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Optical and structural properties of InP quantum dots embedded in (Al,Ga;_,)(s1Ing 40P
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Within this work we present optical and structural properties of InP quantum dots embedded in
(Al,Ga,_,)g51Ing 49P barriers. Atomic force microscopy measurements show a mainly bimodal height distribu-
tion with aspect ratios (ratio of width to height) of about 10:1 and quantum dot heights of around 2 nm for the
smaller quantum dot class (type A) and around 4 nm for the larger quantum dot class (type B). From ensemble-
photoluminescence measurements we estimated thermal activation energies of up to 270 meV for the type-A
quantum dots, resulting in a 300 times higher luminescence intensity at 200 K in comparison to our InP
quantum dots in Gag s;Ing 4P at the same emission wavelength. Photon statistic measurements clearly display
that InP quantum dots in (Aly,0Gagg0)o.s11ng4oP emit single photons up to 80 K, making them promising

candidates for high-temperature single-photon emitters.

DOI: 10.1103/PhysRevB.79.035329

I. INTRODUCTION

In contrast to existing fiber networks which use binary
light pulse sequences of conventional classical light sources,
several quantum cryptography protocols, such as the well-
known “BB84” quantum cryptography protocol,' have been
proposed, relying on the use of single photons as a basic
structure of secure information exchange. Therefore the de-
velopment and also the verification of nonclassical emitters
have become very important. Many systems such as trapped
single atoms, ions, and molecules have been reported to
show the potential for addressing single-photon states. How-
ever, their industrial feasibility is still exiguous due to their
less than ideal experimental handling, stability, and device
integration. In contrast, epitaxially grown semiconductor
quantum dots (QDs) provide a promising alternative due to
their enormous design flexibility and in sifu device imple-
mentation. Several approaches have been pursued, using dif-
ferent material systems, for example, CdSe/Zn(S,Se),?
(In,Ga)As/GaAs,> GaInN/GaN,* and InP/(Al,Ga)InP.> Self-
assembled InP QDs emitting within the visible red spectral
range can play an important role for various novel devices.
In particular because of their potential application as a non-
classical light source for the electrical generation of single
photons,® as today Si photodetectors have their maximum
photon detection efficiency in the red spectral range. A typi-
cal precondition for device applications is operation at el-
evated temperatures, preferably at room temperature. The
band offsets in QD heterostructures have to be high enough
to achieve this in a semiconductor system. In the (Al,Ga)InP
material system the carrier confinement of InP QDs can be
strongly increased with respect to the GalnP system by rais-
ing the aluminum content.” Results of structural and optical
experiments of InP QDs in such (Al,Ga,;_,)( 5;Ing 49P barriers
with varying aluminum content are presented in this paper,
highlighting the two most promising candidates, namely,
InP QDs embedded in (Aly,Gagg)osiIngsoP and in

(Aly 50G2g50)0.511n0.49P-
II. GROWTH AND EXPERIMENTAL SETUP
Our self-assembled QDs were grown by metal-organic

vapor-phase epitaxy (MOVPE) with standard precursors (tri-
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methylgallium, trimethylindium, timethylaluminum, arsine,
and phosphine) at low pressure (100 mbar) on (100) GaAs
substrates oriented by 6° toward the [111]A direction. The
bottom layers consist of a 100 nm GaAs buffer layer grown
at 750 °C and a 430 nm lattice-matched (Al,Ga,_,) 5;Ing 4P
barrier (x € [0, 1]) grown at 720 °C, onto which the InP QDs
were placed. For the standard QDs 2.1 monolayers (ML) of
InP were deposited with a growth rate of 1.05 ML/s at
growth temperatures between 650 and 710 °C. To examine
the size-dependent characteristics of the QDs, also larger
dots were fabricated by deposition of 4.2 ML InP with
growth rate of 2.1 ML/s. The following 20 s growth inter-
ruption enables the QD relaxation and the ripening pro-
cesses, i.e., Ostwald ripening.® For photoluminescence (PL)
measurements, the QDs were covered with a 30 nm capping
layer of (Al,Ga,_,)os;Ing4oP deposited at the QD growth
temperature. The capping layer was not deposited in the case
of atomic force microscopy (AFM) measurements, and the
samples were cooled while stabilizing with a constant phos-
phine gas flow.

The samples were placed in a He-flow coldfinger cryostat
to enable photoluminescence measurements at variable tem-
peratures. For the optical excitation a frequency-doubled
Ti: Al,Oj5 laser (pulsed) for both the time-resolved and quasi-
continuous-wave (cw) PLs was used. The luminescence was
then dispersed by a 0.32 m Jobin Yvon monochromator sys-
tem and detected using a fast multichannel plate photomul-
tiplier tube with an effective time resolution of 30 ps.

Microphotoluminescence (u-PL) experiments were per-
formed with a horizontally and vertically scannable cryostat
with stepper motors, providing an effective spatial resolution
of 50 nm each. The light to and from the sample was guided
confocally through a 50X microscope objective, focusing the
laser spot down to a diameter of approximately 1 wm, using
a piezoactuator. The luminescence was dispersed in this case
by a 0.75 m spectrometer and detected using a liquid-
nitrogen-cooled charge coupled device (CCD) camera when
taking spectra (with an effective resolution of approximately
100 ueV) or two avalanche photodiodes (APDs) in a
Hanbury-Brown and Twiss-type setup’ when performing
second-order autocorrelation measurements.
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FIG. 1. (Color online) Atomic force microscope scan results
from areas of 1X 1 wm? of standard 2.1 ML uncapped InP QDs
deposited [(a)—(c)] at 710 °C and [(d)—(f)] at 650 °C on different
aluminum-containing (Al,Ga;_,)o5;Ing 4P barriers. The aluminum
concentration x and the height scale Az are given in the correspond-
ing insets.

III. RESULTS AND DISCUSSION
A. Structural characterization

To evaluate the structural properties of the uncapped InP
QDs on different Al-containing barriers, atomic force mi-
croscopy measurements were performed using a Digital In-
struments Dimension 3100 in intermittent mode. For system-
atic analysis, standard 2.1 ML InP QDs with barrier
aluminum contents of x=[0,0.05,0.1,0.15,0.2,0.25,0.3,
0.5,0.7,1] manufactured at 710 °C and x=[0,0.1,0.2,
0.3,0.5,0.7, 1] fabricated at 650 °C were investigated. Fig-
ure 1 displays the height topology of standard 2.1 ML InP
QDs on (Al,Ga,_,)g5;Iny 4P with aluminum contents of x
=0, x=0.2, and x=0.5 deposited [(a)-(c)] at 710 °C and at
[(d)-(f)] 650 °C, respectively.

For better visibility the height scale was adapted for each
image. The growth temperature and the aluminum content
have a significant influence on the QD formation processes,
especially regarding their size, density, and distribution. Con-
cerning the growth temperature of 710 °C, the QD heights
are below 10 nm with a relatively low density of around
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FIG. 2. (Color online) Integration-normalized height histograms
of standard 2.1 ML InP QDs on (Al,Ga;_,)q5;Ing 49P barriers. For
low aluminum contents and a growth temperature of 710 °C, the
distribution is monomodal. At around x=0.15 the distribution gets
bimodal, exhibiting a smaller QD class (type A) and a larger QD
class (type B). For 650 °C deposition temperature a bimodal distri-
bution for the whole composition range was found. The solid curves
are Gaussian fits, taking into account two occurrence emphases.

1.5X 10" ¢cm™ for small aluminum contents (x<<0.15).
Also the QDs are slightly elongated with a noncircular
shape. By incorporating more aluminum (0.15=x<0.5), the
QDs grow larger in diameter and size, exceeding heights of
around 20 nm. For high aluminum contents (x=0.7) the den-
sity increases as the mean base diameter gets smaller and the
change in height is just minor. At growth temperature of
650 °C the situation is vice versa. For x=0 we measured QD
heights of up to 16 nm, decreasing steadily with higher alu-
minum content. The QD density of this growth series is over-
all up to four times larger than at 710 °C deposition tem-
perature. For a growth temperature of 710 °C we found a
monomodal height distribution up to 15% Al in the barriers.
At 15% Al, the distribution becomes bimodal. In contrast, at
a deposition temperature of 650 °C we observed this bimo-
dal distribution for the complete composition range under
investigation. The transition from a monomodal to a bimodal
height distribution with two differently sized QD types can
be seen best in the height histogram.!'” The histograms in Fig.
2 illustrate statistically the measured heights and their distri-
butions of the same structures as in Fig. 1. Only the scan area
was increased to 3X3 um? for statistical significance.
Clearly the evolution of the smaller QD class (type A) and
the formation of the larger QD class (type B) can be ob-
served. One has to point out that at 710 °C deposition tem-
perature the height distribution, i.e., the full width at half
maximum (FWHM) of the height occurrence, is increased
for aluminum-containing barriers, having a maximum at
around 20% Al. For 650 °C the bimodality is reduced with
increasing aluminum content. Such a bimodal height distri-
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FIG. 3. (Color online) Peak heights of the smaller type-A
(circles) and the larger type-B (boxes) InP QDs on
(A1,Ga;_,)o.51Ing 49P barriers. The QDs were manufactured at (a)
710 and (b) 650 °C by depositing 2.1 ML of InP. In addition the
overall QD density (stars) is provided for both growth temperatures.

bution has also been observed not only in the Ge/Si (Refs. 11
and 12) and the InAs/GaAs material systems'®!4 but also for
InP QDs in GaInP.!> This is thought to be mainly due to
microscopic density fluctuations of nucleation sites, as espe-
cially in the quaternary material system, spontaneous order-
ing of indium- and gallium-rich layers can occur.'®

Because there is an additional offset of around 0.5 nm
arising from the misoriented wafer and the local surface con-
dition, the fitted Gaussian occurrence maxima (solid curves)
do not directly equate to the heights of the QD classes. The
actual QD heights have to be evaluated separately from de-
tailed analysis (profile measurements) of the AFM scans.

For comparison the structural parameters, the fitted peak
heights of the statistical histogram evaluation, and the overall
QD density (type A plus type B) of the structures are de-
picted in Fig. 3 for (a) 710 and (b) 650 °C. At 710 °C the
QDs have a maximum height value for 20% Al in the barrier,
while for 650 °C the absolute maximum height value occurs
for 0% Al. Despite the nearly monotonically height decrease
with higher aluminum contents, there is still a relative height
maximum present for x=0.2 at 650 °C. Also the trends of
the QD densities are comparable, although the QD density is
up to four times higher for 650 °C.

To examine the structural development of the QDs, we
also have doubled the deposited amount of InP at 650 °C
growth temperature. Interestingly the size and the distribu-
tion are only changed slightly. For these QDs with
(Al,Ga,_,)g 51Ing 49P barriers of x=0.5, we have estimated for
the smaller QD class (type A) heights of approximately 2 nm
and diameters of 20 nm, while the larger QD class (type B)
exhibits heights of 4 nm and diameters of 40 nm. Here the
average height increase only accounts for 0.5 nm for the two
QD classes but changes the spectral characteristics signifi-
cantly, as described in Sec. III B.
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FIG. 4. (Color online) (a) Ensemble-PL spectra of standard 2.1
ML InP QDs in (Al,Ga,_,)( 5;Iny 4P with different aluminum con-
tents grown at 710 °C. The red lines correspond to the calculated
band-gap energies of the I' and X bands of the barrier. (b)
Ensemble-PL.  spectra of standard 2.1 ML InP QDs in
(Aly,Gagg)gsiIng4oP deposited at different growth temperatures.
The topmost spectrum corresponds to a deposition of 4.2 ML of InP,
showing the evolution of the type-B emission.

B. Ensemble-PL

The optical properties and electronic structures of the
InP QDs were examined by photoluminescence experi-
ments. Embedding the InP QDs in Al-containing
(AL, Ga,_,)g51Ing 4P barriers, the barrier band-gap energy
can be increased from 1.95 eV for Gag 5;Ing 4P up to 2.3 eV
for AljsiIng 4P by raising the Al content x of the barrier
from x=0 to x=1.7 Therefore the QD confining potential can
be increased in this manner.

Systematic studies were performed for QD growth tem-
peratures between 710 and 650 °C. For this analysis, one
series of standard 2.1 ML InP QDs with barrier aluminum
contents as mentioned above was fabricated at 710 °C and
one series with the same barrier aluminum contents was fab-
ricated at 650 °C. Further, one series with a fixed barrier
aluminum content of x=0.2 grown at different temperatures
of Tarown=0[710,690,670,650] °C was investigated. For
comparison, two structures with 4.2 ML of InP and barrier
aluminum contents of x=0.2 and x=0.5 were deposited at
650 °C.

Initially, cw PL measurements were performed to investi-
gate the emission energy of the QD ensemble with respect to
the Al content of the (Al,Ga,_,),s;Ing 4P barrier. Figure 4(a)
displays the spectra for 2.1 ML InP grown at 710 °C at a
measurement temperature of 5 K and excitation power den-
sity of 700 W cm™2 at which state filling does not occur yet.
The maximum of the QD PL intensity shifts with increasing
barrier Al content from 1.85 eV for x=0 to 2.24 eV for x
=1.17 The QD energy rises with increasing barrier energy
due to increasing Al content. This is mainly because of ad-
ditional incorporation of Al and Ga out of the barrier into the
QDs during their growth. The peak corresponding to the bar-
rier follows nearly perfectly the theoretically calculated
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FIG. 5. (Color online) (a) Confinement energies and (b) relative
PL intensities per dot of standard 2.1 ML InP QDs in
(Al,Ga;_,)o51Ing49P with different aluminum contents grown at
710 °C (triangles) and at 650 °C (boxes). The relative intensities
per dot of the structures were scaled with respect to the normalized
intensity per dot of the InP QDs in Gag 5;Ing 40P grown at 710 °C.

band-gap energy of the (Al,Ga;_,)qs5Ing4P bulk barrier
[straight lines in Fig. 4(a)].” Due to the Al and Ga incorpo-
ration the confinement energy AE, which is the energy dif-
ference between the QD ensemble and the barrier emission,
remains relatively small for all the structures. To increase
AE, the suppression of incorporation of the barrier atoms
was tried by reducing the growth temperature successively
down to a value of 650 °C. This leads to a decrease in the
diffusion length of the migrating atoms, resulting in QDs
emitting at lower emission energies, as shown in Fig. 4(b) for
standard 2.1 ML InP QDs in (Aly,0Gaggo)osiIngP and a
confinement energy AE of around 230 meV. The high-energy
shoulder of the structure grown at 650 °C emitting at around
2 eV can be attributed to the wetting layer as the low growth
temperature conveys two-dimensional growth.

Over the complete composition range we observed a non-
linear dependence of the luminescence intensity of the QDs
on the confinement energy AE. Figure 5(a) depicts the con-
finement energies of the QDs grown at 710 °C (triangles)
and at 650 °C (circles). For the high growth temperature the
confinement energy has a value of 90 meV for Gag 5;Ing 40P
barriers, decreases to 65 meV for (Al,Ga,_,)q5,Ing 4P barri-
ers with x=0.2, and shows an absolute maximum of 120
meV for 50% Al in the barrier. At low growth temperature
AE can be increased linearly up to 230 meV for
(Aly,Gagg)osiIngsoP and decreases to 110 meV for
Al 51Ing 4oP. Although the low growth temperature reduces
the QDs’ heights and increases the quantum size effect, the
confinement energy can be strongly enhanced with respect to
the high growth temperatures. Therefore we conclude that
the Al and Ga incorporation can be violently suppressed in
this manner.
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In addition, by varying the Al content of the barrier, the
QD density slightly changes even for constant growth tem-
peratures. To compare the luminescence behaviors of the dif-
ferent structures, we calculated therefore the ratio of the rela-
tive luminescence intensities and the QD densities for each
sample (the densities were deduced from AFM measure-
ments). The results are displayed in Fig. 5(b). The evaluated
luminescence yield per QD emitter reaches a (relative) maxi-
mum for 20% Al in the barrier and strongly decreases for
higher Al contents. The generation of nonradiative recombi-
nation centers through the contamination of Al with residual
oxygen and the effects of approaching the crossover point
between the I band and X band are thought to cause this
decrease.'®!° For the low growth temperature the QDs with
Gay 51Ing 49P barriers show the highest emitter intensity. But
in comparison to the QDs with 20% Al in the barrier, they
exhibit a much smaller confinement energy, which causes a
strong decrease in the PL intensity specially at elevated tem-
peratures, as discussed later on.

A further increase in the carrier confinement, resulting in
an enhancement of the PL intensity at elevated temperatures,
can be achieved by deposition of larger QDs to reduce the
quantum size effect.’® For this purpose we deposited a
larger amount of InP, 4.2 ML instead of 2.1 ML, for the QD
grOWth at 650 °C on (AIO.ZoGaO.go)O.S11110_49]? and
(AlysGag 5)0.51Ing 49P, respectively. For barriers with an alu-
minum content of 20% a total confinement energy of AE
=270 meV could be achieved, as displayed in the topmost
spectra of Fig. 4(b). By applying this growth scenario, a
slightly enhanced bimodal distribution was found in AFM
measurements (not shown here). The larger amount of depos-
ited InP leads on one hand to the formation of larger QDs
due to the presence of a multitude of nucleation sites espe-
cially in the high-aluminum-content barrier and the reduced
surface mobility at the lower growth temperatures. On the
other hand, a fraction of the smaller QD sizes are still present
as they do not ripen to larger ones. This enhanced bimodal
distribution is also visible in the luminescence spectrum of
the sample where the emission of the type-B QDs is visible
at around 1.63 eV. Emission from type-B QDs at approxi-
mately 1.63 eV was also reported for the InP/(Al,Ga)InP
material system by other groups.?!?> The spectral bimodality
is even more pronounced for the structure with 50% Al
in the barrier. Figure 6 shows the corresponding tempera-
ture-dependent spectra of the 4.2 ML InP QDs in
(AlysGags)osiIng4oP, excited with power density of
700 W cm™ at which state filling was not yet observable.

One can clearly see the GaAs luminescence at around 1.5
eV and the (AlysGags)gs1Ing49P barrier emitting at 2.3 eV.
The resonance peak at 1.62 eV corresponds to the larger
type-B QDs, the peak at 1.92 eV corresponds to the smaller
type-A QDs, and the low-intensity shoulder at 2.17 eV could
be attributed to the wetting layer. The total confinement AE
of 350 meV for type A and 630 meV for type B (251 meV
for type A and 549 meV for type B when considering the
energetic difference between QDs and wetting layer) can be
deduced from Fig. 6. The barrier luminescence completely
vanishes for temperatures above 100 K due to nonradiative
loss mechanisms.

The temperature-dependent intensity behavior can be de-
scribed well by applying a simple thermal activation
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FIG. 6. (Color online) Temperature-dependent ensemble-PL
spectra of 4.2 ML InP QDs in (AlysGags)gsiIngsP grown at
650 °C. The dashed vertical lines are guides for the eyes and indi-
cate the emission features from the two QD classes. At elevated
temperatures the larger, lower-energy type-B QDs dominate the lu-
minescence spectra.

model.”32* As the temperature dependence could not be fitted
adequately with only one activation energy, for each QD
class we took two activation energies E{ and E3, and E? and
EzB for both type-A and type-B QDs into account:

aly asly
1(T) = , (1)
! I+ aleE?/kBT 1+ azeEg/kBT

bl b-1
(1) =—> = )

1+ byeEUVksT 1 4 pyeBalksl”

where I, g is the initial integrated PL intensity of the two QD
classes at the lowest temperature (7=5 K), a;, and b, , are
temperature-independent constants, and kg is the Boltzmann
constant. Therefore, by fitting the luminescence intensity be-
haviors for both type-A and type-B QDs separately (see inset
of Fig. 7), the intensity ratio R(7T) of the luminescence inten-
sities of the two QD types can be written as the ratio of Eq.
(1) to Eq. (2):

1,(7)
I(T)’

This experimental intensity ratio is displayed in Fig. 7.

The ratio R(T) remains more or less constant for low tem-
peratures but changes abruptly at around 100 K. At 120 K it
reaches its maximum value, and then decreases continuously
for higher temperatures. This behavior may be explained
based on the structural differences between the two QD
classes, especially their size. Due to the reduced quantiza-

R(T) = (3)

PHYSICAL REVIEW B 79, 035329 (2009)

T — T T T T
1 (Miz! !
1.2 =i ' k. T=13meV
z | I B
shig |
—21.0H yofs, ® .
Sy 2 | ;
— 01@ . :
0.00 0.05 0.10 0.15 0.20 1 1
g 0.8}  trremperature (1/K) I | B
[ 1 1
=, 1 1
2 06} kT=86mev) | |
2] I
S |
E 04} ! : E
] |
| I
02 1 1 '}

0 50 100 150 200 250
Temperature (K)

FIG. 7. (Color online) Temperature-dependent ratio of the inte-
grated intensity of the two dot classes type A and type B (see Fig.
6). The solid curve is the fit using the model, while the inset shows
the integrated PL intensity of both QD types and the corresponding
Arrhenius fits which were applied separately. The two dashed ver-
tical lines indicate the temperatures at which key changes in inten-
sity ratio occur. The associated thermal energies kg7 are also
displayed.

tion, the larger type-B QDs have a smaller energy-level spac-
ing and therefore more energy levels in the QD than the
type-A QDs. Although the density of the type-B QDs is
much lower than the density of the type-A QDs, the inte-
grated low-temperature luminescence intensity of the type-B
QDs is higher than the luminescence intensity of the type-A
QDs. The carrier capture and relaxation processes are more
efficient for the larger type-B QDs due to their smaller
energy-level spacing.” In addition the high number of avail-
able energy levels in the type-B QDs may lead to a higher
population number of carriers in the QDs. This can result in
a more intense luminescence intensity.?®

In particular for high temperature the type-B QDs domi-
nate the spectra, even at elevated temperatures up to room
temperature. In fact, the carrier redistribution over density of
states favors the emission on the low-energy side of the QDs
band.

A complete similar temperature dependence of the inten-
sity ratio was observed for the structure with 4.2 ML InP in
(Aly,Gayg)gs1Ing 9P fabricated at 650 °C [see Fig. 4(b)].
But as the bimodality is not as pronounced as in the case for
x=0.5, the step of the intensity ratio with temperature is
smaller and therefore is not shown here.

By fitting the experimental data according to this model,
we deduced activation energies of Ef=269 meV and E;
=219 meV for the type-A QDs and Elf=271 meV and Eg
=85 meV for the type-B QDs. The estimated energy of E
corresponds well to the total localization depth of the type-A
QDs with respect to the wetting layer, while Ef corresponds
to approximately half of the localization depth of the type-B
QDs with respect to the wetting layer. This behavior indi-
cates the uncorrelated loss of holes or electrons for type-A
QDs, while for type-B QDs the whole exciton seems to be
thermally activated out of the QDs.?’ For the structure with
4.2 ML InP in (Al ,Gay g)o.5;Ing.49P fabricated at 650 °C, the
activation energies are smaller due to the reduced total con-
finement energy, but indicate the same activation processes

035329-5



SCHULZ et al.

1800 r .
1 §
1600 | 3 -
g A,
@ 1400 01 B J
& S A
® 1200} 5 1
é [ 2000 4000 6000 800'}1'01 ‘Q‘AA
>, 1000 | Delay (ps) AA A ° 4
8 A = ® O
® oo} 4 o ©°° ]
a o ®
ol ® ¢ “
. %
10 100

Temperature (K)

FIG. 8. (Color online) Temperature-dependent decay times ob-
tained from type-A QDs (circles) and type-B QDs (triangles) of Fig.
6. The inset shows the monoexponential transients with their corre-
sponding fits (solid curves) according to Ref. 30. For elevated tem-
peratures the decay times decrease strongly due to additionally ac-
tivated nonradiative decay channels.

(E{=240 meV, E5=28 meV, E®=230 meV, and E5
=89 meV). The quenching state could be the wetting layer,
through which the thermally excited carriers can reach non-
radiative recombination centers at the heterostructure inter-
face or in the barrier.”® Subsequent transport in the wetting
layer and recapture processes of the carriers can occur
alternatively.?’ Such enhanced nonradiative decay rates can
give rise to strongly decreasing decay times. In Fig. 8 the
temperature-dependent experimental decay times obtained
from time-resolved PL measurements are depicted. As an
example, in the inset of Fig. 8 the time transients of the
corresponding PL. maximum at 5 K can be seen for the
type-A QDs (circles) and the type-B QDs (triangles). The
transients exhibit one fast (delay range of 1-4 ns) and one
slow (delay range of 4-8 ns) decay channel. Up to a delay of
4 ns the transients can be described very accurately with only
one (fast) decay component. The fitting error for the slow
decay component would be very large due to the low lumi-
nescence intensity for large delays. Because of this we used
a model of the random initial occupation®® comprising one
decay channel to determine the fast decay times. The QDs
display an approximately constant decay time for low tem-
peratures with a linear increase at higher temperatures.’!
Above a certain critical temperature the decay times decrease
violently. This decrease seen at high temperatures and the
fact that the drop temperature is even higher for the larger
type-B QDs suggest that the temperature-dependent PL de-
cay indeed is a consequence of additional nonradiative decay
channels. Very similar results were reported for InAs/GaAs
QDs in Ref. 32. The higher decay time of approximately 830
ps (5 K) observed for the larger type-B QDs when compared
to approximately 670 ps for the type-A QDs is thought to be
due to the reduced wave-function overlap integral. We there-
fore think that the nonexpected intensity ratio in Fig. 7 is on
the basis of the very different drop temperatures, namely,
160 K for type A and 240 K for type B, in addition to the
different thermal activation energies. A complete similar
temperature dependence of the decay times was observed for
the structure with 4.2 ML InP in (A10_2G30'8)0_511n0‘491) fabri-

PHYSICAL REVIEW B 79, 035329 (2009)

P

\.
R

10" 3
1 —e—x=0.0 % | X300
—m—x=0.2 ]

Relative intensities (arb. units)

0 50 100 150 200 250 300
Temperature (K)

FIG. 9. (Color online) Relative PL intensities of type-A QDs of
standard 2.1 ML InP in Gags;Ing 4P deposited at 710 °C (stars)
and 42 ML InP in (Aly,Gagg)gsiIngsP (boxes) and in
(AlysGag 5)9.51Ing 40P (triangles) both grown at 650 °C. The inten-
sities are normalized with respect to the low-temperature intensity
(5 K) of the InP/GalnP QDs.

cated at 650 °C. Decay times of 572 ps for type-A QDs and
785 ps for type-B QDs at 5 K were observed, while the drop
temperatures were estimated to be 160 K for type-A QDs and
about 200 K for type-B QDs.

The temperature behavior of the PL intensity of the 4.2
ML InP QDS in (A10.2,0_5Ga().&0_5)0_5111]0‘491) grown at 650 °C
with respect to 2.1 ML InP QDs in Gags5;Ing 4P grown at
710 °C can be best shown by comparing their relative inten-
sities as shown in Fig. 9 for the type-A QDs. One has to
point out that the type-A QDs of these three structures ex-
hibit approximately the same wavelength, which could be
very important for future device applications due to detector
characteristics. For this the relative intensities were normal-
ized with respect to their initial intensity at 5 K of
InP/Gay5Ing 40P QDs. The Iluminescence intensity for
InP/Gay 5;Iny 4P QDs (stars) decreases continuously from 5
K onward. The InP QDs in aluminum containing barriers
show a significant increase in their intensities up to 40 K,
which is due to thermal activation of carriers trapped at low
temperatures in shallow localization centers of the quater-
nary barrier. These band-edge states are formed because of
microscopic compositional fluctuations in the
(Al,Ga,_,)g 51Ing 49P barriers. For low-aluminum-content bar-
riers the absolute intensities are about five times higher than
for the higher-aluminum-content InP/ (Al 50Gag 50)0.51100.49P
QDs. Although the InP/(AlysGays)gs51Ing49P QDs have the
highest confinement energy, the intensity of the
InP/ (A10‘2G30‘8)0‘511n0_49P QDS is much higher, even at el-
evated temperatures. At 150 K the QDs in these barriers still
possess the same intensity as at 5 K. Therefore, when com-
pared with InP/Gay s5;Ing 4P QDs at 200 K, the relative in-
tensity for the InP/(Aly,Gagg)os;Ing4P QDs is 300 times
higher.

C. Microphotoluminescence

To confirm the zero-dimensionality of the QDs, u-PL and
second-order autocorrelation measurements were performed
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FIG. 10. (Color online) (a) Temperature-dependent single-QD
m-PL measurements and second-order autocorrelation measure-
ments performed (b) at 4 K and (c) at 80 K. The autocorrelation
measurements were performed on the emission line indicated by the
(red) arrow. Growth conditions: 4.2 ML of InP deposited at 650 °C.

on the samples described earlier. To select single QDs out of
the ensemble, the samples were covered with a shadow mask
of 50-nm-thick chromium with aperture diameter of 750 nm
using a microsphere process.** Figure 10(a) displays charac-
teristic u-PL spectra of a single QD embedded in an
(Aly,Gagg)o.siIng 4oP barrier that emits at 1.916 eV at 4 K
(equivalent height was 4.2 ML InP deposited at 650 °C). The
other peaks result from several other QDs that are excited
within the same aperture. The relatively large linewidth of
317 peV at 4 K is due to local carrier density fluctuations
around the QD, an effect that is also known as spectral
diffusion,®* and is therefore not equal to the homogeneous
linewidth. The influence of spectral diffusion is even more
pronounced for larger nanostructures, which currently lim-
ited our single-emitter measurements to the smaller type-A
QDs. The larger type-B QDs were not individually resolv-
able with our aperture diameter. On this intense single-QD
peak we performed pulsed second-order autocorrelation mea-
surements [g?(7)] at different temperatures, shown in Fig.
10 for (b) 4 and (c) 80 K. The area of the coincidence peak
at 7=0 is equivalent to (b) 11% and (c) 35% of the Poisson-
normalized level, which was calculated from the averaged
coincidence data. Therefore, when compared to a Poissonian
light source of the same average intensity, multiphoton emis-
sion pulses (bunching) were suppressed by a factor of 9 (4
K) and a factor of 3 (80 K).

In order to obtain information about the phonon coupling,
the peak position of the single QD is plotted in Fig. 11(a).
The temperature dependence of the exciton transition energy,
which decreases from 1.916 eV at 5 K to 1.909 eV at 80 K,
can be well described using the following equation:3

Ex(T) = Ex(0) = SCEpn)[coth((Epp)/2kgT) = 1], (4)

where Ex(0) is the excitonic transition energy at 0 K, S is a
dimensionless coupling constant, and (E,;) is an average
phonon energy which corresponds to the phonon-carrier cou-
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FIG. 11. (Color online) Temperature-dependent (a) excitonic
transition energies and (b) FWHMs corresponding to the QD in Fig.
10. The solid curves are fits according to the models described in
Egs. (4) and (5) (Refs. 35, 39, and 40).

pling. By performing this fit to the data an average phonon
energy of (E,)=11.1 meV could be evaluated for the
InP/(Aly,Gajg)o5:Ing 4oP QDs. This energy seems to corre-
spond to the transverse-acoustic phonon of (Ep,)
=11.2 meV of GaysInyP (Refs. 36 and 37) for low-Al-
content barriers.’® Furthermore, the linewidth (full width at
half maximum of the exciton peak) increases from 317 ueV
at 5 K to 1090 wueV at 80 K. The change in linewidth with
temperature can be described by the following relation:3%40

1
@ =00+ g7 &)
where 1'(0) represents the broadening due to the

temperature-independent broadening mechanisms, and I'; is
the strength of the exciton-phonon coupling. This semiempir-
ical formula comprises an average Bose-Einstein statistical
factor with () as the effective temperature needed for
phononic excitation. The fit results in an effective tempera-
ture of Q=(110%10) K, which corresponds to a thermal
energy of kzT=~(10% 1.5) meV. This value is slightly below
the average phonon energy (E,,) of 11.2 meV. Although this
is not a definite proof of this model, we conclude that the
exciton interaction with low-frequency acoustic phonons is
consistent with the observed linewidth temperature evolu-
tion. Therefore, we propose that the temperature-dependent
redshift and linewidth broadening are both associated with
the same phonon.

The same w-PL experiments were performed using the
structure with 50% Al (4.2 ML, 650 °C). Due to high uncor-
related background, which probably arises from an increased
trap density within the high-aluminum-content barriers and
the five times lower intensity, the measurements are currently
restricted to low temperatures. Here, the measured linewidth
of 352 weV also indicates strong effects of spectral diffu-
sion.

IV. CONCLUSION

We have presented structural and optical properties of InP
quantum dots in different (Al,Ga,_,)os,Ing 4P barriers. We
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have observed a mainly bimodal size distribution with a
smaller (type-A) and a larger (type-B) QD class that also can
be visible in ensemble-PL for high growth rates. For growth
temperature of 710 °C a strong incorporation of Al and Ga
into the QDs occurs. By reducing the deposition temperature
down to 650 °C, the confinement energies can be enhanced
with higher aluminum contents of the barrier. Therefore high
confinement energies of up to 270 meV for the smaller
type-A class of 4.2 ML InP QDs in (Aly,Gagg)gs51Ing 40P
could be achieved, showing a residual luminescence inten-
sity of 60% at 200 K when compared to their luminescence
intensity at 5 K. The PL intensity of the QD emission has a
maximum for the (Aly,Gagg)gs;Ing 9P barrier and is about

PHYSICAL REVIEW B 79, 035329 (2009)

300 times larger than that of the InP QDs in Gag 5;Ing 4P at
200 K. It was therefore possible to record single-photon
emission characteristics of a QD up to 80 K. This demon-
strates that it is possible to achieve single-photon emission in
the red spectral range with only liquid-nitrogen cooling.
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