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A GaAsN capping layer grown on InAs quantum d@¢€Ds) induces a strong redshift of the emission
wavelength and extends it beyond fh. We investigated this effect systematically by changing the nitrogen
content in the GaAsN layer, varying the thickness of this layer, and embedding a GaAs spacer layer between
the GaAsN layer and the QDs. The samples were grown on B@Assubstrates by plasma-assisted solid-
source molecular beam epitadyiBE). Additionally, we simulated the band structure and the electron and hole
energy levels based on>%6 k- p calculations, including strain and piezoelectric effects. We found that the
wavelength extension is caused by the decrease of the confining energy barrier for the electron wave function
in the QDs due to the lower conduction band energy of the GaAsN layer with respect to GaAs. The strain
inside the QDs is almost unaffected by the overgrowth with the tensilely strained GaAsN layer. The insertion
of a GaAsN layer below the QDs yields only a very small change in wavelength compared to the effect
produced by a GaAsN capping layer. This difference is attributed to a reduced QD volume due to the growth
on GaAsN that is suggested in cross-sectional scanning tunneling microe¢8py) measurements. The
blueshift due to this structural change of the QDs compensates for the redshift that is induced by the decreased
confinement.
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[. INTRODUCTION vestigators to examine the influence of nitrogen incorpora-
tion into the surrounding matrix materit2® The use of
In(Ga)As quantum dot$QDs) on GaA$001) are the self- GaAsN as a capping layer for the QDs allows a wavelength
assembled semiconductor nanostructures that have probalt#ytension of more than 100 nta8 This wavelength exten-
been studied in greatest detail and that are technologicallgion is often attributed to the relief of the strain inside the
the most promising. QD lasers emitting at 1.3 and 1u5%  QDs.
are of great interest for optical fiber applications because of The strain inside the QDs can strongly change their emis-
predictions that they will have better laser properties such asion wavelength. During the capping process in particular,
gain, threshold current density, and temperature stabilitghe QDs experience additional strain, resulting in a huge
compared to quantum wellg. A lot of attempts have been blueshift compared to uncapped QBsTherefore, exchang-
made to expand the emission wavelength of QDs towardmg the GaAs capping layer with a material of different lat-
1.3 um. This is done mainly by reducing the growth rate, tice constant is expected to allow the emission wavelength of
embedding the QDs into an InGaAs quantum well, or stackthe QDs to be tailored. The capping material can generally
ing the QDs>* An InGaAs quantum well as a capping layer affect the strain inside the QDs differently in the growth
for the QDs has not only been investigated experimentally irdirection vs perpendicular to that direction.
full detail >19 but simulations have also been carried out to  The electronic confinement of the QDs is the height of the
elucidate the effect of the InGaAs layer on the strain of thepotential barrier formed by the conduction and valence band
QDs!! However, it appears that the increased total strairoffsets of the QDs, and of the matrix material due to the
induced by the InGaAs quantum well can degrade the opticalifferent band gaps. This confinement has an important in-
properties due to the formation of dislocatidfspr the dis-  fluence on the emission wavelength as well. Increasing or
solution of the quantum dot structut. decreasing the confinement results in a blueshift or redshift
Another successful approach to reach i on GaAs of the emission wavelength, respectively.
substrates is the incorporation of nitrogen into InGaAs quan- The size, shape, and composition of the QDs also have an
tum wells!? Nitrogen-induced wavelength extension has al-important impact on the emission wavelength. The structural
ready been demonstrated for InGaAs QDs as Wellhe  properties of the QDs strongly depend on the matrix material
addition of nitrogen to the InGaAs QD system has anothesurrounding them. Thus, exchanging the GaAs with a differ-
positive effect: Nitrogen reduces the lattice constant andent matrix material often affects the structural properties of
thus, also reduces the overall compressive strain in ththe QDs. This has been observed for an AlAs underfiyer
sample formed due to the larger lattice constant of the QIand capping layeit?2 and for an InGaAs underlay@rand
material. These prospects have recently encouraged some itapping layet!-24
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We will show that the strain inside the QDs is almost (a) growth structure (b) simulated QD
unaffected by the incorporation of moderate amounts of Nipasicans
trogen(~1% —2%) into the GaAs capping layer, and cannot superiattice | |
explain the observed increase of the emission wavelengtt —
Instead, we conclude from comparisons between experimel c A I ¢
tal data and simulations that the extension of the wavelengt S ]:25% i3
is caused by the strong reduction of the conduction bani jegen, —AAAM |«
energy in the GaAsN layewith respect to GaAs and by
the resulting reduction of the confinement of the electrons ir [oo1]
the QDs.

However, when the QDs are grown on a GaAsN Iayer,g:j’;’:f:@:e [100]
almost no wavelength shift occurs. This can be explained b
a strong reduction of the QD volume and the resulting blue-
shift of the emission wavelength, which compensates for the F|G. 1. Schematic ofa) the grown sample structure for the PL
redshift induced by the reduced confinement due to theneasurements, ant}) the simulated QD shape, size and composi-
GaAsN layer. Such a change in the QD shape is indicated byon (including the wetting layér Note that the indium content
cross-sectional scanning tunneling microsco¥STM) inside the core of the QD ifb) increases linearly from 50% at the
measurements, in which a change fr§b37 facets to{101}  lower interface to 100% at the upper interface of the QD.
facets is suggested for the growth of the QDs on GaAsN

instead of GaAs. For the XSTM measurements, we grew a sample with
Il EXPERIMENT multiple bilayers of stacked QDs. The QDs were grown as
described above. The spacer layer between the quantum dots
The samples were grown on GaAel) substrates in a was 15 nm thick and consisted of GaAs or GaAs)l The
VG V80H solid-source molecular beam epitaXiMBE) nitrogen plasma was kept on during the entire growth of the
chamber. An Oxford Applied Research radio-frequencyQD layers discussed in this paper. The cleavage of the
plasma source was employed for the incorporation of nitrosamples and the XSTM measurements were performed in
gen. For the nitrogen-containing samples used for photoludltrahigh vacuum at room temperature using a noncommer-
minescencéPL) measurements, the nitrogen plasma was ig-cial microscopy setug?
nited far below the sample region with the QDs to ensure
that the _plasma cell would be in equilibrium. Samples were IIl. SIMULATIONS
grown with GaAsN layers below or above the QDs. For the
samples with the GaAsN below the QDs, the nitrogen The QDs in our simulations had the shape of a symmetri-
plasma was switched off after the growth of the GaAsN, i.ecal truncated pyrami@isee Fig. 1)]. The two bases of the
immediately before the growth of the InAs. For all samplespyramid were squares oriented along {i®0] and [010]
with the GaAsN layer above the QDs, the nitrogen plasmalirections. The sizes of the QDs used in the simulations are
burnt under identical plasma conditions but behind thedescribed below in the section analyzing the XSTM mea-
closed shutter during the growth of the QDs. The parametersurements. The wetting layer besides the QDs was 2 nm
were chosen such that the morphology of the QDs was nahick and had an indium content of 25%. The indium content
influenced by the nitrogen plasma, as described in previouigside the core of the QD@etween the top square and its
work.2> For the growth of the GaAsN layer in the sample projection on the bottom squaréncreased linearly from
with a nitrogen content of 1.8%, the plasma power was in-50% to 100% in th¢001] direction. The indium content in
creased only after the QD growth phase. the outer parts of the QDs was 50%. All geometric param-
A schematic of the sample structures for the PL measureeters for modeling the QDs were taken from the XSTM mea-
ments is shown in Fig. (&). The nominal thickness of the surements.
QDs was 0.7 nn(~2.5 monolayers and the growth tem- The QDs were embedded in a GaAs matrix, and some of
perature of the QDs was 490 °C. At the start of the InAs the GaAs below or above the QD was replaced by GaAsN
growth phase, the arsenic pressure was reduced and heihen required. The total volume of the simulated region was
constant until the end of the phase. The thickness of thd0x 40X 45 nn¥. The GaAsN material was modeled accord-
GaAs and GaAsN layers between the AlAs/GaAs superlating to the recommendations for the material parameters of
tices and the QD layer always totaled 130 nm. The thicknesd/urgaftmanet al,?’-2¢ assuming a linear interpolation of all
nitrogen content, and position of the GaAsN layer variedparameters between the GaAs and cubic GaN values. Just the
from sample to sample, but there was always only one suchnergy of the conduction band was provided with a variable
layer per sample(or none for referenge The three- bowing parameter equal §®?0.4-100< n] eV, wheren is
dimensional growth of the QDs was confirmed by reflectionthe percent nitrogen content in the GaAsN layer. For simplic-
high-energy electron diffractiotRHEED). For the room- ity, we did not use the superior band anticrossiBAC)
temperature PL measurements, we used a frequency-doubletbdel, but the results of the model we used are as good in
Nd:YAG laser emitting at 532 nm with a power density of the regarded range of nitrogen contents lower than 2%. How-
about 1 kW/cm as an excitation source, and an InGaAsever, the effective electron mass of the GaAsN material used
detector. in our model was smaller than the theoretiAC mode)

top base length

wu g'g

bottom base length " |
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and experimental valué8-3'We did not implement the cor- length, and will subsequently use this value as the emission

rect effective mass for the GaAsN material in our simula-wavelengtH?

tions because the large discontinuity in the effective masses The position of the GaAsN layer obviously has a tremen-

at the interfaces led to numerical instabilities in the modeldous influence on the emission wavelength. There is a strong

that have not yet been resolved. redshift with increasing nitrogen content when the GaAsN
We calculated the elastic deformation of our model struclayer is grown above the QDs, whereas the emission wave-

tures by using a continuous medium mogfelthus assum-  length remains almost unaffected by the nitrogen content for

ing heterostructures without lattice structure defects. Thdh€ samples with the GaAsN layer below the QDs. The simu-
; a@tlons were able to reproduce this behavior. The structural

input for the simulations will be discussed below. No simu-
Aations were performed for a GaAsghl, underlayer, as no
structural data were availabldiscussed below

calculated by minimizing the total elastic ener@ycluding
the wetting layer and sufficiently large substrate and ca

included the strain-induced piezoelectric polarization that ehoints with negligible nitrogen content can be explained by
sulted in an additional electrostatic potential. __the details of the growth sequence. For all samples with
The electron eigenstates were determined as the solutioR$aAsN layers grown above the Qmicluding the layer
of the single-band Schrddinger equation. The hole eigengith nominally zero nitrogen contentthe nitrogen plasma
states were determined by solving the 6 k-p Schrédinger was on during the growth of the QDs and the surrounding
equation that takes into account mixing of the heavy, lightmatrix material. Although the shutter in front of the plasma
and split-off holes. Strain effects were taken into account bye|| was closed, there was still a small incorporation of ni-
including the 6<6 strain Bir-Pikus Hamiltoniait for the  {rogen into the sample. This causes the observed redshift
holes and for the electrons by including the shift of the CON-compared to the other sample with nominally zero nitrogen
duction band due to the hydrostatic strain. We assumegontent, for which the plasma was switched béfore the
20 meV for the excitonic binding enerdy° QDs were grown. We have reported this effect elsewfrere.
Our calculations were carried out with the device simula-However, as the plasma conditions during the growth of the
tor nextnano3’ The necessary material parameters weregps were the same for all samples in the former series, this
taken from Ref. 27 with the exception of the conduction andeffect cannot explain the additional strong redshift of the
valence band offset¥and the absolute conduction and va- samples with higher nitrogen contents in the GaAsN layer
lence band deformation potentias. above the QDs.

We will now discuss in detail our assumptions for the
structural properties in the simulations. In order to investi-
gate structural changes induced by the nitrogen in the matrix

In order to distinguish between the influence of the strairmaterial, we performed XSTM investigatioffsln Fig. 3 we
and the influence of the confinement on the emission wavepresent XSTM images of QDs grown with the same growth
length of the QDs in our samples, we performed experimentparameters on GaAs and on GaAsh, These QDs are lo-
with a GaAsN layer only below or only above a single QD cated in the second layer of a QD bilayer with a 15-nm thick
layer. The results of these experimental and theoretical invessaAs or GaAsN spacer layer. Due to a step at the cleavage
tigations in which we varied the nitrogen content in theseplane at the position of the first layer, the shapes of those
GaAsN layers with a thickness of 10 nm are presented irfQDs could not be determined.

Fig. 2(a). The corresponding PL spectra are shown in Figs. The QDs on GaA$Figs. 3a) and 3c)] have the shape of
2(b) and 2c). The PL intensity decreases drastically with a truncated pyramid with a height of 3.6 nm, a base diameter
increasing nitrogen content in the layers around the QDsof about 24 nm, and a facet angle of 22°. This facet angle
This is caused mainly by nonradiative recombination centersndicates a137) side facet. The corresponding schematic of
which are well-known to appear during the growth of the top view of the QD is shown in Fig.(8. {137 side
GaAsN. Also, the GaAsN layers reduce the confinement ofacets for InAs QDs on GaA80l1) have already been
the electrons in the QDs, as discussed later in this paper. Thigportedi! The XSTM image of a QD grown on GaAsh,
enhances the thermal escape of the electrons to the regiom presented in Figs.(B) and 3d). The height of this trun-
with a high density of nonradiative recombination centerscated pyramid is again 3.6 nm, but the base diameter is only
and, thus, reduces the PL intensity as well. Most of the spect8 nm, and the facet angle is about 34°. The different facet
tra exhibit one or more shoulders on the high-energy sid@ngle is evidence for a different side facet that could be only
(lower PL wavelength In order to analyze this behavior, we the(101) facet. The schematic top view is shown in Fi¢f)3

also performed PL measurements at low temperature witfthe comparison between the schematic top views shows that
various excitation densitigmot shown here We concluded the total volume of a QD is much smaller if the QDs are
from these additional measurements that the spectra displayown on GaAsN.

a mixture of excited state peaks and a bimd@dalmultimo- However, we have to take into consideration that the QDs
dal) QD height distribution. As the spectra are too complexshown in Fig. 3 are located in the upper layer of a bilayer
for extracting excited state energies, we will concentrate onhand vertically stacked on the QDs of the lower layer. There-
on the PL peak with the lowest energljighest PL wave- fore, we cannot determine whether the observed change in

IV. RESULTS AND DISCUSSION
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FIG. 3. XSTM images of QDs. The QD i@ and(c) is embed-
ded in GaAs, and the QD ifb) and(d) is grown on GaAsN 5, and
capped with GaAs. The lines i) and(d) indicate the shape of the
QDs. Below the images are schematic top views of truncated pyra-
mids with (e) {137} side facets an¢f) {101} facets. The dotted lines
indicate possible cleavage planes through the QDs. The images are
taken at(a) and(c) V;=-1.7 V,17=70 pA as well as atb) and(d)
V1=-3.3 V andl{=70 pA, respectively.

—
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the QD shape has its origin in the different underlayers or in
100+ a different stacking behavior induced by different spacer lay-
ers(GaAs and GaAsN Also, the accurate determination of
QD shape was possible only for one QD grown on GaAsN,
, : : . due to cleavage-induced steps. In the case of the QDs grown
900 1000 1100 1200 on GaAs, we analyzed four QDs with identical results.
PL wavelength (nm) Hence, the change in the QD shape and volume has to be
taken with a note of caution. A more detailed analysis of the

PL intensity (arb. units)

. FIG. 2. (@) Emission wavelength of the QDs at 300 K. as a y o\ measurements will be published elsewhere.

unction of the nitrogen content in a 10-nm thick GaAsN layer AFM measurements on uncapped QDs grown on GaAsN
either below or above the QDs. The solid symbols correspond t . . . .
QDs capped with GaAsN, and the open symbols to QDs grown Oiayers_ Wl_th dlffer_ent hitrogen content showed_ only a slight
GaAsN, whereas squares with solid lines denote experimental réQUt %lgnlflzcant mcreaose PZf the ,QD dgnsny fer 7.2
sults, and the triangles with dashed lines correspond to the simula® 10 cm? to 8.0x 10° cm? when increasing the nitrogen
tions. The experimental data point for the reference sample wittsontent from 0% to 1.8%data not shown This increase of
nominally zero nitrogen in the GaAsN layer on top of the QDs is setthe QD density is too small to explain the strong reduction of
to a nitrogen content of 0.1% in order to show that a small amounthe QD volume implied by the XSTM results. However, the
of nitrogen has been incorporated from the nitrogen plasma eveftrong decrease of the QD volume might occur only during
though the shutter in front of the plasma cell was cloget texk the capping process. In Raman spectroscopy measurements
The corresponding PL spectra are presentedbinfor the QDs  on QDs grown on GaAsN,,, and capped with 20 nm GaAs,
capped with GaAsN, and i) for the QDs grown on GaAsN. no change of the QD phonon frequency was observed com-
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—a— model A+ GaAsN capping layer trix material are calculated and compared to each other. In
1200 |  -.a--model A + GaAsN underlayer general, a smaller lateral size of the @Pom model A to

E 1180 ] ':' xgg::g:g:::x U:gef:avef model C to model B; model C is described in caption 4
= )l undertayer yields a lower emission wavelength. This also holds true for
§’ meod A the QDs |r_1fluenced by a GaAshy, layer below the QD_s.
H ] . The redshift due to the GaAsNy, layer below the QDs is
¢ 1140 N almost the same for the different QD sizes. There is almost
S 1 T e no difference in the redshift, whether the GaAsN layer is
e 11204 e below or above the QD, as demonstrated in model A. These
.g A e T considerations show that the assumption of the strong change
@ 11007 T e ; . .
] ] I in the QD volume is necessary for the correlation between
5 10804 the simulations and the experimental observations.
Let us now look in more detail at how the incorporation
10604 . of nitrogen into an adjacent layer affects the emission wave-
AT length of the QDs. The band structures resulting from our
104000 5 simulations with 1.2% of nitrogen in the GaAsN layers are
' nitrogen content in GaAsN (%) ' plotted in Fig. 5. The conduction band is strongly lowered at

the location of the GaAsN layer. This contributes to a ther-

FIG. 4. Simulated emission wavelengths of different QD modelsmal escape of the electrons and, thus, a reduction of the PL
embedded in GaA$0%) and with an adjacent GaAsMy, layer.  intensity seen in Figs.(B) and Zc). However, the conduc-
The QD sizes of models A and B are described in the text. For thdéion band and the valence band at the location of the QD
QD in model C, we used squares of}2@0 nnt and 77 nn? for  exhibit almost no change. This indicates that the change in
the bottom and top square, respectively. The other parameters of thhe strain inside the QDs due to the GaAsN layers is small as
model are the same as in model A and B. it does not appear to affect the band structure. Also, the al-

most unchanged band structure of the QD implies that the

pared to QDs grown on GaA®ot shown herg This indi-  changes in the emission wavelength are mainly caused by
cates that a change in the QD composition is negligible. Raehanges in the confinement. To elucidate this point, we sepa-
man measurements are not sensitive to the change in thiated the influences of strain and confinement when the
lateral size of the QDs. GaAsN layer was on top of the QDs by redefining the

Geometrical calculations were used to determine the bagéaAsN layer in the simulations. We defined a hypothetical
lengths of the pyramids used as QDs in the simulations. Fomaterial with the same material parameters as GaAs, but
the QDs grown on GaAsNy, we used squares of 14 changing the lattice constant to that of GaAsh. This way,
X 14 nnt and 6x 6 nn? for the bottom and top squares, re- only the influence of the strain is taken into account for the
spectively(referred to as model B in the followingFor the  calculations and the confinement is kept unchanged with re-
QDs grown on GaAs, the XSTM measurements indicatespect to GaAs. Analogously, we defined another hypothetical
rhombic bases. However, at present, only pyramids with anaterial with the lattice constant equal to that of GaAs, but
quadratic base can be modeled by nextnano3. Hence, waking into account the change in the conduction and valence
calculated the base lengths of quadratic bases that yield tHend energies caused by the incorporation of nitrogen into
same volume for the pyramid as the experimentally deterbulk material. The results of these calculations are shown in
mined rhombic bases. Therefore, we used squares of 2Big. 6. Whereas changing the strain barely affects the emis-
X 24 nn? and 8x 8 nn? for the QDs grown on GaAs¢re-  sion wavelength, the sole change in the confinement results
ferred to as model A in the following The height of the in a strong redshift in agreement with the experimental re-
pyramid is 3.5 nm in both QD models. For the QDs with asults.
GaAsN capping layer, we used the same model as for the To analyze the strain in more detail, two effects have to be
QDs embedded in GaAs. In the XSTM measurements, théaken into consideration when exchanging the GaAs capping
QDs capped with GaAsN are located directly at a step in théayer for a GaAsN capping layer. This will be illustrated in a
cleavage edge and thus, the shape of the QDs could not lsehematic model of a capped QD in Fig. 7. First we consider
determined with high accuracy. However, no obvious changéhe change of the lattice constant in the growth direction. The
of the QDs was apparent. The AFM measurements indicate lnes perpendicular to the growth direction in Fig. 7 follow
further change of the QD volume for a GaAgly, under-  the atomic positions layer by layer. The matrix material next
layer, but no structural data from XSTM measurements weréo (not above or beloywthe QD stresses the QD in order to
available, so no simulations were performed in this case. maintain its lattice constant in the growth direction. As the

As shown in Fig. 2a), the simulated and the experimental lattice constant of GaAsN is smaller than the one of GaAs,
data are in agreement, if different structural QD models ar¢he hydrostatic strain inside the QD will be increased. Thus,
employed for the two casg$§aAsN layer below or above a smaller lattice constarftvith respect to GaAsof the cap-
the QDS. However, if the same QD model is used in the ping layer allows the QD to relieve strain less easily than in
simulations for both cases, the position of the GaAsN layethe case of GaAs capping. However, perpendicular to the
(above or below the QDhas very little influence on the growth direction, the combination of a smaller lattice con-
simulated emission wavelength. In Fig. 4, the emissiorstant(GaAsN of the capping laygiand a larger lattice con-
wavelengths from QDs of different sizes with different ma- stant(InGaAs of the QDswith respect to GaAs can produce
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FIG. 5. Band structuretconduction and valence bandsorre-
sponding to the simulations in Fig. 2 with a nitrogen content of
1.2% in the 10-nm-thick GaAsN layéa) above andb) below the
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—aA— band structure as GaAsN/
1200 4 lattice constant as GaAsN

- -A- - band structure as GaAsN/
E lattice constant as GaAs
£ 1180- «--d-. band structure as GaAs/
Z lattice constant as GaAsN A
k=3
o
% 1160 -
s
s
c 1140
S
7]
@2
£ i
b 1120
A
1100 .
0.0

1.2
nitrogen content in GaAsN (%)

FIG. 6. Simulated transition energies between the lowest elec-
tron and highest hole energy level for QDs capped with G@4s),
10-nm GaAsN ,, or hypothetical material@dditional data points
at 1.299. The first hypothetical material has the same lattice con-
stant as GaAs, but the band structure is the same as for Ga#§sN
In the second hypothetical material, the changes are reversed.

at first sight it is not obvious which contribution dominates.
In fact, only a numerical minimization of the strain energy
can give a deeper understanding. Hence, the emission wave-
length of the QD could be blueshifted or redshifted. For a
QD grown on top of a GaAsN layer, the strain fields inside
the QD could also be influenced, because the elastic param-
eters of the strained GaAsN layer below the wetting layer
might be different from the values of an unstrained GaAs
layer. However, this effect is thought to be small.

The considerations made above can be verified by looking
at Fig. 8, in which the simulated strain in the QD region is
shown. As discussed above, we distinguish between the
strain tensor component in growth directidrigs. §d)—8(f)]
and perpendicular to [fFigs. §a)—8(c)]. We will briefly dis-
cuss the strain distribution of the QD embedded in the GaAs
matrix, which has been investigated by Grundmahial. in
detail®® The strain tensor component perpendicular to the
growth direction(ey,) is strongly compressive in the QBee
Fig. 8@]. As the material of the QD tends to expand, the QD

QD, and the reference structures without nitrogen. For the QD

sizes, we used model A ita) and model B in(b). The band struc-

ture is taken along a line in growth direction through the center of

the QD.

a partial strain compensation. The lines in growth direction <><><><><><>

KRR

in Fig. 7 represent the change of the lattice sites of the ma:
terial with respect to the GaAs substrate. Due to the smaller

lattice constant of GaAsN, the lines to the left and right of

the QD can be pushed out further without increasing the FIG. 7. Schematic model of the distortion in a QD due to cap-
stress on the GaAsN in the direction perpendicular to thging with GaAs. The arrows indicate the difference when capping
growth. As a result, the GaAsN does not compress theéhe QDs with GaAsN: The compressive strain of the QD is stronger

InGaAs as strongly as GaAs would in this direction. Both

in the growth direction but smaller perpendicular to it with respect

effects change the strain inside the QD in a different way, buto a GaAs capping layer.
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FIG. 8. (Colorn Cross section of the calculated strain tensor components in the QD region in growth diregtjord)—(f) and
perpendicular to iteyy) (@—(c), and the hydrostatic straiiyq.o) (9)—(i) with GaAs and GaAsh,y, caps. Only a fraction of the simulated
region is shown. Positive values denote tensile and negative values compressive strain. The difference (maf¢sand(i) are obtained
by subtracting the values of the strain in the case of the GaAs cap from the strain in the case of the {geo%sN\i.e.(b) minus(a), ()
minus (d), and(h) minus(g). Note the different scale of the color coding in particular for the difference images.

enlarges the lattice constant perpendicular to the growth didirection, the changes inside the QD are even smédlee
rection of the GaAs directly above and below the QD. ThusFig. 8(c)]. However, a small relief of the strain can be seen as
the ,, of the GaAs is tensile above and below the QD. Nextdescribed abovécf. arrows in Fig. 7. In sum, the compres-
to (but not above and belovihe QD, thez,, of the GaAs is sive hydrostatic strain is slightly increased inside the QD
more compressive due to the stress induced by the QD. [Fig. 8i)]. The changes in the strain inside the QD barely
The strain tensor component parallel to the growth direcaffect the emission wavelength, as shown in Fig. 6. This is in
tion (e,,) is tensile inside the Qisee Fig. &l)]. This is  agreement with calculations of QDs capped with a GaAsP
explained by the tetragonal distortion: The compressivd@€l. which is under tensile strain like the GaAsN layer

; ; At considered her If the GaAsN layer is below the QD, our
strain perpendicular to the growth direction forces the QD alculations have shown that the change of the strain inside

material to expand in the growth direction. This means tha . o e
the lattice constant of the QD material in the direction par-EL%v?r?r:ngeg“g'ble compared o the changes in Fign

allel to the growth direction is even larger than its natural The positive values at the positions of the GaAsN layers
lattice const_ant. The GaAs above and below the QD, as we”] the dli)fference images in Fig?s(a) and §i) arise from the
as the wetting layer below the QD, are strained compresgngile strain of the GaAsN layer, which is hard to see in the
sively. Desplt_e the tensile strain in grqwth dlrectlon, the hy-girain images in Figs.(B) and 8h). Due to pseudomorphic
drostatic straif(enyaro=exx* £yt £27), Which is the main con-  growth, the tensile strain of the GaAsN layer in the plane
tribution to the strain-induced energy shift of the band gap, isserpendicular to the growth direction results in a shrinkage

compressivésee Fig. &)]. of its lattice constant in the growth direction, as shown by
Exchanging the GaAs capping layer for a GaAsicap-  the negative values in Fig(.
ping layer gives the same qualitative pictiisee Figs. &), In further experiments, the capping layer was varied sys-

8(e), and &h)]. As the changes are very small, the values oftemically by changing the thickness of the GaAsN layer, and
the strain in the case of the GaAs capping layer have beey inserting a GaAs spacer layer between the QDs and the
subtracted from the values in the case of the GaAgNap- GaAsN layer. In both cases, the nitrogen content in the
ping layer. The resulting difference images are presented iGaAsN layer was 1.2% and the growth was identical to the
Figs. 8c), 8(f), and &i). In the growth direction, the GaAsN samples with the GaAsN layers on top of the QDs discussed
layer next to the QD slightly reduces the tensile strain at the@bove. We varied the thickness of the GaAsN layer from
top of the QD[Fig. 8f)]. The reason for this is that the 0 to 20 nm. The experimental data and corresponding simu-
smaller lattice constant of the GaAsN next to the QD doedated data are shown in Fig. 9. A strong redshift of the emis-
not allow the QD to expand as much into the growth direc-sion wavelength is observed for increasing thickness of the
tion as in the case of GaAs. Perpendicular to the growttGaAsN capping layer. At a thickness of about 10 nm, this
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FIG. 9. (a) Emission wavelength of the QDs at 300 K as a  FIG. 10. (8 Emission wavelength of the QDs at 300 K as a
function of the thickness of the GaAsh, capping layer. The function of the thickness of a GaAs spacer layer between the QDs
squares correspond to the experimental data and the triangles to tagd the 10-nm GaAs[\,, capping layer. The squares correspond to
simulated data. Lines are visual guidgb) Corresponding PL the experimental and the triangles to the simulated data. Lines are
spectra. visual guides(b) Corresponding PL spectra.

redshift saturates. For the samples with the inserted GaAwave function from the GaAsN when the GaAs layer is thick
spacer layer, the thickness of the GaAsN layer was agairnough. Therefore, the model discussed above—the emission
chosen to be 10 nm. The thickness of the spacer layer wagavelength shifts due to changes in the confinement—fully
varied from 0 to 10 nm, and the results are presented in Figexplains the results observed in these sample series as well.
10. With increasing thickness of the GaAs spacer layer, the To summarize, we have identified the reduction of the
redshift induced by the GaAsN layer disappears and theonfinement due to the incorporation of nitrogen into the
value for the emission wavelength returns to the value witHayer above the QDs as the reason for the tremendous red-
negligible GaAsN thickness in Fig. 9. The GaAs spacer layeshift observed in the emission wavelength. Additionally, our
also increases the PL intensityee Fig. 1(b)]. It acts as a  experimental results for the GaAsN capping layers are repro-
barrier for the electrons and reduces the thermal escape inttuced very well by simulations, assuming that the QD size
the GaAsN layer. does not change due to the GaAsN capping layer. This shows
The simulations in Figs. 9 and 10 obviously demonstrate ghat our assumption seems to be reasonable. The absence of
good qualitative agreement with our experimental data. Théhe redshift for the GaAsN layer below the QDs can only be
thickness of the GaAsN layer required for achieving saturaexplained by the associated strong reduction in QD volume.
tion of the redshift in Fig. 9 reflects the penetration depth of A comparable material system is the overgrowth of InAs
the electron wave function into the GaAsN barrier. The ef-QDs with InGaAs instead of GaAsN. In this case, the band
fective barrier thickness is layer thickness minus the differ-gap and the lattice constant are different from the values for
ence between the height of the QD and the wetting layefaAs, but the strain is compressive. In contrast to the results
thickness. Separating the QDs from the GaAsN layer by aresented here for a GaAsN capping layer, the strain plays a
thin GaAs spacer layeiFig. 10 rapidly weakens the influ- more important role for an InGaAs capping layeThis dif-
ence of the GaAsN layer and finally separates the electroference in behavior could be explained by the following con-
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siderations. The lattice mismatch between GafAsiNand  duction of the electron confinement is responsible for the
GaAs is only 0.25% compared to 7% lattice mismatch be-observed redshift, and that the change in the strain inside the
tween InAs and GaAs. The reduction of the confinement ofQDs is negligible. By contrast, the growth of QDs on a
the electrons, however, is about 50% if the GaAs layer isGaAsN layer has almost no effect on the emission wave-
replaced with GaAsN,q, The situation is different for In- length. This can be explained by a strong reduction in the
GaAs quantum well capping layers. A guantum well contain-volume of the QDs grown on GaAsN, as suggested by
ing 20% indium results in a lattice mismatch of 1.5% and aXSTM measurements. The reduction in QD volume results
reduction of the confinement of about 35%. Thus, the chang a blueshift of the emission wavelength, which compen-
in the strain is largef1.5/0.29 and the change in the con- sates for the redshift induced by the reduced confinement due
finement is smallef35/50 compared to a GaAsNy, cap- to the GaAsN layer.

ping layer. Additionally, there is a strain-driven partial de-
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