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Abstract. A spatial distribution of the cation vacancy related defects and their influence on the
formation processes of self-assembled nanoislands in CdSe/ZnSe heterostructures were inves-
tigated by photoluminescence methods. Self-assembling growth was achieved under low tem-
perature (2309C) molecular beam epitaxy with a subsequent annealing step. To change a
number of cation vacancy related defects a VI/II beam pressure ratio Py /Py was varied from
2:1 to 5:1. In the samples grown under Py/P;; = 5:1 a significant increase of self activated
emission band caused by cation vacancy related defects was found. A study of the excitation
spectra of defect related band revealed that in all samples the cation vacancy related defects are
present in ZnCdSe wetting layer. In the samples grown under Py/Py; = 5:1 they were observed
on nanoisland interface too. It was found that the increase of Se beam pressure results also in
high energy shift and narrowing of nanoisland emission band. This process is accompanied
by low energy shift of ZnSe band-to-band emission. Observed changes in photoluminescence
spectra are explained by the decrease of Cd content in ZnCdSe layer due to enhancement of
Cd/Zn interdiffusion process in the result of the increase of vacancy related defect number.
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1. Introduction

Self-assembled quantum dot heterostructures based on
I1I-VI semiconductors have attracted much attention in
the past years as the convenient objects to study the fun-
damental aspects of self-assembly phenomenon as well
as the promising candidates for fabrication of visible
light-emitting devices. The most intensively studied sys-
tem so far is CdSe on ZnSe. The first blue-green ZnSe-
based room temperature optically pumped lasers and in-
jection cw laser diodes containing layers with ZnCdSe
quantum dots as active layers have been fabricated re-
cently [1]. They demonstrated higher stability and lower
threshold of excitation power density in comparison with
similar devices based on quantum well structures.

The CdSe/ZnSe heteropair is very similar to well-stud-
ied InAs/GaAs one with respect to band gap difference
(~1eV) and lattice mismatch (6.7 %). However, unlike
ITI-V system the process of CdSe/ZnSe nanoisland (quan-
tum dot) formation is more complicated and is strongly
influenced by CdSe/ZnSe intermixing and Cd segrega-
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tion [2]. Cd/Zn interdiffusion hinders nanoisland forma-
tion while Cd segregation helps in this process. As a re-
sult a classical Stranski-Krastanow type islanding is hin-
dered and ZnCdSe alloy-like quantum well with CdSe-
enriched flat islands slightly overhanging or floating
within is formed. Thus, for CdSe/ZnSe heterostructures
it is rather difficult to provide suitable growth conditions
under which highly organised, coherently strained
nanoislands can be obtained.

Besides, in II-VI compounds the deviation from stoi-
chiometry is a typical phenomenon. We have found ear-
lier that in CdSe/ZnSe quantum dot heterostructures a lot
of cation vacancy related defects can be present [3]. The
experiments on thermal annealing of CdSe/ZnSe quan-
tum well heterostructures have shown that the CdSe/ZnSe
intermixing significantly enhances in the presence of
cation vacancies since Cd diffusion seems to proceed via
the cation lattice points [4]. One can expect that cation
vacancy related defects can influence also the processes
of ZnCdSe nanoisland formation. So, in the present work
a spatial distribution of cation vacancy related defects
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and their influence on the optical characteristics and
nanoisland formation processes in CdSe/ZnSe hetero-
structures were investigated.

2. Experimental procedure

The structures studied were grown on GaAs (001)
substrates by molecular beam epitaxy (MBE) and con-
tained 12 vertically stacked CdSe inserts separated by
ZnSe layers of thickness about 15 nm. Nominal thick-
ness of CdSe inserts varied from 2 up to 3.5 monolayers
(ML). All samples were grown on a 200 nm thick ZnSe
buffer layer and capped by a 100 nm thick ZnSe layer.
ZnSe buffer and ZnSe barriers were grown at the tem-
peratures of 280 °C and 230 °C, respectively. To stimu-
late the process of three-dimensional island formation
after the deposition of each CdSe layer the Cd beam was
blocked and the structure was heated up to 340 °C and
then cooled down to 230 °C under Se flux. Time duration
of both the increase and the decrease in temperature was
4 min. The reflection high energy electron diffraction
was used for in situ control of the transition from two-
dimensional to three-dimensional growth mode. To in-
crease a number of cation vacancy related defect a VI/II
group beam pressure ratio Pyy/Ppr was changed from 2:1
to 5:1 (low and high Se beam pressure, respectively)..

Photoluminescence (PL) and photoluminescence ex-
citation spectra were measured at 77 K. Photolumines-
cence was excited by 337 nm line of N,-laser. For PLE
measurements a light of xenon lamp dispersed by grating
monochromator was used.

3. Experimental results

In the PL spectra of the heterostructures studied an in-
tense emission band /gp with maximum in blue-green
spectral region is observed. We have found earlier [3]
that optical characteristics of this band is in agreement
with the results obtained for the structures grown by the
similar methods [5] where such band was interpreted as
radiative recombination of ground state heavy-hole-like
exciton in ZnCdSe nanoislands. Fig. 1 shows the depend-
ence of peak position and shape of this band on the nomi-
nal thickness of CdSe insert in the samples grown under
low Se beam pressure. It is seen that the increase of the
nominal thickness of CdSe insert results in consecutive
red shift of Iop band position. It is usually ascribed to the
increase of Cd content in ZnCdSe nanoislands [2]. How-
ever, the halfwidth of Iop band nonmonotonically depends
on the thickness of CdSe inserts: at first it increases with the
increase of CdSe thickness and after 3 ML decreases. The
largest value of Iop band halfwidth (~ 130 meV) is ob-
served in the samples with CdSe inserts of the nominal
thickness of 2.5-3 ML. It is explained by the distinct
two-component nature of this band.

Fig.2 shows the PL spectra of CdSe/ZnSe quantum
dot heterostructures containing CdSe layers of the nomi-
nal thickness of 3 ML grown under VI/IT beam pressure
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Fig. 1. PL spectra of CdSe/ZnSe quantum dot heterostructures
with 2+3.5 ML CdSe inserts grown under Py /Py = 2:1.
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Fig. 2. PL spectra of ZnSe epilayer (curve 3) and CdSe/ZnSe
quantum dot heterostructures (curves /, 2) with 3 ML CdSe
inserts grown under Py /P = 2:1 (curve /) and 5:1 (curve 2).
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ratio of 2:1 (curve 1) and 5:1 (curve 2). For comparison
the PL spectrum of 0.6 mm ZnSe epilayer is presented on
Fig. 2 by curve 3.

It is straightforward to see that the increase of Se beam
pressure results in the narrowing of the Iop band and
shift of its spectral position to high energy side. In addi-
tion an excitation power density dependence of Iop band
intensity also changes. At low excitation level the inten-
sity of Iop band was several times smaller in the samples
grown under Py/P;=5:1 than in the samples grown un-
der Py/P;;=2:1. However, at high excitation level the
intensity of Iop band became comparable in both groups
of the samples (Fig. 2, curves 1, 2).

In addition to Iop emission two other luminescence
bands are observed in the PL spectra of the CdSe/ZnSe
quantum dot heterostructures: the narrow peak /7,5, with
the maximum at 2.79 eV and the broad band I at 1.8-
1.95 eV (Fig. 2). These two bands are also observed in
the PL spectrum of the ZnSe epilayer (Fig. 2, curve 3). As
our previous investigations showed [6] the first peak cor-
responds to ZnSe interband transition while the second
one is caused by radiative transition of electron from con-
duction band to an acceptor level of defect including Zn
vacancy [6, 3].

It is seen that the increase of VI/II beam pressure ra-
tio results in the increase of I band intensity more that
an order of value that can be attributed to the increase of
a number of cation vacancy related defects. In addition,
the position of Ip band maximum in the samples grown
under Py/Py; = 5:1 is shifted to the low energy side while in
the samples grown under low Se beam pressure it is close to
the position of Ip band in ZnSe epilayer (2.04 eV).

The spectral position of I7,s. band in the CdSe/ZnSe
heterostructures (Fig. 2, curves 1, 2) is shifted to low en-
ergy side in comparison with /7,5, band position in ZnSe
epilayer (Fig. 2, curve 3). This shift is the largest in the
sample grown under high Se beam pressure (curve 2). In
the samples grown under identical growth conditions the
I7,s. band position shifts to low energy region with the
increase of CdSe layer nominal thickness also.

To elucidate the spatial distribution of vacancy re-
lated defects and its possible influence on the lumines-
cence characteristics of nanoislands the PL excitation
spectra of both Ip and Ip related bands were measured.

The excitation spectra of Igp and I, emission bands
in the samples grown under low Se beam pressure and
containing CdSe inserts of the nominal thickness of 2 ML
(Fig. 3,a)and 3 ML (Fig. 3, b) are presented on Fig.3 by
curves 2 and 3, respectively. In all curves the features
connected with fundamental absorption edge of ZnSe lay-
ers (~ 2.8 eV) and light absorption in ZnCdSe wetting
layer are observed. In addition, in the excitation spectra
of nanoisland related band of the sample containing 2
ML CdSe inserts a peak that practically coincides with
Iop band position appears. It is natural to ascribe this
maximum to light absorption in nanoislands [§]. It is seen
that the increase of the nominal thickness of CdSe insert
results not only in the shift of Iop band position to the
low energy side but also to the low energy shift of ZnCdSe
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Fig. 3. PL spectra (curves /), Iop band (curves 2) and Ip band
(curves 3) excitation spectra of CdSe/ZnSe quantum dot struc-
tures with 2 ML (a) and 3 ML (b, ¢) CdSe inserts grown under
Pyi/Pyy = 2:1 (a, b) and 5:1 (¢). T =77 K, P, = 3.68 eV. The
detection energies are marked by dashed arrows.
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wetting layer absorption edge (see curves 3 on Fig. 3, a,
b). The latter can be explained by the increase of Cd
content in ZnCdSe wetting layer [2]. In addition the en-
ergy distance between the /gp band maximum position
and absorption edge of the wetting layer also increases.
This testifies to the rise of the depth of potential fluctua-
tions in ZnCdSe layer with the increase of CdSe thick-
ness.

Fig. 3, ¢ shows the excitation spectra of Iop and Ip
emission bands in the 3 ML sample grown under high Se
beam pressure. One can see that here the peak caused by
light absorption in nanoislands appears in the excitation
spectra of both Ip and Igp bands. It should be noted that
the peak caused by light absorption in nanoislands is
observed in the I band excitation spectra only in the
samples grown under Pvy/Py;= 5:1.

4. Discussion

As it was mentioned in the previous section the increase
of VI/II beam pressure ratio results in the increase of a
number of cation vacancy related defects. However, the
excitation spectra of Ip band show that spatial distribu-
tion of these defects changes also. In the excitation spec-
tra of Ip band of all samples the features connected with
light absorption in ZnSe layers and wetting ZnCdSe lay-
ers are observed. In the samples grown under high Se
beam pressure the feature corresponded to light absorp-
tion in nanoislands is found in addition. It indicates that
vacancy related defects generated in ZnCdSe layer are
localised mainly in the wetting layer. But in the case of
high number of these defects they are observed on
nanoisland interface also.

It can explain a red shift of the /p band maximum
position in the samples grown under Py/Pyp= 5:1. In
fact, we have shown earlier [6] that the position of Ip
band maximum depends on the relative contribution of
defects located in different parts of heterostructure: ZnSe
layers, ZnCdSe wetting layers and on nanoisland inter-
face. In the last two cases the Ip band position is shifted
to low energy side in comparison with one in ZnSe layer
since the energy level of defect is associated with the
quantized heavy-hole level of wetting layer or nano-
islands [7]. As it follows from Fig. 3, b, c, the position of
nanoisland related peak in the excitation spectrum of I
band in the sample grown under Py/Py;= 5:1 nearly co-
incides with the wetting layer edge in the sample grown
under 2:1. So, more low energy position of I, band in the
former case can be assigned to lower contribution of defects
localised in ZnSe layers. It is proved by the relationship of
the intensities of the features connected with light absorp-
tion in ZnSe layers and in wetting layer (Fig. 3, b) or
nanoislands (Fig. 3, c).

It should be noted that the presence of vacancy re-
lated defects on nanoisland interface in the samples grown
under high Se beam pressure influences on Iop band in-
tensity. They introduce an additional recombination
channel that limits an efficiency of the nanoisland emis-

SQO0, 6(3), 2003

sion under low excitation level. It is confirmed by the
different dependence of the Iop band intensity on excita-
tion power density in the structures grown under low and
high Se beam pressure.

The increase of VI/II beam pressure ratio results not
only in the increase of a number and spatial distribution
of cation vacancy related defects but also in nanoisland
ensemble transformation.

Detailed transmission microscopy investigations [2,
9] have shown that CdSe insert transforms into relatively
wide ZnCdSe wetting layer containing 2 types of nano-
islands: the islands with lateral dimensions < 10 nm
(nanoislands of type A) and the islands with lateral di-
mensions 15-30 nm (nanoislands of type B). In addition
to higher dimensions the type B islands contain higher
Cd concentration than type A ones. The nanoislands of
type A with a density about 10! cm2 are formed even at
submonolayer thickness of CdSe insert. They can be con-
sidered as fluctuations of quantum well. The nanoislands
of type B appear when the critical thickness of CdSe layer
on ZnSe (approximately 2 ML) is reached and are as-
signed to a Stranski-Krastanow growth process. Their
density strongly depends on the CdSe coverage but does
not exceed the density of type A islands.

As it follows from Fig. 3, our samples grown under
low Se beam pressure also contain two types of nano-
islands. Exciton recombination in type A nanoislands
dominates in the PL spectra of the sample with 2 ML
CdSe inserts while emission from type B islands prevails
in the case of 3 ML inserts. It becomes apparent from the
excitation spectra of Igp band of these two samples. In
the case of type A islands the excitation spectrum of Igp
band contains the peak caused by optical absorption in
nanoislands (Fig. 1,a). It means that these nanoislands
can interact via tunneling or phonon assisted hopping
like quantum well fluctuations [5]. In the case of type B
islands these processes are strongly suppressed and no
nanoisland related peak is observed in the Iop band ex-
citation spectrum (Fig. 3,b). Additional evidence of type
B nanoisland formation in the samples with 3 ML CdSe
inserts is the distinct two-component shape of Iop band
(Fig. 1).

However, in the samples grown under high Se beam
pressure even at 3 ML thickness of CdSe inserts the nano-
islands of type A arise predominantly (Fig. 3, ¢). It is
confirmed by the presence of the feature caused by the
light absorption in nanoislands in the excitation spec-
trum of Igp band as well as smaller halfwidth of Iop
band.

As a rule more high energy position of nanoisand
emission band is connected with smaller Cd content in
nanoislands [2]. Thus, we can suppose that observed
change of nanoisland emission band with the increase of
Se beam pressure is caused by the decrease of Cd content
in nanoislands and suppression of type B nanoisland for-
mation.

It was found [10] that the increase of VI/II group beam
pressure ratio hampers the formation of MBE-grown
ZnCdSe nanoislands. It was supposed to be due to sup-
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pression of segregation process as it was observed in [11-V
compounds [11]. However, Cd/Zn interdiffusion can pro-
duce the same effect. Significant enhancement of
interdiffusion processes can be expected in the case of
high concentration of cation vacancies [4]. Our investi-
gations show that high number of cation vacancies is gen-
erated in the case of high Se beam pressure. Thus, we can
expect essential enhancement of interdiffusion processes
in the structures grown under high Se beam pressure.

On the other hand, interdiffusion efficiency has to
depend on localization of cation vacancies. Presence of
cation vacancies in wetting layer as well as on nanoisland
interface can stimulate not only the intermixing of the
components of ZnCdSe inserts and ZnSe barriers but also
in smoothing of potential fluctuation ZnCdSe layers.

Cd diffusion in ZnSe layers has to manifest itself in
the change of their structural and optical characteristics.
It should result in formation of Cd enriched regions in
ZnSe layers adjacent to ZnCdSe insert. Such Cd enriched
regions can be either ZnSe layers doped with cadmium
isovalent impurity or low concentration ZnCdSe solid
solution. Their formation has to develop in the low en-
ergy shift and widening of ZnSe band-to-band emission.

We indeed observed such changes of this band. We
have found that the increase of the nominal thickness of
CdSe insert results in low energy shift of /7,5, band and
its halfwidth increase. It can be assigned to interdiffusion
process because: (i) the increase of CdSe nominal thick-
ness should result in the increase of Cd concentration in
the insert [2]; (il)) more intense penetration of Cd in ZnSe
layers can be expected due to greater concentration gra-
dient. The increase of Se beam pressure also results in
low energy shift of I7,,s. band and its halfwidth increase.
It testifies to the enhancement of diffusion process in the
samples containing high number of cation vacancy re-
lated defects.

Thus, observed changes in optical and structural char-
acteristics of ZnSe layers indicates the enhancement of
interdiffusion process with the increase of Se beam pres-
sure. Decrease of Cd concentration in nanoislands due to
interdiffusion can explain an observed high energy shift
of Iop band.

5. Conclusions

In the present paper intrinsic defects and their influence
on optical characteristics of CdSe/ZnSe quantum dot
heterostructures were studied by photoluminescence and
photoluminescence excitation methods. In all the sam-
ples the self activated emission connected with donor-
acceptor pairs Vz,-D and caused by radiative capture of
electron from conduction band by acceptor level was ob-
served. Analysis of the excitation spectra of this band
revealed that vacancy related defects are present in
ZnCdSe wetting layer. The increase of VI/II beam pres-
sure ratio from 2:1 to 5:1 results in the increase of Ip
band intensity more that an order of value that can be
attributed to the increase of a number of cation vacancy
related defects.. In this case these defects are observed on
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nanoisland interface and introduce an additional recom-
bination channel that limits an efficiency of the
nanoisland emission under low excitation level. The in-
crease of VI/II beam pressure results also in significant
change of other emission bands in the photoluminescence
spectra: (i) high energy shift and narrowing of nanoisland
emission band, (ii) low energy shift and widening of ZnSe
band-to-band emission peak. We attribute this changes
to enhancement of Cd/Zn interdiffusion process due to
increase of cation vacancy defect number. It allows us to
conclude that hampering of nanoisland formation with
the increase of VI/II beam pressure ratio is caused by
enhancement of interdiffusion process.
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