength and orientation on the
shape of the oscillations. Figure 3 shows dependence of the
oscillations on the magnetic-field strength. One can easily
see that an increase in the field is accompanied by an in-
crease in the frequency of the oscillations. Fitting the oscil-
lating part of the signal by Eq. (1) has allowed us to find that,
in the range of 1-4 T, the oscillation frequency is directly
proportional 1o the field strength as shown in Fig. 3(b). In the
fields below 1 T, the period of the beats becomes longer than
the decay time, and the oscillation frequency cannot be de-
termined.

The behavior of the oscillations versus the magnetic-field
orientation is found to be highly unusual. In the Faraday
configuration (#=0°), typical for observation of the Zee-
man splitting in low-dimensional structures,**"* the oscilla-
tions are totally absent both in the linear and circular polar-
izations. Deviation of the magnetic field from the z axis is
accompanied by appearance of the oscillations [see Fig.
4(a)]. Within the range of the angles 20°<#<60°, the os-
cillation amplitude virtually does not depend on the angle,
while at higher @, the amplitude substantially decreases. The
oscillation frequency essentially increases with increasing
angle 6, i.e., with increasing transverse component of the
magnetic field, as shown in Fig. 4(b).

Since the oscillations described above are observed only
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FIG. 3. (a) PL kinetics for different values of the magnetic field
(indicated against each curve) for §=60°. (b) Dependence of the
oscillation frequency (in energy units) on the magnetic-field
strength for two different angles €. The symbols are the experimen-
tal data and solid lines are the theoretical fits.
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FIG. 4. (a) PL kinetics at different angles € (indicated against
each curve), B=2 T. (b) Dependence of the oscillation frequency
(in cnergy units) on the angle & for three values of the magnetic
field. Symbols are the experimental data and solid lines arc the
theoretical fits.
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in the presence of a magnetic field, it is naturally to ascribe
them to quantum beats between components of the excitonic
fine structure split by the magnetic field. For analysis of the
experimental data, we use the theoretical model of the exci-
tonic fine structure, presented in the next section.

IV. FINE-STRUCTURE MODEL
A. Spin Hamiltonian

We analyzed characteristics of the fine-structure compo-
nents using a theoretical model of the spin Hamiltonian of
the electron-hole pair in a magnetic field similar to that pre-
sented in Refs. 28-30. Within the framework of this model,
the Hamiltonian of spin states of the electron-hole pair in a
bulk material can be presented in the form

H, =H,+H,+H (3)

The first term, H,, describes the Zeeman splitting of the
electronic states:

e—h-

H,=ppg, 2 S.iBi. 4
150,00

where wp is the Bohr magneton, g, is the electron g factor,

and S, ; and B; are the Cartesian components of the electron

spin and magnetic field, respectively. The second term. H,,,

in Eq. (3) describes Zeeman splitting of the hole states:

Hy=—ng 2 (kJyi+qJ;)B,, (5

=Xz

where k and ¢ are the Zeeman splitting constants and J, ; is
the i component of total angular momentum of the hole. The
last term in Eq. (3), H,.,, describes exchange interaction
between the electron and hole spins:

Ha—h:7 E (a‘/h.iSz'.iJrb‘/i,i‘sz'.i)' (\6)

[=x,v.2

Here, a and b are the spin-spin coupling constants.

In the InP-type semiconductors, the ground excitonic state
is formed by an electron with the spin §,= % and a hole with
the total angular momentum /,=3. The size quantization
along the growth axis z realized in the quasi-two-
dimensional systems (quantum wells and superlattices) is ac-
companied by splitting of the hole state into the light hole
(LH) (J,.==1%) and heavy hole (HH) states (J, -=*3).
The value of the splitting substantially exceeds typical Zee-
man splittings in magnetic fields used.”" This allows one to
independently analyze the fine structure of the LH and HH
excitons. As a rule, in the low-dimensional structures, the
lowest energy state is that of the heavy hole. For this reason,
the analysis presented below is restricted to the fine structure
of the electron-HH pair or HH exciton.

The spin Hamiltonian of the HH exciton can be reduced
10 the fairly simple form?

E [#B(gf‘ise,i_glz,iglui)Bia CiSv.iglui]v (7

[=xy.z

H, =

ex

12-4
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where §, is the effective spin of the hole with the compo-
nents = % corresponding to the components J, .= %%, g, ;,
and g, ; are the components of the electron and hole g fac-
tors, respectively, and ¢; is the spin-spin coupling constant.
The relation of the quantities g, ; and ¢; with the coefficients
k, g, a, and b [see Egs. (5) and (6)] is given by the formulas:

gh,:: _3k:“27Q:/4;

gnx=3qJ20  84y,=3q,/2;

c.==3a,~27b.t4; ¢, =3bJ2 ¢, =3b/2.

In the framework of the model under consideration, the
eigenstates of the excitonic fine structure are characterized
by projections of the total angular momentum of the exciton
J=S§,+Jy upon the quantization axis. Accordingly, the states
of the HH exciton {¢;} can be denoted as [+1), |—1),
[+2), and |—2). In conformity with the selection rules, the
optical transitions into the states with J.=*1 are allowed.
The transitions into the states with J.= %2 are totally for-
bidden. The set of the states {@;} specifies a basis of matrix
representation of the HH-exciton spin Hamiltonian. In the

—

[ = (g(‘.:jl—g},:)COS I
“pB 0

H1‘+Hh:HZ(‘<'mun: ~ g sin 6
2 o

2n.Sin b

where @ is the angle between the z axis and direction of the
magnetic field B. In Eq. (9), we used the coordinate system
in which B, =Bsin6,B,=0,B.=B cos 0.

The Hamiltonian matrices (8) and (9) contain a large
number of uncertain parameters: three components of the
exchange splitting, &, ,. two components of the electron g
factor, g,.. and g, ., and two components of the hole g fac-
tor, g, - and g, .. To reduce the number of independent pa-
rameters, we use several approximations based on our ex-
perimental data.

It was noted above (see Fig. 3 and comments therein) that
the beat frequency is proportional to the magnetic-field
strength. This may occur only when the Zeeman splitting, in
the range of the magnetic field employed, substantially ex-
ceeds the exchange one. Therefore we can neglect the ex-
change splitting assuming that &,,,=0.

We can additionally simplify the spin Hamiltonian by as-
suming a strong anisotropy of the hole g factor in the system
under study, g, ->g, .. This approximation is used by most
authors who analyze Zeeman splitting of exciton spins in
semiconductor heterostructures.’”** Thus, in the analysis of
the beat frequency, we assume that g, .=0.

In the framework of the above approximations, the
Hamiltonian matrices (8) and (9) contain only three free pa-
rameters g, ., g,., and g, .. The energies of the Zeeman
components can now be calculated analytically:

(8o
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absence of the magnetic field, the matrix of the HH-exciton

spin Hamiltonian is determined only by the exchange inter-
action and can be represented in the form

S, & 0 0

116 6y O 0 g
H,. == , 3
P2l 0 =8 5 ®
o 0o &5 =6
where  §y=—c¢./4, & =—(c,+c )4, and 5= —(c,
—c,)/4.

The matrix of the Zeeman part of the Hamiltonian can be
simplified by assuming axial symmetry of the g factor. Note
that, for the shape of the QD’s under study. the value of the
g factor is controlled mainly by confinement along the
growth axis. For this reason, asymmetry of the confinement
in the plane of the QD’s should not noticeably affect the
Zeeman splitting. For axial symmetry, the Zeeman part of the
Hamiltonian has the form

0 g..8in 0 gpasin 0
LHgdeosd g, sind go.8in0
. O
g,,“\.sin 0 (gz'.:—gh.:)cos 0 0 ( )
gosinl 0 (g, .= 8pn.-Jcos d
f
HpB .
Eja34=2 5 [gn.:cos 0= (g; cos™0+g; sin*60)""]
(10)
The sign **— inside the brackets corresponds to the states

with energies £ and £, and the sign "+ to the states with
energies £y and Ey.

The expressions for the wave functions obtained in an
explicit analytical form are too cumbersome to be presented
here.

B. Quantum beats and fine structure

Before using the expressions obtained in the previous sub-
section for theoretical analysis of the experimental results,
we have to determine what particular states of the excitonic
fine structure are responsible for the observed beats. There
are two types of beats that can be observed in the states of
the HH exciton split by the magnetic field:"?

(i) The beats between sublevels of the optically active
doublet, which are revealed as antiphase oscillations of the
PL intensity in the linear co- and cross polarizations;

(ii) The beats between the bright and dark sublevels
mixed by transverse component of the magnetic field.

We start the discussion with the beats of the second type
because the beats in our experiments were observed only in

235312-5
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tilted magnetic fields, i.e., in the presence of the transverse
component of the field (see Sec. HI).

1. Beats between the bright and dark sublevels

The transverse component of the magnetic field mixes
states with different projections of the angular momentum,
which makes transitions into optically inactive (dark) states
partially allowed. In QD’s, this effect was observed in Ref.
28. As follows from the Zeeman Hamiltonian matrix (9), the
state ¢; is mixed with the state ¢3, and the state ¢, with @4.
As a result, the circularly polarized light will simultaneously
excite two components of the fine structure. In the absence of
the spin relaxation, polarization of the PL from these com-
ponents will reproduce polarization of excitation, and the PL
intensity will oscillate with the frequency determined by the
energy difference between these components. Thus under the
o* polarized excitation the beats between the states ¢, and
@3 will show up, while under the ¢~ polarized excitations,
the beats between the states ¢, and ¢4. In both cases, the
beats should appear in the co-polarized PL.

The circular cross-polarized PL may appear only after the
excitonic spin-flip process occurs.® Since the spin flip com-
pletely destroys the spin coherence, the beats of the above
type cannot be observed in the cross-polarized PL.

The whole set of the features mentioned above (the pres-
ence of the beats in the circular co-polarized PL, their ab-
sence in the cross-polarized PL, and the necessity of the
transverse component of the magnetic field) is present in the
beats we observed (see Sec. 111). Thus we can conclude that
these beats are really related to the interference between the
bright and dark states. The frequency of the beats is deter-
mined, in this case, by the energy difference between the
relevant Zeeman components, i.e., by the quantity

hw=E,—Ey=pupB(g. cos?0+g’ sin’6)'"

(1
Equation (11) contains only longitudinal g, . and transverse
g, components of the electron g factor. Partial contributions
of the components depend on the tilt angle §. This makes it
possible to unambiguously determine these components from
the experimental data. For comparison with the experiment,
we calculated dependences of the QB’s frequencies, ob-
served in the o* polarization, on the angle 6, and magnetic-
field strength. The calculations were made using expression
(11), with the quantities g, . and g, . regarded as fitting pa-
rameters. The results of the comparison of the theory and
experiment are shown in Figs. 3(b) and 4(b). As is seen, one
set of the parameters (g, ,=0.53 and g, ,=1.43) allows us
to describe well all the experimental dependences.

An attempt to refine the model with allowance for the
isotropic component of the exchange splitting &, has not
been successful. It was found that introducing the exchange
coupling §,=<30 weV practically did not affect the results of
the calculations. At greater &, the agreement between the
calculated and experimental dependences was rapidly wors-
ening. Based on these facts, we concluded that the exchange
coupling energy in the structure under study does not exceed
30 meV.
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2. Splitting of the bright doublet

The experimental fact of absence of the beats between the
bright doublet components in a longitudinal magnetic field
(see Sec. 111) needs to be specially discussed. It immediately
follows from the spin Hamiltonian (8) that the longitudinal
magnetic field splits the optically active doublet (J,=%1)
into two components E, and E,, with the splitting deter-
mined by the longitudinal component of the exciton g factor,
8.:=8..1t8n, AE=pupBg,.. The coherent excitation of the
split states with the linearly polarized light should give rise
to quantum beats in the polarized PL at a frequency of w
= §E/f. Such beats are easily observed in the experiments
with the GaAs quantum wells.”"® :

The main reason for the absence of the beats in our case
is, most likely, a large spread of the splittings of the bright
doublet in the QD’s ensemble. The spread may be predomi-
nantly caused by the spread of the longitudinal components
of the excitonic g factor. Indeed, according to the experimen-
tal data for single InP QD’s obtained in Ref. 7, the spread of
the longitudinal g factor is very large and makes up Ag.
==*0.5.

A result of the spread of the splittings should be destruc-
tive interference between the beat signals {from different
QD’s. At small spread, such an interference leads to accel-
eration of decay of the beat signal (reversible dephasing).** If
the spread substantially exceeds the mean value of the split-
ting, the beats cannot be observed and the degree of polar-
ization of the PL decays smoothly in time. For the Gaussian
spread of the splittings, the spread of the beat frequencies dw
and the decay time 7 are connected by a simple relationship:
Sw=2/7. In our experiments, we indeed observed the
smooth decay of the degree of linear polarization in the lon-
gitudinal magnetic field. The decay time in the field B
= 1.5 T makes up approximately 20 ps, which corresponds
to the spread Ag_~0.7. This value is comparable with the
one given in Ref. 7. The absence of the beats means that the
mean value of g ., in our sample, is significantly smaller than
the spread, i.e., (g,)<0.7.

Thus, due to the large spread of the excitonic g factor, the
beats between the Zeeman components of the bright doublet
are not observed. At the same time, this spread does not
prevent from observing the beats between the dark and bright
states, described in the previous section. This apparent para-
dox can be easily explained with allowance for the fact that
the splitting between the dark and bright components is con-
wrolled by the electron g factor only [see Eq. (11)], whereas
the splitting of the bright doublet is determined by the sum of
the electron and hole g factors. Hence it follows that the
spread of the electron g factor in the QD’s under study is
rather small and the main contribution to the spread of the
excitonic g factor is made by the hole g factor. The reason
for such a large spread of the hole g factors calls for further
investigation.

C. Oscillation amplitude

The calculations fulfilled in the framework of the spin-
Hamiltonian model has allowed us to determine not only the
frequencies but also the whole shape of oscillations of the
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polarized PL in the magnetic field. To describe the shape of

the oscillations, we calculated the time-dependent matrix el-
ements of optical transitions from the relevant states of the
fine structure.

The eigenfunctions of the spin-Hamiltonian in a magnetic
field of arbitrary orientation are linear combinations of the
basis functions {@;}={]+ 1), |=1), [+2), and | =2)}:

4
‘/’1:2 a;je;j- (12)
i=

The expansion coefficients a;; can be found by solving the
stationary Schrodinger equation with Hamiltonian (8) and
(9). The coherent pulsed excitation creates, at the initial mo-
ment, a linear superposition of the states ¢;, whose subse-
quent evolution is described by the equation

4

W(1)= > Coexp(—iEtlh) ;. (13)
i=1

Here, Cy; are the time-independent coefficients whose val-
ues are determined by the initial conditions of excitation.

In accordance with the selection rules for optical transi-
tions, the o™ polarized light excites each of the eigenstates
; in proportion with the admixture of the basis function
|+ 1). The mixing is determined by the coefficients a;; with
Jj=11inEq. (12), so that the relationship Cy;=a is fulfilled.

The PL intensity in the o polarization /7, is proportional
to the matrix element of the optical transition squared:

L= [ (W (n)]d]0)]?, (14)

where d is the dipole moment operator and |0) is the ground
state of the system. From Egs. (13) and (14) and the expres-
sion for the coefficients Cy; given above, we obtain the fol-
lowing expression for the PL signal {to within a constant
factor):

4 4 E—F
L=l 423 JoaPleleos| 520 )
i i<k

The first sum in Eq. (15) describes the smooth component of

the signal /,. [t does not contain any time dependence since
the model we use does not take into account relaxation pro-
cesses. The oscillating part of the signal is described by the
second sum in Eq. (15). In the framework of the above ap-
proximations, the only nonzero coefficients in this term, for
the o™ polarized excitation, are a,; and as, .

Thus the expression for the beats intensity /,,,, (see defi-
nition in Sec. 1) can be reduced to the form

4
E,—E,

ZRE 1051!21ak1‘2903< 7 Af)

i<k

exp(—1/7).

lhmm: )
E lailI4
(16)

The amplitude factor R is introduced (o take into account the
loss of coherence in the process of relaxation of the photo-
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FIG. 5. Quantum beats in the InP QD’s in a magnetic field of

B=4"T. The noisy curves are the experiment and the thick gray
lines are the calculations.

generated electron-hole pairs to the radiative energy level
In addition, Eq. (16) contains a phenomenological exponen-
tial factor that takes into account the decay of the beats.
Equation (16) allows us to determine the Zeeman splittings
E;— E, and decay constant 7 from the experimental data.

Analyzing our experimental data, we have found that the
beat decay rate 1/7 depends on orientation of the magnetic
field. An increase in the angle 4, i.e., a growth of the trans-
verse component B, is accompanied by an increase in the
beat decay rate. This effect is most likely to be related to the
presence of a small transverse component g, . of the hole g
factor. As follows from the spin Hamiltonian (9), the trans-
verse component of the magnetic field, al a nonzero g, .,
admixes each bright state to the both dark states, rather than
only to one of them. As a result, the beats arise at several
frequencies. The interference of these beats is revealed as a
decay of the main harmonic. Since the value of the admix-
ture is proportional to the square of the transverse component
of the magnetic field, this effect should be observed only at
large angles 6.

Figure 5 shows an example ol comparison of the experi-
mental data with the results of calculations for the angles 8
<60° and magnetic field B=4 T. The calculations were
made using formula (16) with allowance for an additional
mixing of the states due o nonzero gy, ,. The value g,  was
used in the calculations as one more fitting parameter. It has
been found that the best agreement with the experiment is
achieved at g, =0.1. [t is important that all the experimen-
tal data obtained in the whole range of the magnetic-field
strengths and for the angles 8<<60° can be well fitted using
one set of the parameters: g, ,=0.53, g, =143, R=0.8,
and 7=40 ps. It should be emphasized that the estimated
value of the x component of the hole g factor g,  is small
with respect to the electron g factor. Therefore this compo-
nent virtually does not affect the beat frequency.
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A good agreement it is worth noting between the calcula-
tions and experimental data in spite of a limited number of
parameters. A certain discrepancy between the calculations
and experiments is observed only at the initial moment
(<10 ps). This is probably related to the error of modeling
of the smooth background upon extracting the beats from the
total signal. 3

It is surprising that the value R is rather large. It means
that about 80% of the coherence produced by the excitation
is conserved after relaxation of the electron-hole pair to the
radiative energy level. In this respect, the situation in the
structure with quantum dots under study essentially differs
from that in quantum wells, where, according to Ref. 13, the
energy relaxation by more than 20 meV is accompanied by
complete loss of the hole spin orientation. In our case, it is
probably highly important that the relaxation occurs with
emission of an LO phonon, and such a process is very fast.
The relaxation with emission of acoustic phonons conserves
a much smaller fraction of the coherence.?

The above set of the parameters makes it possible to ad-
equately describe the shape of the oscillating signal at the tilt
angles up to <60°. At larger angles, the oscillation ampli-
tude sharply decreases (see Sec. 1) and, to obtain agreement
with the experiment, one has to significantly change the am-
plitude factor R. The reason for this effect invites further
studies.

The proposed theory, as a whole, describes adequately the
behavior of the beat amplitudes and {requencies at different
values and orientations of the magnetic field. At the same
time, a few questions remain open, calling for further re-
search. First of all, the great difference between components
of the electron g factor, (g, —g...)~0.9, is fairly unusual.
This value in quasi-two-dimensional heterostructures lies, as
a rule, in the range of 0.1-0.2.%3% On the other hand, the
value g, . we obtained practically coincides with that of the
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electronic g factor in the bulk InP.*7 Therefore we have to
admit strong suppression of the longitudinal component of
the electron g factor in the InP QD’s.

One more curious fact is that the exchange splitting in the
structure under study is rather small, 6,<30 weV. Our esti-
mate of &, swrongly differs from the value §,=100 ueV
found experimentally for the negatively charged exciton,
trion, at the same QD’s.!” Such a strong difference between
the exchange coupling in trion and in neutral exciton calls
for special theoretical analysis.

V. CONCLUSIONS

In this study, we observed quantum beats between Zee-
man components of the fine structure of electron-hole pairs
in the InP quantum dots. This proved to be possible after
removal of excess charges upon application of negative elec-
tric bias to the top surface of the sample. It was found that
the beats show specific polarization characteristics and de-
pend in a nontrivial way on the magnetic-field orientation.
Analysis of the experimental data within the framework of
the spin-Hamiltonian model has allowed us to consistently
explain the observed phenomena and to quantitatively de-
scribe the shape of the quantum beats signal. As a result, we
have determined the values of the transverse and longitudinal
components of the electron g factor (g,.=0.53 and ¢, .,
=1.43) and estimated the exchange coupling (&,
<30 peV). Based on the analysis of the experimental data,
we came 10 the conclusion about a considerable spread of the
hole g factor (Ag,=0.7) and about nonzero value of the
transverse component (g, ,~0.1) of the hole g factor.
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Luminescence quantum beats of strain-induced GaAs quantum dots
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Quantum beats of the strain-induced GaAs quantum dots were observed in the time-resolved photolumines-
cence in the magnetic field parallel and perpendicular to the growth direction. Quantum beats observed under
the longitudinal magnetic field are caused by quantum interference of bright excitons showing Zeeman split-
ting. The oscillation period depends on the angle between the growth direction of the crystal and the magnetic
field. Analysis based on the spin Hamiltonian for excitons explains the observed data and gives g factors 0.51,
0.17, and 0.34 to the exciton, electron, and heavy hole, respectively. Quantum beats coming from electron
Larmor precession were observed under the transverse magnetic field. The isotropic electron g factor is
observed in contrast to the anisotropic electron g factor for the corresponding quantum well and is ascribed to
the strain-induced opposite energy shift of heavy- and light-hole bands.

DOI: 10.1103/PhysRevB.68.035333

L. INTRODUCTION

The semiconductor quantum dots (QDs), artificial atoms,
have quantized energy levels characterized by orbital and
spin angular momenta similar to atomic levels. Long optical
coherence of exciton and spin in semiconductor quantum
dots is expected to apply to quantum computation and quan-
wm information processing.! Spin coherence time is known
to be much longer t7han exciton coherence time in bulk and
quantum structures.>* Further, carrier spin relaxation is ex-
pected to be greatly suppressed by quantum confinement.*
Nevertheless, study of spin-relaxation time and spin struc-
tures in quantum dots is still in the elementary stage. There-
fore, new knowledge on the spin structure and the spin dy-
namics becomes important. Static and transient optical
orientation, magneto-optic spectroscopy, spin-flip Raman
scattering, and quantum beats have given us valuable infor-
mation on spin-dependent energy levels of bulk and quantum
well (QW) semiconductors. Especially, quantum beats are
known to be an efficient method for studying a fine energy
structure and spin dynamics of carriers in semiconductors’
because they are not limited by the spectral resolution and
hence give us finest energy splitting and because they also
give us lower limit ime of coherence between spin-split sub-
levels.

Quantum beats in semiconductor quantum structures
under the magnetic field have been reported. Time-resolved
pump-and-probe measurement revealed the electron and
hole g factors in quantum wells.® In the time-resolved lu-
minescence measurement, quantum beats were observed un-
der the resonant excitation of quantum wells.”’ Time-
resolved luminescence revealed hole spin quantum beats.®
Although many observations of quantum beats have been
reported in quantum wells, the observations of quantum
beats for quantum dots are limited.”!* This is ascribed to the
large inhomogeneous broadening in the ensemble of quan-
tum dots.

The utilization of stress caused by lattice mismatch
between different semiconductors is an ideal method for
fabrication of well-characterized quantum dots. Quantum
dots are formed in a single quantum well by the stress modu-
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lation from the self-assembled islands fabricated on the sur-
face. Self-assembled islands cause tensile strain perpendicu-
lar to the growth direction and therefore, the potential
energies of the conduction band and valence band form ad-
ditional harmonic potential wells laterally in the quantum
well layer. Almost equally spaced quantum energy levels are
observed and the formed quantum structures are calied
strain-induced quantum dots."*™!7 The strain-induced quan-
tum dots have homogeneous size distribution in the growth
direction and no defect at the interface. They have well-
characterized quantum energy levels which are suitable for
the precise optical study. In this paper we report the first, to
the best of our knowledge, observation of two kinds of quan-
tum beats coming from the Zeeman splitting of bright exci-
tons and electron Larmor precession in strain-induced quan-
tum dots.

II. SAMPLES

The samples were grown by metal organic vapor phase
epitaxy at 60 Torr on semi-insulating GaAs (001) substrates.
Single GaAs-Al,3;Gay7As quantum wells were grown. The
thickness of the GaAs quantum well is 3.9 nm in one sample
and 4.8 nm in another sample. The Al,3Gag,As top barrier
layer was 9.6-nm thick. After the growth of the single quan-
tum well, a 2.4-nm GaAs cap layer was grown. Finally, InP
islands were formed by depositing four monolayer InP as
stressors. The islands were ~90-nm wide and ~16-nm high.
The areal density of the islands was ~3X10° cm™2. An
additional sample consisting of single quantum wells 2.4-nm,
4.8-nm, and 9.6-nm thick without InP stressors was also
grown for the measurement of the well-width dependent g
factor of the electron.

II. PHOTOLUMINESCENCE AND
PHOTOLUMINESCENCE EXCITATION SPECTRA

Photoluminescence (PL) spectrum of the sample whose
GaAs well width is 3.9 nm, excited at 2.33 eV by using a
continuous-wave (cw) Nd“:YVO4 laser is shown in the
bottom panel of Fig. 1. The luminescence located at 1.64 eV
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FIG. I. Bottom panel: Photoluminescence (PL) spectrum of

strain-induced GaAs quantum dots excited at 2 K with a cw -

Nd**:YVO, lascr. The GaAs well width is 3.9 nm. Middle panel:
Circularly polarized photoluminescence excitation spectra. The de-
tected energy is set to the first excited state of the quantum dots,
which is obtained from the luminescence measurement. Vertical
scale is expanded by ten times between 1.60 ¢V and 1.64 eV. The
closed (open) circles show the same (opposite) circular polarization
as that of the excitation laser. Top panel: Degree of circular polar-
ization p,. of photoluminescence excitation spectrum.

is attributed to heavy-hole exciton recombination in the
GaAs quantum well without modulation by stress. In the
lower-energy region around 1.60 eV, the luminescence from
strain-induced quantum dots is observed. In the figure, QD!
and QD2 denote the PL bands of the first and second excited
states of dots, respectively, whose luminescence nonlinearity
was reported previously\'7 The energy separation between
the first and second excited states of dots is 16 meV which
was also seen clearly in the nonlinear luminescence.!” Circu-
larly polarized photoluminescence excitation (PLE) spectrum
was measured to specify the energy states of the dots more
precisely. A tunable cw Ti:sapphire laser was used as an ex-
citation source and its intensily was kept constant by an
acousto-optic modulator. Circularly polarized light was made
by a linear polarizer and a quarter-wave plate. The lumines-
cence components of the same circular polarization as the
excitation laser (™) and its opposite (o) were selectively
measured by using another quarter-wave plate and a linear
polarizer placed in front of a 1-m double monochromator.
The luminescence intensity was measured by a liquid-
nitrogen-cooled charge-coupled-device camera by changing
the wavelength of the excitation laser.

The circularly polarized PLE spectra are shown at the
middle panel of Fig. 1. The detected energy 15 set to the peak
of the QD1 band (1.597 eV). Several structures are observed.
The energy of the second excited state of the dots, QD2 in
the bottom panel, agrees with the absorption structure QD2

PHYSICAL REVIEW B 68, (35333 (2003)

in the middle panel and QD3 denotes the absorption by the
third excited state of the dots. There is a sharp peak at 1.632
eV. The energy difference between this peak and the detected
energy position is 35 meV which is equal to the longitudinal
optical (LO) phonon energy of GaAs. Therefore, the origin
of this peak is the luminescence through one LO-phonon
relaxation. The peaks at 1.653 eV and 1.680 eV correspond
to heavy-hole (HH) exciton and light-hole (LH) exciton in a
quantum well, respectively. Clear difference is detected for
o and o luminescence. The degree of circular polariza-
ton p.=ly,+=1,-Y(,++1,-) is as much as 0.4 at the
LO-phonon peak, as is shown in the top panel of Fig. I.
When the HH state was excited, p.. is 0.5, the highest value.
When the LH state was excited, p,. is negative and is —0.05.
Based on the selection rule for the absorption and lumines-
cence transitions by circularly polarized light,m negative po-
larization at the LH exciton of the quantum well and positive
polarization at the HH exciton of quantum well show that
quantum dot state is composed of the HH state while de-
crease of p, from 0.5 to 0.4 at the quantum dot state may
contain the LH state of the quantum well.

IV. EXCITON QUANTUM BEATS IN THE LONGITUDINAL
MAGNETIC FIELD

The sample was mounted in a cryostat with a supercon-
ducting magnet at 5 K for the magneto-optic study. The di-
rection of an external magnetic field is along the epitaxial
growth direction. For the measurement of time-resolved pho-
toluminescence, 2-ps pulses from a mode-locked Ti:sapphire
laser were used for the excitation at the repetition rate of 82
MHz. The excitation and detection paths were along the
magnetic field (Faraday configuration) and in opposite direc-
tions. The excilation pulses were linearly polarized. The lu-
minescence components with linear polarization parallel (|])
or perpendicular (L) to that of the excitation laser were
selected by a half wave plate and a linear polarizer. The
luminescence was dispersed by a 25-cm  subtractive-
dispersion double monochromator and detected by a syn-
chroscan streak camera. The typical time resolution of the
system was ~ 10 ps.

The excitation energy was carefully selected based on the
PLE spectrum in Fig. 1. When the excitation energy is above
the quantum well, the luminescence intensity of the QDI
band is high and most of quantum dots show luminescence,
as is shown by a solid line in the inset of Fig. 2. This con-
dition is not favorable for observation of the quantum beats
because luminescence of quantum dots is inhomogeneously
broadened. When the excitation energy is below the quantum
well, the luminescence intensity of QD1 is reduced, because
the light absorption by a selected ensemble of quantum dots
is much weaker than the light absorption either by a quantum
well or by a thicker barrier layer. However, in this case,
narrow-band picosecond pulses site selectively excite an en-
semble of quantum dots of almost the same size. The fast
LO-phonon-mediated relaxation makes sharp sideband lumi-
nescence of site-selectively excited quantum dots. In the Far-
aday configuration, luminescence was detected at £y, under
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FIG. 2. Time-resolved photoluminescence profiles of strain-
induced GaAs quantum dots (well width=3.9 nm) with co- and
cross-linear polarization at 0 T and 6 T. The solid curves (circles)
show the co-(cross-)linear polarization component of luminescence.
The inset shows selectively excited luminescence spectrum (circles)
and luminescence spectrum excited above the barrier (solid line).
E. and £y, show the excitation and detection energies for time-
resolved  photeluminescence measurements (dotted arrows). The
difference of these energies corresponds to the LO phonon.

the excitation at the QD1 energy plus the LO-phonon energy,
En=Eg tho o (see the inset in Fig. 2).

Time traces of luminescence under magnetic field of B
=0 T and B=6 T are shown in Fig. 2. The solid trace was
measured at parallel linear polarization. The trace plotted by
circles was measured at perpendicular polarization. At B
=0 T. the polarization decay time 15 about 15 ps. The pho-
toexcited electron-hole pairs immediately relax o the QDI
state by emitting LO phonon, and then they recombine. The
intensity of parallel linear polarization component corre-
sponds to the number of carriers that conserve the polariza-
tion memory in the LO-phonon relaxation. The difference of
two curves shows that the initial degree of linear polarization
p;=Uy—1 )/ (Iy+1,) is ~0.2. When a magnetic field is ap-
plied, a damping oscillation structure appears upon the decay
profile. The parallel component at B=6 T decreases faster
than that at B=0 T and is followed by damped oscillations.
Still more dramatic changes were observed on the perpen-
dicular linear component. After the quick rise around !
~12 ps, the remarkable oscillation appeared. The parallel
and perpendicular linear polarization traces are antiphase and
they coincide after 60 ps. Excitataion by circular polarization
did not induce the oscillation of luminescence. These polar-
ization selection rules for the observation of the oscillation in
the Faraday geometry suggest the quantum beat of bright
excitons.” Linearly polarized light which is the superposition
of right-handed and left-handed circularly polarized light ex-
cites both of the Zeeman-splitted bright excitons coherently
and the quantum interference of the bright excitons shows
quantum beat. Another excitonic quantum beat between
bright exciton and dark exciton is observed for co-linear and
co-circular polarization under the magnetic field tilted from
the longitudinal direction and does not hold true in the ob-
served quantum beat here.'?

The degree of linear polarization was analyzed by varying
the magnetic field. For the analysis, degree of linear polar-
ization was fitted by formula p,=exp(—t/7)sin(wt), where w
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FIG. 3. Upper pancl: The observed Zeeman splitting (closed
circles) of strain-induced GaAs quantum dots (well width=3.9 nn)
as a function of magnetic ficld B. The well-fitted straight line shows
that ¢ factor is 0.51. The insct shows temporal change in the degree
of linear polarization at B=06 T (open circles) and a fiting damped
oscillation (a solid curve) with 27/w=24 ps and 7=20 ps. A scheme
shows optical transitions between Zeeman components of electrons
and heavy holes composing the QD1 state. Lower panel: The angu-
lar dependence of the Zeeman spliting of strain-induced GaAs
quantum dots at B=06T (diamond) and its fiting by
ppB(0.34 cos 6+0.17). The insct shows the degree of polarization
at #=20° and 6=60°. Fitted damped oscillations have parameters
27 w=24.3 ps and 7=30 ps, for 6=20° and parameters 27/w=234.5
ps and 7=24 ps, for 6=60°.

means the angular frequency of the oscillation and 7 means
its damping time constant. The fitted result is displayed in
the inset of the upper panel of Fig. 3 for the magnetic field of
B=06 T. The solid curve is the fitted function with 27/w=24
ps and 7=20 ps. The period of the beats decreased with
increasing magnetic field. The energy splitting corresponding
to inverse of the beat period is proportional to the magnetic
field, as is shown in the upper panel of Fig. 3. The obtained
splitting is much smaller than the laser linewidth (0.7 meV).
From the absolute value of splitting and its linear depen-
dence on the magnetic field, the beat is attributed to the
quantum interference of bright excitons caused by the Zee-
man splitting and the g factor of bright excitons in the quan-
tum dots is determined to be 0.51.

Further, the beat period was investigated in the Faraday
configuration as a function of the angle between the mag-
netic field and the growth direction, as is shown at the lower
panel of Fig. 3.

If the electron-hole exchange energy is much smaller than
the electron Zeeman spliuing,w the spin Hamiltonian of the
electron-heavy-hole pair in the GaAs qunatum structures un-
der a magnetic field gives the simple expression for the en-
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ergy splitting of bright excitons, £, —E,=AE,,, represented
by

AEu:,uBB(g;,“ cos 6+ \/gzﬁcosz@-kgglsinz 8), (1)

where gy (g,)) is the g factor of the hole (electron) for the
magnetic field parallel to growth direction, g, is the g factor
of the electron for the magnetic field perpendicular to the
growth direction, and 6 is the angle between the direction of
magnetic field B and the crystal growth axis, under the as-
sumption that g, is much smaller than g, . The assumption
is verified for the GaAs quantum well,® where |g,, | is mea-
sured to be 0.04 and is comparable to 1/50 of g, . Because
anisotropy is very large in GaAs quantum well, relation
&n1 gy 1s expected to hold for the strain-induced GaAs
quantum dots where the lateral size is much larger than the
height. As is shown in the following independent experiment
in the Voigt configuration, electrons in the strain-induced
GaAs quantum dots have isotropic g factor g, and Eq. (1) is
simplified to be AE ;= ugB(gy) cos 6+g,). By using the ex-
pression, the angle dependence of the energy spliting is well
fitted, as is shown in the lower panel of Fig. 3. Here, we
assumed that the lowest QD1 band mainly comes from
heavy-hole exciton luminescence. The g factors for exciton,
electron, and hole obtained are 0.51, 0.17, and 0.34, respec-
tively.

V. ELECTRON QUANTUM BEATS IN THE TRANSVERSE
MAGNETIC FIELD

Another type of quantum beats of the strain-induced
GaAs dots coming from the electron Larmor precession was
observed not only for the site-selective excitation of quantum
dots but also for the excitation at the quantum well absorp-
tion in the Voigt configuration. The co- and cross-circular
polarization components were selected by using a quarter-
wave plate and were detected by the same experimental sys-
tem that was used in the Faraday configuration. Under the
high magnetic field above B=5 T, the periodic oscillation
appeared in the time trace, as is shown by the bottom traces
(QD 0°) for strain-induced GaAs quantum dots (well width
=3.9 nm) in Fig. 4. Here, the circularly polarized laser pulse
excited the quantum dots and the LO-phonon sideband lumi-
nescence in the QD1 band was observed. The crystal-growth
axis is perpendicular to the direction of the magnetic field
and is parallel to the direction of the incident laser light. In
the Voigt configuration, #' denotes the angle between the
crystal-growth axis and the direction of the incident laser
light. Because of the circular polarization selection rule for
the observation of the oscillation in the Voigt configuration,
the periodic oscillation was thought to be originated from the
quantum beat of electron Larmor precession. The electron
Zeeman splitting AE 40 is given by

AE{*()":gt'L/‘LlBB' (2)

We estimated g,, o be 0.17 by equating the oscillation
period 0 27h/g,, upB. The positive sign of this value is
determined by knowing that the well-width dependent g fac-
tor of electrons discussed in the following and that the elec-
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FIG. 4. Luminescence quantum beats of strain-induced GaAs
quantum dots labeled by QD (well width=3.9 nm) and a GaAs
quantum well labeled by QW (well width=2.4 nm) coming from
electron spin precession observed in the Voigt configuration for
#'=0° and 45° at B=8 T. Solid and dashed lines show co- and
cross-components of circular polarized luminescence.

tron g factor monotonously increases with the decrease of the
volume ratio of GaAs in GaAs-AlGaAs quantum structures
from the electron g factor of -0.44 in bulk GaAs.*' "> Value
g, nicely agrees with the electron g factor obtained in the
Faraday configuration. The periodic oscillations were also
observed in the luminescence time trace of the quantum well,
as is typically shown by the second top traces (QW 0°) for a
GaAs quantum well (well width=2.4 nm) in Fig. 4. The
oscillation period for the quanwm well was found to be
shorter than that for the quantum dots in the same sample,
although the quantum dots are formed in the quantum well
by the strain. These results clearly show that g, =0.17 for
the quantum dots is smaller than g,. =0.225 for the quantum
well in the same sample whose GaAs well width is 3.9 nm.

For the measurement of the electron g factor parallel to
the sample growth direction (g.y). the crystal was rotated by
45°. The luminescence oscillations observed in this geometry
are shown by the top traces (QW 45°) and the second bottom
traces (QD 45°) in Fig. 4. Compared with the oscillation
period observed at 6 =0°, the oscillation period observed at
¢ =45° is longer for the quantum well. On the other hand,
the oscillation period does not change between 8 =45° and
¢'=0° for the quantum dots. When the crystal is rotated o
¢ =45°, the electron Zeeman splitting is given by22

AE 5= upB(g ?*'é’ii)/z (3)

2
S ef
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FIG. 5. Well-width dependence of the electron g factor in strain-
induced GaAs quantum dots and GaAs quantum wells. Electron g
factors gy and g, were derived from quantum beats of electron
Larmor precession for two angles between the magnetic-field and
the crystal-growth direction, # =0° and ¢ =45°, in the Voigt con-
figuration. Circles and triangles represent g, and gy of electrons in
quantum wells, respectively. Samples having two kinds of dots and
three kinds of single quantum wells are used for the experiments.
Diamonds represent g factor of electrons in quantum dots. Solid
lines show calculated gy and g, of electrons in a single quantum
well in the Kane model (Ref. 21).

From the measured oscillation period at §' =45°, g,’s of
quantum dots and a quantum well in the sample were derived
by using Eq. (3) and the g,. s of elecurons in quantum dots
and a quantum well from the measured oscillation period at
§'=0° The g,4’s of quantum dots and a quantum well in the
sample were 0.17 and 0.09, respectively, for the sample
whose well width is 3.9 nm. The g, is equal to the g,, In
quantum dots, although g, and g,, of a quantum well were
different from each other. This indicates the isotropic g factor
for electrons in dots, in spite of anisotropic g factor for elec-
trons in the well in the same sample. Isotropic g factor for
electrons in dots was also observed in another strain-induced
GaAs quantum dots formed in the GaAs well 4.8-nm thick.
In two kinds of strain-induced GaAs quantum dots 3.9-nm or
4.8-nm high, electron g factors in dots are average values of
g and g, of electron in the same quantum wells, although
g.yand g, of electron in the quantum wells strongly depend
on the well width, as is shown in Fig. 5. Electron g factors of
GaAs quantum wells increase from a negative value 1o pos-
tive ones with the decrease in the well width. The observed
well-width dependence agrees well with the previous
reports.zz"24 The observed well-width dependence is well in-
terpreted by the k-p perturbation theory."

Anisotropic g factor of electrons in quantum wells has
been investigated extensively.”® Its expression is given by
the k+p perturbation theory and the physical origin for the
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anisotropic g factor of conduction electron comes from the
different optical selection rule for heavy hole to electron and
light hole to electron transitions.?' Anisotropic g factors of
cog?uction electron in GaAs quantum wells are described
by~

2

2P Y 3 1
my |Eq+tEq+Ey  E,E +Ey )

el —-g(’H:

4

where p, is the ransition mauix element between the va-
lence band and the conduction band, m is the bare electron
mass, E, is the band-gap energy, and E,,, E;;,;, and £y,
are size-quantized energies of electron, heavy hole, and
light hole, respectively. The calculated anisotropic g factor
for electrons in quantum wells nicely explains the observed
anisotropy. The anistropy is reduced if quantized energy
of heavy hole and that of light hole approach each other in
Eq. (4).

Strain effect on quantum wells can be analyzed by using
the deformation potentials. The tensile strain formed by InP
stressors on the Aly;Gag;As surface causes hydrostatic de-
formation potential (2/3)8E,, o the conduction electron,
hydrostatic deformation poleniinl (1/3)8E,,, minus shear de-
formation potential (1/2)8E,, to the heavy hole, and hydro-
static deformation potential (1/3)8E),, plus shear deforma-
tion potential (1/2)5E, o0 the light hole.”® As a result, (wo-
dimensional parabolic potential well is formed laterally in
the well for electron, heavy hole, and light hole, and poten-
tial wells for light hole and heavy hole approach to each
other. Based on parameters listed in Ref. 26, ratio
S8E,./1SE, is calculated to be 2.18. From the observed red-
shift of the energy of strain-induced quantum dots from the
energy of the heavy-hole exciton peak of the quantum well,
OE, . — (1/2)SE,, is evaluated to be 43 meV. Therefore,
5E,,'\. and SE, are obtained to be 55.8 meV and.25.6 meV,
respectively. Although the energy splitting between heavy
hole and light hole in the quantum well 15 27 meV which is
seen at the middle panel of Fig. 1, the reduction in the energy
splitting in strain-induced quantum dots is estimated to be
SE,=25.6 meV. We believe the isotropic g factor for the
electron in the strain-induced GaAs quantum dots comes
from the partial overlapping of the heavy-hole band and the
light-hole band split once in the quantum well by the quan-
tum confinement effect. Further study may be necessary (o
confirm the partial overlapping of the heavy-hole band and
the light-hole band in the strain-induced GaAs quantum dots.
In a spherical GaAs quantum dots, theory predicted the iso-
ropic g factor for the electron.®® This is another possible
explanation of the isouropic g factor for the electron in the
strain-induced GaAs quantum dots. However, we cannot
simply use this theory because the shape of strain-induced
GaAs quantum dots is far from the sphere and because the
vertical confinement is much stronger than the lateral con-
finement. We consider this is a possible explanation but
strain effect is much plausible in the strain-induced GaAs
quantum dots. This problem needs further study.
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VI. CONCLUSIONS

In summary, two kinds of luminescence quantum beats of
the strain-induced GaAs quantum dots were observed in the
magnetic field parallel and perpendicular to the growth di-
rection. Quantum beat of bright excitons showing Zeeman
splitting and quantum beat coming from electron Larmor
precession were observed. The oscillation period in the quan-
tum beat of bright excitons observed under the longitudinal
magnetic field depends on the angle between the growth di-
rection of the crystal and the magnetic field. Analysis based
on the spin Hamiltonian for excitons explains the observed
data and gives g factors 0.51, 0.17, and 0.34 to the exciton,
electron, and heavy hole, respectively. Quantum beats com-
ing from electron Larmor precession were observed under
the transverse magnetic field. The isotropic electron g factor

PHYSICAL REVIEW B 68, 035333 (2003)

1s observed in the dots in contrast to the anisotropic electron
g factor for the corresponding quantum well and is ascribed
to the strain-induced opposite energy shift of heavy- and
light-hole bands. The quantum beats give us unique and fine
information on not only spin structure but also energy struc-
ture of quantum dots.
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Longitudinal optical phonons in the excited state of CuBr quantum dots
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The size dependence of the longitudinal optical (LO) phonons in the excited state of CuBr quantum dots
(QD’s) in glass and NaBr crystals in the intermediate confinement regime was studied by means of persistent
spectral hole burning spectroscopy. The phonon-exciton coupled states were clearly observed at a photon
energy of about 2.993 eV when the LO phonon energy is closc (o the energy difference between the ground 1§
and excited 1 P states of CuBr QD’s in glass. The energies of the LO phonons observed in smaller CuBr QD's
in glass and NaBr crystals were determined to be about 18.6 and 17.6 meV, respectively, which are smaller than
that of LO phonons in the bulk CuBr material. The energy softening of the LO phonons was explained in terms

of the phonon renormalization.

DOI: 10.1103/PhysRevB.68.113305

The elementary excitations of small quantum dots (QD’s)
containing a few hundreds of atoms are expected to modify
the lattice vibrational frequencies due to the carrier confine-
ment and resulting strong exciton-phonon interaction similar
to the lattice vibrations in the excited state of many mol-
ecules and localized centers in solids.! The modification of
the vibrational frequency in the electronic excited state of
small-sized QD’s is so unique that the QD’s show a charac-
teristic of the molecular nature. Recently, the energy soften-
ing of the longitudinal optical (LO) phonon by 8% was ob-
served in persistent spectral hole burning (PSHB) and
resonant photoluminescence spectra of 2.5-nm-radius CuCl
QD’s. typical QD’s in the weak confinement regime.”™ In
contrast to the 25.6-meV LO phonon in the ground state
observed in Raman scattering and resonant photolumines-
cence spectra, a 23.5-meV LO phonon was observed in the
excited state of CuCl QD’s in glass by means of PSHB and
resonant photoluminescence. The exciton-phonon coupled
states were clearly observed as a result of strong Frohlich
interaction both in quantum spheres and quantum cubes
when the energy of the LO phonon is close to the energy
spacings between the ground and excited exciton quantum
states.>* The LO phonon softening in the excited state of
CuCl QD’s was also observed by means of quantum beats in
the time domain® and two-photon-excited resonant lumines-
cence in the spectral domain.® Theoretically, the energy soft-
ening was described in terms of the phonon renormalization
in the presence of a single exciton in spherical QD’s.”*” The
theory predicted further the LO phonon renormalization in
the excited QD’s not only in the weak confinement regime
but also in the strong confinement regime.®®

Besides CuCl QD’s.”™'* CuBr QD’s are another typical
class of semiconductor nanomaterials for studying the quan-
tum confinement effects of the exciton translational
motion'*""" and cataloged to the intermediate confinement
regime on the basis of the ratio of the dot radius to the Bohr
radius. LO phonon modes in the CuBr bulk material and
QD’s have been extensively studied by Raman scattering and
site-selective luminescence spectra.'8™> Up to now, the size-
dependent excited states of the Z, 5 excitons in CuBr QD’s
have not been studied yet. Fortunately, the PSHB phenom-

PACS number(s): 68.65.~k, 63.22.+m, 61.46.+w, 71.35.—y

therefore it provides a sensitive site-selective tool for study-
ing the size-dependent exciton states and phonon modes as
well as the formed exciton-phonon coupled states in CuBr
QD’s.

In this Briel Report, we extend the study ol phonon soft-
ening 0 QD’s in the intermediate confinement regime {rom
QD’s in the weak confinement regime. We study in detail the
LO phonons and exciton states for CuBr QD’s embedded in
glass and NaBr crystals in the weak and intermediate con-
finement regimes by means of PSHB spectroscopy. We suc-
cessfully found the mixing of the LO phonon with exciton
when the energy of the LO phonon approaches the energy
spacings between the ground and excited states for CuBr
QD’s in glass and the energy softening of LO phonons ex-
perimentally for CuBr QD’s in glass and NaBr crystals.

Samples used in the experiment were CuBr QD’s embed-
ded in glass or NaBr crystals. The average size of the QD’s
was estimated by small-angle x-ray scattering (SAXS) and
transmission electron microscopy (TEM).Y The samples
were directly immersed in superfluid helium at 2 K in an
optical cryostat. A narrow-band dye laser pumped by the
third harmonics of the output of a Q-switched Nd**: YAG
laser (355 nm) was used as a pump source. The pulse dura-
tion and repetition rate were 5 ns and 30 Hz, respectively.
The spectral linewidth was about 0.014 meV. A halogen lamp
was used as a probe source. The PSHB spectrum was mea-
sured as follows: First, the absorption spectrum was obtained
and the sample was exposed to dye laser pulses to burn a
persistent spectral hole at excitation energy. Then, the ab-
sorption spectrum was measured again after the laser expo-
sure was stopped. The absorption spectral change —ad is
defined as the difference between the spectra before and after
the laser exposure. The transmitted light of the samples was
detected by a liquid-nitrogen-cooled charge-coupled device
in conjunction with a 75-cm spectrometer involving a 1800-
grooves/mm grating operated in the first order of diffraction.
The spectral resolution of the experiment for PSHB spectros-
copy was about 0.3 meV.

Quantum size effect on the Z; 5 exciton in CuBr QD’s was
observed in independent works, although the size depen-
dence of the Z,, exciton in CuBr QD’s in glass, alkali ha-

enon has been observed in CuBr nanocrystals,*™** and  lides, and polymers are slightly different from each
0163-1829/2003/68(11)/113305(4)/$20.00 68 113305-1 ©2003 The American Physical Society
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FIG. 1. Absorption (a) and PSHB spectra (b) of CuBr QD’s in
glass. The average radii for samples 1, 2, and 3 are 10.5, 5.0, and
2.4 nm. The excitation energies for spectra A, B, C, D, E, F, G, H,
I, and J are 3.0094, 3.0130, 3.0167, 3.0203, 3.0242, 3.0388, 3.0463,
3.0537, 3.0916, and 3.1073 eV, respectively. The excitation density
is 100 nJ/cm? and the exposure time is 5 min. The solid and dotted
lines in (b) represent the energies of the LO phonons in the ground
and excited states of the excitons in smaller CuBr QD’s.

other.” ™7 We investigated the size dependence of the Zis
exciton in CuBr QD’s?” and the relation is very close to that
reported for CuBr QD’s in glass,'” which is phenomenologi-
cally  described by a  relaion'’  E, ;=E,
+h2mPEL J(2MR?)+ AR, where E;=2.964 eV is the Z,,
exciton energy of a bulk CuBr crystal at 2 K, M=2.6 my, is
the translational mass of the Z,, exciton, R and ay are the
dot and the Bohr radius, ¢, ; is the nth root of the spherical
Bessel function of the /th order,'™!" and A is a factor. Theo-
retical treatment of QD’s in the intermediate confinement
regime shows that weak confinement model holds for the
condition R>4ay. On the simple weak confinement model,
the size dependence of the energy spacing between the exci-
ton states 15 and 1P in spherical CuBr QD’s was simply
estimated to be equal to the quantized energy of 1S. In the
following, we used this model because the anticrossing be-
tween LO phonon and 1S5-1P energy split takes place in the
large size region, K>4ay.

The absorption and PSHB spectra of CuBr QD’s in glass
are shown in Figs. 1(a) and (b) at 2 K. As seen in Fig. 1(a),
in comparison with the Z, 5 exciton energy of the bulk CuBr,
by decreasing the size of the QD’s, the absorption band of
CuBr QD’s in glass is shifted to the high-energy side due to
the quantum confinement effect. Further the exciton absorp-
tion band of bigger CuBr QD’s in glass is found to be split
into two peaks probably due to the strain effect. It is clearly

PHYSICAL REVIEW B 68, 113305 (2003)

noted that the Z, , exciton absorption band of CuBr QD’s is
inhomogeneously broadened. This shows that the discrete
nature of the exciton states and phonon modes is hidden
under the inhomogeneously broadened absorption profile of
the CuBr QD’s due to the wide distributions in size and
shape.

As seen in Fig. 1(b), a sharp main hole marked by M with
asymmetric acoustic-phonon sidebands is burnt resonantly at
the excitation energy. The energy of the LO phonon hole for
smaller CuBr QD’s was estimated to be about 18.6 meV. The
energies of the LO and transverse-optical (TO) phonons in
the bulk CuBr material are 21.1 and 17.0 meV, respectively,
which were measured by Raman scattermg.'g Recently, by
resonant Raman sca[tering,lc”‘22 the energy of LO phonon in
the CuBr QD’s in glass was measured to be 20.3 meV, which
was almost the same as that of the bulk CuBr crystal. The
energy of the LO phonon side bands for small 2.4-nm-radius
CuBr QD’s in glass was found to be lower than that of the
bulk CuBr crystal by 2.5 meV (12%). The LO phonon soft-
ening observed in CuBr QD’s by the PSHB spectroscopy is
considered as the LO phonon renormalization in the presence
of a single exciton in spherical QD’s, in analogy with the LO
phonon softening observed in CuCl QD’s.>"® Phonons ob-
served in the PSHB spectroscopy are unique, because it se-
lectively probes the optical phonons in the electronic excited
states as a pseudophonon wing at low temperatures.” On the
other hand, resonant luminescence observes the optical
phonons both in the eiectronic excited states and in the elec-
tronic ground state, and Raman scattering observes the opti-
cal phonons in the electronic ground state. The PSHB spec-
troscopy is superior to others. As seen in Fig. 1(b), a satellite
hole marked by E, was observed in the PSHB spectra of
larger size dots. The Stokes shift of the satellite hole is al-
most equal to half of the energy separation between the ex-
citation photon energy and the bulk Z,, exciton energy. It
becomes small gradually when the dot size increases. Thus
the satellite hole is considered to come from the hole burning
of the ground state (15) under excitation of the first excited
state (1P) of the quantum confined excitons in the nearly
spherical CuBr QD’s.

Figure 2 shows the Stokes shifts of the LO phonon and
satellite hole E, as a function of the photon energy of the
satellite holes. As seen in Fig. 2, the holes E; and LO be-
come close to each other when the dot size is increased.
When the LO phonon energy of CuBr QD’s in glass ap-
proaches the energy difference between the 1S and 1P ex-
citon states, the LO phonon energy clearly shows an anti-
crossing with the Stokes shift of the hole E, at an energy of
about 2.993 eV. We consider 1P excilon states can be ex-
cited and relaxed to 1§ exciton state with the emission of LO
phonon (/=0), because CuBr QD’s are not perfectly spheri-
cal as shown in the TEM image. An anticrossing of the pho-
non energy with the energy separation between ground and
excited state excitons is clearly observed in Fig. 2. The ex-
perimental result indicates that the interaction of the LO pho-
non with the exciton in CuBr QD’s in glass results in the
formation of the exciton-phonon coupled modes at exciton-
phonon resonance, which is similar to those observed in
CuCl QD’s.>™® On the other hand, as seen in Fig. 2, the
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FIG. 2. Stokes shifts of the satellite holes E; (solid circles) and
LO (solid squares) in CuBr QD’s in glass as a function of photon
energy of the satellite holes. The solid line shows the size depen-
dence of the energy difference between exciton states 15 and 1P.
The dashed lines represent the energies of LO and TO phonons in a
bulk CuBr crystal, respectively. The open squares and triangles
show the energies of LO and TO phonons in CuBr QD’s in glass,
which were measured by Raman scattering (Refs. 19-22).

energies of LO phonons measured by PSHB spectroscopy
are clearly smaller than those of LO phonons obtained by
Raman scattering.'"~%

The absorption and PSHB spectra of CuBr QD’s in NaBr
crystals are shown in Figs. 3(a) and (b) at 2 K. Unlike CuCl

©
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FIG. 3. Absorption (a) and PSHB spectra (b) of CuBr QD’s in
NaBr crystals. The average dot radii for samples | and 2 are 9.5 and
3.0 nm. The excitation energies for spectra A, B, C, D, E, F, and G
are 3.0020, 3.0094, 3.0167, 3.0241, 3.0690, 3.0766, and 3.0843 eV,
respectively. The excitation density is 100 nJ/cm® and the exposure
time is 3 min. The solid and dotted lines in (b) represent the ener-
gies of the LO phonons in the ground and excited states of the
excitons in smaller CuBr QD’s.
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FIG. 4. Stokes shifts of the satellite holes L, (solid circles) and
LO (solid squares) as a function of photon energy of the main hole
structures. The solid line represents the energy spacing between the
exciton states 15 and 12 in different sized CuBr QD's. The dashed
lines show the LO and TO phonon energies in the bulk CuBr crys-
tal. The open squares and circles show the energies of LO and TO
phonons in CuBr QD’s in NaBr crystals, which were measured by
the site-selective luminescence.

QD’s in NaCl crystals. ™" no clear oscillatory fine structure
is observed in the absorption spectra of CuBr QD’s in NaBr
crystals. As seen in Fig. 3(b), many satellite holes are ob-
served not only at the low-energy side but also al the high-
energy side of the main hole M. The Stokes shift of the sharp
LO phonon hole in CuBr QD’s in NaBr crystals was deter-
mined to be about 17.6 meV, which is lower than the LO
phonon energy in the bulk CuBr (21.1 meV) by 3.5 meV
(17%) but larger than the TO phonon energy. As seen in Fig.
3(b), hole L, is a dominant satellite hole in the PSHB spec-
tra. The Stokes shifts of the satellite holes L, and LO as a
function of the photon energy of the satellite holes are plot-
ted in Fig. 4. The Stokes shift of the hole L, is considered as
the energy difference between the ground (15) and excited
(1P) states of the quantum confined exciton in CuBr QD’s.
If the energy of the LO phonon energy is close to the energy
difference, the LO phonon is expected to mix with the ex-
cited state of the exciton, which should lead to the formation
of the exciton-phonon coupled states. However, we have not
observed the anticrossing behavior in large-sized CuBr QD’s
in NaBr crystals because we cannot distinguish many over-
lapped satellite and phonon holes. The exciton-phonon
coupled states were clearly demonstrated only in CuCl QD’s
in NaCl crystals* and were not observed in CuBr QD’s in
NaBr crystals although the LO phonon softening was ob-
served in both cases. Further, we measured the site-selective
luminescence spectra of CuBr QD’s in NaBr crystals at 2 K,
in comparison with the energy change of the LO and TO
phonons in CuBr QD’s. Some exciton state-related and LO
and TO phonon-assisted luminescence bands were clearly
observed in the spectra. The energies of LO and TO phonons
in CuBr QD’s in NaBr crystals as shown in Fig. 4 are con-
sistent with those in the bulk CuBr material.'® In addition, it
is noted that the many satellite holes from the exciton states
were observed in CuBr QD’s in NaBr crystals but not in
glass, which are similar to those in CuCl QD’s in NaCl crys-
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tals and glassf"13 The reason for this difference possibly re-
sults from the QD shape-induced modification of the one-
photon selection rules. The Stokes shifts of the satellite holes
L, and L; may be related to the energy spacings between the
higher exciton states in CuBr QD’s with different dot size.
However, the phonon-exciton coupled states could not be
formed when the LO phonon energy of the ground exciton
state 1S is close to these energy spacings.

In summary, we have studied the LO phonons in the ex-
cited state of CuBr QD’s in glass and NaBr crystals. The
phonon-exciton coupled states were clearly observed in
CuBr QD’s in glass when the LO phonon energy is close to
the energy difference between the ground and the first ex-

PHYSICAL REVIEW B 68, 113305 (2003)

cited states. The energy softening of the LO phonons ob-
served in CuBr QD’s was explained in terms of the phonon
renormalization with the exciton. These observations of LO
phonon softening together with our previous results in CuCl
QD’s indicate the universality of LO phonon softening in
small-sized QD’s.
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We carefully investigated the size of CuBr QD’s in glass by
means of either SAXS or TEM and the energy of the Z, 5 exci-
ton absorption peaks at low temperatures. The relation between
the average radius of QD’s, R, and the energy of the Z, , exciton
peaks £ is well expressed by a phenomenological equation: £
=B/R?+A, where A=2.9989 eV, B=0.59897 eV nm?, and R
is given in a unit of nm. The relation for CuBr QD’s in NaBr
was overlapped by that for CuBr QD’s in glass.
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Intraband carrier relaxation in quantum dots embedded in doped heterostructures
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The effect of bulk plasmon-LO-phonon excitations inherent to doped areas of semiconductor heterostruc-
tures upon the electronic dynamics of quantum dots spaced apart from the areas is studied. An effective
mechanism of intraband carrier relaxation in quantum dots is proposed for such heterostructures. The mecha-
nism involves interaction between the quantum dot carriers and the electric potential induced by bulk plasmon-
LO-phonon modes of the doped areas. It is shown that the interaction opens two relaxation windows with the
the free-carrier concentrations and the bulk
plasmon-LO-phonon mode dispersion of the doped areas. The relaxation rates related to the mechanism are
calculated for quantum dots spaced apart by different distances z; from doped substrate (the arca) with the
different free-carrier concentrations ny. The estimations carried out for InAs quantum dots and the GaAs
substrate yield the relaxation rates of about 10* s 10" em”
two to three orders of magnitude with decreasing the distance down to 20 nm. A manifestation of the mecha-
nism is shown for a system of self-assembled InAs/GaAs quantum dots separated by a distance ol 100 nm from
an n-doped GaAs substrate by means of the photoluminescence spectroscopy. From the experiment it has been

spectral positions and widths controlled, correspondingly, by

! for ny= *and zg= 100 nm. The rates increase by

found that L~ and L~

plasmon-LO-phonon modes of the GaAs substrate are involved in the intraband carrier

relaxation in the quantum dots. The data are in good agreement with the theoretical predictions.

DOI: 10.1103/PhysRevB.68.205318

I. INTRODUCTION

Rapid development of nanoengineering allows one to de-

sign quantum dot based nanoelectronic devices with a lot of

structural components included doped semiconductor layers,
connection elements, and substrates. The single electron
transistors,' quantum bits,” memory storage cells,” and quan-
wm dot lasers® are the typical examples of such devices.
Since the quantum dots (QD’s) are their major operating
units, an intimate knowledge about energy and phase relax-
ation of the QD electronic subsystem is quite necessary to
manufacture the high-performance devices. Up to now the
main research efforts in this field have been directed to a
study of relaxation processes caused by interactions with dif-
ferent elementary excitations localized inside the quantum
dot or at its interface. For examgle the effects ol confined
and interface optical phonons®™'” and plasmons' =13 on the
QD electronic dynamics have been investigated. Several
works have been devoted to study a multiphonon mediated
relaxation involving longitudinal optical (LO) and acoustic
phonons.*'*1415 The defect-assisted multiphonon emission
mechanism'®™'® has been proposed for an explanation of a
fast carrier relaxation in quantum dots. Moreover, the Auger-
like processlg'20 has been considered as another effective
mechanism of intraband carrier relaxation.

In spite of the fact that the real QD based devices are the
complicated heterostructures composed of many structure
components (e.g., the host matrix, the quantum wells and
wires, the capping, buffer, and wetting layers, etc.) there are
relatively few studies of the QD electronic dynamics affected
by interactions with the environment elementary excitations.
Besides the interaction between QD electronic subsystem
and barrier/matrix optical and acoustical phonons, 782123 the

0163-1829/2003/68(20)/205318(7)/$20.00
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influence ol only nearest surroundings on the QD dynamics
has been studied so far. For example, homogeneous broad-
ening of optical transitions in sell-assembled quantum dots
caused by the elastic Coulom> collisions between carriers in
wetting layer and in the dots** has been considered. The QD
electronic dephasing caused by the charge fluctuations in an
impurity state due (o its recharging through the free-electron
reservoir’ have been investigated. It may be expected that
not only free charges of environment but also plasmons and
plasmon phonons which reside in doped heterostructure
components will interact with the QD electronic subsystem.
Evidently at close contact of the dots with the doped com-
ponents the QD carriers will strongly interact with environ-
ment excitations accompanied by the electric fields. But in
many cases such components, e.g., doped substrates, are re-
mote {rom the quantum dots by several ten nanometers and
strength of the interaction is a problem of question.

Simple electrostatic considerations show that the electric
field induced by longitudinal bulk waves regardless of their
nature (LO phonons, plasmons or plasmon-LO-phonon
modes) cannot penetl ate (0 materials with another dielectric
permuuvny 2 Howevel it has been shown by the example

f the LO phonons'7 " that account of the phonon dispersion
results in a rise of exponential tails of electric field in another
material. The same situation is expected to take place in the
case of the plasmons or plasmon-LO-phonon modes. Their
dispersion plays a drastic role for understanding the physics
of intraband carrier relaxation in quantum dots remote from
doped material. It is due to the dispersion that electric fields
induced by the longitudinal bulk waves can penetrate
through interface and affect the QD electronic subsystem
opening new relaxation channels.

In this work we develop a theoretical model of the QD

©2003 The American Physical Society
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% ‘InAs-QD
@,

z

n-GaAs GaAs

FIG. 1. A heterostructure considered in the model. Electron
structure of quantum dot is shown schematically. Q is the QD in-
traband transition frequency, z, is the distance between the doped
semiconductor and dot.

carrier intraband relaxation via interaction between the car-
riers and the electric potential induced by the bulk plasmon-
LO-phonon (PLP) modes of doped heterostructure compo-
nents. We report experimental observation of the mechanism
in system of InAs/GaAs self-assembled quantum dots
(SAQD’s). We show that the mechanism can be used for
manipulation of electronic dynamics in QD based devices
with n(p)-doped substrates.

II. THEORETICAL MODEL

In order to understand a physical reason of coupling be-
tween the QD carriers and the bulk plasmon-LO-phonon
modes of doped structural component we consider a simple
model of heterostructure composed of two half-spaces filled
by doped and undoped semiconductor with a plane interface
(Fig. 1). The quantum dot is located at a distance z, from the
doped material. To find the electric potential induced by the
bulk PLP modes at the dot position we use an approach close
to that which has been employed earlier® for description of
the plasmon-photon modes in a single heterostructure. Such
type of approach is based on the motion equations for all
quasiparticles and fields under consideration. In our case the
Bloch hydrodynamic equations describing the motion of an
electron gas coupled with the electric field®=*" is supple-
mented by the equation for dispersionless optical phonons:*®

a1 e 1 [ndp(n')
— = (V)2 —p+ — . )
at 2( 2 m(’D mjo ' )
an v v 2
—=V-(nVy), 2)
dme - dTa
Ap= (n—=Ny)+ V-u, (3)
fou Ex
7% 5 av @
—=—wiu——Vp,
ar? o

where ¢ 1s the potential of the hydrodynamic velocity
v=—Vy of the electron gas, n is the density of free carriers
with effective mass m, ¢ is the self-consisted electric poten-
tial, p(n) is the pressure-density relation of the carrier gas, u
is the mechanical displacement field corresponding of optical
phonons, a=wy{(e,—£.)p/4m]"? ey and e, are the low-
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and high-frequency dielectric constants, p is the reduced-
mass density of a unit cell, wy is the limiting frequency of
transversal optical phonons, and Ny is the dopant concentra-
tion. In contrast to the polaritonic problem we take into ac-
count only the longitudinal electric field E=~V¢ and in-
clude to the Poisson equation [see Eq. (3)] an additional term
that describes contribution of the phonon induced lattice po-
larization to the charge density. According to Egs. (1)-(4)
the fluctuations of electron gas density are coupled with the
longitudinal optical phonons via the electric potential ¢. It is
easy to see that the phenomenological Lagrangian corre-
sponding to Egs. (1)-(4) has the following form:

1
sz d*r

PP Ex 2 j
FPU T S pwru ~aV<p<u+é—7;(ch) +mnys

1 , n o p(n') B

_ ;nm(Vz//)'+ego(n—NO)—n J() dn Rt (5)

The Lagrangian (5) allows us to define the appropriate

Hamiltonian and by means of its diagonalization to introduce

the eigen-PLP modes as well as an interaction between the

electron subsystem of QD’s and the PLP modes. Before pro-

ceeding to this program we simplify our problem using the

usual linearization procedure.”*>" As result, instead of Egs.
(1)=(4), a set of linear equations,

5

dp e B
—_—=——pt — 6
at m 7 n“”’ ©)
an
—=V-(n,Vi). (7
Jt
4re dmra
©= n+ u, (8)
(o £
#u , @
j‘;:—w;-u——ch, (9)
at P

is obtained and the corresponding Hamiltonian is given by

H= [ & patt s polult aVe u— 2 (Ve)?
= r2pu chu-fu aVe-u 877( 0]
1 ) 5 mp? ,
T—z—n?n()(Vl//) —epn+ S ny, (10)

where ny= N is the uniform electron gas density in the un-
disturbed state and B=[A>(377n,)>3m>1"? is the speed of
propagation of hydrodynamic disturbance in the electron
ga&” In order to obtain the eigen-PLP modes we solved Eqs.
(6)—=(9) for the doped {d) and undoped (u) parts of hetero-
structure provided an equality to zero of the normal compo-
nent of hydrodynamic velocity of electron gas
diryldz).. ¢=0 as well as a continuity of the sell-
consisting electric potential ¢ .. (= ¢,|.~+¢ and the nor-
mal component of electric displacement
811(0))(](:9(//[]:&::~():8u<w)d@u/dzi:=+()’ where 8[((1))
=¢p (0~ wl )/ (0= wl) for i=d or u, and w,, are the
limiting frequencies of longitudinal optical phonons. Analy-
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FIG. 2. The dispersion brunches for the bulk PLP modes in

n-doped GaAs substrate with the concentration of free electrons
Cqu ny= 10”’ 3

sis has shown that the bulk plasmon-LO-phonon modes oc-
cur if their wave vector k and frequency w satisfy the in-
equality

7

é()

where k. is the normal component of k, q is the projection of
k onto the interface plane, w,= V4 mnge/e..m is the plasma
frequency, and all material parameters correspond to the
doped semiconductor. Then we obtain that the bulk plasmon-
phonon modes have two branches of a dispersion relation
(Fig. 2) with frequencies

Bkl=w?— (11)

Bq>0

wi . (k)= {w,+w + B2k? +[(wL+cu + B%k?)

(12)

Obviously the upper branch of the plasmon-phonon
modes is restricted from below by the condition w, (k)
= w,,(0) while the lower branch is restricted by the double
inequality w7>w, (k)= w;,_(0). Using the solution of
Egs. (6)-(9) and the Hamiltonian (10) we found a coupling
energy V(r)= —e(r) between the QD electronic subsystem
and the self-consisted electric potential ¢(r) induced by the
PLP modes as

- 4w;jw%-44wi,82kz] ”3}‘

Vir)= > [Vi(2)e' 9%+ ViE(2)e 9% 7], (13)
K

where bk(b:) is the annihilation (creation) operator of the

plasmon-phonon mode and x is the coordinate in the inter-

face plane. As for a function V| (z), it has the simplest form

when both parts of the heterostructure are ﬁlled by the same

materials like the structure shown in Fig. 1. Then
é,keik::+e~ik::__)(kw2er/:’ ZSO,
vV . 14
K(2)= Bkt 97, z>0, (14)
where
205
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_ikz5(w)+qy(a)) B ik,
é,k_ik‘._(S(cu)— Yw)’ Xk—ikzﬁ(w)—qy(w)’ (15)
o ot 7
Y= 2L so)= R vw), (16)
2w wp

Vi=[2hmy*(0)/ L knywo(w)]?, LY is the normalized
volume, o(w)=1 +wﬁ(wi— w;)/(wz— wi)z, equals
wy, . (k) or w,_(k) depending on the considered PLP branch.
The lower string of Eq. (14) shows that the self-consistent
electric potential penetrates to the undoped part of the het-
erostructure and is responsible for the interaction between
the QD electron subsystem and the plasmon-phonon modes.
Moreover, as we mentioned above, the coupling vanishes for
dispersionless PLP modes (8=0).

Now, using the Fermi golden rule, we can calculate the
intraband relaxation rates of QD electrons due (o interaction
with the doped semiconductor via electric potential induced
by the plasmon-phonon modes. Supposing that temperatures
are relatively small, wy. (k) kgT>1, we can restrict our
consideration to only relaxation processes with emission of
the PLP modes. Then, the rate of the intraband electron tran-
sitions depending on the intraband QD level spacing )
=(E,—E,)/h, where [, is the enemy of initial (final)
QD state with the quantum numbels v(v') (see Fig. 1), is
given by

w

mpBAaq,

W( v V)
Wﬁ g

b

jldT{) RN ey o a7
0 '

L+a(Q)(1—77)

where

1
qQ:‘—é\/[Qz—w,zh.A(O)][Qz—wiA_(O)]/(szwi), (18)
a(Q)=[QBga/y(Q)]?, and the function f,. ,(7) contain-
ing all information about QD parameters is

Sl (19)

where ¢ is the angle between q and x vectors. The operation
Av ., in Eq. (19) implies the averaging over degenerate
initial QD states |v, ») and summation over degenerate final
QD states |v',7’), where 7 and %’ are the quantum num-
bers related to the degenerated QD states. For example, for a
spherical QD of the radius R in the strong confinement
regime,”” i.e., when R,, >R, where R, is the bulk exciton
Bohr radius for the QD material,

AU7] 7]l<V n le (/i)'("‘!lkfu)sz,/)ly 77 1

* (j(/)) 5’() 0)2
n' ot~ 0p
Surrr ai(7)= 2 ZROCMTWW (20)

where nl(n'l") are the principle quantum number and angu-
m!

lar momentum of initial (final) QD electronic states, C),,",

are the Clebsch-Gordon coemciems” coveming the transi-
tion selection rules. The quantities J” 10y for a quantum dot
with an infinitely high potential barrier (Eq— =) equal
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J(p)

n'l’ . nl

i

! ; It n' X ( ,,X)
2J dx,\‘zifp Ji (g ! )j/ 5 / (21)
0

Jorr (& ire(E)

where ¢, is the nth root of the spherical Bessel function of
Ith order [j,(&,)=0]. If the potential barrier E; is finite
then

/
!
(p) . nl D4p .
JI!’/’.H/_2A”’I,A”[( B"’[I j() dxx I)J/'( 77/1’I'X)J1( 7711[)()

+Cop f dxx Pk (Lo k() | (22)
1

An/:[jlz( 77nl)k/fl(gzz[)klw*l(gn[)

_klz(gnl).jl 1(771)/)‘/./1"1(7%11)]7 ‘/2‘ (23>

By =k (L ki §u) Co = (i i) (29)
where k; is the modified spherical Bessel function, 7,
=Ry(2m E,;/h*)'"?, Lu=Ro[2my(Eg=E, )17,
m, (my) is the electronic effective mass in the dot (sur-
rounding media), the electronic energy £, is determined by

the secular equation34

m27711/kl( gul)jll( 77:11)2"7!gnlk[’(gnl)j[( 7711[)~ (25)

Equation (17) describes two relaxation windows resulting
from the intraband transitions with emission of the PLP
modes of upper dispersion branch w,, (k) if Q=w,.(0)
and those with emission of the PLP modes of lower disper-
sion branch w, (k) if w>Q=w, (0) (see Fig. 2). It is
clearly seen that spectral positions of the windows depend on
free-carrier concentration in doped structural component, and
spectral widths of the windows and values of the relaxation
rates are determined by the dispersion of the plasmon-
phonon modes.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The discussed coupling of QD electronic subsystem with
PLP modes of n-doped substrate and the intraband carrier
relaxation mediated by these modes have been experimen-
tally observed at 2 K in two systems of InAs/GaAs SAQD’s
with different parameters of electronic states. Two samples
(A and B) were fabricated by MBE on a (001) surface of a
Si-doped (ny=10"® cm™) GaAs substrate. In both cases a
100-nm GaAs buffer layer was grown. Then InAs of 1.8
monolayers (ML’s) was deposited at 500°C (480°C) giving
rise to lens-shaped QD’s with diameter of ~22 (18) nm,
height of ~10 (8) nm, and an areal density of ~1.2(2)
X 10" em ™2 for sample A (B). The thickness of a GaAs cap
layer was 150 nm. The electronic energy structure of both
quantum dot systems was found from their photolumines-
cence (PL) spectra in standard state-filling experimems35
with excitation by a 514.5-nm line of Ar” laser. It was typi-
cal for lens-shaped InAs SAQD’s (Ref. 36) with quasiequi-
distant spectra of interband inhomogeneously broadened
(=70 meV) transitions and peak energies of the lowest (0-0)
transitions of =~ 1228 meV (A) and ~ 1321 meV (B). Insets

in lower and upper panels in Fig. 3 show the PL spectra of
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FIG. 3. The resonant photoluminescence (RPL) spectrum of
InAs SAQD’s in samples A (lower panel) and B (upper panel) ex-
cited in resonance with the 1-1 transition of quantum dots (1262
and 1361 meV, respectively). The position of the 0-0 photolumines-
cence (PL) band of the dots (dotted curve) is shown for comparison
in both panels. The insets present the PL spectra of the samples
measured in the state-filling experiments (see the text). A Gaussian
line-shape fit is shown. The positions of the SAQD interband tran-
sitions (0-0, 1-1, etc.) are shown by arrows. The horizontal arrow
bar shows the portion of spectrum which is under detailed analysis.

the samples at high excitation power and fitting of the PL
spectra by a sum of Gaussians. The peak maximums corre-
spond 1o the sequence of the QD interband transitions (0-0,
I-1, etc.). Energy gaps between peaks of the lowest and sec-
ond transitions were about 53 meV (A) and 55 meV (B).
Taking into account the inhomogeneous broadening of the
transitions we concluded that the energies of the QD intra-
band level spacing®® match those of the PLP modes expected
for studied quantum dot heterostructures.

The secondary emission spectra of the samples were mea-
sured in the x(y,y)z geomelry, where z is the growth direc-
tion of the InAs layer, by the use of a cw wavelength-tunable
Ti:sapphire laser and a double monochromator equipped by a
cooled InAs photomultiplier. The measurements were done
at low pump power (<0.2 W/em?) when PL is only caused
by recombination of the electrons and holes in their ground
states. 1t was found that in accordance with earlier data®'>%7
the PL .spectra of the studied QD samples excited in reso-
nance with high-energy QD transitions (hereinafter referred
to as RPL spectra) are mainly formed by lines resulting from
one- and multiphonon intraband carrier relaxation in the
quantum dots. As an example, the RPL spectra of samples A
and B excited in resonance with 1-1 transitions (the photon
energies of 1262 and 1361 meV, respectively) are shown in

205318-4
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FIG. 4. Upper panel: Enlarged part of the RPL spectrum of
sample A marked in Fig. 3 (lower panel) by the arrow bar plotted vs
the Stokes shift. The background caused by the muliphonon lines
was subtracted. Lower panel: The Raman spectrum of the n-doped
GaAs substrate obtained from area of sample A with removed quan-
tum dots. The spectrum has measured at the same excitation/
detection conditions as the RPL one. The assignment of the lines in
the RPL and Raman spectra is shown (sec the text).

Fig. 3. To make an assignment of the RPL spectrum lines, the
spectra were measured at different incident photon energies
E,, covering the interband transition energies of QD’s and
were analyzed as a function of the Stokes shift, E,,
—Egp,, where Egxp; is the energy of photons detected in
RPL experiments. The RPL spectra were fitted by a sum of
Gaussians, that yields parameters of the overlapping
lines.*'37 It has been found that the Stokes shifts of the
lines are invariable. This is a sign of phonon-assistant reso-
nant photoluminescence. The lines of InAs welling layer
(WL), intrinsic LO phonons of InAs QD’s, InAs/GaAs pho-
non interface mode (IF) with the Stokes shifts of 29.5, 34.3,
and 35.5 meV, respectively, as well as their overtones and
sum tones have been easily distinguished under analysis of
the spectra. Assignment of the lines was carried out accord-
ing to Ref. 7 where resonant photoluminescence spectra of
the analogous InAs SAQD sample were studied. Further, we
have analyzed in more detail the obtained RPL spectra in
region of the Stokes shifts of 25~60 meV, as is shown in Fig.
3 by the arrow bars. This region of the spectrum after sub-
traction of background caused by the multiphonon lines is
plotted vs Stokes shift in Fig. 4 (upper panel) for sample A.
It is seen that except for the above mentioned phonon lines,
the lines belonging to the zone-center bulk TO phonons and
to the PLP modes, L™, and L™ (corresponding energies £ -
and E;+ are 31.1 and 46.7 meV, respectively) of n-doped
GaAs (Ref. 38) appear to be in the spectra. The assignment
of the L™ and L™ lines is based on comparison of the reso-
nant photoluminescence spectra with Raman spectra of
n-doped GaAs substrate. The Raman spectra were obtained
from area of the sample with removed quantum dots at the
same excitation/detection conditions as the RPL spectra. An
example of the Raman spectrum is shown in Fig. 4 (low

PHYSICAL REVIEW B 68, 205318 (2003)
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FIG. 5. Excitation profiles of the L* (open squares) and L~
(open triangles) lines observed in the RPL spectra of samples A and
B [(a) and (b), respectively]. The filled circles show the excitation
profile of the intrinsic LO phonon line of InAs QD’s. Solid curves
show the positions of the QD 0-0 PL bands. £,y , £, . and £, are
the energies of the LO phonons of InAs QD's, L~ and L* PLP
modes, respectively.

panel). The resonant photoluminescence spectra of sample B
exhibited the same features. At first glance, the spectrum
presented in the upper panel ol Fig. 4 is a simple superposi-
tion of the phonon-assisted RPL spectrum of the quantum
dots and Raman spectrum of the substrate. However, it was
found that plasmon-LO-phonon lines in spectra of samples
with QD’s show unusual behaviors which indicate coupling
between the substrate plasmon-phonon modes and electronic
subsystem of the quantum dots.

We have plotted the integral intensities of the L~ and L™
lines of the samples with quantum dots as a function of the
incident photon energy, so-called excitation profiles of the
lines commonly used in resonant Raman spectroscopy. The
excitation profiles of these lines in the RPL spectra of QD’s
are presented in Fig. 5 for samples A (a) and B (b) together
with excitation profile of the intrinsic LO-phonon line of
QD’s. The positions of the 0-0 PL bands are shown in the
same figure for comparison (solid curves). They indicate the
energy spectra of inhomogeneously broadened lowest inter-
band transitions of the QD ensembles. As can be seen, the
excitation profile of the LO-phonon line of InAs QD’s dem-
onstrates single prominent peak blueshifted by the LO-
phonon energy (Epy) with respect to the 0-0 band. The ex-
citation profiles of other phonon lines and their overtones
demonstrated analogous shifts by the corresponding phonon
or overtone energies. That is a signature of the fact that the
phonon lines come from annihilation of the electron-hole
pairs in the lowest energy state populated by the phonon-
mediated intraband carrier relaxation from the directly pho-
toexcited state. This process is described in detail in Refs. 12
and 35. In this case the intensity of the phonon lines excited
by radiation with photon energy tunable in region of the
higher-energy transitions of QD’s follows the 0-O PL band
contour. It is just our case that can be seen if the excitation
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profile in Fig. 5 will be shifted by the LO phonon energy to
the red side. Evidently the analysis of the RPL line excitation
profiles is equivalent to that of photoluminescence excitation
spectra.

Let us discuss the excitation profiles of the L™ and L*
lines. As is well known,* in n-doped bulk GaAs the intensi-
ties of the L™, and L™ Raman lines have to increase mono-
tonically with excitation energy approaching the GaAs band
gap (pre-resonant Raman). However, except for this, we
found that the excitation profiles of the L™, and L¥ lines in
spectra of different SAQD samples demonstrate pronounced
resonances which are shifted by the E; - and E, + energies
with respect to the corresponding 0-0 PL bands (see Fig. 5).
This fact indicates that both the PLP modes of doped GaAs
substrate are coupled with the QD electronic subsystem and
are involved in the intraband carrier relaxation in quantum
dot in the same manner as intrinsic phonons of quantum dot
and its nearest surroundings. The observed plasmon-phonon
lines are therefore superposition of the Raman signals from
the substrate and the RPL signals from InAs SAQD’s with
comparable amplitudes at the maximum of the PLP line ex-
citation profile. Importantly, the intraband carrier relaxation
in the quantum dots induced by the plasmon-phonon modes
is effective enough although distance between the substrate
and QD layer is 100 nm long.

As is known,'3 the studied SAQD systems possess an in-
homogeneously broadened spectrum of intraband transitions.
In particular, light with definite photon energy in the region
of the 1-1 transitions excites an ensemble of quantum dots
with broad energy spectrum of intraband transitions to the
lowest electron-hole states. Phonon-mediated intraband re-
laxation results in the RPL spectrum with the phonon related
peaks. In other words, the RPL spectrum as a function of the
Stokes shift can be considered as a spectrum of intraband
relaxation rates. In the framework of our model we calcu-
lated a dependence of relaxation rate of the lowest energy
intraband electronic transitions as a function of the intraband
level spacing  (i.e., the spectrum of intraband relaxation
rates). The calculations were performed for zo= 100 nm and

different concentrations of the free electrons in region of

ny=10'"® cm™3. Spherical quantum dot with infinite poten-
tial  barrier was considered. A relaion of R,
= \/ﬁ(g%ﬁ Wz)/(zl?YQDQ) between the QD radius and €,
where mgp is the electronic effective mass in InAs, was
used.

Figure 6 shows the results of calculation for ny=0.8
X 10'® em™? [solid line in Fig. 6(a)] in comparison with the
experimental RPL spectrum of sample A [Fig. 6(b)] in the
spectral region of interest. We see that the positions and
widths L7 and L™ lines in the RPL spectrum are quite close
to the calculated energy positions of relaxation windows with
widths of several meV. The same correspondence has been
observed for the RPL spectra of sample B. A little difference
between ng of the substrate and its value used in the calcu-
lations may come from the fact that the optical phonon dis-
persion and/or retardation effects were not taken into account
in our model. The relaxation rates for both PLP modes were
estimated to be about 2X 10% s™' in spite of the relatively
long distance between the quantum dot and doped semicon-
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FIG. 6. Comparison between (a) calculated spectrum of relax-
ation rate W and (b) relevant portion of the RPL spectrum of sample
A, the same as shown in Fig. (4) (upper panel). The calculations
based on Eq. (17) have been done for the lowest electronic intra-
band transitions in spherical InAs QD located at distance z;
=100 nm from n-doped GaAs substrate and dopant concentration
of ng=0.8% 10" ¢cm™>. L™ and L™ denote the relaxation windows
corresponding to the PLP modes of GaAs substrate.

ductor. It is seen that observed features of the RPL spectra
are in accordance with predictions of our theoretical model
for the intraband carrier relaxation with emission of the
plasmon-phonon modes. Indeed, as we have demonstrated by
Eq. (17), the coupling between the QD electronic subsystem
and plasmon-phonon modes via the self-consisting electric
potential opens two relaxation windows corresponding to the
QD interaction with the upper and lower PLP branches.

We would like to note that both the peak value and
width of the relaxation windows are determined by the PLP

4 T T h T T T M
] (b) +  np=08x 10" cem™®
~10" 5 L
T 3 L
2 10° E
R
10°4
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FIG. 7. (a) Calculated relaxation rate for lowest energy intra-
band electronic transitions W in spherical InAs QD for different
dopant concentration in GaAs substrate: n,=0.6X10" cm™3, n,
=0.8%10"% em™, and n,=10"" cm™’ (dashed, solid, and dotted
curves, respectively). A distance between the substrate and QD z
=100 nm. (b) Peak value of the W(W4y) as a function of z; for
np=0.8% 10" cm™3.
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mode dispersion, Eq. (12). At the same time, the spectral
positions of the windows remarkably depend on the dopant
concentration that is shown in Fig. 7(a) by the spectra of the
relaxation rates calculated for different dopant concentra-
tions (ng=0.6xX10"% cm™®, ny=08x10"%ecm™, and n,
=10" cm™?). The spectra demonstrate an 8-meV shift of
the L¥ window with ng. This fact is very important because
the rates can be essentially varied by tuning of the PLP-mode
windows to resonance or out of resonance with QD intraband
transition energies by means of changing of ny. Thus the
switch on or switch off of the relaxation channels become
possible. Such control of the intraband carrier dynamics will
be especially effective in QD systems where inhomogeneous
broadening of the intraband transitions is narrower than the
window widths, in QD systems without such kind of broad-
ening, and in a single QD. As for the efficiency of the relax-
ation process, our calculations show that with decrease of
distance z;y the peak values of the relaxation rates drastically
increase [Fig. 7(b)] up to about 10'" s ! at z,=20 nm. This
value is comparable with rate of the Auger-like process of
QD interband carrier relaxation.?

PHYSICAL REVIEW B 68, 205318 (2003)

We believe the considered interaction has to be accounted
for in design of QD based applications where n(p)-doped
structural components of heterostructures spaced apart from
the QD layers by ten or several ten nanometers are widely
used. The concentration and distance dependencies of the
coupling open promising opportunities for manipulation of
QD electron dynamics in doped heterostructures. We would
like to note that surface plasmon-LO-phonon modes of
doped heterostructure components can be also involved in
the intraband carrier relaxation in quanwum dots. Consider-
ation of this problem is in progress.

ACKNOWLEDGMENTS

The authors thank Dr. S. Sugou and Dr. H.-W. Ren for
growing samples studied in this work. The work was par-
tially supported by the Single Quantum Dot Project, ERATO,
JST, Japan which the authors deeply acknowledge. A.V.B.
and A.V.F. are grateful to the RFBR (Grant No. 02-02-
17311) and to the INTAS Program (01-2100 and 01-2331)
for partial financial support of this work.

“Electronic address: baranov! @online.ru

'L. Guo, E. Leobandung, and S.Y. Chou, Scicnce 275, 649 (1997).

2T, ltakura and Y. Tokura, Phys. Rev. B 67, 195320 (2003).

3K. Yano, T. Ishii, T. Sano, T. Mine, F. Murai, T. Hashimoto, T.
Koboyashi, T. Kure, and K. Seki, Proc. IEEE 87, 633 (1999).

“M. Dutta and M. A. Stroscio, Advances in Semiconductor Lasers
and Applications 10 Optoelectronics (World  Scientific, Sin-
gapore, 2000).

$X.-Q. Li and Y. Arakawa, Phys. Rev. B 57, 12 285 (1998).

®X .-Q. Li, H. Nakayama, and Y. Arakawa, Phys. Rev. B 59, 5069
(1999).

TF. Gindele, K. Hild, W. Langbain, and U. Woggon, Phys. Rev. B
60, R2157 (1999).

SA.V. Baranov, V. Davydov. H.-W. Ren. S. Sugou, and Y. Masu-
moto, J. Lumin. §7-89, 503 (2000).

YLV lgnatiev, 1.E. Kozin, S.V. Nair, H.-W. Ren, S. Sugou, and Y.
Masumoto, Phys. Rev. B 61, 15 633 (2000).

WV, Ignatiev. LE. Kozin, V.G. Davydov, S.V. Nair, J.-S. Lee,
H.-W. Ren, S. Sugou, and Y. Masumoto, Phys. Rev. B 63,
075316 (2001).

""PA. Knipp and T.L. Reinecke, Phys. Rev. B 46, 10 310 (1992).

°G. Biese, C. Schiiller, K. Keller, C. Steinebach, D. Heitmann, P.
Grambow, and K. Eberl, Phys. Rev. B 53, 9565 (1996).

135, Zanier. Y. Guldner, J.P. Vieren, G. Faini, E. Cambril, and Y.
Campidelli, Phys. Rev. B 57, 1664 (1998).

T loshita and H. Sakaki, Phys. Rev. B 46, 7260 (1992).

SR, Heitz, M. Veit, N.N. Ledentsov, A. Hoffman, D. Bimberg,
V.M. Ustinov, P.S. Kop'ev, and Z.I. Alferov, Phys. Rev. B 56,
10 435 (1997).

"PC. Sersel, Phys. Rev. B 51, 14 532 (1995).

D.F. Schroeter, D.F. Griffits, and P.C. Sersel, Phys. Rev. B 54,
1486 (1996).

"X .-Q. Li and Y. Arakawa, Phys. Rev. B 56, 10 423 (1997).

YU. Bockelman and T. Egeler, Phys. Rev. B 46, 15 574 (1992).

2 A L. Efros, V.A. Kharchenko, and M. Rosen, Solid State Com-
mun. 93, 281 (1993).

2'y. Bockelman and G. Bastard, Phys. Rev. B 42, 8947 (1990).

22H. Benisty, Phys. Rev. B 51, 13 281 (1995).

23 AV, Fedorov, A.V. Baranov, and Y. Masumoto, Solid State Com-
mun. 122, 139 (2002).

AV, Uskov, K. Nishi, and R. Lang, Appl. Phys. Lew. 74, 3081
(1999).

3E. Evans and D.L. Mills, Phys. Rev. B 8, 4004 (1973).

26N, Mori and T. Ando, Phys. Rev. B 40, 6175 (1989).

2TB K. Ridley, Phys. Rev. B 49, 17 253 (1994).

*E. Comas, C. Trallero-Giner, and M. Cardona, Phys. Rev. B 56,
4115 (1997).

YR .H. Ritchic and R.E. Wilems, Phys. Rev. 178, 372 (1969).

01 Kleinman, Phys. Rev. B 7, 2288 (1973).

STK.S. Srivastava and A. Tandon, Phys. Rev. B 39, 3885 (1989).

g, Hanamura, Phys. Rev. B 37, 1273 (1988).

3 D.A. Varshalovich, A. N. Moskalev, and V. K. Hersonskii, Quan-
wm Theory of Angular Moment (World Scientific, Singapore,
1987).

3K, Vahala, IEEE J. Quantum Electron. QE-24, 523 (1988).

3, Raymond, X. Guo, J.L.. Merz, and S. Fafard, Phys. Rev. B 39,
7624 (1999). -

N Wojs, P. Hawrylak, S. Fafard, and L. Jacak, Phys. Rev. B 54,
5604 (1996).

STK H. Schmidt, G. Medeiros-Ribeiro, M. Oestreich, P.M. Petroff,
and G.H. Dohler, Phys. Rev. B 54, 11 346 (1996).

B A. Mooradian and A.L. McWhorter, Phys. Rev. Lett. 19, 849
(1967).

¥G. Abstreiter, M. Cardona, and A. Pinczuk, in Light Scatering in
Solids 1V, edited by M. Cardona and G. Guntherodt (Springer,
Berlin, 1984).

205318-7

— 169 —



FY 70)

Optical Orientation Of Electron And Nuclear Spins In
Negatively Charged InP QDs

S. Yu. Verbin'?, 1. Ya. Gerlovin®, 1. V. I natev', and Y. Masumoto®
g

" Institute of Phvsics and Venture Business Laboratory, University of Tsukuba, Tsukuba, 305-8571, Japan
" V.A.Fock Institute of Physics, St-Petersburg State University, 198504 St-Petersburg, Russia
* Vavilov State Optical Institute, St-Petersburg, Russia
? Institute of Physics, University of Tsukuba, Tsukuba, Japan

Abstract. Light-induced spin orientation in negatively charged InP quantum dots is shown experimentally to be conserved

for about 1 ms.

INTRODUCTION
The long-term orientation of spin systems in
semiconductor structures atiract in recent years

considerable attention as a promising way of recording
and storage of optical information [1]. The most
interesting, from this point of view, are the structures
with quantum dots (QD), where, due to confinement of
the carrier motion, the main spin-relaxation processes
appear to be suppressed. According to theoretical
estimates [2], the spin lifetime in such structures may
reach units of ms and more. The so long lifetimes of
the optically oriented electron spins i QDs have not
been observed thus far. The longest lifetime of spin
orientation (15 ns) was found experimentally in [3] in
the studies of n-doped InAs QDs. In this
communication, we present the results of experiments
demonstrating conservation of the spin orientation for
much longer time intervals.

EXPERIMENT AND DISCUSSION

We studied kinetics of circularly polarized
photoluminescence (PL) of the negatively charged InP
QDs. 1t was found that the degree of circular
polarization of the PL shows a slow component with a
decay time of about 1 ns. The amplitude of the slow
component was the greatest when each QD possessed,
on average, a single resident electron. For the Stokes
shifi AE, > 25 meV, the degree of polarization was
negative.

In conformity with conclusions of [3], the
negatively polarized PL is emitted by QDs in which

spins of the photoexcited and resident electrons are
parallel. When the resident electron spin s
preferentially oriented along that of the photoexcited
electron, the amplitude of the degree of the negative
circular polarization (NCP) should increase. Using the
amplitude of the NCP as a measure for the degree of
orientation of the electron spin, we have carried out a
series of experiments to determine the spin orientation
lifetime.

In the experiments, the PL was excited by two
laser pulse trains obtained by splitting the beam of a
mode-locked Ti:sapphire laser. One of these trains was
shifted in tume using an optical delay line. The time
delay was about | ns. Polarizations of the beams
could be varied independently.

Figure la shows the kinetics of the degree of
polarization of the PL excited by the second (probe)
beam for two different polarizations of the first beam
considered as a pump. As is seen, passing from the
co-polarized 1o cross-polarized pump results i more
than two-fold decrease of the NCP created by the
probe pulse. This means that the spin orientation
created by the first beam is held till the moment of
arrival of the second beam, i.e., for about 1 ns.

To strongly increase the time interval between
the two beams, we used a mechanical chopper, which
alternatively blocked the pump and the probe beams
with a frequency of 120 Hz. A typical result of the
experiment is presented in Fig. 1b. It is seen that the
NCP of PL after probe pulse still reveals a well
reproducible change, Ap=5%, caused by the change of
polarization of the pump pulse. This result
demonstrates in a straightforward way conservation of
the spin orientation during the modulation period of
units of ms.
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So long conservation of the spin orientation is
impossible without a stabilizing factor that suppresses
the electron spin precession in random laboratory
magnetic fields. In this case, the role of this factor is
likely to be played by the fluctuating exchange field
produced by nuclear spins [4]. To evaluate the
fluctuations of the nuclear field, we have studied the
behavior of the NCP at co- and cross-polarized

pumping (with no chopper) in small transverse
magnetic fields (Voigt configuration).
pcirc
v a)
0,2,
0,01 -
Nvaon,
0,21
pcirc 0 1
R b
O,2' .\J\p"’ ““‘1\ 4 '(w\“' )
.l“
0,0
14
@
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0 1

Delay time (ns)

FIGURE 1. Kinetics of circular polarization degree at the
two-pulse excitation: (a) without chopper, (b) with chopper
blocking the beams alternatively. Solid (dashed) curves are
for co- (cross-) polarized pump and probe beams.

The results of these studies are shown in Fig. 2.
As one can see, dependences of the NCP on magnetic
field, in the Voigt configuration, for the co- and cross-
polarized pumping are strongly different. The
difference between the values of the NCP for co- and
cross-polarized  pumping characterizes the spin
orientation. Dependence of the degree of orientation
on magnetic field is seen to be well described by a
Lorentzian with a half-width of 0.01 T (curve 3 in
Fig.2). According to conclusions of [4], this value
corresponds to the mean value of the exchange field
produced by fluctuations of the nuclear spins in the
QD.

it follows from the above experimental data
that the light-induced spin orientation in the negatively
charged InP QDs is held during the time of about 107
. This value exceeds by approximately 4 orders of
magnitude the value of 150 ns, given in [5], which was
considered until now a record value for semiconductor

1418

nanostructures.
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FIGURE 2. Dependences of NCP on trans-verse magnetic
field: | is for co- and 2 for cross-polarized pump and probe,
3 is the difference between | and 2. Dots are experimental
data, solid curves are fits by Lorentzians. Inset: kinetics ol
NCP at various magnetic fields.
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We have measured photoluminescence (PL) spectra and time-resolved PL in CdTe quantum dots under the
longitudinal magnetic field up to 10 T. Circular polarization of PL increases with increasing magnetic field,
while its linear polarization remains zero under linearly polarized excitation. This behavior cannot be explained
by the anisotropic exchange interaction of excitons. Time-resolved PL measurements clarified that this behav-
ior is caused by the suppression of spin relaxation induced by the longitudinal magnetic field. We believe that
this behavior is related to the hyperfine interaction of electron spin with magnetic momenta of lattice nuclel.

DOI: 10.1103/PhysRevB.71.033314

The spin state of electrons in quantum dots (QDs) is con-
sidered as one of the most promising candidates for the
implementation of spintronic and quantum information
technologies.! A key challenge is to obtain long relaxation
time of electron spin. The carrier spin-flip mechanisms, in-
cluding exchange interaction, mixing between the conduc-
tion and valence band states through spin-orbit coupling, and
spin splitting of the conduction band due to the lack of in-
version symmetry,>> have been studied in bulk and two-
dimensional systems. In QDs, the discrete energy levels and
the corresponding lack of energy dispersion lead to a pre-
dicted modification of the spin relaxation dynamics. In gen-
eral, the D’yakonov and Perel” mechanism does not work in
zero dimension because this spin-flip mechanism relies on
translation invariance, which is already broken in QDs.* The
electron spin relaxation mechanism connected with the spin-
orbit interaction of carriers is strongly suppressed for local-
ized carriers in QDs.® The absolute lack of energy states
between QD energy levels is expected to inhibit not only the
elastic processes of spin relaxation but also the inelastic ones
such as phonon scattering. As a result, electron spin relax-
ation via interaction with nuclei becomes relatively impor-
tant for localized electrons. Recently, Merkulov er al®
pointed out that the hyperfine interacting with nuclei may
become the dominant mechanism of electron spin relaxation
in quantum dots at low temperature. Although the hyperfine
interaction has been demonstrated o induce the additional
Zeeman splitting or polarization of electrons and exciton in
QDs,”8 no direct experimental evidence has proved the im-
portance of hyperfine interaction with nuclei responsible for
spin relaxation in QDs up to now.

In this report, we investigated the spin relaxation mecha-
nisms of carriers in CdTe QDs. We measured the magneto-
photoluminescence (PL) spectra and time-resolved PL under
the magnetic field with a Faraday configuration. An unusual
magnetic field dependence of circular polarization was ob-
served in steady-state PL spectra, which cannot be explained
in the framework of anisotropic exchange interaction of ex-
citons confined in an elongated QD. Time-resolved PL decay
proved that the suppression of spin relaxation by the longi-
tudinal magnetic field is the origin of this behavior. We be-

1098-0121/2005/71(3)/033314(4)/$23.00
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PACS number(s): 78.66.Hf, 78.67.Hc, 78.20.Ls, 78.47.+p

lieve that the spin relaxation of electrons localized in QDs is
caused mainly by hyperfine interaction of electron spin with
magnetic momenta of lattice nuclei. The hyperfine field is
suppressed by the external longitudinal magnetic field.

The CdTe self-assembled QD was grown by molecular-
beam epitaxy on a relatively thick (0.6-1.0 um) ZnTe buffer
layer formed on a GaAs (100) substrate. The sample was
not doped intentionally. Atomic force images show that the
average size of CdTe QDs was ~20 nm in diameter and
~2.7nm in height. The area density of the dots was
8 X 10! em™. The PL and time-resolved PL measurements
were performed in a magnetic field up to 10 T and at 10 K in
a Faraday configuration. An optical parametric amplifier of a
Ti:sapphire laser was used as an excitation source with a
photon energy of 2.217 eV, corresponding to a quasi-
resonance excitation of CdTe QDs. Circular and linear polar-
izations were obtained by using quartz wave plates and linear
polarizers, respectively.

The representative PL spectra of our sample are shown in
Fig. 1(a). In these measurements, the luminescence was col-
lected under co-circular (the incident and emitted light with
the same circular polarization) and cross-circular geometries
(the incident and emitted light with counter-circular polariza-
tion). In order to study the intrinsic spin dynamics, the PL
spectra were obtained by selectively exciting the sample with
photon energy 2.217 eV slightly above the PL band of the
QDs. The PL bands of the QDs have a smooth profile with
two sharp features, LO; and LO, (24.5 and 19.5 meV, re-
spectively), which are caused by fast relaxation of hot carri-
ers with emission of LO phonons of ZnTe and CdTe.

At zero field, the PL band shows very weak circular po-
larization (7%). With increasing magnetic field the circular
polarization of PL band increases. When the direction of
magnetic field was reversed, the same results were obtained.
We further measured the circularly polarized PL spectra un-
der linearly polarized excitations at 4 T in Fig. 1(b). It con-
firms that no circular polarization was observed under
linearly polarized excitation. Therefore, the circular polariza-
tion is not related to the thermalization between Zeeman split
levels.

Figure 2 shows the circular polarization of the emission

©2005 The American Physical Society
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FIG. 1. Circularly polarized PL spectra (a) in co-circular (solid
lines) and cross-circular (dotted lines) geometries, at various mag-
netic fields. (b) Circularly polarized PL spectra in four geometries at
4 T. Linearly polarized excitation gives the same intensity of right-
and left-circularly polarized PL (lin/o* and lin/ o™, respectively).
(c) Linearly polarized PL spectra in co- and cross-linear geometries
along [110] direction.

peak as a function of magnetic field. The circular polariza-
tion is defined by P=(/"—17)/(I*+I7), where /" and [ are
the PL intensities under the co-circular and cross-circular
geometries. It shows that the circular polarization increases
with increasing the magnetic field and saturates at the high
magnetic field above 6 T. The circular polarization of phonon
replica LO, was also presented in the figure. Figure 1(a)
shows that the phonon replica is not polarized at zero field,
while it becomes strongly polarized in co-circular geometry
with applying magnetic field.

This behavior is quite similar to the effect induced by the
anisotropic exchange interaction of excitons. As we know,
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FIG. 2. Magnetic field dependence of the circular polarization of
QDs emission peak and phonon resonance LO, in steady-state PL
spectra.
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the ground state of the el-hh1 (1s) heavy-hole exciton in a
zinc-blende quantum well is fourfold degenerate with the
angular-momentum projection M=s+j==x1,%x2 on the
growth axis z//[001] of the structure. The exchange interac-
tion splits this state into a radiation doublet |+1) and two
closely lying optically inactive singlets, which are a super-
position of the |+2) states. In some QD structures, the sym-
metry is lowered and the exchange interaction is thus no
longer isotropic.!®!" The anisotropic exchange interaction
splits the |+ 1) radiative doublet into two eigenstates labeled
X)=([1)+|-1))/(v2) and |Yy=(]1)=|=1))/(iv2), linearly po-
larized along the [110] and [110] directions, respectively.
This anisotropic exchange splitting may originate from QD
elongation and interface optical anisotropy.'?!?

When the magnetic field was applied, and if the Zeeman
splitting 7€), =guB is much larger than the exchange en-
ergy fiw, the QD exciton eigenstates are no longer the |X)
and |Y) linearly polarized states, but the |+1) and |~1) cir-
cular ones. We thus expect to observe circularly polarized PL
under o-polarized excitation. This circular polarization was
indeed observed by several groups in various nanostructure
systems.!™' In our case, we did not observe any linear po-
larization at zero field under linearly polarized excitation
along [110] and [110] directions, as shown in Fig. 1{c). At
higher field B=4 T, the PL spectra under linearly polarized
excitation in Fig. 1(b) did not show circular polarization,
which contradicts this model. We also checked the linearly
polarized time-resolved PL under linearly polarized excita-
tion along [110] and [110] directions, and did not observe
any polarization in the temporal profile. All these experimen-
tal results indicate that anisotropic exciton fine structure is
not responsibie for our results. Although the anisotropic ex-
change energy splitting was observed in elongated QDs, its
absence is not strange in the isotropic QDs. Surrounding
mixed crystal Zn,Cd,_,Te (Ref. 15) might induce isotropic
inner core CdTe QDs.

Another possible explanation of the experimental results
is that the circular polarization originates from the suppres-
sion of spin relaxation by the longitudinal magnetic field.
Our results indicate that the spin relaxation time is very fast
at zero field, and the spin orientation is practically destroyed
during the electron lifetime. If we assume that the spin re-
laxation is suppressed by the longitudinal magnetic field,
then the circular polarization of steady-state PL band in-
creases with increasing magnetic field. We can use a com-
mon formula to estimate the spin relaxation time from the
steady-state PL. measurements:

— __‘_f_()*_ ( 1)
R 277,

Here, Py is the initial spin polarization, and 7, and 7, are the
lifetime and spin relaxation time of carriers, respectively.
The lifetime 7, and the initial spin polarization P, use the
values obtained from the time-resolved PL measurements,
which will be discussed later. (The calculated spin relaxation
rates from the steady-state PL polarization degree will be
shown in Fig. 4.)
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FIG. 3. Time dependence of the circularly polarized PL for co-
circular (solid lines) and cross-circular (dotied lines) geometries at
various magnetic fields (0-8 T) at 10 K. Smooth curves are fittings
by a combination of a rise function and two exponential decay
functions. whose decay times are related 1o 7, and 7.

The protuberant phonon structure observed in the ¢w lu-
minescence band of QDs is formed by the competition be-
tween the phonon-mediated relaxation and nonradiative
loss.'® Further, in case of the circularly polarized lumines-
cence, the competition between the phonon-mediated relax-
ation and spin relaxation is thought to determine the phonon
structures in the cross-circularly polarized luminescence
spectra. In this model, the assumption of suppression of spin
relaxation can be used to explain the circular polarization of
phonon structures simply. As is seen in Fig. 1(a), LO phonon
structures in the cross-circular polarization geometry de-
crease with the increase of the magnetic field, while those in
the co-circular polarization geometry does not change. This
feature is explained by the assumption that spin flip time
becomes longer than the time for the relaxation mediated by
the LO phonon plus acoustic phonons with the increase of
the magnetic field.

The time-resolved PL measurements confirmed the sup-
pression of spin relaxation by external magnetic field. The
temporal profiles of circularly polarized PL signal under the
co-circular and cross-circular geometries at various magnetic
fields are shown in Fig. 3. We can see clearly that the spin
relaxation time becomes longer with increasing magnetic
field. In order to investigate the spin dynamics and recombi-
nation process, we calculated the sum (/*+/7) and the differ-
ence (/*—77) of the circularly polarized luminescence, where
I is the intensity of circularly polarized PL. The sum
(I*+1I7) is proportional to exp(—1/7,), where 7, is the lifetime.
We obtained the lifetime at the maximum position of the PL
band, 7,=190 ps, which is independent of magnetic field.
The time-dependent degree of circular polarization P(r) is
defined by P(n)=(*-I7)}/(I*+17). P(1) is proportional to
exp(=21/71,),'7 where 7, is the spin relaxation time. The spin
relaxation time can be estimated from the decay of P(1). The
obtained spin relaxation rates, 1/7,, are shown as a function

PHYSICAL REVIEW B 71, 033314 (2005)
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FIG. 4. Magnetic field dependence of the spin relaxation rate.
The experimental values from time-resolved PL (circles) and the
estimated values from steady-state PL spectra (squares) are shown
together for comparison. The solid line is the theoretical fitting ac-
cording to Eq. (2).

of magnetic field in Fig. 4 by circles. We can see that the
measured spin relaxation rates are consistent with the est-
mated ones from steady-state PL spectra (squares). The dis-
crepancy at low field may come from the fluctuation of laser
power, or the difference of detected energies in PL and time-
resolved PL measurements. The time-resolved PL measure-
ments proved further that the unusual magnetic ficld depen-
dence of circular polarization observed in steady-state PL
measurements originates from the suppression of spin relax-
ation by the longitudinal magnetic field.

The spin relaxation rate is not alfected remarkably by the
magnetic field in the framework ol anisotropic exchange in-
teraction of exciton, as was reported by Paitlard er al.'* How-
ever, we observed that the spin relaxation rate decreases re-
markably with the increase of the longitudinal magnetic
field. Therefore, the model of the anisotropic exchange inter-
action of excitons cannot explain our results. We need to
consider other possibilities. A suppression of spin relaxation
by the external magnetic field has been reported for the case
of spin relaxation of electrons localized at donors in bulk
crystal.'®!9 These authors have found that spin relaxation of
electrons localized in potential wells is caused mainly by
hyperfine interaction of electron spins with magnetic mo-
menta of lattice nuclei, the hyperfine magnetic field being
randomly changed due to the hopping migration of electrons
over localized states in the crystal. This mechanism should
work for localized electrons in QDs. In a strong magnetic
field, the nuclear hyperfine fields only perturb the precession
frequency of the electron spin about the external magnetic
field. As a result, the spin component parallel to B is con-
served, while the transverse spin component precesses with
Larmor frequency. The dependence of the electron spin re-
laxation time 7, on the longitudinal magnetic field can be
described by the expression

1 I

—_—= 2)

7 0+ Q%) (
Here, 7,{0) is the spin relaxation time under the zero mag-
netic field, Q=g upB/h is the precession frequency of the
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electron spin in the field B, and 7, is a characteristic time of
the order of correlation time of the fluctuating magnetic field
responsible for the spin relaxation. Here we used 7, as a
fitting parameter. If the nuclear field By is present, the quan-
tity in Eq. (2) is defined by the total field acting on the
electron spin. By this formula, we can simulate the magnetic
field dependence of spin relaxation time, which is in good
agreement with the experimental data. .

Merkulov et al. studied theoretically electron spin relax-
ation in InAs QDs and CdSe QDs via interaction with
nuclear spins, and they proposed the hyperfine interaction is
the dominant mechanism of carriers in these QDs.% They
obtained the spin dephasing time on the order of 50-100 ps
for InAs QDs, which is close to our data. Correspondingly,
we think that the fast relaxation in CdTe QDs is due mainly
to the hyperfine interaction with nuclei spin at zero field. The
spin relaxation is suppressed by the external magnetic field.
However, the hyperfine interaction constants in CdTe are not
experimentally determined. Reliable quantitative calculation
is difficult to obtain. In this material only a fraction of the
nuclei (25% of the Cd ions) have magnetic moments, and
they have spin /=1/2. As a result, the electron spin interac-
tion with the nuclei in these QDs is weak. Although Merku-

PHYSICAL REVIEW B 71, 033314 (2005)

lov er al. calculated the hyperfine interaction in nanocrystal
CdSe QDs, the obtained spin dephasing time is around 1 ns,
and longer than our data. Further theoretical and experimen-
tal work is needed to clarify the spin relaxation time for
various materials.

In conclusion, we have measured the PL spectra and time-
resolved PL in the CdTe/ZnTe QDs under a longitudinal
magnetic field up to 10 T and at 10 K. An unusual magnetic
field dependence of circular polarization was observed in
steady-state PL spectra. However, we did not observe any
linear polarization at zero field. This cannot be explained by
the anisotropic fine structures of excitons. Time-resolved PL
confirmed that electron spin relaxation is suppressed by the
longitudinal magnetic field. We attribute it to the effect of
nuclear field. We believe that the spin relaxation is deter-
mined mainly by the hyperfine interaction of electrons with
nuclei. The Larmor precession of electron spin about the
strong external magnetic field can suppress the precession
about the internal hyperfine field, thus preserving the initial
orientation of electron spins. We expect our experiments can
help to understand the spin relaxation processes and to ex-
tend the relaxation time in CdTe QDs.

*Present address: Department of Materials Science, Osaka Prefec-
ture University, Sakai, Japan.
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Direct Observation of the Electron Spin Relaxation Induced by Nuclei in Quantum Dots
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We have studied the electron spin relaxation in semiconductor InAs/GaAs quantum dots by time-
resolved optical spectroscopy. The average spin polarization of the electrons in an ensemble of p-doped
quantum dots decays down to 1/3 of its initial value with a characteristic time T, = 500 ps, which is
attributed to the hyperfine interaction with randomly oriented nuclear spins. We show that this efficient
electron spin relaxation mechanism can be suppressed by an external magnetic field as small as 100 mT.

DOI: 10.1103/PhysRevLett.94.116601

Spins of localized electrons in semiconductor quantum
dots (QDs) are attractive for future spintronic and quantum
information devices since they are not subject to the clas-
sical spin relaxation mechanisms known for free carriers
[1-5]. Recent theoretical studies have predicted that the
dominant mechanism of electron spin relaxation in QDs at
low temperature is due to the hyperfine interaction with
nuclear spins [6—8]. An electron spin in a quantum dot
interacts with a large but finite number of nuclei N, =
10°-10° [4]. In the frozen fluctuation model, the sum over
the interacting nuclear spins gives rise to a local effective
hyperfine field By [6]. The electron spin can thus coher-
ently precess around By [6,7]. However, the amplitude and
the direction of the effective nuclear field vary strongly
from dot to dot. The average electron spin (S(r)) in an
ensemble of dots will thus decay as a consequence of the
random distribution of the local nuclear effective field. For
the sake of simplicity, this spin dephasing mechanism on
the QD ensemble is termed here “spin relaxation.” Note
that for repeated measurements on a single QD the hyper-
fine interaction has the same effect as for an ensemble of
dots [6,7].

The spin dynamics of carriers in III-V or II-VI semicon-
ductor QDs have been studied experimentally by different
groups in recent years [9-20]. Spin relaxation times of the
neutral exciton longer than 20 ns have been found in
undoped QDs [13-15]. In n-doped QDs, hole spin relaxa-
tion times longer than 10 ns have been measured [16,17].
In all these experiments, no manifestation of the clectron
spin relaxation due to the interaction with nuclei has been
observed for the following reasons: (i) In undoped QDs the
photogenerated electron feels a strong effective magnetic
field due to the exchange interaction with the hole [21].
This exchange field is much stronger than the effective
hyperfine field of the nuclei, which thus plays a negligible
role [22]. (ii) In the experiments performed on n-doped
QDs the ground state luminescence corresponds to the
radiative recombination of the negatively charged exciton
X~ formed by one hole, and a pair of electrons with

0031-9007/05/94(11)/116601(4)$23.00
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opposite spins in a singlet state [23]. In this case, no effect
of the hyperfine interaction with nuclei is expected since
the total electron spin in the charged exciton is zero and the
hole spin is only weakly coupled to the nuclear spins due to
the p symmetry of the hole Bloch function [24].

The ideal configuration (0 probe the electron spin re-
laxation mediated by nuclei in QDs with optical experi-
ments presents itself in the form of positively charged
excitons X™ (consisting of one electron and two holes
forming a spin singlet). As in the case of X7, the exchange
interaction between the electron and the two holes cancels
in the X* ground state. The analysis of the circular polar-
ization of the X luminescence in p-doped QDs following
a circularly polarized laser excitation will thus probe di-
rectly the spin polarization of the electron. A large spin
polarization of the X™ luminescence has indeed been
observed recently in InAs/GaAs and GaAs/AlGaAs quan-
tum dot photoluminescence (PL) spectra [25,26]. To the
best of our knowledge the spin dynamics in p-doped QDs
has, however, not been studied at low temperature so far.

In this Letter, we present measurements of the electron
spin dynamics in p-doped InAs/GaAs quantum dots using
optical orientation experiments. We find that the time
dependence of the electron spin polarization exhibits two
regimes: the polarization decays within the first 800 ps
down to 1/3 of its initial value; it then remains stable with
no measurable decay on the radiative lifetime scale. We
also show experimentally that this efficient spin relaxation
mechanism can be suppressed by the application of a small
external magnetic field (B = 100 mT). We interpret these
results as experimental evidence of electron spin relaxation
mediated by the hyperfine interaction with nuclei in an
ensemble of QDs. We have studied three modulation doped
QD structures grown by molecular beam epitaxy on (001)
GaAs substrates. Very similar results have been obtained
for all three samples. We present here the experimental
data obtained in one of them which consists of 10 planes of
lens shaped self-assembled InAs/GaAs QDs separated
by a 30 nm GaAs layer; a beryllium delta doping layer
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is located 15 nm below each weltting layer (WL). The
nominal acceptor concentration is N4 = 15 X 10'® cm™2
per layer in this sample. The QD density is about 4 X
1019 ¢cm™2 per plane. The observation of QD ground state
PL under strictly resonant excitation (not shown here)
proves that this structure contains on average less than
two resident holes on the QD ground state. We have
investigated the spin properties in these structures by con-
tinuous wave (cw) and time-resolved PL experiments. In
the time-resolved experiments the samples are excited by
1.5 ps pulses generated by a mode-locked Ti-doped sap-
phire laser with a repetition frequency of 82 MHz. The
time-resolved PL of the QD ground state is then recorded
using an S! photocathode streak camera with an overall
time resolution of 30 ps. The excitation pulses are circu-
larly polarized (o™). The luminescence intensity copolar-
ized (/™) and counterpolarized (/7) with the excitation
laser is recorded. The circular polarization degree of the
luminescence is defined as P, = (/¥ —17)/(I* +17). In
the following the arrows 1, | characterize the spin projec-
tion on the Oz growth axis of the electron ground states
(labeled S.), whereas 1] and |} characterize the heavy-hole
pseudospin in the valence ground state (labeled S,) [18].
Figure 1(a) displays the cw PL spectrum of the QD
ground states at 7 = 10 K. It is characterized by a full
width at half maximum of about 50 meV due to the
fluctuations of size, shape, and strain in the ensemble of
dots. Figure 1(b) presents the circular polarization of the
time-integrated PL after a circularly polarized picosecond
excitation. The excitation energy is 1.44 ¢V; this corre-
sponds to the photons absorption in the low energy part
of the WL (because of the strain and the quantum confine-
ment, this absorption corresponds to a heavy-hole-to-
electron-like transition [18]). We measure a circular polar-
ization degree of =19% of the QD ground state emission
(B, = 0). The excitation intensity is about 1 mW; this
corresponds to the photogeneration of less than one
electron-hole pair per QD. All three p-doped samples

% 3 | (a) T=10K (c)
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FIG. 1. (a) cw photoluminescence spectrum of the QD.

(b) Circular polarization of the QD ground state luminescence
for (@) B. = 0 and (A) B. = 100 mT. (c) Scheme of a posi-
tively charged exciton X formed by a spin polarized electron
and two holes with opposite angular momentum projection.

that we have studied present circular polarization degrees
larger than 10%. In contrast, the same experiment per-
formed in nominally undoped QD samples (not shown
here) yields a very small polarization P, <3%. This
weak circular polarization in undoped QDs under these
nonresonant excitation conditions is a direct consequence
of the linearly polarized neutral exciton eigenstates due (o
the anisotropic exchange interaction (AEI) between the
electron and the hole [13,14,27,28). The measurement of
a significant circular polarization in Fig. 1 is a strong
indication of the successful chemical doping of the QD.
For simplicity, we consider for the interpretation that (i) the
dots contain a single resident hole and (i) a single electron-
hole pair is optically injected into the dot. Following
excitation into the WL, it is commonly assumed that the
electron spin does not relax during the capture and energy
relaxation process in the QD, whereas the initial hole spin
orientation is lost due to efficient spin relaxation processes
in the WL [18,25,29]. The recorded PL in the p-doped QD
samples corresponds essentially to the radiative recombi-
nation of positively charged exciton X* formed with a spin
polarized electron and two holes with opposite spin [see
Fig. Ok [X*) = 1/V201. 0D = 1L 1. D).

Figure 2 displays the circular polarization dynamics of
the QD ground state luminescence [same excitation con-
ditions as Fig. 1(b)]. The inset presents the time evolution
of the luminescence intensity components /* and /™. The
circular polarization dynamics in Fig. 2 presents two re-
gimes. The polarization decays within the first 800 ps down
to a value of about 12%, then it remains stable with no
measurable decay on the radiative lifetime scale. We can
infer that the spin relaxation in this second regime is longer
than 10 ns. This specific circular polarization dynamics has
been observed for any detection energy in the PL spectrum
of the QD ground state ensemble. Moreover, we have
measured similar kinetics in all the p-doped samples we
have studied.

PL Intensity
(arb.units.)

40

0 1000 2000
Time (ps)

Circular Polarization (%)

20+
O s
0 1000 2000
Time (ps)
FIG. 2. Circular polarization dynamics of the QD lumi-

nescence after a circularly polarized o+ laser. excitation.
Inset: Photoluminescence intensity copolarized /* and counter-
polarized /™ with the laser (semilogarithmic scale). The detec-
tion energy is centered at Ey, = 1.11eV.
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All these results are in very good agreement with the
predicted electron spin relaxation by nuclei [6-8]. The
time dependence of the average electron spin due to the
interaction with nuclei can be written as [6]

-3} o ) o)

where S, is the initial spin, T = fi/(g,ugAy) is the
dephasing time due to the random electron precession
frequencies in the randomly distributed frozen fluctuation
of the nuclear hyperfine field, wp is the Bohr magneton,
and g, is the electron effective Landé factor. The disper-
sion of the nuclear hyperfine field By is described here by a
Gaussian distribution characterized by its width Ag:
W(By) = exp[—(By)?/A%] [6]. 1t is clear from Eq. (1)
that the time dependence of the average electron spin
polarization exhibits two regimes. After a strong initial
decay with a characteristic time T4, the average electron

spin polarization is expected to reach a constant value of

1/3 of the iniual polarization (inset of Fig. 3) [30]. The
circular polarization measured in Figs. | and 2 corresponds
mainly (o the radiative recombination of X* i.e., it probes
directly the spin relaxation of electron: P.(1) = p, (1) =
2(S(1)), where p, is the electron spin polarization. The
initial value of the average electron spin polarization here
is about p,(0) = 40%; p,(t) then drops down to about 1/3
(p, = 12%) of its initial value in agreement with the
predictions of Eq. (1). After the initial drop, the average
electron spin polarization remains stable on the radiative
lifetime scale. Merkulov er «l. calculated that the subse-
quent electron spin dephasing, which is the result of the
variations of the nuclear field direction, occurs on a time
scale typically 100 times longer than T [6]. Thus it cannot
be observed on the radiative lifetime scale.

A key argument for the hyperfine interaction being
responsible for the initial polarization decay comes from
magnetic field dependent measurements. We have re-

corded the circular polarization dynamics of the QD
T=10K o
X 1.0
80 ¢ o
07 1000 2000
Bz=400 mT Time (ps)
40

B =100 mT

B =0
2

Circular Polarization (%)

20
10 ;
0 1000 2000
Time (ps)
FIG. 3. Circular polarization dynamics of the QD ground state

luminescence (semilogarithmic scale) for B. = 0, B, = 100 mT,
and B. = 400 mT. The inset displays the calculated time de-
pendence of the average electron spin (S(1))/S, (see text).

ground state luminescence with a magnetic field applied
along the Oz growth axis. Merkulov er al. and Semenov
et al. predict that the electron spin dephasing induced by
hyperfine interaction can be strongly suppressed in an
external magnetic field [6,8,31]. The required magnetic
field must be larger than Ay, which is of the order of
10 mT [7], to ensure that the Zeeman interaction of the
electron spin with the magnetic field is stronger than the
interaction with the nuclei. We see in Fig. 1(b) that the
time-integrated circular polarization is almost doubled at
the peak of the spectrum when a magnetic field of B. =
100 mT is applied. This strong increase in circular polar-
ization for such a weak external magnetic field is very
unusual in nonmagnetic semiconductors. Note that the
Zeeman splitting energy of the clectron in this weak mag-
netic field is at least 50 times smaller than k7T at 7 = 10 K
[21}. Figure 3 displays the circular polarization dynamics
'the QD ground state luminescence with magnetic fields
100 mT and B. = 400 mT; the dynamics for B, =0
1S also presented for comparison. By applying a field of
B. =100 mT, we drastically increase the initial decay
time 10 =4000 ps, as compared to =500 ps at B, = 0.
This pronounced effect of the small external !ﬂdgl](,ll(, field
observed in Fig. 3 agrees very well with the expected
influence of the external magnetic field on the QD electron
spin relaxation by nuclei [6,8]. The effect observed here is
similar to the suppression of the nuclear hyperfine interac-
tion measured recently for localized electrons in lighty
doped bulk n-GaAs [32,33].

We see in Fig. 3 that the time evolution of the circular
polarization at 8, = 400 mT is very similar to the behavior
at B, = 100 mT [34]. The main difference is a small
increase of the initial circular polarization, which is proba-
bly due to the effect of the magnetic field on the electron
spin relaxation during its capture and energy relaxation
inside the dot. We still observe a slow initial decay of the
circular polarization in Fig. 3, whereas we expect a total
suppression of the spin ruldxatxon by nuclei for B. >
100 mT (see inset) [6,8]. First, we have assumed up to
now that the analyzed luminescence corresponds only to
the radiative recombination of positively charged excitons
X™. This is an oversimplified description as neutral exci-
tons XY or doubly charged excitons X>* can contribute to
the recombination process since some of the dots contain
zero or two holes before the optical excitation (the majority
of the dots containing one resident hole). The slow initial
decay observed in Fig. 3 for B, # O could be due to the
complex spin dynamics of X% or X?*. Second, we have
neglected in our interpretation the details of the spin-
dependent energy relaxation inside the dots. In n-doped
InAs/GaAs QDs it has been shown, in particular, that the
strong AEI in the X~ charged exciton hot triplet state plays
a significant role in the spin dynamics [18,35]. In p-doped
QDs a similar slow spin flip process mediated by the AEI in
the X hot triplet state could occur in the QD where the
photogenerated and resident hole spins are parallel. This
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effect may also contribute to the slow initial decay of the
circular polarization in Fig. 3 for B, # 0. As the aniso-
tropic exchange energy in the hot triplet state is a few tens
of eV, the suppression of the AEI spin relaxation mecha-
nism would require the application of magnetic fields of
the order of a few Teslas. Note that in n-doped QDs the
application of a field of B, = 100 mT does not yield any
measurable change in the PL circular polarization dynam-
ics [36].

The initial decay time of the average electron spin
polarization due to the interaction with nuclei can be
estimated from Fig. 3 (B, = 0). We find T, = 500 ps.
Merkulov er al. showed that this dephasing time can be
written as

Ty = ﬁ[:zzz/j(1j + 1><Af>2/<3NL>}*'/ G
J

where N, is the number of nuclei interacting with the
clectron in the QD, A/ the hyperfine constant, I/ the spin
of the jth nucleus, and n the number of nuclei per unit cell
[6]. The sum goes over all the atoms in the primitive unit
cell. We take for the hyperfine constants of As (/4% = 3/2)
and In (/" = 9/2) the values A , = 47 peV and Ay, =
56 peV, consistent with n = 2 [37]. For a typical dot size
(base diameter = 17 = 3 nm, height = 5 %= 2 nm) [38], we
estimate that the number of nuclei in interaction with the
electron is N, = Ny = AN, = 6 X 10* = 4 X 10* [6,7].
Equation (2) yields for an InAs dot T4 = 450 =
170 ps, in good agreement with the experimental value
(=500 ps) if we consider (i) the greal uncertainty on the
determination of the number of nuclei N, interacting with
the electron and (ii) the In/Ga interdiffusion which yields
the formation of InGaAs dots rather than pure InAs dots
[39]. From the experimental determination of the dephas-
ing time T,, we can estimate the dispersion Ay of the
nuclear hyperfine field By. We find Ay = /(g up3Ta) =
28 mT, assuming an electron g factor of |g,| = 0.8 as
measured by Bayer ef al. [21]. This value of Ay is con-
sistent with the effect of the external magnetic field ob-
served in Figs. 1(b) and 3. The external magnetic field
B, = 100 mT is about 4 times larger than A, The inset
of Fig. 3 presents the calculated average electron spin
(S(1)/Sy for B, =0 and B, =4 X Ay (=100 mT) with
the parameters T, = 450 ps and Ay =28 mT [6]. An
additional Gaussian broadening of (T)~" corresponding
to the dot size variations AN, /N, = T,o(21n2)"/? with a
standard deviation of o = 0.8(T) ! has been added 1o the
calculation of Ref. [6] to take into account the fluctuations
of N, from dot to dot. We clearly observe the quenching of
the spin relaxation by nuclei through the application of a
weak external magnetic field. In conclusion, we have in-
vestigated the spin dynamics of positively charged excitons
in InAs/GaAs quantum dots by time-resolved photolumi-
nescence. We have shown that the dominant electron spin
relaxation mechanism at low temperature in QDs is due the
hyperfine interaction with nuclei. Although this efficient

spin relaxation mechanism may strongly limit the perform-
ance of future spintronic devices, our measurements show
that this spin relaxation can be suppressed by applying a
magnetic field as small as 100 mT, provided, for example,
by small permanent magnets.
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Optical spin polarization and exchange interaction in doubly charged InAs self-assembled
quantum dots
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The work is an experimental study of optical spin polarization in InAs/GaAs quantum dots (QDs) with two
resident electrons or holes. A capture of a photogenerated electron-hole pair into such a QD creates a negative
or positive tetron {doubly charged exciton). Spin polarization was registered by the circular polarization of the
QD photoluminescence (PL). The spin state was found to be radically different in the dots with the opposite
sign of the charge. Particularly, under excitation in a GaAs barrier, the polarization of the ground-state PL is
negative (relative to the polarization of exciting light) in the negatively charged QDs and positive in the
positively charged QDs. With increasing excitation intensity, the negative polarization rises from zero up to a
saturation level, while the positive polarization decreases. The negative polarization increases in weak mag-
netic fields applied in Faraday geometry; however, it is suppressed in strong fields. The positive polarization
always increases as a function of magnetic field. We propose a theoretical model that qualitatively explains the

experimental results.

DOI: 10.1103/PhysRevB.72.045325

I. INTRODUCTION

When one passes from three-dimensional to zero-
dimensional objects, the role of different mechanisms of spin
relaxation changes significantly. When analyzing different
mechanisms of spin relaxation for the carriers localized in
semiconductor quantum dots (QDs), it is convenient (o use
the analogy with the spin relaxation of deep paramagnetic
centers.! The relaxation due to spin-orbital interaction gets
suppressed,” while the exchange interaction intensifies and
becomes anisotropic,** and the relaxation by nuclei also gets
stronger.” An anisotropic exchange interaction of electrons
and holes induced by the dot asymmetry can split the exciton
radiative doublet and destroy spin polarization of QD
excitons.** The anisotropic exchange can be strongly sup-
pressed in charged QDs containing an odd number of carriers
(including photocreated electron-hole pairs), since such QDs
have half-integer spin and the anisotropic exchange does not
split spin states due to the Kramers theorem.® Indeed, a long-
living spin orientation has been observed in negatively
charged InAs,’ InP8 and ZnSe (see Ref. 9) QDs containing
one or three resident electrons. As the Kramers theorem is
not applicable to the complexes comprising an even number
of particles, the question of the spin conservation in QDs
with an even number of resident carriers remained, so far,
open.

Generally, an analysis of the exchange interaction is sig-
nificantly complicated by increasing the number of resident
carriers in a QD. However, the situation is radically simpli-
fied in a QD with two resident carriers. The matter is that in
such a QD the ground state of majority carriers is a singlet
with a zero spin. Therefore, the exchange interaction of the
four-particle complex (tetron) containing two resident carri-
ers and a photoexcited electron-hole pair reduces to the ex-
change interaction of the photoexcited pair. The latter is the

1098-0121/2005/72(4)/045325(8)/$23.00
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PACS number(s): 72.25.Fe, 72.25.Rb, 73.21.La, 78.55.Cr

analog of an ordinary exciton. But in contrast with an ordi-
nary exciton, in the tetron one of the particles coupled by the
exchange interaction (hole or electron) is in the ground state,
while the other one (electron or hole) is in the first excited
state. This provides a possibility (o study an exchange inter-
action of particles located at different orbital states. In this
work, we study optical spin polarization in QDs with two
resident electrons or holes.

II. SAMPLES AND EXPERIMENTAL RESULTS

We studied the molecular-beam expitaxy (MBE) grown
structures  containing ten layers of self-assembled
InAs/GaAs QDs separated by 30-nm-thick GaAs barriers.
The dot density in a layer of about 0.5X 10" cm™, base
diameter of =15 nm, and height of =5 nm was found from
the TEM studies (for review see, e.g., Refs. 10 and 11). The
dots are positively or negatively charged due to delta doping
by Si or Be, respectively. The delta-doping layers are located
15 nm below each QD layer. The dopant density was equal
to the double QD density producing nominally two resident
electrons or holes per dot on average. The MBE grown struc-
ture with a single layer of InAs QDs embedded into the
middle of the i layer of the n-i-n GaAs matrix was also
studied. GaAs barriers, cladding the / layer, are doped by Si
with concentration of 2X 10" em™. In such structures, the
QDs are filled with electrons.!>'? The independent
capacitance-voltage measurements'? showed that on average
two resident electrons occupy each QD at low temperature in
the n-i-n structure.

The carrier spin polarization was created by optical pump-
ing with circular polarized light'* A continuous wave tun-
able Ti:sapphire laser was used for excitation. The helicity of
the exciting laser beam was alternated at 42 kHz using a
quartz photoelastic modulator.'>® Changing the excitation
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FIG. 1. PL (solid lines) and PL polarization spectra (O and H)
of doubly positively (a) and negatively (b) charged delta-doped
InAs QDs recorded at excitation into the GaAs barrier. T=10 K.
Excitation energy hv,(eV): 1.653 (a), 1.59 (b). Excitation power
L (mW): 1 (O), 5 (&).
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helicity at a high frequency precluded dynamical polarization
of spins of lattice nuclei.'*!" The spin polarization of charge
carriers was determined by measuring the photolumines-
cence (PL) circular polarization degree, which is defined as
p=(I{~I)/(I+13), where It and I are the intensities of the
o PL component under ¢ and ¢~ pumping, respectively. To
measure the PL circular polarization up to 1.4 um, a highly
sensitive polarization analyzer'® with an InGaAsP photomul-
tiplier and a two-channel photon counter synchronized with
the quartz polarization modulator was used. For the measure-
ments in a longitudinal magnetic field, the sample was in-
serted in a center of a superconducting solenoid with a warm
bore. The measurements were done at 10 K.

PL and PL polarization spectra of the delta-doped QDs
measured at excitation above the GaAs barrier are presented
in Fig. 1. The solid lines in Fig. 1 show the PL spectra taken
at different excitation intensities. The band centered at the
1.11 eV is the PL of the QD ground state. We suppose that
the high-energy shoulder within the range of 1.16-1.21 eV
is the radiation of the QD first excited state. With increasing
excitation density, the shoulder grows due to the state-filling
effect and even exceeds the ground-state PL in negatively
charged dots. In positively charged QDs this effect is much
less pronounced. This difference is most likely due to the
following reasons. In InAs/GaAs QDs, the size quantization
energy for electrons is much greater than for holes
(50-70 meV against 5—10 meV between the ground and
first excited states.'$-') Therefore, the visible “excited-state
PL” is due o recombination of excited-state electrons. As in
n-type QDs the ground state is filled with electrons, it takes
lower pump power to have the excited electron level occu-
pied for doubly negatively charged (2¢) QDs than for doubly
positively charged (2h) QDs. At high-excitation density, a
weakly pronounced wing associated with the QD second ex-
cited state arises in the 1.22-1.26 eV range indicating that
there are at least three electron shells in the QD conduction
band. The radiation near the 1.5 eV comes from the GaAs
barrier.
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FIG. 2. PL and PL polarization excitation spectra of double-
charged delta-doped InAs QDs. 7=10 K. PL spectra of the posi-
tively (dotted line) and negatively (solid line) charged dots recorded
at  hy,=1.653e¢V, 1,=02mW, and hy,=159eV, 1,
=0.05 mW, respectively. PL circular polarization excitation spectra
of the positively (O) and negatively (B) charged dots measured in
the center of the ground-state PL band. Ay (eV): 1.109 (O), 1.117
(8). I,..(mW): 5(0), 20 (&).

The PL polarization spectra of positively and negatively
charged dots are shown in Fig. 1 by open circles and closed
squares, respectively.

PL circular polarization excitation spectra for positively
(O) and negatively (B) charged dots measured in the center
of the ground-state PL band are shown in Fig. 2. One can see
in Figs. 1 and 2 that the polarization spectra are radically
different for positively and negatively charged dots. Under
above-barrier excitation, the ground-state PL polarization re-
mains practically constant within a wide range of excitation
energies (1.52-1.73 e¢V) for both types of QDs, but it is
negative for 2¢-QDs and positive for 24-QDs (see Fig. 2).
This “sign rule” holds for excitation into the wetting layer
also, but here the absolute value of polarization exhibits a
strong nonmonotonous dependence on the excitation-photon
energy, which is probably due to the splitting between heavy
and light hole subbands in the wetting layer. Under excita-
tion below the wetting layer (<1.38 eV), the PL polarization
in 2¢-QDs becomes positive due to spin polarization of
holes.?

In the following, we consider the case of above-barrier
excitation. In this case the ground-state PL polarization is
positive in positively charged dots and negative in negatively
charged ones. To the contrary, the wetting-layer and barrier
emissions are, of course, positively polarized for both types
of QDs. This results in a crossover from negative (0 positive
polarization in the PL spectra of negatively charged dots (at
~1.32 eV), as seen in Fig. 1.

The dependences of the ground-state PL polarization on
excitation power and longitudinal magnetic field are also
strongly different in negatively and positively charged dots.
With increasing excitation intensity, the negative polarization
rises from zero up to a saturation level, while the positive
polarization always decreases, as shown in Fig. 3. We note
that spectral dependences of p and the dependence of p on
excitation power for doubly negatively charged QDs in a
n-i-n structure with one layer of InAs QDs (not shown here)
are qualitatively similar to those shown in Figs. 1-3 for
n-delta-doped dots.

Figure 4 shows that the negative polarization increases in
weak magnetic fields applied in Faraday geometry, but
strong fields suppress it. The positive polarization always

increases as a function of magnetic field.
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FIG. 3. Ground-state PL polarization vs excitation power for
doubly positively (a) and negatively (b) charged InAs QDs. T
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1. THEORETICAL MODEL AND DISCUSSION

A. Qualitative explanation of the experimental results

We start with a qualitative explanation of one of the main
results of this work, the observation of opposite signs of the
circular polarization of the ground-state PL in doubly posi-
tively charged (24) and doubly negatively charged (2¢) QDs
under excitation in the barrier. In our opinion, the main rea-
son for this difference is the fact that photoexcited clectrons
coming to QDs from the GaAs barrier retain their initial spin
polarization (50%), while holes completely depolarize before
their capture into QDs.?' This is a consequence of a strong
difference of spin relaxation times of holes and electrons in
bulk semiconductors.™ As the ground-siate PL of charged
QDs is a result of recombination of a photoexcited carrier
with a resident carrier of opposite charge and zero average

spin polarization, one could expect positive polarization of
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FIG. 4. Longiutudinal magnetic field dependence of the ground-
state PL polarization of doubly positively (a) and negatively (b)
charged InAs QDs. 7=10 K. Here, the sample with negatively
charged dots is a n-i-n structure with one layer of InAs QDs. (a)
hve =1.722 eV, 1,,.=5 mW, hyg,=1.109 eV. (b) hv, =155 eV,
loe=T mW, hyy,=1.143 eV.
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the PLin positively charged QDs and no polarization of the
PL in negatively charged QDs. In reality, however, the dif-
ference between positively and negatively charged QDs is
even stronger, duc to the anisotropic exchange (AE) electron-
hole interaction, which results in negative PL polarization in
negatively charged QDs.

As shown earlier for excitons,*7?%2% AE in an electron-
hole pair results in a simultaneous spin-flip transition of the
electron and the hole. In other words, AE provides a transfer
of angular momentum between the electron and the hole.
Note, however, that “transfer” docs not imply “conservation”
in this case; a portion of the angular momentum goes to the
crystal lattice via the spin-orbit interaction, making it pos-
sible to match the clectron spin 1/2 with the heavy hole spin
3/2. In particular, this feature of the AE results in a possi-
bility of flip-flop transitions for electron-hole pairs both with
antiparallel and parallel spins. In the former case, similarly to
the usual electron-electron spin exchange, the hole acquires a
portion ol angular momentum of the same sign as that lost by
the clectron. In the latter case, both the clectron and the hole
lose their angular momentum (o the crystal ladice, so that the
portion of angular momentum gained by the hole is opposite
in sign to that lost by the electron. The matrix elements of
these two transitions (8, for the “bright” states with the total
spin projection on the structure axis equal 0 =1 and &, for
the “dark™ states with the spin projection ®£2) are generally
different. > If we now consider an ensemble of electron-
hole pairs where the electrons are spin-polarized and the
holes are not, we can readily see that the clectrons are in any
case losing their average spin via AE, while the holes can
acquire spin polarization of the same sign as that of electrons
(if §,> &), of the opposite sign (il §,<8,), or remain with
zero spin polarization (if ,=&,). Theoretically, all these situ-
ations can be realized in QDs**?'; however, experimental
works published up to now indicate that in real QD struc-
tures 8,3 8,.722* Therefore, one can expect the AE to result
in a spin polarization of holes parallel to the initial polariza-
tion of electrons. According to the well-known optical selec-
tion rules,™ the PL resulting from recombination of these
holes with unpolarized resident electrons in negatively
charged QDs has the helicity opposite to that of the exciting
light. Such a “negative” PL polarization has been so far ob-
served in singly negatively charged QDs.”*? As the capture
of an electron-hole pair into a singly charged QD results in
the formation of a trion whose ground state is a Kramers spin
doublet not affected by the AE, intermediate states were in-
voked to explain the negative polarization. According to Ref.
22, the AE occurs in exciton before its binding with the
resident electron. Cortez er al.” explain their experimental
results by the AE in the excited triplet state of the QD trion.
In doubly charged QDs, two resident carriers form a spin
singlet that does not hinder the AE in the photoexcited
electron-hole pair. This fact, together with experimentally
documented fast capture of photoexcited carriers from the
barrier into QDs, suggests that the negative PL polarization
observed in our experiments is due to the AE inside the QD.
The basic properties of this interaction, including the relation
between &, and &, should remain the same as for excitons,
though values of these constants may be different. A theoret-
ical model we propose on the basis of this assumption repro-
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duces all the main features of the observed phenomena, in-
cluding the effects of magnetic fields and the dependence of
the polarization on the excitation intensity both for positively
and. negatively doubly charged QDs. The model calcula-
tons are presented in Sec. III B. However, the main qual-
itative results of the model can be obtained without any
mathematics.

Let us consider first the situation in 2¢-QDs. If photoelec-
trons come from the barrier with spin down (), and photo-
holes come unpolarized (spin projection of the hole is  or
1), then [+1) (1111 and |-2) (J T14) tetrons are formed with
equal probability. By analogy with the corresponding exciton
states, we will in the following refer to |+ 1) tetrons as bright,
and to |+2) tetrons as dark, though both these doublets are
radiative. The emission of the |+1) bright tetron has o* po-
larization, while the |-2) dark tetron emits o~ light. As the
AE is stronger in the bright tetron (5, &,), its emission
depolarizes faster, and therefore the net PL polarization is
negative.

The magnetic field dependence of the polarization also
finds its explanation in the different strength of the AE in
bright and dark tetrons. Indeed, analogously to what has been
observed earlier in excitons,? the longitudinal magnetic field
suppresses flip-flop transitions generated by the AE and re-
stores polarization of both bright and dark tetrons. Besides,
due to weaker AE in the dark tetron, its polarization is re-
stored in weaker fields, and the magnitude of the negative PL
polarization increases. Further increase of the magnetic field
also suppresses the depolarization of the bright trion, and as
a result the net PL polarization goes to zero in high magnetic
field. This explains the experimentally observed W-shaped
magnetic field dependence of the PL polarization, shown in
Fig. 4(b).

In 24-QDs, the polarization of bright and dark tetrons has
the same (positive) sign. Therefore, the increase of polariza-
tion of each of the two types of tetrons in the magnetic field
should be accompanied by a monotonous increase of positive
polarization of their net PL, as indeed is observed experi-
mentally [see Fig. 4(a)].

In order to explain the experimentally observed depen-
dence of the PL polarization on the pump intensity (see Fig.
3), the model should be expanded to include the capture
kinetics of photoexcited electrons and holes. Based on the
results of Refs. 21 and 25, we assume that under above-
barrier excitation electrons and holes are captured into QDs
separately. Additionally, we suppose that a negatively
charged QD first captures a hole and, only then, an electron
(for positively charged dots the situation is opposite-an
electron is captured first, then a hole). This assumption is
based on a simple observation that a charged QD attracts
particles of the opposite charge and repels like-charged ones
and also on the experimental results of Ref. 26. An evident
consequence is that the opposite-charge carrier lives for
some time in the QD before the coming of the like-charge
one; during this time interval, the QD contains not a tetron,
but a wrion. The stronger is pumping, the shorter is this time;
at weak pumping, however, trions can exist for a long
enough time to give a significant contribution into the pho-
toluminescence. Therefore, the net PL of the QD ensemble is
governed by trions at extremely low pumping and experi-

PHYSICAL REVIEW B 72, 045325 (2005)

ences a crossover to tetron-dominated regime at higher pump
intensities (note that trion and tetron PL lines cannot be spec-
trally resolved in ensemble measurements). Now, as the
ground-state trion PL has zero polarization for negatively
charged QDs, and a polarization equal to that of photoexcited
electrons in positively charged QDs, we can conclude that
the net polarization as a function of pump intensity should be
negative, increasing in the absolute value, in 2¢-QDs, and
positive, somewhat decreasing. in 2k-QDs. This behavior is
indeed observed experimentally (see Fig. 3) and reproduced
by model calculations in Sec. I B.

B. Model calculations
1. Negatively charged QDs

We assume that the photogenerated electrons and holes
are captured into the dots separately under the above-barrier
excitation.”!?> Further, we believe that a photohole is cap-
tured first, forming a trion, and then a photoelectron is
trapped to the QD first excited state, yielding a tetron. In
accordance with the spin projection of electron ({, |) and
hole (11, ), we denote trion states as T} and 711, |+1) and
|-1) tetrons as [T{7 and 1714, and |+2) and |-2) tetrons as
TT1M and |71 In the following, we will refer to |+ 1) and
|+2) tetrons as bright and dark tetrons, respectively, in an
analogy to bright and dark exciton states. though in fact both
bright and dark tetron states are radiative and have equal
oscillator strengths.

The photoexcited hole can recombine with the resident
electron, either before or after the capture of a photoexcited
electron.

The fraction of photons emitted by the QD with a photo-
hole before capture of a photoelectron (trion emission) is

1

v= R
I +wr

(1

where 7 is the ground-state radiative lifetime; w is an elec-
tron capture rate at the first excited level, which is propor-
tional to the excitation intensity /,... The polarization of this
light is equal to the hole polarization P,

The fraction of photons emitted by the QD with a photo-
hole after capture of a photoelectron via recombination of the
photohole with one of the resident clectrons (tetron emis-
sion) is

WT

byt vy = 5
I +wT
where v, and v, are the fractions of bright and the dark
tetrons, formed by one s hole, two s clectrons, and one p
electron.

As the holes are captured unpolarized, we put the frac-
tions of bright and dark tetrons equal to each other

I wr (3)
Vp=Vy=_"" . J
T 2+ wr
The net polarization of the QD emission is then given by the
expression
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P20 = VP + 0Py + vyPy, (4)

where P, and P, are average polarizations of bright and dark
tetrons. The initial polarization of the PL from bright and
dark tetron states is determined by the polarization of cap-
tured photoelectrons P Pro=—PF0=PF.9, SO that p,, is ini-
tially equal to zero. It becomes nonzero due to unequal
strength of the AE in the bright and dark tetron states, result-
ing in a disbalance of P, and P,. In order to find these values
at the moment of recombination, one should analyze the in-
fluence of the AE on the tetron spin state.

The AE interaction in the tetron, where the two electrons
on the lowest level of size quantization are in a spin-singled
state and therefore do not interact with other spins, is analo-
gous to that in the exciton. The spin structure and dynamics
of the QD exciton is well documented.™"222433:34 we will
use the results of Refs. 22, 23, and 33 to analyze the polar-
ization of tetron photoluminescence. This is done, briefly, as
follows.

AE splits ground states of both the bright and the dark
tetron into two levels with the wave functions being linear
combinations of +1/2 and —1/2 states. This effect can be
described by a two-level model with a pseudospin 1/2, re-
flecting the tetron polarization, and an effective magnetic
field of the AE directed perpendicularly to the inital direc-
tion of the pseudospin (z axis). An external magnetic field
Bliz splits pseudospin states with projections +1/2 and —1/2
onto the structure growth axis and for this reason, in this
model, it is parallel to the initial pseudospin direction. A
combined action of the two fields results in the pseudospin
precession around their vector sum. Under a continuous-
wave excitation of tetrons, they are characterized by a pseu-
dospin vector averaged over time (taking into account the
lifetime of the corresponding tetron state). The PL circular
polarization, determined by the z projection of this vector, is
given by the following expressions:

1+ (Q'IJ:T[))z
1+ Q) + Q)

Ph:PeO

1+ (Qy.m)’
1+ (Qur)” +(Qur)?

P(/: - P!)O (5)
similar to the formula for the electron mean spin in the Hanle
effect in a tilted magnetic field.!* Here 7, is the hole life-
time in bright and dark tetrons, %8}, ,.=g, su3B and 70, ,
=, 4 are the Zeeman and anisotropic splittings of the bright
and dark tetrons; g, is the g factor of the bright or dark
tetron and up is the Bohr magneton.

Since the holes come from the barrier unpolarized (P,
=0), then

1+ (szTh)z
1+ (thTb)z + (Q[)T[))z

I+ (de.Td)z )
L+ Q) + (Qu7)?

PA’O wT (
Pre=

2 l+wr

(6)

As, because of the symmetry of envelope wave functions, the
ground-state hole recombines predominantly with one of the
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FIG. 5. Dependences of the PL circular polarization on the ex-
citation intensity and longitudinal magnetic field in the double
negatively and positively charged dots, calculated with Eqs. (6) and
(8). The capture rate w was calculated as w=W/hv . Ny, where W
15 the pump density and N, is the dot density. The following pa-
rameters are used: P,u=0.5. 7=0.5ns, |g,l=3, |g =14, 3,
=100 peV, 8;=2 ueV, Ngoy=5X 10" ecm™2, hu,.=1.6 eV. (a) and
(c) B=0. (b) and (d) W=25 W/cm?. Sec text for details.

ground-state electrons, we may take the recombination times
of bright and dark tetrons. 7, and 7, approximately equal (o
each other, and replace them with a unique tetron lifetime 7.
In this case, in zero external field

_owr PeO( 1 1 ) 7
P w2 T+ (@07 1+ (n?)

Since 8,3 8,22 the second term in Eq. (7) exceeds the
first one, and p,, is negative. The electron captlure rate w
X e SO, pr, %1, at a weak pumping wr<€1 and goes o
zero by decreasing the excitation intensity. With the excita-
tion rise, the PL polarization achieves its maximal value that
does not depend on the excitation intensity at w71 and for
a certain electron polarization P is determined by the ratio
of anisotropic splittings of bright and dark tetrons &, and &,
[see Fig. 5(a)].

In these calculations we have assumed that the values of
excilonic g factors measured in Ref. 30 (|g,l=3.lg /=1.4)
are suitable for our QDs also.

2. Positively charged QDs

We apply the same model to describe polarization in dou-
bly positively charged dots. The difference is that now we
assume that the photoelectron is captured first, -forming a
positively charged trion ([fill or 111). The subsequent capture
of a photohole to the first excited state creates positively
charged (INUM or 1MUY and dark (IOUY or 1L tetrons.
Equations. (1)—(4) can be used to calculate the polarization,
but now v in Eq. (1) denotes the fraction of photons emitted
by QDs with a photoelectron before the hole capture. Their
polarization is p=P,. Respectively, w is a hole capture rate
at the first excited level. By changing the sign in the expres-
sion P, in Eq. (5) (because the emission of dark tetrons in
2h-QDs is positively polarized), we obtain the following ex-
pression for the PL polarization in 2k dots, py,=vP,.
+ P+ Py
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wT ] +(Q,)Z'rb)2

1
=P, ———-(1 +
Pan O 4 wr 2 1+ (Q,,:T,,)?' + (Q,,Tb)2

wT I+ (»{).d:'fd)z )
+ 2 21
2 14+ Q)™ + (Qury)”

(8)

pay, has the positive sign, because all the terms in Eq. (8) are
positive. The maximal value of py, i1s equal to the initial
polarization of electrons, P,q, which can be realized in the
limit of weak pumping (w<77!). With increasing intensity
pyy decreases and, at strong pumping (w3 77') saturates at a
level [Fig. 5(c)] that is determined, in the absence of the
external magnetic field, by the ratio &,/6,. The longitudinal
magnetic field always enhances the PL polarization, resulting
in a V-shaped dependence p,,(B) [see Fig. 5(d)]. The sharp
increase of py,(B) at weak fields and much more smooth
increase at higher fields are due to restoration of optical ori-
entation in dark and bright tetrons, respectively.

C. Discussion

Dependences calculated for positively and negatively
charged dots with the same set of parameters are shown in
Fig. 5. One can see that the model calculation reflects all the
main features of the experimental observations.

A W-shaped dependence of the negative PL polarization
on the longitudinal magnetic field under above-barrier exci-
tation has been observed earlier in singly charged n-doped
InP quantum islands.?? Though the PL of the negative trion
was detected, the dependence p(B) was explained via
magnetic-field-induced restoration of the polarization of pho-
toexcited excitons before their binding with the resident elec-
tron and formation of a trion. For the weak AE in the dark
exciton to result in a considerable loss of polarization, the
exciton needs the lifetime in the island of at least 200 ps.?
This is possible in InP islands, having the lateral size 4-6
times larger than the exciton size (~100 A). However, this
scenario is not realistic in our InAs/GaAs QDs, because the
capture of photoexcited carriers in such QDs is very fast

(<15 ps)," the dot size is comparable to the Bohr radius of

the exciton, and, as a consequence, photoexcited and resident
carriers immediately form a complex.

Further corrections to the mode!l should involve multiex-
citonic effects, which can be considerable at high excitation
power. However, we believe that the essential features of the
observed phenomena are captured by the simplest tetron
model. Some other possible effects are discussed below.

1. Electron spin relaxation due to hyperfine interaction

In doubly negatively charged QDs, the photoexcited
(p) electron is coupled with the lattice nuclei by hyperfine
interaction (on the contrary, hyperfine interaction of holes
with lattice nuclei is absent?’), and its polarization can be
destroyed as a result of a precession of its spin in a fluctua-
tion of the effective nuclear field.® However, the isotropic
part of its exchange interaction with the hole, which splits
the spin states of the tetron into bright and dark doublets,
suppresses the precession of the electron spin. An estimation
with Eq. (7) of Refl. 5 gives the energy of the hyperfine
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interaction of an electron with the nuclear spin fluctuation
Son~5S pmeV (we assume that in our samples an InAs QD
contains =10* nuclei, the spins and the hyperfine constants
of indium and arsenic are equal to /,=9/2, 1,,=3/2, A},
~56 ueV, Ay =46 ueV, respectively).?®?? We suppose that
the exchange interaction between the p electron and the s
hole in the tetron is of the same order as the exchange inter-
action in the ground (s-s) exciton state. The exchange split-
ting of bright and dark exciton states, &, is 100-600 eV in
InAs/GaAs QDs, #3031 which is considerably higher than
the hyperfine energy &.n. Therefore, the electron spin-flip
transitions due to the hyperfine interaction are suppressed in
the negative tetron (a stabilization of the electron spin by the
exchange interaction was earlier considered for the exciton in
Ref. 32).

In a doubly positively charged QD, the photoelectron
comes first and, before the hole capture, experiences the in-
fluence of the nuclear fluctuation. In this case, the degree of
depolarization of electrons is determined by the relations of
the dephasing time of the electron ensemble in fluctuation
nuclear fields, 7, with the electron recombination time with
resident holes, 7. and the capture time of the hole, w™'. The
latter can vary within a wide range depending on the pump
intensity. In the InAs QDs under study, Ty=~02ns* 7
~1 ns*72" At weak pumping, when the hole capture rate
is small, T, is the shortest time, and the nuclear-induced
electron spin dephasing may dominate. In this case, for zero
external field, one can use Eq. (8) with the initial electron
polarization P,y replaced by P,/3. This does not qualita-
tively change the calculated dependence of p,, on pump in-
tensity, plotted in Fig. 5(c).

Magnetic fields should suppress the effect of nuclear fluc-
tuations and, consequently, increase the electron polarization.
Since the energies of the hyperfine interaction S,y and the
AE in the dark tetron &, are comparable, suppression of both
these interactions can give rise 0 a sharp increase of the PL
polarization observed in weak magnetic field [Fig. 4(a)]. We
would like to note that the suppression of nuclear fluctua-
tions by a magnetic field should be more pronounced at weak
pumping, where the depolarizing effect of nuclear fluctua-
tions is stronger.

2. Spin memory effects

Our model does not consider the effects of “spin
memory,” i.e., of the spin polarization of resident electrons
remaining after recombination of a polarized electron-hole
pair in 2¢-QDs. After recombination of the dark tetron, the
QD remains with two electrons having the same spin direc-
tion (predominantly |] in the case of o excitation). This is
again a doubly charged QD and, as we suggested above, it
should capture a hole first. Since photoexcited holes are not
polarized, holes f and | can be captured with equal prob-
abilities. The T hole forms a hot trion | |1, emitting o™ light.
However, AE of the 1] hole and each of the two | electrons is
strong and can transform the hot trion into the cold one with
the spin configuration |1}, which lives long and emits o~
light increasing the negative PL polarization. A capture of the
U hole forms a hot dark trion |[{l. The AE in such a trion
would result in a cold trion [T, producing the o* emission.
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But the AE in dark trions is weaker than in bright ones;
therefore, the net PL polarization of || QDs after a hole
capture is, presumably, o~.

Before the hole capture, the two || electrons may be af-
fected by the hyperfine interaction with a nuclear spin fluc-
tuation, which would deflect their total spin from its initial
direction. As a result, within the time comparable to the pre-
cession period of an electron spin in the nuclear-fluctuation
field (74, ~=0.2 ns),® these QDs, retaining the total spin of the
two electrons equal to 1, will have zero projection of the
total spin onto the structure growth axis (a more detailed
consideration of this process will be published elsewhere).
After the hole capture, such dots will give unpolarized
emission.

Thus, the QDs with two spin-polarized electrons yield on
average o~ light. As the relative number of such dots is
small, their contribution should not considerably affect the
PL polarization of the whole ensemble of QDs.

To summarize, we observed optical spin orientation in
doubly negatively and positively charged quantum dots. We

PHYSICAL REVIEW B 72, 045325 (2005)

propose a theoretical model including separate capture of
photoexcited electrons and holes from the barrier and the
anisotropic exchange interaction in doubly charged excitons
(tetrons). The model explains different signs of the circular
polarization of the emission {rom the ground state of posi-
tively and negatively charged dots, as well as the polarization
dependence on the pump intensity and the magnetic field in
the Faraday geometry.
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Submillisecond electron spin relaxation in InP quantum dots
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Light-induced orientation of electron spins in the negatively charged InP quantum dots is found to persist
longer than 100 ps. We have proved experimentally that the long-lived orientation is due to slow relaxation of
the electron spins rather than to the dynamic nuclear polarization effects.

DOL: 10.1103/PhysRevB.72.153302

In recent years, the long-lived spin orientation in semi-
conductor structures attracts increasing attention of research-
ers as a promising way of quantum information processing
and storage.! The structures with guantum dots (QDs) in
which the main processes of spin relaxation arc suppressed
due to confinement of the carrier are particularly advanta-
geous in this respect. According to the theoretical estimates,”
the electron spin lifetime in QDs can lie in the range of
milliscconds or even seconds. This theoretical prediction has
stimulated the studies of spin relaxation in low-dimensional
structures.™®  The most  exciting  experimental  results
achieved in this field were the electron spin relaxation time
T,=50 us, observed for the one-electron QD (Ref. 5) and
T,~20 ms observed for the InGaAs self-assembled QDs.”$
At the same ume, a fundamental question arises associated
with the origin of so long-lived spin polarization. Along with
suppression of main spin relaxation processes in QDs. pre-
dicted theoretically,? persistence of the spin polarization can
result from dynamic nuclear polarization!%'? capable to con-
serve the clectron spin for a long time. It should be particu-
larly emphasized that the dynamic nuclear polarization is a
very slow process which cannot realize fast recording of in-
formation. The role of nuclear polarization has not been dis-
cussed in Refs. 5, 7, and 8 and the question about origin of
the long-lived spin orientation in semiconductor QDs is open
so far.

In this paper, we present the experimental results showing
that relaxation of the electron spin in InP QDs is indeed very
slow and the lifetime of real spin memory in this system can
exceed 100 us. On the analysis of the experimental data we
came to conclusion that so long-lived spin memory is not
associated with the nuclear polarization. To study the elec-
won spin memory, we used a modification of the known
pump-probe technique with detection of the polarized photo-
luminescence signal (PL pump probe).*® The method in-
volves detection of the effect of a circularly polarized pump
on polarization of the PL excited by a probe beam. The PL
pump-probe method makes it possible to overcome the limi-
tation of the experimental study of spin dynamics related to
finiteness of the electron-hole pair lifetime. At the same time,

1098-0121/2005/72(15)/153302(4)/$23.00
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this method allows one (o retain the high sensitivity and
spectral selectivity characteristic of the conventional PL
techniques. For excitation of the PL we used a tunable
Ti:sapphiere laser with the 2-ps pulse duration and the
82-MHz repetition rate.

The structure under study is described in Ref. 14. The
lowest electron level in the QDs is close to the Fermi level of
the doped substrate that allowed us o control the amount of
the resident electrons in the QDs by means of an external
voltage. Most measurements were done in a magnetic field
parallel to the growth axis of the structure (longitudinal mag-
netic field) B=0.1 T. This, according to Ref. 15, makes it
possible to suppress the effect of the nuclear field fluctua-
tions on the electron spin orientation.

As an indication of the resident electron spin orientation,
we used the effect of negative circular polarization (NCP) of
PL of the charged InP QDs observed when the energy differ-
ence of the exciting and detected photons (Stokes shift)
exceeds 30 meV [see inset in Fig. 1(a)]. The highest NCP
value was obtained in the PL kinetics measured in real time
by a streak camera with a Stokes shift of 45 meV [Fig. 1(a)].
The degree of polarization calculated in a standard way,
p=([*=I")/(I*+17), where I* (I7) is the copolarized (cross-
polarized) PL intensity, changes its sign in approximately
100 ps after the excitation and then comes to a negative
steady-state value further referred to as the NCP amplitude
[Fig. 1(b)].

The experiments have shown that the NCP amplitude
strongly depends on the bias, Uy, applied to the sample
[right inset in Fig. 1(b)]. The greatest NCP is reached in a
narrow bias window near Uy;,;=-0.1 V practically coinci-
dent with the range where, according to Ref. 14, the trionic
quantum beats are observed. So we can conclude that it is the
trionic states that are responsible for the arising NCP.

We suppose that the negatively polarized PL is emitted by
QDs with parallel electron spins (see left part of the scheme
in Fig. 2).'6 This spin configuration is possible under excita-
tion with a large Stokes shift when the photoexcited and
resident electrons occupy different energy states. In these
dots, referred to as the P-type QDs, the direct relaxation of
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FIG. 1. (a) PL kinetics under strong o excitation in copolariza-
tion (o*o*) and cross-polarization (0%¢7). Po=90 W/icm?, Uy
=-0.1 V, T=5 K. The inset shows PL spectra in the copolarization
and cross-polarization under excitation at £.=1771 meV. (b) Ki-
netics of the degree of circular polarization. Left inset shows the
dependence of the NCP amplitude on the pump power density.
Right inset shows the dependence of the NCP amplitude on the bias
voltage at weak excitation Po,~ 1 W/em?,

the photoexcited electron to the ground state is blocked due
to the Pauli principle. However, the combined energy relax-
ation of the electron and hole with simultaneous flips of their
spins (flip-flop process) appears to be allowed in the pres-
ence of anisotropic component of the exchange coupling!’
(see middle part of the scheme). As a result, the electron
spins become paired while the hole spin orientation appears
to be inverted. In this case, the PL polarization determined
by the hole spin becomes negative (see right part of the
scheme).

In the QDs with initially antiparallel spins of the photo-
excited and resident electrons (the A-type QDs), the ex-
change coupling 1s small, and the flip-flop process is not
effective. The polarization of the PL of such QDs coincides
with that of the excitation, i.e., the degree of polarization is
positive. As a result, the contributions to the PL polarization
from the P-and A-type QDs should partially compensate

each other, and the total PL should be almost unpolarized if

the resident electron spin has no preferential orientation.

If spins of the resident electrons are polarized by the ex-
citing light,'® the numbers of the A- and P-type QDs become
unequal and degree of the PL polarization may be changed.
We have detected these changes. As the pump power density
was mncreased, we observed a rapid growth of the NCP with
a saturation at about =50% [see left inset in Fig. 1(b)]. An
evident reason for this growth is the orientation of the resi-
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FIG. 2. Kinetics of the degree of circular polarization for the
copolarized and cross-polarized pump and probe pulses. Time po-
sitions of the pulses are indicated by arrows. The scheme illustrates
the model of the NCP formation.

dent electron spins by the exciting beam. Thus, the degree of
spin orientation can be found from the measurements of the
NCP.

In order (o study relaxation of the resident electron spin,
we measured kinetics of the PL excited by laser pulses sepa-
rated in time. For this purpose, the laser beam was split into
two beams and one of them was optically delayed (for As
>1 ns) to avoid any overlap in time of the PL excited by
each of the pulses. Polarization of each beam could be varied
independently. The results of the experiments for the case of
equal intensities of the probe and pump beams are shown in
Fig. 2. When the QDs are excited by circularly copolarized
beams, a large NCP of both PL pulses is observed. However,
in the case of excitation by the cross-polarized beams, the PL
polarization virtually vanishes.

These results show that the spin orientation created by the
pump pulse affects the polarization of the PL excited by the
probe one and vice versa. It is evident that, after recombina-
tion of the electron-hole pairs (7p =250 ps), the information
about polarization of the excitation can be stored only in the
orientation of the resident electron spin. As it is seen from
Fig. 2, the NCP amplitude at co-polarized excitation is ap-
proximately the same both after the probe and after the pump
pulses, in spite of the fact that the former arrives 11 ns after
the latter, while the latter comes 1 ns after the former. This
means that the relaxation time of the electron spins substan-
tially exceeds the laser pulse repetition period 12 ns.

To check the conservation of the spin orientation at much
longer times, we have radically increased the time delay be-
tween the pump and probe excilation pulses. For this pur-
pose, we selected the laser pulses using acousto-optical
modulators (AOM) placed into the pump and probe paths.
The repetition period of the pump and probe pulse trains,
their duration and the delay were controlled by a functional
generator connected with the AOMs. To obtain a noticeable
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FIG. 3. (a) The time delay dependence of Ayep for circularly
polarized probe with copolarized (circles), cross-polarized (ui-
angles), and lincarly (squares) polarized pumps. 7=2 K. (b) The
delay dependence of AAncp=Ancp(cross)—Aneplco) (diamonds)
and multiexponential fit (solid line). Left inset: temperature depen-
dence of AAycp at different delays 7, (symbols); solid curves are
the fits by the function f(T)=fy(1+aB)"", where B=exp(=AL/kT).
Activation cnergy AE=4 meV for all the curves (Ref. 20). Right
inset shows magnetic field dependence of Ayep under cross-
polarized excitation for the 11-ns delay.

spin polarization created by the pump beam, the pump power
density was chosen (o be several W/cm?. The intensity of the
probe beam was by a factor of 10-20 lower, because only
under these conditions the probe pulse train did not erase the
spin polarization created by the pump.

We have measured the dependence of the NCP amplitude
of the PL excited by the probe beam on time delay between
the pump and probe pulse trains [see Fig. 3(a)]. Under linear
polarization of the pump beam, the NCP amplitude slightly
exceeds 10% and almost does not depend on the time delay.
The circularly polarized pump substantially changes the
value of the NCP. These changes are of opposite signs for the
copolarized and cross-polarized pumping and are approxi-
mately equal in magnitude. Therefore, we attributed the NCP
changes to the optical spin orientation rather than to other
effects such as, c.g., heating of the structure by the high-
power pump. Difference between the NCP amplitudes at the
copolarized and cross-polarized pumping can serve as a
quantitative characteristics of spin orientation of the resident
electrons.

As seen from Fig. 3(b), the spin orientation created by the
pump decays in time. Time dependence of the NCP, mea-
sured experimentally, cannot be described by a simple expo-
nential function. For the delays of about units of microsec-
onds, one can observe a relatively fast decrease of the
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orientation and, then, for the time delays exceeding 50 us,
the orientation comes o a virtually constant level. The rea-
sons for the nonexponential decay of the spin polarization
may be related to a spread of the spin relaxation rates in the
inhomogeneous ensemble of the QDs caused by the random
distribution of uncontrollable paramagnetic defects. The
NCP amplitude decreases with temperature and its decay be-
comes faster. However, even at 7=8 K, the NCP is observ-
able up to time delay 100 us. Temperature dependences of
the NCP at different delays is shown in the left inset in Fig.
3.

The main conclusion from these experimental results is
that the electron spin orientation can be conserved in the
ensemble of InP QDs during 100 us and more. As it was
mentioned above the reason for this spin memory can be not
only slow spin relaxation but also the dynamical nuclear po-
larization conserving the average orientation of the electron
spin. The conservation can be realized by the two opposite
ways depending on ratio of the electron-nuclear spin ex-
change rate o the phonon-mediated electron spin relaxation
rate.

Fast electron-nuclear spin exchange would result in cre-
ation of the common electron-nuclear spin system. Spin-
phonon interaction for nuclei is so small that the only effec-
tive channel of spin losses in the system is the phonon-
mediated relaxation of the electron spin. This channel serves
as a “bottleneck” for the spins accumulated in the nuclear
reservoir that gives rise to slowing down spin relaxation in
the electron-nuclear system.

In the opposite case, when the phonon-mediated electron
spin relaxation is faster than the electron-nuclear spin ex-
change, the electron and nuclear spins can be considered as
the independent, though interacting, systems. The light in-
duced electron spin orientation is partially transferred to the
nuclear spins causing the dynamic nuclear polarization. An
effective magnetic field created by the nuclear polarization
splits the electron spin states. At low (emperatures, spin-
phonon relaxation results in freezing out of the electron to
the lowest Zeeman level.'® Electron polarization created by
this way will hold as far as the nuclear field exists.

Quantitative information about possibility of the electron
spin freezing in the nuclear field was obtained by measuring
the magnetic-field dependence of the NCP in Faraday con-
figuration. The measurements were performed for the cross-
polarized excitation by the probe and pump pulses with equal
intensities. Under this excitation, neither the electron spin
polarization nor the dynamic nuclear spin polarization may
appear, and the only source ol orientation is the {reezing of
the electron spin in the external magnetic field. The experi-
ment reveals nearly linear magnetic field dependence of NCP
(sec right inset in Fig. 3). We may use this dependence to
calibrate the rate of the NCP changes due to the freezing
effect: anep=dAncp/dBo~0.025 T

In the case of the copolarized pump-probe excitation, the
electron spin polarization and, as a result, the dynamic
nuclear spin polarization may appear. If we assume that the
differcnce between the NCP amplitudes in small external
magnetic field for the cross-polarized and copolarized pump-
ing, AAnep=0.35 (obtained from Fig. 2), is due to establish-
ment of thermal equilibrium in the effective magnetic field of
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nuclei, we can estimate the field By=AAncp/anep=14T.
This value is larger by approximately three order of magni-
tude than the nuclear field strength obtained experimentally
for the InP QDs.""*® Therefore the freezing effect cannot be
responsible for the long-lived electron spin memory in the
QDs under study.

So small nuclear field cannot be also responsible for sta-
bilization of the electronic spin due to its coupling to the
nuclear spin system by the mechanism mentioned above. In-
deed, the nuclear field By=0.02 T (Ref. 11) corresponds to
orientation of small fraction of the nuclear spins (<1%). If
the electron and nuclear spin subsystems are in equilibrium
with each other, degree of the electron spin orientation can-
not exceed this value.! At the same time, the long-lived
component of the degree measured experimentally (see Fig.
3) is about 10%. This means that the relaxation rate of the
electron spin in the structure under study is really small and
quantum information written in such spin system can be con-
served for a long time.

PHYSICAL REVIEW B 72, 153302 (2005)

In conclusion, our experiments have shown that the qua-
siresonant excitation of PL of the singly charged InP QDs by
a circularly polarized light results in an efficient orientation
of the resident electron spins. Decay of the spin orientation is
not exponential which is possibly related to the presence of
paramagnetic defects in vicinity of the QDs. The long-lived
component of the spin orientation is characterized by an ef-
fective lifetime exceeding 100 us. 1t is shown that so long-
lived spin memory arises from the inherently slow electron
spin relaxation in the InP QDs rather than due to the nuclear
spin polarization.
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Spin relaxation mechanism of strain-induced GaAs quantum dots studied by
time-resolved Kerr rotation
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We observed electron spin precession under magnetic field in single-layer quantum dots (QDs) by
highly sensitive time-resolved Kerr rotation measurement. The spin lifetime is longer than that for
the quantum well (QW). This is a result of the additional spatial confinement of electrons in QDs.
Below 60 K, the spin lifetime is almost constant, and is 7 times shorter than the carrier lifetime.
This suggests that the strong electron-hole exchange interaction dominates over the electron spin

lifetime in QDs at low temperature.

PACS numbers: 78.47 +p, 78.20.Ls, 42.50.Md, 78.67.Hc

An electron spin in a semiconductor is one of the most
hopeful candidates for a quantum bit in the gquantum
information processing’. Especially in a semiconductor
quantum dot, an electron spin may have a long spin co-
herence time due to suppression of spin relaxation by
three-dimensional confinement of electrons®.  Spin re-
laxation measurements by using various technique have
heen performed in bulk semiconductors, quantum well
and quantum dots. In quantum dots, for example. the
spin relaxation measurements by using optical orienta-
tion in steady-state and time-resolved photoluminescence
have been reported® ™. These measurements are made,
however, under non- and quasi-resonant excitations be-
cause the photoluminescence spectroscopy is diflicult to
be done under resonant excitation. However, the mea-
surement under resonant excitation is inevitable not only
for obtaining direct information on spin relaxation but
also for coherent processing of spins. In quantum wells
and bulk semiconductors, many time-resolved magneto-
optic measurements such as Kerr and Faraday effects
have been performed in recent years®”. The methods
are suitable to observe electron spin dynamics under res-
onant excitation. In the single-layer quantum dots, how-
ever, such measurements have never been done because
of the weak signal®?. In this work, we constructed a new
system for highly sensitive time-resolved Kerr rotation
measurement (TRKR). The angle resolution of the sys-
tem was 5x107% degree, which is highest among those
so far reported. As a result, we could observe the carrier
spin dynamics in single-layer strain-induced GaAs quan-
tum dots under resonant excitation.

The sample was fabricated by molecular beam epi-
taxy on a semi-insulating (001) GaAs substrate. An
Alg 3Gag 7 As buffer layer was deposited on the substrate.
On the buffer layer, a quantum well layer 4 nm thick, an
Alg 3Gag 7As barrier 14 nm thick and a GaAs cap layer
2.3 nm thick were deposited in order. Stranski-Krastanov
grown self-assembled InP stressor dots were fabricated on
the surface of the cap layer. Since these stressor dots put
the local strain into 4 nm quantum well layer, the strain-
induced quantum dots were formed in the guantum well
layer. The diameter, the hight and the areal density of
the InP stressor dots are about 60 nm, 15 nm and 4x10°

em ™2, respectively. By using the strain-induced quantum
dots, we can compare the electron spin relaxation for the
quantum dots and the quantum well directly because the
quantum dots are formed in the quantum well'®! The
optical density ol the single-layer quantum dots is about
3% 1073, which is estimated by the absorption coefficient,
for the GaAs quantum well and the coverage ratio of 11
%'2 . The optical density of GaAs quantum dots in our
sample is 1072 times smaller than that of about 0.5 for
the chemically-synthesized CdSe quantum dots studied
in Ref. 8, which is a unique report for the quantum dots
studied by the time-resolved Faraday rotation measure-
ment.

For the TRKR measurements, the 80 (s pump and
probe pulses were generated at a repetition rate of 80
MHz by a mode-locked Ti:sapphire laser. The circularly
polarized pump pulse was made by passing through a
Glan-laser prism and a quarter waveplate. An optical
chopper modulated the pump beam. The probe pulse,
temporally delayed with respect to the pump pulse by
using an optional delay, was spectrally narrowed by pass-
ing through a filter unit made of a grating and a slit. The
filter unit was also used to tune the photon energy of the
probe beam. Then, the polarization of the probe beam
was modulated by a photoelastic modulator. The pump
and probe beams were focused by a lens on the sample
kept in a superconducting magneto-optic cryostat in the
transverse magnetic field geometry. The reflected probe
beam from the sample passed through a Wollaston prism
serving for an optical bridge and was detected by a bal-
anced photodetector. The detected signal was amplified
by a lock-in amplifier at twice the trigger frequency of
the photoelastic modulator for the direct detection of the
Kerr rotation angle'®. The output signal of the first lock-
in amplifier was amplified again by the second lock-in am-
plifier at the chopping frequency of the pump beam for
the reduction in the noise caused by the scattered light.
The excitation densities of the pump and probe beams
were about 30 W/cm? and 3 W/cm?, respectively. The
pump pulse generated about one electron-hole pair per
quantum dot.

Figure 1 shows the photoluminescence spectrum for
the sample. The peaks originated from the GaAs quan-
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FIG. 1: (a) Photoluminescence spectrum at 10 K for ex-
citation by the frequency-doubled output of a Ti:sapphire
laser. The dotted line is under high excitation density. (b)
Probe wavelength dependence of the TRKR signal without
the transverse magnetic field at 10 K. Closed and open circles
indicate the TRKR signals at the delay time of 20 ps and 100
ps, respectively.

tum well, the strain-induced quantum dots and the bulk
GaAs substrate are clearly observed. The peaks originat-
ing from the excited state of the quantum dots are ob-
served under high excitation density. The probe energy
dependence of the TRKR signal without the magnetic
field are also shown. The peaks of the TRKR signals are
in agreement with those in the photoluminescence spec-
trum. The ratio between the TRKR signal intensity for
the quantum well and the quantum dots is about 20:1.
As is estimated from the areal density and the diameter
of the stressor quantum dots, the coverage ratio 11 %
of the InP quantum dots is obtained. It roughly agrees
with the intensity ratio between the TRKR signals for
the quantum well and the quantum dots.

The TRKR signals under the transverse magnetic
field B = 6 T at 10 K are shown in Fig. 2. Un-
der the magnetic field, the spin of the photogener-
ated electrons precesses around the axis of the mag-
netic field.  Thus, the TRKR signal is described by
AG(AL) o« exp(—At/7s)cos(wAt), where 7, is the
spin lifetime, At is the temporal separation between
the pump and probe pulses and w is the Larmor pre-
cession frequency. Because of the reflection geome-
try in the TRKR measurement, the oscillatory com-
ponent for the bulk GaAs substrate was observed in
our experiment as the probe energy is higher than the
GaAs band gap energy. The absolute value of the g-
factor estimated from the observed oscillation frequency
is about 0.43. This is consistent with the electron g-
factor of the GaAs. Therefore, we need to divide the
experimental data into the individual signals by the for-
mula described by Ay (AL) oc exp(—At/7Ts) cos(wAt) +
exp(—= AL/ Tsgans) COs(WaaasAt), where Tsgaas (Weaas)
is the spin lifetime (Larmor precession frequency) of the
bulk GaAs. In case of resonance of the quantum well
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FIG. 2: Component analysis of TRKR signals taken under
the magnetic field B = 6 T at 10 K. The experimental data
(closed circles) for the probe photon energy of 1.622 eV res-
onant to QDs (a) and those for the probe photon energy of
1.664 eV resonant to QW (d) and calculated signals (solid
lines) by sum of two components are shown. The dominant
components are shown in the figure (b,e). The minor compo-
nent in resonance to the QDs is originated from the QDs (¢).
The dominant component (b} comes from the bulk GaAs sub-
strate. The contribution of the bulk GaAs signal in resonant
to the QW is shown in (f).

[Fig. 2 (d-[)], the oscillatory signal for the bulk compo-
nent is seen but is almost negligible because the signal is
10 times weaker than the dominant signal for the quan-
tum well. In Fig. 2 (f), the fitting errors are seen from 0
ps to 100 ps because of the weak signal component. On
the other hand, in case of resonance of the quantum dots
[Fig. 2 (a)], a modulation in the amplitude of the oscil-
latory signal is observed due to the large contribution of
the bulk component, which is 3 times larger than that
for the quantum dots. The observed {requencies for the
quantum dots, the quantum well and the bulk substrate
are different from each other. In the latter part, we try
to state the observed g-factors in detail.

The obtained spin lifetime of about 90 ps for the quan-
tum dots is longer than that of about 30 ps for the quan-
tum well at 10 K [Fig. 2]. The D’yakonov-Perel’ (DP)
mechanism due to the spin-orbit interaction dominates
over electron spin relaxation in the undoped (100) GaAs
quantum well and shortens the spin lifetime because the
moving electron feels the effective magnetic field due to
the lattice’®. In fact, the spin lifetime reported is below
70 ps at low temperature*® % Our experimental Anding
suggests that the spin relaxation due to the DP mech-
anism is suppressed as a result of the additional spatial
confinement of electrons in quantum dots.

The spin precession at the frequency w is interpreted by
the quantum interference between the Zeeman levels sep-
arated by AFE = hw to each other'®. The magnetic field
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FIG. 3: The magnetic field dependence of the estimated Zee-
man splitting energy. Open circles, triangles and diamonds
are splittings in the quantum dots, the quantum well and the
bulk GaAs substrate, respectively. The straight lines are the
least square fittings. Inset: Quantum well width dependence
of the electron g-factor. The filled squares, triangles and cir-
cles are respectively the g-factor values for the parallel, gy,
and perpendicular, g, components for the QW and that for
the QDs taken from Ref. 17. Open circle and mangles are
our experimental results for the QDs and the QW. The solid
lines show the calculatod result for the electron g-factors for
the single quantum well'®

dependence of the observed Zeceman splitting is shown
in Fig. 3. These energies show a linear relationship de-
scribed by w = gupg B with the magnetic field B, where
¢ is the g-factor of the electron. Thus, we can estimate
the effective g-factors by using the above relation. The
observed g-factors for the qu(mlnm well and the quantum
dots are 0.26 and 0.22, respectively. The effective g-factor
is influenced by not only the structure but also the sur-
rounding matrix into which the wavefunction is penetrat-
ing. The g-factor for the quantum well is assigned to the
perpendicular component g, because the magnetic field
applied in perpendicular to the crystal growth axis. The
inset of the figure shows the well width dependence of the
g-factors. The solid lines show the calculated electron g-
factor on the Kane model in an Alp 3Gag 7As/GaAs sin-
gle quantum well’® and the filled marks are the exper-
imental results by the time-resolved photoluminescence
quantum beat measurements in the b(.1a‘in~induced GaAs
quantum dots'7. The present report gave slightly larger
g-factors than the previous work, because the stressor-
induced strain in our sample is weaker than the sample
used in Ref. 17. This is because the distance between
the surface and the quantum well is longer, and because
the diameter of the stressor dots is smaller in the sample
used in this work. Thus, the quantum well layer feels
smaller strain than that in the sample of the previous
work, and approaches the bare quantum well. Therefore,
the observed g-factor is in good agreement with the cal-
culated 1e9u1t because of the small strain. Because the
wavefunction of electron in quantum dot penetrates into
the AlGaAs barrier in the similar way as the GaAs quan-
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FIG. 4: Temperature dependence of the inverse of spin life-
time and carrier lifetime for the quantum dots under the mag-
netic field B = 6 T. Open and closed circles show the carrier
and spin lifetimes, respectively. Dashed lines are guide lines
for eyes.

tum well, the effective g-factor for the quantum dots is
considered to be close to that for the quantum well. The
consistent g-factors shown in the inset of [Fig. 3 confirm
that we could observe the clectron spin precession ol the
single-layer quantum dots under resonant excitation.

In the strain-induced GaAs quantum dots, the spin
lifetime in the dots is lengthened by the suppression of
the DP mechanism. Both electron-hole exchange inter-
action and hyperfine interaction were suggested as the
possible Io tron spin relaxation processes in the quan-
tum dots’ To identily the dominant spin relax-
ation medmmsm for the strain-induced quantum dots,
we performed the TRKR measurements at elevated tem-
peratures. [Figure 4 shows the temperature dependence
of the measured spin lifetime and the carrier lifetime
for the quantum dots under B = 6 T. The latter was
measured by the time-resolved photoluminescence spec-
troscopy with a streak camera under the quasi-resonant
excitation, where the excitation and detection energies
were separated by the [.O phonon energy of InP (42.5
meV). Above 80 K, the spin and carrier lifetimes showed
the similar decrease. This means that the spin lifetime is
limited by the carrier lifetime above 80 K. The observed
temperature independence ol the spin lifetime at lower
temperature indicates that the spin relaxation mecha-
nism does not involve phonons. We evaluated the possi-
bility that the g-factor inhomogeneity might shorten the

decay of the observed spin precession at lower temper-
ature. However, the inhomogeneous shortening of the

observed spin precession lifetime was found negligible.
Because the spin lifetime is shorter than the carrier life-
time, some spin relaxation mechanisms are considered to
dominate over the electron spin relaxation. In the neu-
tral quantum dots, the electron-hole exchange interaction
plays a dominant role in the electron spin relaxation®?23,
The effective magnetic field due to the exchange interac-
tion is considered to be larger than that due to the hy-
perfine interaction through the fluctuating nuclear spin
orientations, although the spin relaxation due to the hy-
perfine interaction is important in the quantum dots®!.
It is because the exchange energy reached to an order
of 100 peV due to the three-dimensional confinement as



is compared with the energy of the Auctuating hyperfine
field of an order of 1 peV?*2>. Therelore, it is considered
that the electron-hole exchange interaction is the pre-
dominant mechanism for the electron spin relaxation in
the strain-induced quantum dots, which is referred to as
the Bir-Aronov-Pikus mechanism?®. The exchange inter-
action is considered to be independent of the temperature
and reduce the spin lifetime with increasing electron-hole
density because the overlap of the wavefunctions of the
carriers increases. We cannot confirm, however, the exci-
tation power dependence of the spin lifetime because of
the weak power of the laser. On the other hand, for the
quantum well, it is considered that the electron spin is
relaxed by the DP mechanism mentioned above. The car-
rier lifetime limits the spin lifetime above 80 K as is the
case for the quantum dots. The spin lifetime is longest
at 80 K, but becomes shorter with decreasing tempera-
ture. The reason is not clear, but the similar results were

observed under the magnetic field for the bulk semicon-
ductors?™?8,

In summary, we could observe the electron spin dy-
namics for the single-layer quantum dots under resonant
excitation. The spin lifetime is longer than that for the
quantum well at low temperature as a result of the ad-
ditional spatial confinement of electrons. This suggests
that the DP mechanism, which causes the electron spin
relaxation in the quantum well, is suppressed in the quan-
tum dots. The spin lifetime at lower temperature is al-
most constant, and is shorter than the carrier lifetime.
This indicates that the spin relaxation mechanism due
to the electron-hole exchange interaction works on the
electron spins in the quantum dots.
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Biexciton binding energy in parabolic GaAs quantum dots
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Biexcitons confined in parabolic quantum dots are investigated both experimentally and theo-

retically.

Biexcitonic beat is observed by using time-resolved four-wave mixing in strain-induced

GaAs quantum dots formed in the quantum well. The period of the beat is about 1.5 times shorter
than that from the quantum well region in the same well. The shortening of the beat period is a
direct evidence of an increase in the biexciton binding energy in the quantum dots due to the lateral
confinement induced by the stressors. Magnetic field dependence of the biexciton binding energy
is investigated, and is found to be almost independent of the external magnetic feld up to 8 T. A
theoretical calculation of the biexciton binding energy is presented to explain the observed magnetic

field dependence.

PACS numbers: 78.47.+p, 78.67.Hc

I. INTRODUCTION

Physics of excitons and excitonic complexes such as
biexcitons, charged excitons and triexcitons confined in
low-dimensional quantum structures has been a subject
of intensive study in recent years. In addition to interest
of basic physics, these studies are driven by the need lor a
deep understanding of such confined states for successful
application of quantum structures to quantum informa-
tion technologies. The binding cnergy of an excitonic
complex in nanostructures is expected to be enhanced
compared to the bulk material due to the spatial confine-

ment of electrons and holes. Actually, in many kinds of

quantum dots (QD) such as Stranski-Krastanov grown
dots or dots dispersed in glass matrices, large binding
energy of biexcitons has been reported'. Large binding
energy of the biexciton state is particularly important in
light of the recent demonstration of the ability to operate
a two-qubit gate using exciton and biexciton states?.
General considerations point to a strong dependence
of the enhancement of the biexction binding energy on
dimensionality. It is well known that the biexcitons lo-
calized in potential minima originating from well width
fluctuations or alloy fluctuations have larger binding en-
ergy compared to that of an ideal quantun well (QW)378,
Although these examples demonstrate the enhancement
of the biexciton binding energy in reduced dimensional-
ity, the additional lateral confinement potential in these
cases is naturally formed and is, therefore, unknown and
uncontrollable. For a better understanding of the ef-
fect of dimensionality and confinement, it is desirable
to study a system with a well-defined confinement po-
tential that could be easily controlled. Strain-induced
quantum dots (SIQDs) which are formed in a buried QW
by the stress modulation arising from self-assembled is-
lands fabricated on the surface® provide such an ideal sys-
tem. Carriers in SIQDs are confined laterally in the QW
by an almost parabolic potential with no defect at the
surface, resulting in nearly equally spaced energy levels,
which greatly simplifies theoretical treatment. In con-

trast to other kinds of QDs, the confinement potentials
could be finely controlled in SIQDs by changing the QW
and spacer widths? with mono-layer precision provided
by epitaxial growth. Furthermore, as QW and QD coex-
ists inherently in a SIQD sample, we can observe the ef-
fect of the additional lateral confinement within the saine
quantum well. In addition, as the confinement potential
is rather deep, QW and SIQD is energetically well sepa-
rated, which enables us to apply quantum beat technique
using ultrafast laser pulses to measure the binding encrgy
in QW and in SIQD separately.

In this paper we report transient four-wave mixing
(FWM) in a strain-induced GaAs QD measured by a
highly sensitive heterodyne FWM technique. Using this
technique, we detected biexcitonic quantum beat that is
related to the biexciton binding energy in the SIQD. We
also present measurement and theoretical calculation of
the magnetic field dependence of the biexciton binding
energy.

II. EXPERIMENTAL DETAILS

The structure of the sample studied is depicted
in Fig. 1(a). The SIQDs were formed in a single
GaAs/Alp3Gag7As QW of 3.8 nm in width using InP
stressors of 90 nm in diameter. The areal density of the
stressor was 3 x 10°/cm?. The width of the Aly3Cag 7 As
barrier on the QW is 9.0 nm. Photoluminescence (PL)
spectrum of the sample is shown in the right part ol the
Figure. The weak peak centered at 1.647 eV is due to
PL from the GaAs QW, while the intense peak centered
at 1.600 eV originates from the GaAs SIQDs, showing
a confinement potential of 47 meV. The energy separa-
tion between the lowest state and the first excited state
was measured by PL excitation spectroscopy as 16 meV.
The detection method employed in this study is based on
Refs. 10,11. Recently, a very similar method was success-
fully utilized to investigate the biexciton binding energy
in annealed In;Ga;_;As QDs!'2. We have modified the
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FIG. 1: (a) Structure of the strain-induced GaAs quantum
dots and PL spectrum at 2 K. The shades schematically rep-
resent strain fields due to InP stressors. (b) FWM signals
excited by various photon energies at 20 K. For this measure-
ment, the spectral width of the laser was reduced to 15 meV.

method for reflection geometry. The excitation laser was
a mode-locked femtosecond Ti:sapphire oscillator with
repetition rate of 80 MHz, and a typical pulse width of
100 fs. The output beam was divided into three beams,
and two of them were frequency-shifted by acousto-optic
modulators to v + 110 MHz and v + 111 MHz, respec-
tively, where v is the optical frequency. The very weak
FWM signal with frequency of v + 220 MHz induced by
the two sequential pulses, the first one (v) and the second
one (v+110 MHz) delayed by 7, was overlapped with the
other strong beam (r+ 111 MHz) via a beamsplitter, and
detected by balanced PIN-photodiodes. The interference
component at (v+220 MHz) — (v+111 MHz) = 109 MHz
was extracted by a spectrum analyzer. One of the beams
was intensity modulated by an optical chopper, and lock-
in detection was utilized. The sensitivity of this system
was found to be sufficient to detect the FWM from a
single layer of QDs.

III. RESULTS AND DISCUSSION

In Fig. 1(b), the time-integrated FWM signals mea-
sured at 20 K are shown as a function of the center photon
energy of the excitation laser. The PL spectrum is plot-
ted in a vertical plane for comparison. When the excita-
tion photon energy is at the center of the PL peak of QW,
quite strong FWM signal was observed (not shown)A The
signal decreases rapidly with decreasing photon energy,

10 T T T T T
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FIG. 2: Logarithmic plot of the FWM signal at SIQDs peak
and at QW peak at 2 K. Decay time of the signal at SIQDs
(QW) is 12 ps (3.2 ps). Inset: Polarization dependence of the
FWM signal of the initial part.

and then increases as the energy approaches the SIQDs
peak. After the laser photon energy passes through the
PL band, the signal fades out. Therefore, it is confirmed
that the signal near the SIQDs peak originated from the
lowest state in SIQDs. As it appears at first glance, the
signals have a pronounced beat structure, which is not
clear in the signal from the QW.

The FWM signals measured at the center of QW peak
and SIQDs peak at 2 K are shown in Fig. 2. Except for
the beat structure, the intensity of the FWM signal de-
cays almost exponentially. The decay time constants for
the QW and SIQDs differed from each other, and were in-
dependent of the excitation laser power under the present
experimental conditions. The dephasing time was deter-
mined to be 24 ps for excitons in SIQDs!®. Polarization
dependence was investigated in order to discuss the ori-
gin of the beat structures. A clear oscillation with a
period of 1 ps was observed for the SIQDs when the two
excitation pulses have co-linear polarization, while it dis-
appeared when the pulses were co-circularly polarized as
shown in the inset. The polarization dependence of the
beat strongly suggests that the biexciton is the origin of
the beat, as biexcitons consist of two excitons of oppo-
site spin, and therefore cannot be excited by co-circular
polarized pulses'?. The same is true for the signal from
the QW. The difference in the beat periods would there-
fore represent an enhancement of the biexciton binding
energy in SIQDs. In the present sample, the binding en-
ergy increases {rom 2.8 to 4.1 meV, corresponding to an
enhancement factor of 1.5. We found that the enhance-
ment factor had a tendency to decrease with decreasing
the lateral confinement potential: 1.45 for 44 meV, 1.3 for
36 meV. It seems reasonable to suppose that the biexci-
ton in QW is not localized but free in the present sample,
because a theoretical calculation'® which includes local-
ization of biexciton shows that the localized biexciton in
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FIG. 3: Magnetic field dependence of the biexcitonic beat (a)
and slow beat (b). The biexcitonic beat remains constant up
to 8 T. The open circles in the inset represent the result of
the theoretical calculation (see text). The slow beat results
from the Zeeman splitting of excitons in SIQDs. The g-factor
of excitons in SIQDs is deduced as 0.64, while that in QW is
1.3.

3.8 nm QW should have much larger binding energy, and
the experimental results cited in the paper also support
this assumption.

Next, we measured the magnetic field dependence
of the biexciton binding energy in Faraday geometry
(Fig. (3)). With increasing the magnetic field, another
beat structure emerged and it modified the biexcitonic
beat. The frequency of the slow beat depends lin-
early on the magnetic field (see, Fig. 3(b) inset). This
beat is assigned to the quantum beat between the right-
circularly polarized exciton and left-circularly polarized
exciton separated by the Zeeman splitting. The g-
factor of excitons in the SIQDs is deduced to be 0.64,
and agrees well with that measured by polarized time-
resolved luminescence!®. Turning now to the biexcitonic
beat, the beat frequency and corresponding binding en-
ergy show practically no change up to a magnetic field
of 8 T as shown in Fig. 3(a)!”. Similar weak dependence
on the magnetic field was also reported for the biexci-
ton binding energy in InGaAs QW, but no explanation
was given'$. The weak magnetic field dependence is not
caused by the weakness of the magnetic confinement com-
pared to that due to the strain field. It could be under-
stood by theoretical considerations described below.

We calculated the exciton and biexciton states in
SIQDs using a configuration interaction approach!®2%.
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FIG. 4: Calculated binding energies of (a) exciton and (b)
biexciton for various values of the confinement parameters we
and wy, (see the text for details). The bottom panel (¢) shows
the magnetic field dependence of the exciton (solid line) and
biexciton (dashed line) emission energies for we = 12 meV and
wp =4 meV. The points (open triangles) denote experimental
data for the exciton.

For single particle electron and hole states, we use a two
band effective mass approximation with an isotropic elec-
gron band and an anisotropic hole band. Previous the-
oretical calculations have established that single particle
SIQDs could be well described by such a model?!. Fur-
ther, we explicitly make use of the cylindrical symmetry
of the confining potential in SIQDs. In this approxima-
tion, the hole single particle Hamiltonian, Hy,, for a given
axial angular momentum /), takes the form,

h‘zla_w_,LO 5 1 9

Hh = Ev + _ h— i ——
2 |rpdrpmgt Ory - Oz mli Az,
2
I3 .
- 192 + Vh("h,) Zh) (l)
myry

where mlll and mj denote the hole effective masses along

the z-direction and in the z — y plane respectively. Both
the electron and hole effective masses could be position
dependent. The confining potential Vj(r,2) is deter-
mined by the band edge discontinuities and the strain
distribution induced by the stressor and L, is the con-
duction (valence) band edge of the barrier material. A
similar equation holds for the electron.

Although mixing of heavy-hole(HH) and light-
hole(LH) bands is known to alfect excitons and biexciton
states, the single hole-band model used here is a good
approximation. In the quantum well, the HH-LH split-
ting due to confinement is about 35 meV and, based on
early calculations??, we estimate that the HH-LH mixing
would change the exciton binding energy by less than
10% (1meV). In the quantum dot, the band mixing ef-

— 221 —



fects would be even weaker because of increased HH-LH
splitting due to the stressor-induced strain. From contin-
uum elasticity calculations we find that, at the location
of the gquantum well, which is about 11 nm below the
stressor, the biaxial strain increases the HH-LH splitting
by an additional 15 meV.

We calculated the single particle energies and enve-
lope functions using a finite difference discretization of
He and Hp, in the » — z plane. While the confining po-
tentials V(r, z) could be directly related to the structure
of the QD, there is considerable uncertainty in the re-
sulting potentials due to inaccuracies in known values
of deformation potentials and elastic constants. Here we
have opted to use a phenomenological confinement poten-
tial given by Viu)(r, 2) = By (r, 2) £ mj‘(h)wg(h)rg/Q,
where [,(,) describes the band edge discontinuities rela-
tive to the conduction (valence) band edges of the barrier
and w, and wy, are treated as parameters. Once the sin-
gle particle states are determined, we construct biexciton
states within a Cl approach?®. The Coulomb interaction
is screened by the bulk dielectric constant of GaAs. We
use as high as 50 singie particle states leading to more
than 10® configurations which is much larger than previ-
ous calculations (see Ref. 23).

Finally, in the presence of a magnetic field (H) the
single particle Hamiltonian is modified by replacing —iV
by —iV £ (e/hc) A where the + sign applies to electrons
and — sign to holes and A = (H x r)/2. All results
reported here are for magnetic field along the z-direction.

The calculated binding energies and the magnetic field
dependence of exciton and biexciton emission energies is
shown in Fig. 4(a—c). The data shown in Fig. 4(c) are
for we = 12 meV, wy, = 4 meV which appears to be
most appropriate for our sample®®. The biexciton bind-
ing energy, given by the difference between exciton and
biexciton emission energies, is shown in the inset of Fig.
3(a) along with the experimental data. The calculated
results are in good agreement with the experiment.

The calculated biexciton binding energy for the above
parameters is about 3 meV which is somewhat smaller
than the observed value of 4 meV. By a comparison of
CI and path-integral-Monte-Carlo methods we have con-
cluded that even the relatively large basis set used by
us may not be enough to obtain well-converged biexciton
states in these QDs. This point will be addressed in more
detail elsewhere?.

An analysis of the convergence indicates that the cal-
culated weak magnetic field dependence of the biexciton

binding energy is not an artifact. In a simple picture
one may think that the additional confinement due to
the magnetic field will lead to an increase in the binding
energy of multi-particle states. In fact, the diamagnetic
confinement potential due to a field of 8 T would es-
sentially increase w, from 12 meV to 14.5 meV and wy,
from 4 meV to 5.6 meV. Considering this effect alone
one would expect the exciton binding energy to increase
from 16 meV to 18 meV which is indeed in very good
agreement with the actual calculated value.

However, the same argument would mean that a field
of 8 T should increase the biexciton binding energy from
3 meV to about 3.3 meV in contradiction with the ac-
tual extremely weak magnetic field dependence. This
behavior is intimately related to the fact that, in QDs
smaller than the exciton Bohr radius, the exciton bind-
ing energy is predominantly determined by the Hartree
term or first order perturbation theory and is insensitive
to correlations described by excited state contributions.
On the other hand, the biexciton binding is completely
determined by correlations and hence by contributions ol
excited state configurations. The magnetic field causes
orbital Zeeman splitting of the excited states and thus re-
duces the mixing of the ground and excited state configu-
rations. [t is this competition between the paramagnetic
and diamagnetic terms that lead to a weak dependence of
the biexciton binding energy on the magnetic field. Cal-
culations in which the paramagnetic term was artificially
switched off confirms this interpretation.

IV. CONCLUSION

FWM of parabolic GaAs SIQD formed in a GaAs sin-
gle QW was studied using a highly sensitive heterodyne
detection technique. A remarkable enhancement of the
biexciton binding energy in SIQD due to the lateral con-
finement was detected by direct comparison with the
QW based on the beating period in the FWNM signal.
Magnetic field dependence of the binding energy was in-
vestigated in Faraday geometry, and was found to be
very weak although the exciton emission energy shows a
strong shift with magnetic field. A theoretical calcula-
tions using the configuration interaction approach sup-
ports this observation.
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