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Photoluminescence of self-assembled InSb quantum dots grown on GaSb
as a function of excitation power, temperature, and magnetic field

E. Alphande´ry, R. J. Nicholas,* N. J. Mason, S. G. Lyapin, and P. C. Klipstein
Department of Physics, Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

~Received 9 July 2001; published 4 March 2002!

We report measurements of photoluminescence~PL! from self-assembled InSb quantum dots~QD’s! grown
by metal-organic vapor-phase epitaxy in a matrix of GaSb as a function of excitation power, temperature, and
magnetic field. PL is observed in the region 1.7–1.8mm from InSb quantum dots. For low excitation power the
PL is dominated by the lowest quantum dot transition energy. When the excitation power is increased the
quantum dot transition increases in energy by;11 meV, and further transitions are observed from the wetting
layer, bulk acceptor, and free excitons. Magneto-PL is used to calculate the in-plane dot confinement energies
by fitting the data to the ground state of a Fock-Darwin set of energy levels. The in-plane confinement energy
deduced increases from;6 to ;18 meV as the excitation power is increased. This is similar to the increase in
the quantum dot transition energy, and suggests that this is due to a progressive population of a distribution of
strongly communicating dots with decreasing lateral sizes. Further support for this picture comes from the
temperature dependence of the quantum dot transition energy, which is also found to increase by a relatively
similar amount as the temperature is raised from 11 to 50 K, following a correction for the temperature
dependence of the bulk energy band gaps.

DOI: 10.1103/PhysRevB.65.115322 PACS number~s!: 73.21.La
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I. INTRODUCTION

Quantum dots~QD’s! are three-dimensional potentia
wells that can trap electrons and holes and produce quan
energy levels. The density of states is ad-like function, and
the electron-hole wavefunction is strongly localized. The
properties have led to a surge of interest in the area of Q
However, most of the work to data on self-assembled Q
focused on materials with band gaps in the visible regi
such as the InxGa12xAs on GaAs QD system.1,2 It is there-
fore interesting to extend the study of QD systems to narr
gap materials with emission in the near-infrared region, s
as InSb QD’s grown on GaSb as presented here. The p
erties of this system will be considerably different to that
an InAs/GaAs QD system, as the energy scale for QD c
finement is considerably less. Our previous studies3 showed
that the difference between the wetting layer and the qu
tum dot transition energy is typically of order 40 meV, whic
is substantially smaller than the InAs case. This implies t
the carriers will be much less strongly bound in InSb qu
tum dots, and we therefore expect them to communicate w
each other down to a much lower temperature.

The successful growth of self-assembled InSb on G
quantum dots was demonstrated in a previous report, u
the metal-organic vapor-phase epitaxy growth technique.3 In
Ref. 3, a low power photoluminescence~PL! experiment
showed that InSb dots luminesce at 0.71–75 eV for a gro
time larger than 2 sec, and a growth temperature rang
from 480 up to 500 °C. The optimized growth conditio
were established for maximum PL intensity and a minim
full width at half maximum~FWHM! as 4 sec and 480 °C
Samples grown in these conditions gave QD peaks wit
FWHM of ;15 meV, suggesting a significant dot siz
composition distribution.

In this paper, we study the optimized sample more ext
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sively. In order to confirm the existence of such a distributi
in dot size and composition, and to understand the mec
nism involved in the population of these dots, we perfo
three additional experiments. The low-power PL study
Ref. 3 is first extended into the high-power regime. The
minescence of the dots is then studied as a function of
creasing temperature. Provided the binding energy of
InSb dots is small enough so that they communicate all
time, an increase in power or temperature should result
population of progressively more confined dots with high
transition energies.

The third experiment that is carried out is a magneto-
experiment, where the laser power is varied between 2.5
and 5 W and the magnetic field is applied either perpend
lar to the sample surface,B' , or parallel to it,Bi . As shown
in a series of previous reports, it is possible to deduce, fr
the variation of the dot transition energy with magnetic fie
several of the dot characteristics, such as the dot in-pl
confinement energies,4 the dot lateral sizes,4 and the dot
heights.5 In this paper, we study how these three parame
vary with increasing power. This should provide addition
support for the picture of a strongly communicating dot s
distribution.

II. EXPERIMENT

The PL was excited by the 488-nm line of an argon la
operating up to a maximum power of 5 W. The light w
focused at the entrance of a single 600-mm-diameter infrared
fiber, which was in direct contact with the sample, cooled
liquid helium at 4 K. The signal was detected by a 77
cooled germanium photo detector and lock-in amplifier, a
was spectrally decomposed by a HR 460 Jobin-Yvon sp
trometer. The PL spectra were normalized by the respons
the Ge detector. The maximum power density at the surf
of the sample for a laser power of 5 W was estimated
©2002 The American Physical Society22-1
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;186 W/cm2. In order to study the luminescence as a fun
tion of temperature, the samples were placed in helium
change gas with a laser power density of;1 W/cm2, which
limited the lowest temperature attained to 11 K.

The detailed growth conditions of the optimized samp
grown at 480 °C with 4 sec of InSb, were given in Ref. 3.
similar series of measurements was made on samples
two, three, and five second deposition time which gave qu
tatively similar results so data in only presented for 1 sam

III. POWER- AND TEMPERATURE-DEPENDENT PL

In Sec. III A, we study the luminescence of the optimiz
sample as a function of increasing power and temperatu

A. Description of the PL spectra

Figure 1 shows, as a function of excitation power, the
spectra of the optimized sample. For the lowest power of
mW, the PL spectra are dominated by a low-energy pe
which was attributed to the emission of quantum dots in R
3. As the excitation intensity increases, the QD feature
creases in intensity, broadens, shifts up in energy, and
saturates. Once the QD feature begins to saturate, four p
begin to appear. Two of these are attributed to bulk GaS6,7

the acceptor~A! at 0.758 eV and a free exciton at 0.81 eV.
assign the;0.758-eV peak to the bulk acceptor, we ha
used the fact that its width and position were both indep
dent of laser power~Fig. 1! and of the amount of materia
deposited. The fourth peak at 0.77 eV was shown to be
to the wetting layer~WL! in Ref. 3. A further increase in
laser power from 1 up 5 W enhances the bulk and WL pe
very strongly.

Figure 2 shows the temperature-dependent PL spectr
the optimized sample. As the temperature is increased f
11 up 40 K the QD peak remains dominant, but its intens
strongly decreases, while for the WL and bulk accep
peaks the PL intensity does not vary so strongly. Above
K, the QD, bulk acceptor, and WL peaks are of the sa
order of magnitude. The increase in temperature not o
changes the intensity of the different peaks, but also th

FIG. 1. The normalized PL spectra of the QD sample as a fu
tion of excitation power. The spectra are offset by 70% in thy
direction.
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transition energies. As the temperature is increased, Fi
shows a shift toward lower energy of the FE peak, contra
ing with the behavior of the QD peak that remains at
roughly similar position.

B. Discussion

In the first part of this section, we analyze the pow
dependent PL spectra. The power dependence of the tra
tion energy and intensities are shown in Fig. 3. The incre
with power of the QD transition energy, shown in Fig. 3~a!,
suggests that the carriers are distributed within a rap
communicating distribution of quantum dot sizes. At lo
power, the carriers are trapped in the large quantum dots
the lowest-energy states. As these quantum dots are pro
sively filled, electrons and holes fill smaller dots, causing
quantum dot transition energy shift toward higher energ
between 2 mW and 1–2 W by;11 meV@Fig. 3~a!#. Above
1–2 W, after the whole dot size distribution has been fille
the position of the QD peak remains constant. Note that
effect of band-gap renormalization, that produces a decre
of the dot transition energy at high power in other system8

does not seem to take place here. This effect is thought t
small, as there is no evidence of any decrease in energy
laser power, and excitonic interactions in this system
quite weak due to the small effective masses.

c-
FIG. 2. The normalized PL spectra of the QD sample as a fu

tion of temperature. The spectra are offset by 70% in they direction.

FIG. 3. ~a! The QD PL energy as a function of laser power.~b!
The PL intensities of the different peaks as a function of la
power.
2-2
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We now turn to variations of the different peak PL inte
sities at relatively high pumping powers. The increase
bulk and WL PL intensities causes a decrease in QD
intensity. The decrease occurs between 250 and 850
@Fig. 3~b!#. This suggests that at relatively high power car
ers recombine at the bulk acceptor (A), a free exciton~FE!,
and a WL before being captured into the QD’s. This behav
is consistent with the dependence onn2, wheren is the num-
ber of excited carriers, of the bulk and WL PL intensities.
the high-power regime, where the number of excited carr
becomes large, we expect a very strong increase with po
of the bulk and WL PL intensities.

From the power at which the QD PL intensity saturates
is also possible to estimate the dot density. This poweI s
corresponds to a situation where the majority of the distri
tion of dot sizes is being filled and occurs before the con
bution from theA, FE, and WL peaks becomes significan
Assuming that there is only one electron in each dot,
number of dots that luminesce,NQD, is equal to the satura
tion powerI s , divided by the QD emission energyhn times
the excitonic lifetimet, NQD5I s /hnt. For an InAs/GaAs
system, the QD ground state lifetime has been estimate
be 1 ns for dots with a base width of 12–14 nm,9 while for
smaller dots it has been estimated to be;0.3 nsec.9,10 We
therefore use an average QD ground-state lifetime~t! of
;0.7 nsec. Using a saturation level of 0.1 W~calculated at
half maximum! corresponding to a power density of;4
W cm22 gives an estimate of the dot density as;1010 cm22.
This is one order of magnitude larger than the;109 cm22

dot density deduced by atomic force microscopy~AFM!
measurements for the smallest strained dots in a 3-sec
sample grown at 480 °C.3 We expect a higher density of do
for 4-sec growth and, in addition, the AFM measureme
were made on an uncapped sample, and it is possible tha
density of the dots is slightly lower in an uncapped samp

We consider next the temperature dependent PL spect
Fig. 2. We first examine the variation with temperature of
QD transition energy. We recall that an increase in tempe
ture results in a dilatation of the lattice, a change in the b
gap following the Varshni law,11 and consequently in a de
crease of the PL transition energy. This is clearly obser
for the bulk free exciton in Fig. 2, where excitons are n
confined. In order to examine the QD behavior, we theref
need to normalize out the band-gap shift using the Vars
formula Eg(T)5Eg(0)2aT2/(T1b), where we takea
55.531024 eV K21 andb591 K, which provide a good fit
for the FE shift in the temperature range 4–80 K@Fig. 4~a!#.
The normalized transition energy is shown in Fig. 4~a! as
functions of temperature for the FE. It can be seen tha
normalized FE does not vary with temperature, thus just
ing the Varshni parameters used. In Fig. 4~b!, we observe
that the QD transition energy is increased by;7 meV be-
tween 10 and 50 K. This suggests that as the temperatu
increased, electrons and holes are thermally activated f
the less confined dots, and are transferred to dots with hig
confinement energies.

Considering the behavior of the carriers with decreas
temperature, we distinguish three different temperature
gimes. Above;50 K, the PL intensity of the WL peak is
11532
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similar to that of the QD peak@Fig. 4~c!#, which suggests
that the excitons spend as much time in the WL as in
dots. This is due to the greater density of states in the
than in the QD’s. Above;50 K, we would expect that the
QD PL energy will tend towards a constant value close to
mean of the QD energy.

Below ;50 K the excitons begin to be localized at sp
cific dots, but provided that the QD escape timete is shorter
than the recombination timet r , they will maintain an equi-
librium population, which allows them to fill the larger do
with lower energies, as shown in Fig. 4~b!. During this pro-
cess the mean transition energy will decrease@Fig. 4~b!#. The
assumption that, at sufficiently high temperature, the esc

FIG. 4. ~a! The normalized energy of the FE peak as a funct
of temperature.~b! The normalized energy of the QD peak as
function of temperature.~c! The intensities of the QD,A, and WL
peaks as functions of temperature.
2-3
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time is smaller than the recombination time relies on the f
that we are in the strong confinement regime, in which
recombination time is independent of temperature,t r;ns,
while te is a decreasing function of temperature.12

At sufficiently low temperature the interdot communic
tion will be suppressed as both the dot escape time lengt
and the number of dots with a lower energy falls as excit
fall deeper into the tail of the distribution of dot sizes. As
result no further change in the equilibrium population is p
sible. The data suggest that this occurs at;10 K, where the
shift in dot PL energy saturates and the total shift is com
rable to the high temperature half width of the dot emissi

IV. MAGNETOLUMINESCENCE

We now turn to the luminescence of the optimized sam
as a function of magnetic field for a wide range of differe
laser powers. Two configurations of the magnetic field, eit
perpendicular to the sample surface,B' , or parallel to it,Bi ,
are studied.

A. Description of the magneto-PL spectra

The B' configuration is first considered. Figure 5~a!
shows a series of spectra in which magnetic fields from 0
15 T were applied perpendicular to the surface of the sam
The laser power was kept constant at 5 W, enough to fill a
T the energy levels of the QD, WL and bulk acceptor. As
field is increased, the PL intensities of all these peaks
enhanced. This behavior contrasts with that observed at
power, where the WL and bulk acceptor were much l
enhanced, as shown previously in Ref. 3 and in the po
dependent PL spectra of Fig. 5~b!.

The enhancement of the QD, bulk acceptor, and W
peaks is caused by the strong electron-hole localization
duced by the reduction of the cyclotron radius,3 which is
defined byr c5(\/eB)0.5. At low field, 0–6 T, the WL and
bulk acceptor peaks are more rapidly enhanced than the
peak. At higher field, however, the cyclotron radius even
ally becomes smaller than the size of even the more stro
confined QD’s. Consequently, the QD emission also beco
more probable at high field, and therefore it remains stron
than the higher-lying WL and bulk acceptor peaks.

Further evidence of the stronger confinement in the Q
comes from the smaller value of the transition energy
crease with increasing field strength for the QD’s, 16.4–1
meV, than for the bulk acceptor and WL:;20 and;22 meV,
respectively@Fig. 5~a!#. The smaller value of the QD trans
tion energy variation with increasing field is indeed cons
tent with the fact that the electron-hole wave function is
calized inside the QD’s, so that the QD transition ene
does not increase at low field as long as the magnetic le
scale remains larger than the lateral size of the dot. By c
trast, the transition energies of the WL and bulk accep
increase almost linearly with increasing field, indicating th
the in-plane electron-hole wave function is not strongly
calized atB50 in these structures.

The power dependence is shown in Fig. 5~b! at 15 T, and
can be compared with the zero-field dependence show
11532
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Fig. 1. As the laser power is increased from 50 mW to 3
the QD peak initially dominates the spectra. But as the la
power is further increased from 3 to 5 W, the QD peak sa
rates while the WL and bulk acceptor peaks continue to
crease@Fig. 5~b!#. In comparison to the behavior seen at 0
the bulk acceptor, WL, and QD peaks are much better
solved, and less intensity is transferred to the FE andA bulk
peaks.

FIG. 5. ~a! The normalized magneto-PL spectra, where the m
netic field is applied perpendicular to the surface of the sampleB' ,
and varied between 0 and 15 T with 1-T increments. The la
power is kept constant at 5 W.~b! Same as in~a!, with a magnetic
field kept constant at 15 T and the laser power varied between
mW and 5 W.~c! The magneto-PL spectra in theB' andBi cases
for a similar power density corresponding to a laser power of 5
in the Bi case and of 1 W in theB' case. In theBi case, the
measurements were made using a small 1-mm/ 1-mm prism
reduced the excitation density by a factor of;5. Therefore, to
compare spectra with an equivalent power density, we show
5-W Bi spectrum with the 1-WB' spectrum. They scale is offset
by 70% in ~a!, ~b!, and~c!.
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B. Discussion

Next we turn to the quantum dots and to the process
which they are being populated with increasing power.
previously mentioned, the shift toward higher energy of
QD transition energy with increasing power suggests
strongly communicating dot size distribution, where t
larger dots with the deepest potentials are being filled fi
before the smaller dots that have shallower potentials.
magneto-PL spectra, in theB' configuration, provide suppor
in several ways for the picture described above. This sup
relies on the different behavior of the QD peak as a funct
of magnetic field at low and high powers.

The variations of the QD transition energies with ma
netic field are shown in Fig. 6. At low field, we observe
small diamagnetic shift of the QD transition energy, and
high field a transition to a linear variation with field. Th
transition occurs around the field range where&r c becomes
equal to the dot radius.13 Figure 6 shows that this transitio
takes place at;3 and;7 T at low and high powers, respec
tively. Using these values of the field, we deduce that the
diameter decreases from 40 nm at low power to 27 nm
high power. This estimate is, however, not very accurate
the field at which the transition from a diamagnetic shift to
linear variation with field is difficult to determine.

In order to estimate the variation with power of the d
confinement energies and to obtain more accurate value
the dot lateral sizes, we have fitted the variations of the
transition energy with field with the Fock-Darwin formula
EB',exc5\/2(4Vexc

2 1vc
2)0.5, where \Vexc is the excitonic

in-plane confinement energy andvc is the cyclotron fre-
quency. From this fitting, we have deduced the mean c
finement energies as a function of power. Using the rela
between the in-plane confinement energy and the latera
tent of the wavefunction,̂r i

2(0)&0.55(\/mVexc)
0.5, we de-

duce the mean dot lateral sizes as a function of laser po
We first need to estimate the excitonic effective mass

The latter were deduced from the heavy hole effective m

FIG. 6. The variation of the QD PL energy with magnetic fie
for laser powers of 8 mW and 5 W. The magnetic field is appl
perpendicular to the sample surface, and varied between 0 and
Bc represents the field at which the transition from a diamagn
shift to a linear variation with field occurs.
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of 0.34m0 ,14 and the electron effective mass of 0.037m0 ,
which was deduced fromme* 5mGaSb* (EQD/EGaSb), where
the QD transition energyEQD is taken to be 0.733 eV~low
power!. This gives a band-edge excitonic effective mass
;0.0334m0 . Band nonparabolicity was also taken into a
count using the simplek•p two-band formula me* (B)
5me* (0) (112E/Eg), with E5vc/2. The calculated
effective-mass value is in good agreement with that obtai
by fitting the WL transition, which gave a mean value for t
fitted excitonic effective mass of 0.0333m0 .

Fitting the low-power excitation data at 8, and 40 m
gives good agreement with the Fock-Darwin formula us
an excitonic effective mass of;0.0334m0 , in good agree-
ment with the expected value, and gives an in-plane
confinement energy of;5.7561 meV. The errors are de
duced by fitting over different field ranges from 0–15, 0–1
0–10, and 0–8 T. For higher excitation power, howev
there is a substantial change in both the low-field behav
and the high-field slope of the transition energy. This me
that for laser powers higher than 200 mW it is not possible
fit the data using the same values of either the effective m
or the confinement energy. Fitting between 0 and 15 T
allowing both parameters to vary showed that the confi
ment energy increases substantially and the excitonic ef
tive mass falls as the excitation power increases as show
Figs. 7~a! and 7~b!. If the excitonic effective mass is con
strained to remain constant at;0.0334m0 , then the confine-
ment energy increases to unrealistically high values and
high-field slope is not a good fit leading to a strong dep
dence of the fitted results on the field range used for fitti
The increase in the in-plane QD confinement energy w
intensity is quite substantial, from;5.75 up to;18 meV,
but the magnitude of the increase,;12 meV, is very similar
to the increase of the QD transition energy with an intens

T.
ic

FIG. 7. ~a! The in-plane and QD PL energies as a function
laser power.~b! The effective mass as a function of laser power
2-5
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of ;11.5 meV@Fig. 7~a!#. This provides strong support fo
the picture described earlier in which the shift to higher e
ergy is associated with the population of laterally smaller a
more strongly confined QD’s.

As previously mentioned, it is possible to deduce t
variation with power of the dot lateral sizes from the diffe
ent values of the confinement energies at low and h
power. We assume that the lateral extent of the in-pl
electron-hole wave function,̂r i

2(0)&0.5, is equal to the dot
radius. Using the values 0.033m0 , 5.75 meV and 0.027m0 ,
18 meV for the effective masses and confinement energie
low and high power, respectively, we find that the avera
dot diameter decreases with power from;40 to;25 nm, in
good agreement with our previous estimate.

The range of QD diameter corresponds to dot radii t
are of the order or smaller than the effective Bohr radius
the dot material (ab* ;27 nm). We therefore remain in th
strong confinement regime in the in-plane direction, and
electron-hole energy is quantized by the in-plane QD pot
tial. From the values above, we deduce that the distribu
of in-plane QD diameters has a variation of order;100%,
considerably more than the;10–20 % size distribution
variation established by some AFM measurements for
~In,Ga!As/GaAs QD system.15 However, these results ca
not be compared directly with AFM measurements, since
measurement is only sensitive to the luminescent dots
measures over a considerable larger area (33103 cm2). To
our knowledge, this is the first time a direct estimate of
in-plane QD size distribution has been made for the lumin
cence emitting dots only.

Finally, we discuss the decrease in effective mass w
laser power from;0.0334m0 ~8 and 40 mW! down to
;0.0274m0 ~5 W! @Fig. 7~b!#. This may be due to severa
factors which are not yet possible to distinguish. The
creased confinement, and possibly different indium con
and strain in smaller dots may well cause a decrease of
hole effective mass.16 Many-body effects may also lead to
decrease in mass due to either multiple population of the
or Coulombic interactions between electrons in the dots
electrons in the WL. It should also be borne in mind that
data obtained for a laser power of 5 W is least accurate s
for this power a pronounced asymmetry is observed at h
field @Fig. 5~a!#. In addition, the large linewidth and overlap
ping WL andA peaks@Fig. 5~a!# make an accurate estimatio
of the effective mass more difficult.

For the magneto-PL spectra in theBi configuration@Fig.
5~c!#, the enhancements of the WL and QD peaks are m
smaller than seen for theB' configuration. This suggests tha
as the field is increased up to 15 T, the cyclotron rad
remains much larger than both the WL thickness~;2 ML!
and the dot height and that the magnetic field therefore o
confines the carriers in one of the in-plane directions.
shown in Fig. 8, the energy shifts of the QD peak are d
magnetic and quite small;5. 5, and;6 meV for laser pow-
ers of 2 mW and 5 W, respectively. The much smaller s
observed in theBi configuration, compared with theB' con-
figuration, indicates that electrons and holes are stron
confined in the growth direction atB50. This is consistent
with the fact that the dot height is much smaller than
11532
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lateral dot sizes. Moreover, the diamagnetic shift coefficie
which is proportional to the square of the wave functi
extent in thez direction,g5e2^r i ,z

2 &/2m,5 is very similar for
all powers from 2 mW to 5 W~Fig. 8!, at ;25.5
61.5meV/T2, suggesting that the dot height is independe
of the lateral dot size as assumed in the analysis forB' . The
expression for g using an excitonic effective massm
5(0.033– 0.027)m0 gives an estimate of the vertical~z! ex-
tent of the QD wave function,̂r i ,z

2 &0.5, of 2.9–3 nm, in good
agreement with our previous estimate.3

V. CONCLUSION

In conclusion, we have shown that the photoluminesce
of self-assembled InSb on GaSb quantum dots depe
strongly on excitation intensity, temperature, and magn
field. We have observed that the QD transition energy w
shifted toward higher energy by;7–11 meV, as the lase
power and temperature were increased up to 1–2 W and
K respectively. This suggests that there is a large distribu
of quantum dot sizes, and that dots with decreasing lat
sizes are being filled as the laser power or temperatur
increased.

Applying a magnetic field perpendicular to the samp
surface,B' , shifts the QD transition energies and this d
pendence was well fitted by the Fock-Darwin formula whi
allows us to deduce the in-plane QD confinement ene
The fit shows that a high pumping intensity produces
increase of the average QD transition energy by;12 meV
and a decrease in the average populated QD diameter
;40 to ;24 nm. The change in QD confinement energy
almost exactly equal to the change in QD transition ene
seen as a function of intensity. All the data are consist
with the picture that the excitons are distributed over a po
lation of QD’s with a considerable size distribution and th
these dots communicate rapidly with each other down
quite low temperature.
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FIG. 8. The QD PL energy as a function of magnetic field f
laser powers of 2 mW and 5 W in theBi configuration.
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