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Electron and hole confinement in stacked self-assembled InP quantum dots
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We report photoluminescence measurements on stacked self-assembled InP quantum dots in magnetic fields
up to 50 T. For triply stacked layers the dots become strongly coupled when the layer separation is 4 nm or
less. In contrast, doubly stacked layers show no sign of coupling. We explain this puzzling difference in
coupling by proposing a model in which the holes are weakly confined in thin GaP layers separating the
layers of dots, and are responsible for the coupling. Since only one such intervening layer exists in the doubly
stacked dots coupling is excluded. Our model is strongly supported by the exciton masses and radii derived
from our experimental results, and is consistent with available theory.

I. INTRODUCTION these preferential sites. This is shown schematically in Fig.
1. Using this technique large arrays of self-aligning stacks of
The properties of self-assembled quantum dots are cuiself-assembled quantum dots can be grown, but with the ad-
rently the subject of intense investigatibitheir appeal lies vantage over single layers that the layer separation, number,
in the attractive combination of fascinating physics with veryand even dot size can be varied. One interesting consequence
strong potential for applications such as lageBespite this  of this type of structure is the abilitio study the effects of
activity, many of the basic properties of these structures areoupling between the dgt@nd eventually to control its
not well understood. This is a direct result of some of thestrength. This was the subject of a previous report in which
very qualities which make them interesting: namely theirwe demonstrated the observation of strong electronic cou-
small size(~10 nm) and the self-assembling process by pling in triply stacked layers of InP self-assembled quantum
which they are grown. Both of these advantages also limiseparated by 4 nm or ledddere we shall review these re-
our ability to investigate and control their properties. sults, and by comparing them with new data on doubly
Thus the growth of self-assembled quantum dots by thetacked layers show that the coupling can be attributed to the
Stranski-Krastonow mode presents some interesting dilemholes, which are weakly confined in the highly strained
mas. The self-assembling process allows the production dBgln;_,P separating the dots. We shall go on to show how
billions of highly uniform dots per cfof semiconductor our results can be used to build up a detailed picture of the
wafer in a single technological step. Yet because the dots aglectron and hole confinement in stacked layers of self-
self-assembling, our ability to control their growth is limited. assembled InP quantum dots.
One way of asserting control over the properties of the dots
is to introduce several further degrees of freedom by growing
them in stacked layers. In these structures the number of InP quantum dot
layers, their separation, and the amount of material in each \
layer can be carefully tuned. The strain relaxation mecha-

nism which causes the self-assembling process is also ex- _ _ —

ploited in the growth of vertically aligned stacks of self- N ,’ T

assembled quantum dots. 1 ( d
During the Stranski-Krastanow growth mode the deposi- ’ N

tion of a few monolayers of a semiconductor alloy such as y

InAs or InP on a lattice-mismatched substrateually GaAs o~ N "

or Ggln;_,P, respectivelyresults in the spontaneous for- . 1 d .

mation of nanometer sized droplets, thereby reducing the wetting layer | = strain

strain energy compared with a continuous uniform film of : /I | A

material. When further layers of substrate material are depos-

ited on top of the dots they have a nonuniform strain distri-

bution: The lattice is dilated at the positions where the un- G, 1. Schematic diagram showing the structure of the triply
derlying dots are located. Provided that the thickness of thetacked InP quantum dot samples studied here. The dots sit in a
intervening layer of substrate material is not so thick that thesa, .Jn, ,° matrix. The strain between the layers of dots which is

strain distribution is relaxed at the surface, the further deporesponsible for the stacking mechanism is represented by the dotted
sition of dot material results in the formation of new dots atlines (schematit
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II. QUANTUM DOTS IN A MAGNETIC FIELD 1.82
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A particularly useful technique for the study of self-
assembled quantum dots is a strong magnetic Belt zero
and low magnetic fields the electrgand hole within the
dot are strongly spatially confined by the physical boundaries
of the dot. In this regime the applied field makes only a small
perturbation and(neglecting spiih the electron and hole
states in the dots increase in energy accordingAg, ,
=<p§'h)82/8mevh, where \(p?) and m; are the electron
(hole) effective radius and mass in the plane perpendicular to
B.4 At sufficiently high field, when the attempted Larmor
radius is smaller than the spatial size of the dot, the charges
become confined by the field in the plane perpendicular to
the direction in which it is applied, and the energy levels
shift linearly with B, as they do for a two-dimensional sys-
tem. In this limit the energy shift depends only on the effec-
tive mass, thus both the effective mass and radius can be
determined. The very small size of self-assembled quantum

QOts makes gchlevmg the h|gh-f|_eld limit extremely d|ff|c_ult FIG. 2. Ecy with B applied(a) parallel() and(b) perpendicular

in a conventional superconducting magnet, but such fieldg, 1 the growth directiortz) for samplesA—D. The solid lines are

are achievable using pulsed magnets. fits to Eq.(1), except for samplé where the fit is parabolic up to
For the analysis of experimental data a simple functionne highest fields. The arrows indicate the crossover from low to

can readily be constructed which behaves according to thgigh field dependence as determined by the fits. For these data

above description in the appropriate limits. Furthermore, byentirely parabolic fit{not shown are rather poor.

requiring that the function and its derivatives are continuous

at the boundary between the two regimes we remove the

need for any additional unknown parameters. Thus we obtaifft further layer of Ggsano .. Transmission electron mi-
croscopy(TEM) studies showed the dots to be lens or disc
2/ 2
e*(p*)

shaped with approximately 16 nm diameter and 2 nm height,
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Ecm=Ecut 8u B® for B<e<p2>’ (18 and that the dots in the stacked-layer samples were nicely
vertically aligned. Full details of the growth procedure in-
0 h? heB 2% cluding TEM images can be found in Ref. 5.
Ecv=Ecm— 2u(p?) + 2n for B>e(p2>' (1b) The PL experiments were carried out at 4.2 K in a He

. bath cryostat placed in the bore of a pulsed magnet with a
We have parametrized the average energy of the large efyaximum field of 50 T. The field was applied perpendicular

semble of dots probed in the experimentag, the center of  ang parallel to the growth directiote). A bundle of six
mass of the photoluminescen@®@l) peak. This can be ob- 400.um core optical fibers were used to collect the PL,
tained from the experimental results with a very high degregyhich was excited by the light from a frequency-doubled
of accuracy, as can be seen from the scatter in the data poin{gjig-state lasef20 mwW at 532 nmvia a seventh fiber in the

in Figs. 2 and 3Eg,, is the position of the center of mass at center of the bundle. The PL was dispersed in a 0.275 m
B=0. Note that we have followed the conventional approach

by combining the influence of magnetic field on the electron
and hole levels by introducing the exciton effective mass
and effective exciton radiug(p?). This implicitly assumes
that the electron and hole radii are the same, an assumptior
which our results shall later show cannot be generally justi-
fied. Finally, we point out that the field at which Eg) goes
from the low-field to the high-field limit corresponds to the
point where the magnetic length is equal te2Ltimes the
exciton radius.

Center of mass (eV)

IIl. EXPERIMENTAL DETAILS

The self-assembled InP quantum dot samples were grown
by solid source molecular beam epitaxy. Nominally 3.0 ML
of InP was deposited on 50 nm of gglng 4¢P, followed by
Ga) 5Jng 4P spacer layers of nominal thicknedsSamples
B, C, andD contained triply stacked layers of dots with
=8, 4, and 2 nm, respectivelfig. 1). SampleE contained
two stacked layers witd=4 nm, while sampleA contained
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only a single layer of dots. The samples were all capped witkample.
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FIG. 3. As for Fig. 2 but for the double layer samgte The
results for sample#\ and C are also shown for comparison. The
numbers in brackets refer to the number of layers of InP dots in the
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focal length spectrometer and detected by an intensified — 1 ' r - 1 T 1T T T 7
charge-coupled-device camera. By measuring the PL at the
peak of field pulse a field resolution af1% was achieved
with an integration time of 1.8 ms. Additional data were
obtained during the down sweep of the field with a resolution
of £3% and an integration time of 0.3 ms.

IV. EXPERIMENTAL RESULTS

Intensity (arb.)

The observation of strong electronic coupling in triply
stacked layers of self-assembled InP quantum dots has al-
ready been described elsewh&réhe main results of this N N T T
investigation are reproduced in Fig. 2. We observe three 165 170 175 18 185 190 195
separate pieces of evidence for the onset of strong electronic
coupling when the layer separation is 4 nm or less. These are
(i) A large reduction in PL linewidth for closely stacked  FIG. 4. Zero-field spectra for samplés C, and E. The data
samples. This is a widely reported effect, and is attributed tQvere taken in 1.8 ms at 4.2 K.
the reduction in the influence of fluctuations in the height of
the dots once they become coupled in a statkPrior to our D this limit is reached at 40 and 160 T, respectively.
investigation this was theonly reported evidence for  The study of triply stacked layers of InP quantum dOtS has
quantum-mechanical coupling in stacked self-assembletevealed strong quantum-mechanical couplingder4 nm 2
quantum dots(ii) With the field applied perpendicular to  For the remainder of this report we shall go on to demon-
the shift of Ecy, is a measure of the confinement in the strate that reducing the number of stacked layers from three
growth direction. A large increase in the size of the shift ofto two has allowed us to build up a detailed and consistent
Ecy, from 5.5 meV in sampl® to 13.8 meV in sampl€,  picture of the electron and hole confinement in stacked self-
indicates a strong reduction in the spatial confinement in th@ssembled InP quantum dots. Samplés a double-layer
growth direction, and a change from confinement by a singléample withd=4 nm. This value was chosen because the
dot in this direction to confinement by the entire stack. Con<esults for the equivalent triple-layer sample were the most
sistent with this explanation is the observation that forstriking. A double-layer sample witti=2 nm was also stud-
sampleD, where the layer separation is reduced to 2 nm anded, but will not be discussed in detail here. The results from
the stack height is correspondingly smaller, the shift is alsdhis sample are consistent with our interpretation, but not as
reduced, to 7.7 meV. By the same argument, the small shiflear due to a combination of the small stack hei@w nm)
in sampleB, which has the largest stack height, indicates thagnd some unintentional differences in the growth compared
the dots are not coupledii) When the field is applied per- with the other samples.
pendicular toz, the field dependence &g, shows anoma- Figure 3 presents the field dependencé&gy; for sample
lous behavior in the stacked layer sampandD, incon-  E. The results for sample& and C are also given for com-
sistent with the behavior predicted by Hd). This behavior ~parison. First we discuss the points of similarity between
is not understood, and will not be discussed here. For theamplesC and E. Figure 2 shows thaEQ,, systematically
present we shall assert that since such behavior has newveoves towards lower energy dss reduced. This is due to
been observed in any studies of single quantum @otéud-  the effects of strain relaxation in the dots, with some addi-
ing our own, its explanation requires some complex behav-tional contribution from the effects of coupllr?gr‘ Figures 3
ior which is linked to the fact that the dots are coupled. Thereand 4 show thaEC,\,I for sample<C andE are close, implying
is also a hint of the same behavior in samplat very low that the strain distribution in the two samples are very simi-
fields. This may indicate that a small proportion of the dotslar. In addition, the electronic size of the quantum dots
are weakly coupled at low fields, but that the coupling is(Table ) as measured by the transition from the low- to
destroyed by applying a magnetic field in the plane of thehigh-field regime(indicated by the arrow in Fig.)3is the
layers. Note that the magnetic length is equal to the layesame. We therefore conclude that the dots in both samples
separation in this sample at 10 T, whereas for samplasd  are structurally the same; they have similar strain distribu-

Energy (eV)

TABLE I. Summary of the sample parameters and experimental data. The effective masses and radii are
determined by a fit of the data to E(.).

Layer Stack PL Shift of E¢y Shift of E¢y

Sample, separation height linewidth (Bllz) «Up?) (BL2)

(# layerg (nm) (nm) (meV) (meV) u(mg)  (nm) (meV)
A1) 43 6.3 3.6
B3 8 20 40 11.4 0.22 8.6 5.5
C®Q 4 12 28 19.4 0.12 8.0 13.8
D (3 2 8.3 24 15.2 0.14 7.1 7.7
E (2 4 7.4 37 9.4 0.25 8.1 4.5
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stacked layers have only one such layer, and hole coupling is
excluded The electrons do not couple. The large hole effec-
tive mass usually makes it an unlikely candidate for cou-
pling, but here this is more than offset by the weakness of the
hole confinement and the strength of the electron confine-
ment by large band offsets. If the electrons were to couple
we should expect to see the effect of this in santplén the
following section we shall demonstrate that a close examina-
tion of the experimental data for all the samples strongly
(a) (b) supports our model, and justifies the schematic wave-
function distributions of Fig. 5.
FIG. 5. Schematic representation of the proposed electron and
hole wave function distributions i(@) triply and (b) doubly stacked V. DISCUSSION

InP quantum dots. The dark shaded regions indicate the electrons, We h h that the st i b din tri
which are thought to be tightly confined to the center of the InP € have shown that the strong coupling observed in tri-

dots. The lighter and lightest shaded regions indicate the hole way@!Y Stacked InP quantum dots is absent when only two
function distribution and how they couple. stacked layers of dots are present. We identified the holes,

which are confined by strain in the @a, ,P layers be-

tions and have the same electronic size. In all other aspect¥€en the dots, as playing the key role in the coupling. Here
the results for samplé& look remarkably like those for We shall make a detailed examination of the effective masses

sampleA, which has only a single layer of dots. We believe @nd radii obtained for the dots with applied in the growth
that this is because the dots in samlare uncoupled. Con- direction to support our model.
sider the three pieces of evidence for coupling in the triply Ve first turn to the effective masses. Measurements of
stacked layers. These weli¢ a large reduction in linewidth, ~€XCiton masses in §3G& sAs dots grown on 311A oriented
(i) reduced confinement in the growth directi@s indicated ~GaAs substrates found values of 0.6%0in the dots and
by the shift ofEcy, with B applied in the plane of the layers 0.046m, in the wetting layer, which are reasonable v.alues
and(iii) an anomalous field dependence vitapplied in the  for such structured.(The electron mass in §n/GaysAs is
plane of the layers. Sampeshows none of these. The line- 0.05Mg.*%) In our samples the effective masses, which are
width is slightly reduced compared to sampfesndB, but ~ determined by a fit of the data to Ed), range from 0.1
still much larger than samplésandD (Fig. 4, Table ). Also ~ for sampleC to 0.25n, for sampleE, and in all cases they
the shift of Ecy with B applied in the plane of the layers are much larger than the exciton effective mass for bulk InP
shows no sign of the anomalous behavior of the coupled0.-0678n,). Enhanced exciton effective masses are ex-
samples, and it is very smal.5 meV). The small blueshift pected as a result of strain in the dots, but increases by more
of sampleE compared to sampl€ is also consistent with a than 3.5 from the bulk value are difficult to justify on these
loss of coupling. Clearly, by changing from three stackedgrounds. Furthermore, the greatest difference in mass is be-
layers of dots to two we have destroyed the coupling befween sample€ andE, the two samples we have just argued
tween the dots. have similar strain distributions. There are three other pos-
In order to exp|ain this Start”ng result we propose a modeﬁib'& explanations for this Iarge mass; first that the movement
for the confinement in stacked self-assembled InP quantur@f the PL line is dominated by the holes, second that the
dots in which the holes are weakly confined in the highly€lectron wave function extends out of the InP dots, or third
strained Gdn;_,P |ayers Separating the dots, and are relhat there is a Significant amount of Ga in the InP dots them-
sponsible for the coupling. Calculations for single pyramidi-selves.(The bulk Galn; P exciton mass in our samples is
cal InP quantum dotsshow that the electrons are tightly 0.2my.) The second explanation may be immediately dis-
bound in the center of the dots, whereas the holes are cogounted, since the measured exciton radius is found to be
fined in a broken ring in the strained G, ,P material equal to or less than the dot radius as measured by TEM. The
around the edge of the dots. Note that for InP dots inthird explanation cannot be so easily ruled out, however a
Ga/ln,_P the valence band offset is negative, i.e., the dot§areful examination of the experimental data points towards
are type II. The holes are confined entirely by the effects othe first explanation.
strain. In the case of stacked layers we know that the stack- As discussed in the introduction, it is common practice to
ing mechanism is the result of the strained,@a_,P mate- combine the field dependence of the electron and hole energy
rial separating the layers of dots providing preferential sitedevels when considering the field dependence of the PL en-
for the nucleation of new dot&ig. 1). These new dots will €rgy. Implicit in this approach is the assumption that the
further strain the Gan,_,P, making it a prime site for the electron and hole wave functions occupy the same area per-
confinement of the holes, which will therefore be confinedpendicular to the magnetic field, i.e\(pg)=\(pp). This
in-between the layers of dots. This is shown schematically irisssumption is probably reasonable for type | dots, such as
Fig. 5. Indeed, even for InAs dots, which are normally type |,InAs in GaAs. Consider the case where these quantities are
a transition to type |l behavior is predicted for sufficiently far from equal, in particular wherg/(p2)<+/(p2). In this
closely stacked dots, also as a result of stfaiith this  case the holes will reach the high field regime before the
model we can now readily explain why the triply stackedelectrons, and the effective mass measured from the slope of
dots couple, but the doubly stacked dots do fidte triply  the PL line will be that of the holes. Even with a relatively
stacked dots have two regions@#In; _,P separating them, modest difference in the wave-function ardasy., a factor
thus coupling can occur via the holes. In contrast the doublyof 2), the electrons may remain in the low-field regime. The
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large effective masses which we obtain are consistent witing correlation. The two samples with coupled quantum dots
this being the case for our samples. (C and D) have almost the same effective mass, as do the
Further evidence in favor of a large hole radius and asamples with uncoupled dotB andE), but with a factor of
small electron radius can be found in the behavior of the difference between coupled and uncoupled samples. This
single layer samplé\. In contrast to the other samples, the can also be understood with reference to Fig. 5. For the un-
shift of the PL line remains parabolic up to the highest fields,coupled samples the holes are constrained entirely within the
i.e., the high-field regime is never reached. If the electrorGaln;_,P, but for the coupled samples the hole wave func-
radius in the InP dots was similar to the dot radius, then thigion penetrates into the InP. Exciton effective masses for
sample should also reach the high-field limit. On the otheiGaln,_,P can vary depending on the ordering within the
hand, the fact that the holes also fail to reach the high-fieldamplet! but are generally rather high, and certainly higher
limit is consistent with our model, and in particular with the than for InP.(For our samples we obtain a value of @R
theoretical expectatiorfsin this sample there is only a single from the field dependence of the Ba _,P peak). Thus the
layer of dots, and no Gin,_,P separating stacked layers of systematically lower masses in the coupled samples are con-
dots as in the other samples. Therefore, rather than the forgistent with a spread of the hole wave function from the
of the wave functions shown in Fig. 5, we should return toGaln;_,P into the InP. Indeed, such behavior discounts the
the theory of Prior, Pistol, and Samuelsan,which the hole  possibility of electron coupling between the dots. If this were
wave functions are expected to forn{l@oken ring. In this  to be the case we should see thgpositebehavior, i.e., in-
situation the length scale which defines the transition froncreased electron wave-function penetration from the InP into
low- to high-field behavior will not be the diameter of the the Galn,_,P for coupled dots would give rise to an in-
ring, but its cross-sectional thickness in the plane of the layereased exciton mass.
ers. This will happen at very high fields. With this in mind it
is interesting to imagine what effect the change in strain has VI. CONCLUSIONS

on the hole confinement when the stacked layers of dots . .
We have studied the photoluminescence of stacked layers
come closer and closer. When the layers of dots are well

. . . of self-assembled InP quantum dots in magnetic fields up to
separated but still strongiyechanically straircoupled(ver- 50 T. The strona quantum-mechanical coupling which is ob-
tically aligned we expect the hole wave function to form a L 949 . piing

) . L , erved in closely stacked triple-layer samples is absent when
disc, as depicted in Fig. 5. For layers which are so close the% . . .
. ere are only two stacked layers. We explain this using a
they form a single layer, we would expect the hole wave el in which the holes are weakly bound in the.l@a. .P
function to form a ring. The most plausible way to get from material separating the dots and aye res onsibIZ foérLt)Ee cou-
one limit to the other is to imagine a small opening in the lin Meaguremegnts of effective massp and radii derived
center of the disclike hole wave function which grows in sizepr rr?.the field dependence of the photoluminescence stronal
as the layers become closer and closer. Table | shows théﬁ ort this ictEre P gy
there is a clear trend towards smalléiole) wave-function PP P '
radii as the layer separation is reduced. According to the
above description this is not a result of a shrinkage in the
outer diameter of the hole wave function, but due to the This work was supported by the FWO-Vlaanderen, the
increase in the size of the opening in the middle. Flemish Institute for the Promotion of Scientific-
Before concluding we briefly return to the effective Technological Research in the Industry the Flemish GOA,
masses. Examining the results in more detail reveals a strikand the Belgian IUAP programmes.
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