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Magnetophotoluminescence of stacked self-assembled InP quantum dots
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We report magnetophotoluminescence measurements of stacked layers of self-assembled InP
quantum dots. With a magnetic field applied in the growth direction we have determined the exciton
reduced mass from the field dependence of the photoluminescence energy. By applying a magnetic
field perpendicular to the growth direction, we have analyzed the spatial confinement of the dots in
the growth direction. We observe a large increase in the shift of the exciton energy between 0 and
50 T when the thickness of the GaInP spacer layer between the dots is reduced from 8 to 4 nm. This
indicates a decrease in spatial confinement in the growth direction which we attribute to strong
electronic coupling between vertically stacked dots. ©1999 American Institute of Physics.
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During the last few years much effort has been put i
the study of self-assembled semiconductor quantum
~QDs!, due to their promising optical and electrical prope
ties for applications such as lasers.1 Photoluminescence~PL!
measurements on these QDs reveal an intense emissio
visible ~InP!2–4 or infrared @In~Ga!As,1,5–9 InSb,10 and
InAlAs#11 light, with linewidths of the order of 40 meV
from the confined excitons in the dots. These rather br
lines are caused by the luminescence of large amount
QDs, ;1010cm22, with a typical 10% size nonuniformity
On the other hand, by repeating layers of dots separated
few nanometers a vertical alignment occurs giving a red
tion in the linewidth due to a more homogeneous size dis
bution and electronic coupling.3,5,6 Here we present PL mea
surements of stacked InP QDs in magnetic fields up to 50
Our data show that reducing the thickness of the GaInP
rier between layers of dots results in strong electronic c
pling between vertically stacked InP dots. The control of
electronic coupling of QDs offers the potential for wavefun
tion engineering, which is interesting, not only for fund
mental physics,12 but also for laser applications. Indeed, t
first injection laser based on stacked InP quantum dots
recently been reported.13

The InP quantum dots were grown by solid-source m
lecular beam epitaxy on a GaAs substrate with a GaAs bu
layer, and embedded in a Ga0.52In0.48P waveguide layer. The
lattice mismatch between the InP and the Ga0.52In0.48P is
3.7%. For sample A, only one layer of dots was grown
depositing nominally 3 ML of InP. For samples B, C, and
three layers of InP dots were grown, separated by Ga
spacer layers with nominal thicknesses of 8, 4, and 2
respectively. A detailed description of these samples can
found elsewhere.3 Cross-sectional transmission electron m
croscopy~TEM! pictures show that for samples B, C and
the InP QDs are nicely stacked above each other.3 The dots
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7990003-6951/99/75(6)/799/3/$15.00
Downloaded 05 Sep 2001 to 137.108.143.156. Redistribution subject to 
o
ts

-

of

d
of

y a
-

i-

T.
r-
-

e
-

as

-
er

y

P
,

be

have typical dimensions of 16 nm diameter and about 2
height, with a density of 531010cm22 per layer. The PL
experiments were performed at 4.2 K in pulsed magne
fields up to 50 T, applied parallel and perpendicular to
growth direction,z. The excitation was provided by a con
tinuous wave frequency-doubled solid-state laser opera
at 532 nm, and transmitted to the sample through an opt
fiber. The diameter of the illuminated region was abou
mm with a maximum laser power of 20 mW. The PL w
collected by six pick-up fibers surrounding the excitation
ber, dispersed in a monochromator with a 150 grooves/
grating, and projected on an intensified charge coupled
vice detector. By measuring the PL at the maximum of
20 ms magnetic field pulse, a constant field within61% was
obtained during an exposure time of 1.8 ms. Additional d
were obtained during the down sweep of the pulse using
exposure time of 0.3 ms (63% field variation!.

In Fig. 1 we present the evolution of the PL energy a
function of magnetic field~B!. The energy of the PL line is
given by the center of mass of the peak as determined f
numerical analysis.14 Despite the large linewidths~up to 43
meV!, the center of mass allows us to determine ene
shifts of the PL to within 1 meV accuracy. A separate ana
sis of the shape of the PL line shows it to be a single Gau
ian with a linewidth that does not change significantly w
magnetic field (,1 meV). The zero-field PL energy redshi
with decreasing thickness of the GaInP spacer layers
been ascribed to the reduction of compressive strain in
densely stacked dots and, eventually, to strong electro
coupling.3 This is consistent with our results. The small of
set observed for the zero-field PL peak positions for the t
field directions in Fig. 1, is due to the difference in the p
sition of the laser spot on the sample for the two field co
figurations. Magnetophotoluminescence measurements
different positions on the sample reveal almost identical
ergy shifts with field. The shifts of the PL energy between
and 50 T are given in Table I for both field configurations
© 1999 American Institute of Physics
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In the low-magnetic-field regime, the electron and ho
wavefunctions are perturbed resulting in a diamagnetic s
of the energy levels. Conventionally, the PL energy shift
quadratic with magnetic field and given byDE
5e2^r2&B2/8m. Here m is the exciton reduced mass an
A^r2& is the exciton radius in the plane perpendicular to
magnetic field direction. This parabolic field dependence
been seen in many studies on single layers of self-assem
QDs.8–11 In sufficiently large magnetic fields, the magne
length can become smaller than the dot diameter, and
magnetic rather than the spatial confinement of the excit
dominates. In this regime the energy shift is linear in fie
DE5 1

2\vc5(\e/2m)B, parallel with the lowest Landau
level.

The lines through the data points in Fig.1~a! are least-
square fits to the data with a parabola at low fields an
straight line at high fields for samples B, C, and D. By i
cluding the restriction that the gradient of the fit matches
the crossover point, this analysis has three fitting parame
which yield zero-field position, exciton radius (A^r2&) and
exciton mass~m!. We could not distinguish a linear part i
the data for sample A; therefore the line through these da
a parabola. From the slope of the linear parts of sample

FIG. 1. Center of mass of the PL energy at 4.2 K with magnetic fie
parallel~a! and perpendicular~b! to the growth direction for the sample with
a single layer of InP dots~A!, and for the samples with three layers of do
separated by 8, 4, and 2 nm~B, C, and D, respectively!. The arrows indicate
the crossover from parabolic to linear field dependence.

TABLE I. Details of the InP QD samples A, B, C, and D: the stack heig
for the samples with three layers of dots, the PL linewidth, the shift of
PL line between 0 and 50 T for fields parallel toz, the exciton mass, the
exciton radius in the plane of the layers, and the shift of the PL line betw
0 and 50 T for fields perpendicular toz. The errors determined from the fi
are given between brackets form andA^r2&.

Sample
Stack height

~nm!
Linewidth

~meV!
Biz

~meV!
m

(me)
A^r2&
~nm!

B'z
~meV!

A ~single! ¯ 43 6.3 3.6
B ~8 nm! 20 40 11.4 0.22~2! 8.6~4! 5.5
C ~4 nm! 12 28 19.4 0.12~1! 8.0~2! 13.8
D ~2 nm! 8 24 15.2 0.14~1! 7.1~1! 7.7
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C, and D we have determined the reduced mass of the e
tons: 0.22, 0.12, and 0.14 me respectively~Table I!. The
exciton masses are large compared with the InP bulk va
~0.0678 me!, which can be attributed to the effects of com
pressive strain and overlap of the hole wavefunction into
GaInP.15 Enhancements of the mass have also been obse
in magneto-optical studies of single InAs QDs.8 From the
parabolic field dependence of the PL energy we have de
mined the exciton radii in the plane of the layers using
respective values form ~Table I!. Calculations of electron
and hole wavefunctions in strained self-organized InP d
indicate that the small negative valence band offset result
confinement of the holes, partly outside the dots, entirely
to the effect of strain.15 The vertical stacking of QDs is a
process in which the strain field of lower layers tends
provoke the formation of vertically aligned dots in the upp
layers. The large redshift in the zero-field PL peak is stro
evidence that this process also relaxes the strain within
dots themselves. The variations in the exciton mass and
dius seen in our data suggest that as this happens chang
the hole confinement are induced varying the wavefunct
penetration into the GaInP. Definite conclusions cannot
drawn about the exciton properties in a single layer of do
since no linear behavior is observed. However, this very f
requires that the exciton radius is consistently smaller t
for the stacked layer samples. This implies a significant d
ference in the way in which carriers are confined in sin
compared to stacked layers.

For magnetic fields in the plane of the layers, the co
finement of the electrons and holes is probed in the gro
direction, i.e., the smallest dimension of the dots. For sam
A, we observe a conventional parabolic behavior of the
energy@Fig. 1~b!#. The shift is only 3.6 meV which illus-
trates the strong spatial confinement in thez direction. A
slightly larger shift is observed for sample B with three la
ers of stacked dots, but for sample C a remarkable deviation
is observed. The shift increases by a factor of 2.5 compa
to sample B in this field orientation. This reflects a decre
in the confinement of the system in the growth directio
TEM studies show no large differences in size and sh
distribution of the dots for samples B and C. Moreover, t
field dependence of the PL energy clearly deviates stron
from conventional parabolic and then linear behavior, indi
tive of anomalous electronic structure within the sample
very steep increase of the PL energy is observed below
hardly any shift is seen between 5 and 20 T and above 2
the PL energy shifts again to higher energies. Notably,
size of the shift decreases again for sample D, but the pe
liar movement of the PL line remains. Although the shift
very small for sample B, unconventional behavior at lo
fields can also be observed.

We believe that the results obtained with the field p
pendicular toz are a result of strong electronic coupling b
tween vertically stacked QDs in samples C and D. The f
that the shift of the line for sample D is significantly small
than for sample C can be explained by examining the to
height of the stack of dots for the two samples. For stron
coupled dots the vertical confinement is no longer given
the height of a single dot, but by the total stack height of
InP dots. Sample C has a total stack height of 12 nm an
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shift of 13.8 meV, whereas the reduced layer separation
sample D gives a stack height of 8 nm, increased confi
ment, and a correspondingly smaller shift of 7.7 me
Sample B has a much larger stack height~20 nm!, but a
smaller shift, implying that the dots are not strongly coupl
The unconventional low field behavior of sample B which
very similar to samples C and D, could therefore have
origin in a weak coupling between the layers, but one wh
is destroyed at high magnetic fields, such that the ove
shift is small.

The strong coupling of the dots also produces a dram
decrease in the linewidth as indicated in Table I and Fig
This is because relative size fluctuations in the total heigh
the stacked dots are much smaller than for a single la
resulting in a more uniform electronic system.3,5,6 Further-
more, it is consistent with the dots in samples C and D be
strongly coupled, but not sample B.

In conclusion, we have studied the magnetic field dep
dence of the PL of InP QDs in a single layer and in stack
layers of vertically aligned dots. We have observed that
ducing the barrier thickness between the dots leads to a
crease of the confinement of the excitons. This is a c
evidence for the onset of strong electronic coupling betw

FIG. 2. PL spectra recorded in 1.8 ms at zero field and 4.2 K for the sam
with a single layer of InP dots~h!, and for the three samples with thre
layers of dots spaced by 8~d!, 4 ~m!, and 2 nm~.! of GaInP. Note a
substantial decrease of the linewidth as the layer separation is reduced~The
lines are Gaussian fits.!
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the vertically aligned dots. We have also obtained a mu
larger exciton mass than for bulk InP, indicating the lar
strain effect and an overlap of the wavefuntions in the Ga
barrier. A better understanding of the effects of electro
coupling between vertically aligned dots is very importa
and can be very promising for improving the properties
self-assembled QDs for laser applications.
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