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Abstract—In this work we continue considering solid hybrid systems formed from semiconductor quantum
dots and microcavities integrated into a single optical scheme. In the second part, the main emphasis is on
the methods of investigation and on the schemes for recording of the spectra and the time dependences of the
population energy level, which illustrate the modern control level of the quantum state of these systems.
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1. INTRODUCTION

Theoretical analysis of the properties of the systems
based on quantum dots (QDs) coupled to microcavi-
ties (MCs) suggest the emergence of specific features
in the spectra of each subsystem accounting for their
hybridization (see first part of the review [1]). The sec-
ond part of our review will be devoted to the methods
of the experimental investigation of the spectra and of
the dynamics of solid nanosystems of the QD + MC
type. In addition to the approaches well known in
quantum optics, such as recording of photolumines-
cence and monitoring of the QD population in time,
we will introduce basic principles of reflectometry and
transmission measurements suggested relatively
recently that provide the possibility of testing optical
properties of these objects at a single photon level. The
main results of the experiments obtained within the
last few years will be presented.

2. EXPERIMENTAL METHODS
FOR INVESTIGATION OF QD PROPERTIES
IN CAVITIES

As we have seen (see part I [1]), the description of
the QD dynamics with the help of equations (10)—(13)
is based on the knowledge of phenomenological values
(coupling constants and dissipation rates) that
appeared in them. The calculation of these values
within one microscopic model or another requires, in
turn, consideration of the exciton (electron) density
distribution in the QD states, coordinate dependence
of the MC mode fields, QD localization in MCs, and
relative orientation of their symmetry axis, which is a
rather complicated procedure. Unique experimental
techniques were developed as an alternative for the
determination of optical parameters of solid-state
optical quantum systems. Recording photolumines-
cence (PL) spectra remains one of the most widely

used methods for investigation of hybrid systems in the
mode of both strong and weak QD coupling to MC.
Peaks are observed in the PL spectrum of the sample
under off-resonance conditions that correspond to the
frequencies of the MC intrisic modes and transition
frequencies in the OD. It is interesting that the pho-
tons emitted from QDs as a result of recombination of
exitons generated by the external electromagnetic field
serve as a source of PL for both of the subsystems.
These peaks start coming closer together under condi-
tion of tuning the QDs in resonance with the MCs via
any of the methods described in part I (section 2).
They overlap under condition of weak coupling gener-
ating one single maximum for the QDs and the cavity.
The double peak (Rabi splitting) is observed under
conditions of strong coupling when the QD and MC
frequencies coincide. In general, the scheme for the
PL spectra recording is the following. The system is
placed into a helium cryostat and cooled to a temper-
ature of 4.2—50 K. Electron-hole pairs in the QDs are
excited by a laser with fixed or tunable wavelength 2, .
The laser beam is focused on a sample surface directly
above the QDs by the confocal microscope objective
with aperture ranging from 0.4 to 0.75; the size of light
spot comprises few microns in the process. The
recombination photons emitted from the system with
the wavelength A, are collected by the same objective,
forwarded to a spectrometer, and detected by a CCD
camera. Time-resolved spectroscopy is used for deter-
mination of the spontaneous photon emission rate. In
this case the sample is irradiated by a pulsed laser, and
the photon detection is carried out by an avalanche
photodiode [2, 3] or superconducting single photon
detector [4].

Which data on the optical system can be generated
from the analysis of PL spectra? Firstly, the informa-
tion on the mode, in which the QDs and MCs exist, is
of practical interest from the point of view of the QD
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application as functional elements in high technology
devices. As mentioned above, the answer to this ques-
tion can be obtained from the investigation of the
spectrum structure in the vicinity of the QD and MC
frequency resonance: singlet (doublet) indicated the
mode of weak (strong) coupling. This predetermines
the ways of further application of the system. On the
other hand, it is not always possible to determine
which of the OD optical transitions contributes to the
PL spectrum. The procedure of spectral line assign-
ment of the single QD (InAs) in the L3-cavity (Q =
16000 for A, = 931.5 nm) at 7' = 4.2 K was demon-
strated by the authors in [5]. Considering that the QD
one-exciton state comprises an electron-hole pair, in
which the electron spin projection is +1/2 and the hole
pseudo-spin is £3/2, the projection of the total angular
moment can assume only four values, M ==+1,+2. The

intrinsic vectors | D, ;) = (|+2) £|-2)) / V2 formed from
the linear combination of magnetic states with M =12
represent “dark” states because the radiative recombi-
nation of such excitons accompanied by the QD tran-
sition into a vacuum state is forbidden by the selection
rules, according to which the angular moment projec-
tion can change by the value AM = +1. The states
‘X)?,y> =(+)+ |—1>)/\/§, on the other hand, are
bright states, which decay with the emission of a single
photon. The hole and electron spin exchange interac-
tion results in the &, ~ 100—200 peV splitting of the
dark and bright doublets, as well as the interdoublet
splitting <30 peV (see Fig. 1a). Moreover, the MC geo-
metric parameters were selected in such a way that the
electric field of its fundamental mode is directed along
the y axis perpendicular to the L3-defect axis. Hence,

only the ‘X f,0> state (1 y exciton in the QDs and
0 photons in the MCs) could effectively interact with

the state

0, 1) (0 excitons in the QDs and 1 photon in the

MCs) via the quantum exchange, while the ‘X 3 , O> state

would be isolated from the MC mode. This interaction,
as we know, results in formation of the Jaynes-Cammings
polariton doublet, |p,)= (‘XS,O> 1|0, 1))/\/5, as is
shown in Fig. 1b. The authors in [5] excited the tran-
sitions in the system with the help of a laser pump
(A, =818 nm, P= 10 nW) and analyzed the PL with a
30 peV-resolution spectrophotometer. The MC wave-
length was scanned in the range from 931.5 to 936 nm
due to deposition of the gas molecules onto the semi-
conductor surface (see part I). The PL intensity is the
function of wavelengths A, and A,,,. It is easy to see that
the emission spectrum demonstrates several anticross-
ings assigned by the authors to the states X* (1 exciton
and 1 hole), X° (neutral exciton), and XX° (neutral
biexciton) in the order of increasing A,,,. The highest
splitting value (316 peV) is observed for the polariton
doublet state | p, ) in the group of the lines X°, while for
the X* states, this value is 205 peV. The authors found

the X?C singlet line by conducting additional data pro-
cessing, as well as the X!~ and X2~ lines corresponding
to the single- and double-negatively charged excitons
(trions). They were able to prove the effect of superfine
QD exciton interaction with nuclear spins of the crys-
talline lattice resulting in the hybridization of the dark
and bright doublets.

In the majority of studies the QD laser pumping is
conducted under off-resonance conditions. The elec-
tron-hole pairs in this case are formed in the wetting
layer of the heterostructure due to the absorption of
photons with energy exceeding the energy of the exci-
ton in the QDs. Next, they lose their energy due to the
scattering on the crystalline lattice phonons, are cap-
tured by the QDs and, finally, recombine with the

RUSSIAN MICROELECTRONICS Wol.43 No. 6 2014



QUANTUM CALCULATIONS ON QUANTUM DOTS

933.6
g 933.4
£933.2
%0933 0
';—‘% .
£ 932.8
0
= 932.6

932.4

932.5 933.0 933.5 934.0 934.5 935.0
PL wavelength, nm

Fig. 2. Dependence of the PL intensity on the MC mode
wavelength and wavelength of photons emitted from the
structure demonstrating anticrossings for X+ and X% and
biexciton transitions (from left to right). The PL spectrum
for the case when the MC mode was detuned to the blue
frequency region relative to the QDs [5] is presented in the
inset.

emission of the PL quantum. This method of the opti-
cal transition excitation displays a number of draw-
backs (see below) and cannot be used for the targeted
coherent action on the QDs. The improvement of the
technique demonstrated in [6] includes the use of the
resonance QD (MC) pumping by the pulsed laser fol-
lowed by recording of the MC (QD) emission. Despite
the detuning of the subsystem frequencies, the excita-
tion energy is distributed between them due to the
effects of dissipation. This approach proves the possi-
bility for measuring the QD spectrum with very high
resolution.

Following the spectral lines’ assignment, the QD
and MC parameters can be determined. Let us briefly
list the main methods allowing us to determine all the
parameters that characterize a hybrid system. The rate
of photon dissipation in MCs (or Q factor) « is deter-
mined under conditions of intensive irradiation by the
external laser transferring the QDs into the saturation
mode, due to which the main contribution into the
spectral line broadening is provided exclusively by the
process of photon dissipation. The rate of the QD
relaxation y is determined as a decrement of the
decline of the time dependence of its excited state
population under condition of detuning 5, of the QD
and MC frequencies. The rate of the QD dephasing vy,
is found via interferometric analysis of the PL signal in
the Hong-Ou-Mandel system. The coupling coeffi-
cient g of the QDs with MCs can be calculated using
the equations given in the section 3 of part I, provided
all these parameters are known and the detuning is
fixed close to the resonance.

The group from Stanford University (California,
USA) led by J. Vuckovic was very successful in the
investigation of hybrid systems. This group of American
scientists created a universal optical setup (Fig. 3a),
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Fig. 3. Scheme of optical setup for measuring PL spectra
and reflection coefficient from a QD + MC system (see
text): (a) intensity of the reflected probing signal (top) with
frequency detuned from the QD frequency by AL as a
function of the QD and MC frequency detuning (bottom)
and effective temperature (abscissa axis); (b) symbols,
experiment; solid line, modeling; dotted-and-dashed line,

Eq. (1) [7].

with the help of which it is possible to test the optical
response of nanostructures under different excitation
modes [7]. A continuous diode laser with a frequency
slightly above the frequency of the interzone exciton
transition and power of 20 nW is used in this setup for
recording the frequency spectrum via direct measure-
ment of the PL intensity. The frequency of the MC
mode is scanned in the vicinity of the QD transition by
varying the sample temperature in the range from 27 to
33 K using a heating titanium-sapphire laser (905 nm) in
the power range from 6 to 300 uW. The single exciton
line of the QD spectrum is split into a polariton dou-
blet at the resonance frequencies. The following
parameters are determined from the obtained depen-
dences using fitting algorithms: (a) broadening of the
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MC mode (rate of photon dissipation), k/2w = 16 GHz,
(b) broadening of the QD line (rate of direct relax-
ation), and the y/2n = 0.1 GHz, (c) coupling coeffi-
cient of the cavity mode to the QDs (Rabi frequency)
g/2n = 8 GHz [7], (d) rate of the dephasing y,/2n =
3 GHz, and (e) rate of the combined photon-phonon
relaxation y,/2n = 0.5 GHz (at 5,, = 8x) [8]. A low-
power (P,, = 3 nW) probing diode laser is used for
more accurate determination of these parameters with
the help of the analysis of the reflected signal intensity
(reflectometry). The laser detuning from the point of
anticrossing is comparable with the anticrossing value
(AL ~0.05 nm) in the process, and the average number
of quanta (n.) NP, /2kw, injected into the system
does not exceed 0.003. It must be noted that consider-
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ing the fact that the efficiency of the laser interaction
with the system was extremely low (n = 1—2%), the
authors increased the detector resolution by using a
polarization filter. The laser photons with vertical polar-
ization |V) = |V + H) + |V — H) hit the semiconductor
surface at an angle of 45 degrees. Hence, the reflected
component takes the form —(w)|V + H)—|V — H),
where #(®) is the reflection amplitude. The beam split-
ter transmits only horizontally polarized photons in the
detection direction and, consequently, the intensity of
the measured signal is proportional to ‘1 — (w)‘,

which provides the possibility to determine the reflec-
tion coefficient R.

Analytical expression

|2

R:n|

allows calculating phenomenological constants via fit-
ting. A typical graph of the intensity versus detuning
d,. is presented in Fig. 3b. The slight discrepancies
between the experimental and theoretical values
determined by this method are explained by the sto-
chastic fluctuations (A ~ 0.005 nm) of the system fre-
quencies that occur due to the instability of the heating

laser power (3P, /P, ~0.7%). The radiation emitted or
reflected by the system is focused by the system of
lenses, analyzed by monochromator (diffraction grat-
ing), and followed by the measuring of the intensity by
the light-sensitive element at the temperature of liquid
nitrogen. The results of the experiments indicate good
agreement between both types of data.

Note that the reflectometry is considered to be a
more sensitive method than the PL spectra measure-
ment, allowing us to conduct quantum monitoring of
the system at a single photon level. The authors of [7]
and [9] focus their attention on the fact that this
approach provides the possibility to improve the mea-
surement accuracy, which is determined in the case of
PL analysis by the spectrometer resolution of ~0.03 nm,
to the value of <0.005 nm, which is determined by the
detector measuring the wavelength of the reflected
photon. Another significant advantage of the reflec-
tance measurements is that it provides the possibility
of the MC testing without the QDs, as the availability
of the secondary emission is not required in this case.
The spectrum of the signal reflected from the “empty”
MCs can be calculated from Eq. (1), assuming g = 0.
The theoretical results are in quantitative agreement
with the experimental data, with minor differences
emerging due to the technological defects [9]. The
additional modification of the reflectometric scheme
[10] allows increasing the signal/noise ratio to 900
(instead of 100 for the standard reflectometer) by using
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the differential spectroscopy technology, as well as
monitoring the response of the MC mode with ran-
dom polarization using the homodyne detection tech-
nique.

Transmission spectroscopy comprising the mea-
surement not of the laser probing pulse reflected by the
system but the transmitted one represents a method
for investigation of hybrid structures that is close to
reflectometry [11]. The typical scheme of a setup
including a waveguide additionally to the QDs and
MCs is presented in Fig. 4. A vertical incident photon
beam interacts with the MC mode that is coupled
weakly to the QDs and next the photons absorbed by
the system arrive to the waveguide due to the dissipa-
tive contact of the MCs and waveguide (extended lin-
ear defect PC). One of the waveguide ends is equipped
with a diffraction grating comprising a semicircle with
the radius equal to the waveguide mode, which is sep-
arated in the middle by a semi-ring with the thickness
of A/2n (n is refractive index of the material). This
grating design allows blocking the propagation of the
light wave leaving the waveguide in the horizontal
plane and reorienting it vertically in the direction of
the detector. The spatial filter (pinhole) must be used
in this case in front of the confocal microscope objec-
tive that transmits only photons scattered by the grat-
ing. The dependence of the photon transmission coef-
ficient of the system on their frequency is as follows
(compare with Eq. (1)):

2
_ | 2N NK |
| (0. —0)+K+g /[l (o, —(o)+y]|

where coefficients n,, (n,) characterize the efficiency
of the MC mode coupling to the waveguide (photon
source). The authors [11] showed that the ratio of the
intensity of the signal collected with the help of grating

()
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and the signal arriving from the MCs was 0.64. All
advantages of the reflectometry scheme are retained in
this method; and the device presented in Fig. 4 repre-
sents a valid element of the quantum network. The
authors also discuss the integral design of the quantum
chip consisting of several such elements with indepen-
dent control and common waveguide, which com-
bines them all via photon tunneling, performing both
measuring and transport functions.

It is possible to use a near-field scanning optical
microscope in order to confirm the presence or the
absence of the QD coupling to the MC mode, as well
as to obtain the quantitative view on the spatial depen-
dence of the intrinsic MC mode field strength. Optical
fiber serves as a major element of this device, through
which the control laser pulse irradiates the sample sur-
face and the emission is guided to the spectrometer.
Moreover, bringing the optic fiber end 5—10 nm closer
to the surface results in the noticeable modification of
the medium dielectric constant and, consequently, in
the change of the refractive index of the cavity material
and of its intrinsic mode frequencies. This provides the
possibility to assign the spectral peaks to one sub-
system or another. The 0.14 nm-shift of the wave-
length of one of the H1 defect mode of the PC was
demonstrated in [12], which was due to the vertical
movement of optic fiber, while the positions of the
exciton and biexciton transition spectral lines in the
QDs located in the central region of the defect at the
depth of 160 nm from the surface remained
unchanged. If the subsystem frequencies vary signifi-
cantly, the QD position in the substrate can be identi-
fied or the field profile of the mode on the surface can
be obtained by monitoring the coordinate dependence
of the emission from the QDs or the mode frequency.
If the subsystem frequencies are close, a conclusion on
the nature of their coupling can be made based on
detection of the changes in the intensity and reso-
nance frequencies.

In addition to the methods based on the PL mea-
surements of the PC defects with QDs under the
action of laser fields, it is possible to investigate their
optical properties, as well as the processes of capture,
relaxation, tunneling, and recombination of the carri-
ers in the QDs via monitoring of the electrolumines-
cence (EL) spectra. To do this the investigated sample
must be incorporated into a photodiode structure con-
sisting of semiconductor layers doped with electrons
(n-layers) and holes (p-layers) in such a way that the
voltage applied to the p- and n-layers will be along the
axis of the heterostructure growth. The qualitative
agreement between the PL and EL spectra was
observed in [13]. The authors investigated various
regimes of the QD excitation: off-resonant with wave-
length 633 nm, quasi-resonant (971 nm), and reso-
nant (1060 nm). The electron-hole pair energy is
found to be higher than the forbidden zone width in
the case of the off-resonant regime, and, hence, the
carriers leave the QDs easily. The pair energy corre-
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Fig. 4. Principle of transmission spectroscopy used for
measuring the state of the QD + MC hybrid system. Heat-
ing laser controls detuning of subsystem frequencies. The
probing laser photons interact with the system and are
withdrawn through the one-dimensional waveguide inte-
grated in the system to the output equipped with grating.
The flux of photons scattered from the system is directed to
the detector [11].

sponds to one of the states close to the QD edge under
the quasi-resonant excitation, also providing the pos-
sibility for the electron tunneling from the QDs. The
pair energy is close to the energy localized on the QD
p-orbital in the case of resonant excitation and, hence,
the process of exciton recombination is the most prob-
able. The PL peak intensity decreases with the
increase of the applied voltage in the case of off-reso-
nant and quasi-resonant regimes, with the PL sup-
pression by the electric field occurring more effectively
in the off-resonant regime, than in the quasi-resonant
one. Competition exists between the processes of exci-
ton recombination, resonance tunneling of the carri-
ers from QDs, and their relaxation at different regimes
of the QD excitation.

In addition to the thermal and electromagnetic
noise, a series of significant drawbacks characteristic
of the spectroscopic methods for the investigation of
hybrid systems exists. For example, the same parame-
ters determined by different alternative techniques—
by the PL spectra analysis and by analysis of the time
dependences of the QD excited state population—can
differ considerably. The following sources of errors are
mentioned: (a) the availability of multiexciton com-
plexes in the given QDs and excitons in the neighbor-
ing QDs that transform the emission from a single QD
into a collective one, and (b) interference of the elec-
tromagnetic fields emitted from the QDs and MCs on
the detector. The first issue results in the several-fold
overestimation of the coupling coefficient g, which
interferes with the correct identification of the sub-
system coupling regime, and the second one results in
the incorrect determination of the partial PL intensi-
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ties from the QDs and MCs. The temporal measure-
ments provide more accurate results than the spectro-
scopic observations as is shown in [14]. They are in
good agreement with the theoretical predictions. It is
related to the fact that the instrumentation used for
temporal measurements tuned to the analysis of a
small part of the spectrum in the vicinity of the given
QD frequency allows decreasing the effect of other
QDs. Moreover, the processing of the graphs of popu-
lation time dependences allows for all the multiexci-
ton contributions to be excluded and the decline in the
decrement related to the single-exciton QD relaxation
to be determined.

Statistical analysis of photon correlations plays an
important role in the investigation of the optical prop-
erties of the hybrid structures. Usually it comprises
construction of an experimental graph of the second

order autocorrelation function g(z) (t) versus the delay
time T of the detection of two consecutive photons
emitted from the system and, in particular, determina-

tion of the g (0) value [15, 16]. When this value is
below 0.5, the system emits in a single-photon regime
characterized by the photon antibunching. This type
of statistics is observed under conditions of photon
blockade, when the laser pulse resonantly tuned to the
system transition from the vacuum to the polariton
state of the first Jaynes—Cammings doublet injects
only a single quantum of the respective frequency into
the system. When the laser frequency equals the MC
frequency, the resonance with the polaritons of the
second doublet takes place, at which the probability of
simultaneous absorption and following emission of

two photons is high (g (0) > 1), corresponding to
their bunching. We note that this type of experiment,
in which the nonlinearity of the hybrid system spec-
trum and sub-Poisson statistics of the secondary radi-
ation are manifested clearly, provide strong evidence
of the quantum nature of the field and matter interac-
tion. We will return to the analysis of the statistical
properties of photons emitted from the hybrid QD sys-
tems in section 4 during the discussion of their poten-
tial use as single-photon sources.

Below we present the results of most prominent
studies devoted to the experimental investigation of
the QD and MC coupling obtained with the use of
methods described in this section.

3. RESULTS OF EXPERIMENTAL
INVESTIGATIONS OF COUPLED QD AND MC

As mentioned above, modification of the spectra
and relaxation times of the hybrid QD systems by the
MC photon field represented its important property.
Two quantitative parameters exist that are used for
estimating the degree of interrelation between these
subsystems. One of them— Purcell factor F (see equa-
tion (9) in part I)—characterizes the change of the
emission rate of the excited QDs due to its contact
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with the MC mode. Another parameter— [3-factor—
equals the percentage ratio of the photon emission rate
from the QD into the MC optical mode to the rate of
total emission. Both these parameters were deter-
mined in [17] for the system consisting of several QDs
located in the waveguide channel. The PC comprised
a 150 nm thick GaAs-membrane with a lattice con-
stant of 256 nm and hole diameter of 76.8 nm, and the
waveguide of 100 um length was formed from a region
without holes. Five narrow peaks from different QDs
and a wide maximum from the allowed waveguide
zone were clearly visible in the PL spectrum of the
sample recorded at 10 K. The emission rate from the
isolated QDs determined by monitoring the decline of
its excited state population was 1.1 ns~!. The measure-
ments showed that the photon emission rate increased
to 5.7 ns~! with the closing of the gap between the fre-
quency of one of the QDs and the waveguide fre-
quency, while it decreased to 0.8 ns~! with the increase
of the detuning from the resonance. The Purcell fac-
tor, F=5.2, and the B-factor equaling 85% for this sys-
tem were calculated based on these measurement data.
The results of similar measurements conducted for the
remaining four QDs showed that the -factor was in
the range 63—85% at the resonant tuning with the
waveguide mode.

The emission spectra of three MC—PC defects
with Q-factors of 200, 250, and 1600 containing
QDs—were investigated in [18]. The maxima around
the 900 nm wavelength corresponding to the MC
modes were observed in the PL spectra (Fig. 5a). One
of the exciton peaks of the QD spectrum (exciton line A4)
was located close to the MC mode for all the samples,
and the sharp decrease of the photon lifetime t was
observed for it. It decreased from t, = 1.7 = 0.3 ns
(QDs outside the cavity) to T, = 650 ps for one of the
tested samples. Hence, the rate of spontaneous emis-
sion increased 2.6 + 0.5-fold. In contrast, the lifetime
of photons of the same wavelength but orthogonal
polarization and, consequently, located out of reso-
nance with the defect mode increased to 2.9 ns in the
process. The increase of the photon lifetime was
observed also for the other exciton states (lines B and C)
with the wavelengths differing significantly from the
wavelength of the PC defect mode, Fig. 5b. Similar
results were obtained for all the samples. Corrective
tuning of the exciton line A into resonance with the
MC dipole mode carried out by changing the sample
temperature enhanced the Purcell effect (the t, value
decreased to 210 ps, and the rate of spontaneous emis-
sion increased 8-fold). The decrease (increase) of the
spontaneous emission rate for all the cases when the
QD exciton transition was in the PC’s forbidden zone
(close to the frequency of the optical mode of the L3
defect) was also demonstrated in [3]. The temporal
measurements showed that when the photon lifetime
in the QDs outside of the PC was 0.66 ns, it increased
to 13.1 ns in the case when the QD frequency was in
the PC’s forbidden zone. In contrast, when the QD

No. 6 2014



QUANTUM CALCULATIONS ON QUANTUM DOTS

and the MC mode frequencies were brought together,
this was accompanied by the decrease of the photon
lifetime from 750 ps to 90 ps, which allowed estimating
the Purcell factor as F ~ 8.

Due to the Purcell effect, the MCs can not only
enhance the emission radiation at frequencies close to
the intrinsic frequencies of the defect modes but also
change its polarization. This effect was experimentally
proven in [19], where the emission from a single QD
weakly coupled to a MC was investigated. Initially the
polarization vector of the major part of the photons
emitted from the QDs was orthogonal to the polariza-
tion vector of one of the PC defect modes. The shift of
the QD peak toward the maximum of this mode was
observed in the PL spectrum with the sample heating.
The polarization vector of the recorded photons
changed in the process and, finally, the majority of
them had polarization coinciding with the polariza-
tion of the optical mode. The reason for the change in
the emission polarization vector is related to the emis-
sion enhancement of only those photons with polar-
ization close to the polarization of the cavity mode.

A unique method for controlling the photon spon-
taneous emission rate was suggested in [20]. Consider-
ing that according to Eq. (9) the F value depends on
the Q-factor, the F can be changed via changing the
Q value. The sample comprised optical interface con-
sisting of two PCs (left and right), which have different
lattice parameters (Fig. 6). The L3 type defect cavity
was in the left PC, and the waveguide was located at a
certain distance from it that comprised an extended
linear defect formed by the region in the PC lattice
lacking the holes. Considering that the frequency of
the intrinsic MC mode corresponded to the forbidden
zone of the spectrum of the right PC, the photons leav-
ing the MCs and propagating along the waveguide to
the right were reflected and interfered with the pho-
tons propagating to the left. When the interference was
destructive, the decrease of the number of photons
leaving the left end of the waveguide was observed and,
consequently, the Q-factor of the optical system
increased. The interference nature was preset by the
local change of the waveguide refractive index.

It was already mentioned that the resonant laser
pumping of the QDs was found to be more effective
than the off-resonant. The same situation takes place
in relation to the QD pumping via MCs using a laser
with the wavelength that does not coincide with the
wavelength of one of the MC modes. It can be sug-
gested that the laser frequency tuning in resonance
with the MC mode (MC defect mode for example)
could significantly improve the efficiency of the QD
pumping. This effect was demonstrated in [21], where
the effect of the pump laser wavelength on the photo-
luminescence spectrum of the PC-cavity was investi-
gated. The peaks corresponding to the MC defect
modes, the first of which had wavelength A, = 1060 nm,
were observed in the PL spectrum recorded after the
off-resonance action of helium-neon laser with the
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Fig. 5. PL spectrum of the GaAs cavity with QDs: (a) the
spectrum peaks correspond to exciton lines 4, B, and C at
the weak coupling mode; inset: PL spectrum at high inten-
sity pumping. Results of measurement of photon lifetimes
and (b) for exciton lines 4, B, and C. 490° denotes exciton
line A with polarization of photons emitted from QDs per-
pendicular to the MC polarization mode [18].

fixed wavelength. The wavelengths of A; = 1000 nm
and A, = 947 nm corresponded to the modes of higher
order. Next the PL spectrum as a function of A was
produced using the continuously tunable titanium-
sapphire laser. It was found that when the A coincided
with A,, the PL spectrum demonstrated the peak at the
wavelength A,. The peak intensity was found to be one
order of magnitude lower in the off-resonant case (A #A,),
when the pump photon wavelength A was 945 nm. This
is related to the fact that the MCs effectively absorbed
photons with the wavelength of one of its intrinsic
modes at A = A,, which, in turn, excited the QDs. The
QDs emitted light in a wide range on the transition to
the ground state, and the MCs enhanced the emission
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Fig. 6. Schematic representation of optical interface con-
sisting of two GaAs PC with different lattice parameters.
The InAs QD is located in the left PC. Q-factor is con-
trolled with the local change of the waveguide refractive
index (shaded area on the right) [20].

of photons with the wavelength A, of its fundamental
mode due to the Purcell effect.

As we know, one of the criteria for the attainment of
strong coupling in hybrid systems is the splitting of the
single peak in the subsystem spectrum (Rabi splitting),
when their frequencies are close to each other. The
QD and MC peak intensities, as well as their widths,
become practically the same in the process. Strong
coupling is observed in the PC with different types of
defects, with the L3-type defect being the most com-
mon in the experiments [22, 23]. The Rabi splitting in
the PC with an HI-type defect in the MCs was also
observed in [23]. Considering that the volume V of the
fundamental doubly degenerated dipole mode of such
defects is found to be half of that for the L3-type MC,
it can be suggested that the coupling coefficient g,

which is in inverse proportion to N7 , will be higher.
Following the temperature resonance tuning of the
QD and MC frequencies the Rabi splitting was
observed, which was approximately 124 peV corre-
sponding to the value g = 76 peV. Both peaks demon-
strated the same width of 0.082 nm (the peak width of
the single QD was 0.03 nm, and the peak width of the
cavity was 0.14 nm). An alternative technique of the
electric tuning of the QD spectrum through the Stark
effect allowed demonstrating the regimes of weak and
strong coupling between the QDs and high Q-factor
MCs (Q ~ 12500) [24]. We again note that the spectro-
scopic measurements of the Rabi frequency require
caution and analysis of all the recombination pro-
cesses in order to decrease the experimental error
resulting in the overestimation of the g value.

It must be mentioned that in the majority of the
considered studies the QD + MC systems do not have
an input/output interface (excluding the systems
designed specifically for transmission measurements).
A reliable and effective way for the transfer of quantum
information between the system nodes must be
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designed in order to create a functional quantum net-
work based on them. The well-known PC-waveguides
can be used as interaction mediators of the separated
QD-qubits. A strong coupling of the waveguide
(extended linear defect of PC) and the single QD was
observed in [25]. The defect cavity containing the QDs
was formed by the lattice holes shifted relative to the
waveguide. The suggested configuration of the device
allows transporting the QD quantum state encoded in
the photon state along the waveguide. The QD exciton
spectrum was resonantly tuned to the waveguide mode
using the temperature change. The Rabi splitting was
140 peV under condition of strict resonance, and the
coupling coefficient of the QDs and waveguide was
estimated as g ~ 82 ueV.

4. SINGLE PHOTON SOURCES BASED
ON QDs AND MCs

The semiconductor QDs embeded into optical net-
works are promising candidates as single photon
sources for application in various areas, in particular,
quantum informatics and metrology [26—28]. Theo-
retical [29, 30] and experimental [31—34] studies of
the properties of such quantum sources have been
conducted for a long time. As mentioned above, the
construction of the second order autocorrelation

function g (1) that described the correlation of the
electromagnetic field intensity / of the two sequen-
tially detected photons,

@ () = HOLC + 1)

represented one of the popular methods for investiga-

tion of the photon statistics. The g (t) = 1 for the
classical sources with chaotic light emission such as
the laser or light emitting diode, which indicates the
lack of any correlation between the two photons. Con-
sidering that the quantum source emits one photon (or
a pair of entangled photons) for each excitation pulse,
the measurement of the autocorrelation function at

3)

zero delay time gives g? (0) < 1/2. In the case of an

ideal single photon source, g (0) =0, because the
source cannot generate more than one photon within
the excitation period.

Due to the Purcell effect, it is possible to increase
the spontaneous photon emission rate emitted on the
exciton recombination via the introduction of QDs
into a high quality cavity. One of the methods to
achieve high efficiency of the single photon sources
based on hybrid systems is the selection of MCs. For
example, the PC structure with the optimized hole
radius and enlarged lattice constant was fabricated in
[31] for investigating the single photon generation.
The excitation laser pulse was focused on the surface
of a two-dimensional PC in the defect region contain-
ing a single QD, and the photon withdrawal was car-

No. 6 2014



QUANTUM CALCULATIONS ON QUANTUM DOTS

ried out with 24% efficiency through the waveguide
formed in the same PC structure. It is possible to
improve the source quality via the QD resonant exci-
tation through one of the intrinsic MC modes. It was
shown in [33] that at the laser power of 1 uW the inten-
sity of the PL exciton peak at the resonant pumping
was 25-fold higher than at the pumping through the
wetting layer. According to the autocorrelation func-
tion measurements, single photon generation was
observed in both cases; however, the laser power was
100-fold lower in the case of the resonant excitation as
compared with the off-resonant one, and the photon
was emitted only from the QDs located in the node of
the MC mode, while the emission from the rest of the
QDs was suppressed.

Since the frequency of the single photons emitted
by the source based on QDs is close to the frequency of
the exciton transition (~1 pm) it is important from the
practical point of view to transform it. The method for
the frequency increase demonstrated in [32] involved
the following procedure: the 1300-nm photons emit-
ted from the InAs QDs on the pulse laser pumping
with a wavelength of 780 nm and the repetition fre-
quency of 50 MHz propagated through the LiNbO;
waveguide with a one-dimensional periodic structure
(Fig. 7). The controlled time profile pulses of light
with a wavelength of 1550 nm and repetition frequency
of 25 MHz preset by the electric modulation of the
laser radiation were delivered to the waveguide. The
single photons at the waveguide output had a wave-
length of 710 nm, which corresponded to the sum of
the QDs and modulator frequencies, and the shape of
its time profile changed from the exponential decay
characteristic for the QD radiation to the Gaussian.

One of the most important properties of the single
photon source is the indistinguishability of the two
sequentially emitted photons, which must have the
same frequency, polarization, and time profile. In the
real experiments, the photons become distinguishable
due to their interaction with the environment that
destroys coherence. The degree of the photon indis-
tinguishability measured with the use of the Hong—
Ou—Mandell interferometer is determined by the
value [34, 35]

L ~1-¢%0), (4)
2y,

where y, =y +7,/2, v is the rate of energy dissipation

from the quantum emitter and vy, is the rate of its
dephasing. Despite the fact that it is very difficult to
suppress the dephasing process, its effect can be
reduced by increasing the y. When the QD is a quan-
tum emitter, there is a possibility due to the Purcell
effect to significantly accelerate the photon emission
via the QD formation inside the MC. For example, the
use of the GaAs PC-cavity with the H1-type defect
and a Q-factor of approximately 250 allowed the
authors in [34] to reach the indistinguishability degree

W =
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Fig. 7. Schematics of experiment on the enhancement of gen-
eration frequency of a single photon source based on QDs.
T,,p is the repetition period of laser pulses exciting QDs,
Tsp is the characteristic time of photon emission from QD,
AT,,q and t,,,, are the delay time and half width of the
modulator pulse, and PPLN WG—LiNbOj is a waveguide

with a one-dimensional periodic structure [32].

of W= 0.72 for two photons emitted from the single
InAs QD at the Purcell factor F = 28.

The two-level system is used in the majority of the
experimental studies on single photon generation in
the QDs. It is possible to increase the degree of indis-
tinguishability between the two photons emitted from
the QDs when the three-level system, which is less
sensitive to the excited state dephasing under condi-
tion of large detuning, is used [29]. The generation of
highly indistinguishable single photons emitted from
the QDs in the process of the electron spin inversion
described by the three-level system via the laser exci-
tation of the QDs into the trion state is presented in
[36]. The experiment was conducted at 4.2 K in the
presence of a magnetic field applied to the planar MC
structure containing the AlGaAs QD ensemble in the
Feucht geometry (see detailed information on the
methods for the spin state control of the singly charged
QDs in the external magnetic field in section 3 of this
review). The energy level diagram of the QDs in the
magnetic field is presented in Fig. 8a. The pulsed laser
and two continuous lasers were used for excitation of
the single QD. The laser frequency & detuning from
the frequency of the respective QD transitions from
the spin states to the trion ones was sufficiently large to
ensure that the trion states were virtually populated
(Raman regime). The value of the autocorrelation

function g|(|2) (0) = 0.01 measured with the help of the
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Fig. 8. Diagram of spin and trion levels of semiconductor
QDs in a constant magnetic field under condition of
Feucht geometry: (a) according to the selection rules pho-
ton absorption with vertical (V) (horizontal, H) polariza-
tion initiates direct (slanted) transitions from the spin

states ‘T)X s »L)X to trion states HTU)X N iTﬂ)X . Inter-

ference measurement principle of two emitted Raman
photons (b) under continuous QD excitation. The photon
beam is split by beam splitter BS into two beams, one of
which is delayed by the optic fiber for 10 ns, and the second
one is transmitted through a rotating half-wave plate (HWP)
determining photon polarization. The photon detection
conducted by two avalanche photodiodes, APD [36].

Mach—Zehnder interferometer (Fig. 8b) for the two
interfering photons with the same polarization in the
case of the continuous excitation of the single QD at the
detuning 6 = 2.5 GHz indicates the high degree of their
indistinguishability. The measurement of the autocor-

relation function g'”(0) for the two photons with
orthogonal polarization gives the value of 0.5 indicating
their distinguishability. Interference of the two single
photons emitted from the QDs was characterized by

the value u = 1 — gﬁz) (0) / g7 (0), which was 0.98 in this
case. The high degree of indistinguishability was also
obtained on the pulsed pumping, although their inter-
ference decreased slightly (# = 0.95). It is necessary to
know how to generate indistinguishable photons from
the separated quantum sources in order to design the
photon quantum network. The authors in [36] were
able to demonstrate the generation of indistinguish-
able photons from the two separated QDs located at a
distance of 1.5 m in different samples with a high max-
imum value of the parameter u = 0.87.

Hence, it can be seen that the single photon sources
based on the hybrid QD + MC systems are highly effi-
cient and are accompanied by a high degree of indistin-
guishability of the emitted photons. It is mainly related
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to the fact that the MCs increase the rate of the sponta-
neous emission of the QDs, which is in resonance with
it. Moreover, the generation of indistinguishable pho-
tons from the separated QD-sources opens additional
possibilities for the design of solid-state quantum pho-
tonic networks.
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