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ABSTRACT

Transmission electron microcopy (TEM) in both the parald illumination and scanning probe mode reveaed
atomically ordered entitieswithin a5 to 250 nmrangein alV-VI and all-VI compound semiconductor quantum dot
(QD) system. While the 11-VI system was a nomina [001] CdSe/(Mny1Znye)Se multilayer structure with the QDs
embedded, the IV-VI system nominally consisted of [111] PbSeidands. The comparison of photoluminescence (PL)
spectra from the CdSe/(Mngy,Zny0)Se structure with those of a reference structure, that was grown to the same
nominal specification under otherwise identical conditions except that no Mn was incorporated into the cladding
layers, revealed for the former sample two peaks at approximately 2 and 2.1 eV. We tentatively attribute these two
PL peaksto two groups of atomically ordered entities.

INTRODUCTION

Since 1985 it has been wel known that atomic ordering and phase separation exists in basicaly all
heteroepitaxia I11-V compound semiconductor structures [1]. In recent years, atomic ordering and phase separation
has also been observed in several heteroepitaxia 1l-VI systems, e.g. (Cd,Zn)Se [2-4], (Cd,Mn,Zn)Se [3,5-7],
(Fe,Zn)Se [8], (Cd,Zn)Te [9-11], and Cd(Se,Te) [12]. Atomic ordering and phase separation in IV-VI systems has,
to the best of our knowledge, only been reported oncein epitaxial (Pb,Eu)Te[13].

There is the tacit assumption throughout the QD community that the structure of epitaxial self assembled
semiconductor QDs is dways determined by the structura prototype of the substrate. While nost 111-V and [1-VI
QDs are supposed to exist in the sphalerite structure, Pb(Se, Te) QDs are supposed to exist in the halite structure.
Since the operation of the Stranski-Krastanow growth mode (and its variants) has been shown to be based on
aloying [14,15], one has to conclude that self-assembled semiconductor QDs which grow in these mode(s) are
always aloyed. (Note also that this conclusion it well justified by experimental studieson avariety of element and
compound semiconductor QD systems). In line with the tacit assumption above, the mixed cations or anionsin these
QD structures are expected to be distributed randomly over their respective sublattices.

Over recent years, there has, however, been an accumulation of experimenta observations [3-7,16] that suggest
that these assumptions are not aways justified. In this paper we report on high resolution phase contrast TEM
(HRTEM), selected area high energy transmission electron diffraction (SAED), and atomic resolution Z-contrast
scanning TEM (Z-STEM) investigations on a nominal CdSe/(Mng1Zng9)Se multilayer QD structure and a nominal
PbSe idand (i.e. QD predecessor) on PbTe structure. Complementary PL studies from the CdSe/(Mny 1Znyg)Se
gtructure and a reference structure, that was grown to the same nominal specification under otherwise identical
conditions except that no Mn was incorporated into the cladding layers, are also reported.

EXPERIMENTAL DETAILS

The two 11-VI QD structures of this study were grown at the University of Notre Dame by means of molecular
beam epitaxy (MBE) in a Riber 32 R&D machine equipped with demental sources. For both samples, nominaly
82.5 nm of ZnSe were first deposited homoepitaxialy onto the ZnSe/GaAs pseudo-substrate at 300 °C. A multilayer
structure of eight sequences of 10 monolayers (ML), i.e. 2.8 nm, of (Mn,Zn)Se cladding layer with either 10 % Mn
(sample A) or 0 % Mn (sample B) and 0.3 ML (0.09 nm) CdSe sheet (both samples) was then deposited at 350 °C.
While the cladding layersfor both sampleswere grown at a deposition rate of 1 ML s*, the CdSe sheets were grown
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at a deposition rate of 0.038 ML s™. Asthe final (9") cladding layer of the multilayer structure, 10 ML (Mn,Zn)Se
with either 10 % Mn (sample A) or 0 % Mn (sample B) were deposited and finally a ZnSe capping layer of 50 nm
thickness was grown at 350 °C for both samples. While within the 26.19 nm thick multilayer structure of sample A,
there are, on average, nominally 87.3 % of the cation sites occupied by Zn, 9.7 % by Mn and 3 % by Cd, the
otherwise identical multilayer structure of sample B does not contain any Mn.

The nomina PbSe islands on PbTe were grown by means of MBE at the University of Oklahoma using PbTe,
PbSe and Se sources. Freshly cleaved (111) oriented BaF, was used as the substrate. After desorption of surface
layersfor 15 minutes at 500 °C, a 2.67 um thick, lattice matched PoTe, ,,Se, 75 buffer layer was grown at 400 °C and
agrowth rate of 0.278 nm s™. At the same temperature, 1.8 pm Se doped PbTe was grown at a rate of 0.167 nm s*.
Then the temperature was lowered to 380 °C and 0.8 nm (2.6 ML) PbSe was deposited at arate of 0.027 nms™. The
sample was finally cooled down to room temperature at a rate of 1 K §'. Both kinds of samples have, thus, in
common a low growth temperature, which is for MBE grown 1I-VI and 1V-VI compound semiconductors quite
common, and a growth rate of below 0.1 ML s™ for the QD or QD predecessor structures.

From sample A i.e. the nomina CdSe/(Mn,Zn)Se QD structure, [001] plan-view and <110> cross-section
TEM/STEM specimens were prepared for electron microscopical investigations by standard mechanical grinding
and ionrmilling techniques approximately three years after the growth. From sample C, i.e. the Pb(Se,Te) QDs
predecessor structure, [111] plan-view TEM/STEM specimens were prepared by standard mechanical grinding and
ion-milling techniques approximately eight months after the growth. The specimens were analyzed in the parallel
illumination mode using a JEOL JEM-3010 TEM at 300 kV and in the scanning probe Z-contrast mode at 200 kV
utilizing the JEOL JEM-2010F field emission STEM/TEM at the University of Illinoisat Chicago [17].

Complementary PL measurements were performed on the ll-VI multilayer QD structures at atemperature of 6 K.
Ar” laser light utilizing both the 488 nm line and ultraviolet light of around 350 nm wavelength was used at varying
power densities for the excitation of the spectra. The PL emission light was dispersed in a 1 m single-grating
spectrometer and detected with a cooled (In,Ga)As photomultiplier tube using conventional lock-in techniques. The
ZnSe band gap being at 6 K approximately 2.8 eV, excitation with 350 nm light can be considered as non-resonant
above this band gap and is expected to reved mog radidively active structures in the ssmples. 488 nm light
excitation, on the other hand, can be considered as resonant excitation below the ZnSe band gap, is typically orders
of magnitude weaker than non-resonant excitation over the band gap, and selective of specific structures.

RESULTSAND DISCUSSIONS
A. 1I-VI Quantum Dots

HRTEM, SAED, and Z-STEM studies on sample A revealed the coexistence of large double period * (-110), Fig.
13, and medium sized double period + (-111) ordered agglomerates, Fig. 1b, with other types of long range atomic
ordering, that resultedin +{0-%, ¥,}, +{? -? 0}, and +{? -? 1} superlattice spots in the diffraction patterns, Fig.
1c, [3,5-7]. Somethree dimensiona (3D) double period + (-111) ordered agglomerates, Fig. 1b, were observed to be
in the size range for quantum confinement to occur [3,6] and we consider these agglomerates to constitute a novel
kind of self-assembled semiconductor QD. These QDs should have an enhanced confinement potential since atomic
ordering leads typically to reduced band gaps [1,18].

For some parts of the same sample, HRTEM dhowed correlated, anti-correlated, and uncorrelated stacking of
quasi-two dimensional (2D) agglomerates with lateral dimensions of the order of magnitude 5 nm and the sphalerite
structure, showing pronounced strain fields and constituting a kind of ordinarily strained QD [6]. This particular
result isin good agreement with aHRTEM study by other authors[19] for avery similar (Cd,Zn)Se/ZnSe mulltilayer
structure (with ZnSe cladding layers of a nomina thickness of 3 nm and CdSe sheets of nominaly the same
thickness asin our study).

As the current electron microscopy investigations and the TEM/STEM specimen preparation were performed
about three years after the growth, we speculate that the stacked ordinarily strained QDs represent the remains of the
origna structure. The observation of all of the above mentioned long range order microstructuresisin disagreement
with the tacit assumption that self-assembled semiconductor QDs always possess the structura prototype of the
substrate. As we are unable to link these and previoudy observed [3-7] long range order microstructures to other
possible causes (such as electron beam damage, sample preparation or imaging artifacts [3]), we tentatively assume
that it has resulted from thermodynamically driven atomic rearrangements over time. Simple thermodynamical
arguments in favor of this assumption are given in ref. [4]. We a so observed short range order in I111-V QD systems
[4] shortly after the growth (but never long range ordered microstructures [20]) and specul ate that such short range
order may over sufficiently long timesgrow into long range order, possibly even at room temperature[20].
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Figure 1 <110> cross section electron micrographs of the nominal CdSe/(Mny;Zny,)Se multilayer structure,
sample A; (a) atomic resolution Z-contrast image of differently sized (Cd,Mn,Zn)Se agglomerates, the matrix and a
large double period £ (-110) agglomerate (that is about 200 nm in diameter) are labeled, closer inspection of this
microgrgphs shows that there are adso two small domains of differently ordered (Cd,Mn,Zn)Se agglomerates
(arrows); (b) HRTEM image of an atomicaly ordered 50 % Cd containing QD in (Mn,Zn)Se matrix with inset
Fourier transform power spectrum that demonstrates the double period + (-111) ordering; (¢) SAED pattern showing
superlattice reflections. The bright lines in (c) that seem to originate from the transmitted beam are artifacts of the
CCD camera used for the recording of thisimage.
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Figure 2. Nonresonant photoluminescence spectra of the 11-VI multilayer structures; (a) both samples; (b) higher
resol ution photoluminescence spectrum of sampleA.
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Figure 3. Resonant photoluminescence spectra of sample A; (a) the thin dotted lines represent fits to two Gaussian
peaks with afirst maximum at 2.107 eV and a corresponding full width at half maximum (FWHM) of 72 meV, and
a second maximum at 2.0 eV with 202 meV FWHM, (b) varying excitation power densties cause shifts in the
relative peak heights of these two peaks (peak heights are normalized, the nonresonant PL spectrum of the same
sample in the sameenergy region is added as adotted line).
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Having identified large double period £ (-110) ordered (Cd,Mn,Zn)Se agglomerates as the by far dominant kind
of structural entity per unit volume of the analyzed TEM specimens, it is now interesting to analyze the PL spectra
of this sample and compare it with that of the (no Mn containing) reference sample B.

We tentatively suggest that the large and rather broad PL peak at 2 €V in Fig. 2a, that arose when a sample was
excited with laser light of approximately 350 nm, is due to the large double period + (-110) agglomerates, labeled in
Fig. 1a. The 2.1 eV PL peak, Fig. 3ab, which arose in addition to the 2 eV peak, when a sample was excited with
laser light of 488 nm may be due to the double period + (-111) atomically ordered QDs with 50 % Cd content and a
size of approximately 25 nm, Fig. 1b. Fig. 3b showsthat it isthe 2 eV peak which increasesin height more strongly
with the illumination power density under resonant excitation conditions. Further PL experiments are currently been
undertaken with varying resonant excitation wavel engths and power densitiesin order to prove or disprove if one (or
perhaps both) of these low energy PL peaks arose indeed from zero-dimensional entities. Assuming for now that the
above assignments of these two low energy peaks to atomically ordered quantum dots and agglomerates are correct,
we have to conclude that these long range order microstructures must be distributed throughout rather large regions
of sample A. Thisis because the PL spectra were collected from areas about 6 orders of magnitude larger than the
areas that were investigated by means of TEM.

The high energy PL peaks of sample A in Fig. 2aare assigned asfollows: 2.78 eV is due to a superposition of the
(essentialy) 2D remains of the CdSe submonolayers and the excitonic transition in the ZnSe buffer and capping
layers, 2.64 eV is dueto alarge population of small quasi-2D CdSe rich platelets (with sphalerite structure) that act
as afirst kind of ordinarily strained QD, 2.25 €V could be due to a small population of medium sized 3D CdSerich
QDs (with sphalerite structure) that act as a second kind of ordinarily strained QD [21,22]. Such a coexistence of
small quasi-2D and medium sized 3D ordinarily stained QDs has actually been observed in similar samples of the
same material system [6,7]. The higher resolution {.e. smaller entrance and it dits of the spectrometer) PL
spectrum of the high energy region of sample A, Fig. 2b, shows that the 2.78 eV peak in Fig. 2aisindeed dueto a
superposition of peaks.

This assignment of the peaks is aso applicable to the reference structure, sample B, where no Mn was
incorporated into the cladding layers. Here, there isa distinct peak at 2.8 eV, arising from the excitonic transition in
the ZnSe buffer and capping layers and another high energy peak at 2.74 €V, which may be due to rather
homogenous 2D layers that resulted from the deposition of the submonolayer CdSe sheets. As these layers seemsto
be thicker than those of sample A (because the corresponding PL peak is observed at lower photon energies [21])
and significantly more homogenous (and al lower energy peaks are very low in intensity), we speculate that there
may be very low (or possibly zero) populations of QDs of al three kinds and of large atomically ordered + (-110)
double period (Cd,Mn,Zn)Se agglomerates. Future TEM/STEM investigation of this sample will clarify this point
and be reported elsewhere.

Kim et a. observed on nominaly pure (i.e. nominaly no Zn or Mn containing) CdSe QDs in MnZn,,Se
matrices with x = 0.05 to 0.25 ared shift of the PL peak from approximately 2.21 to 2.06 eV with increasing Mn
content [23]. Single QD studies of nominaly pure CdSe QDs in My »sZny75Se matrix by Bacher et a. showed
intense PL peaks at approximately 2.09 eV, i.e. below the transition between internal Mn?* states at 2.15 eV [24].
This is similar to the results by Titova et a. [25] where pronounced PL peaks at approximately 2.1 eV were
observed for samples grown by a MBE growth procedure where 0.2 to 0.5 monolayers of MnSe were deposited on
ZnSe buffer layers prior to the deposition of the CdSe layer from which nominaly pure CdSe QDs formed after the
deposition of aZnSe capping layer [6,7].

None of the above mentioned studies [23-25] confirmed their PL peak assignments with structural analyses on
the same samples. Since we indeed observed (110) superlattice spotsin SAED patterns of [001] plan views prepared
from the samples presented in ref. [25] (and there is no evidence to the contrary from other investigations), we
tentatively suggest here that the PL peak at approximately 2.1 eV Titova et a. [25] reported is due to atomically
ordered QDs. As expected for atomically ordered entities [1,18], these peaks are at lower energies than the peaks
that have previously been attributed to ordinarily strained QDs (be they either truly 3D or quasi-2D) in the similar
(Cd,Zn)Se/ZnSe materias system [21]. For the lack of contradicting structural analysis results, we speculate that our
tentative assignment of the peaks at approximately 2 eV and 2.1 eV to atomically ordered agglomerates and
atomicaly ordered QDs might also be applicable to the related peaks around 2.1 €V that Kim et al. [23] and Bacher
at al. [24] observed.

We finally note that a peak of the rather similar energy of 2.04 eV has been obtained by cathodoluminescence
from atomically ordered (Cd,Zn)Se aloy layers and has been attributed to agglomerates of the CdZnSe, compound
as identified from Xray diffraction superlattice reflections [2]. PL peaks around 2.05 eV were also observed in
Zn(S5,Se)/CdSe/Zn(S,Se) quantum well structures (ith either 0 or 6 % S) and assigned to some structuraly
unidentified defects in the ZnSe and Zn(S,Se) layers [26]. Atomic ordering (and possibly phase separation) in
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epitaxial (Cd,Mn,Zn)(S,Se) with small or zero Mn content that manifests itself by luminescence peaks between 2
and 2.1 eV [2,23-26], may, after all, not be ararely occurring phenomenon.

B. 1V-VI idands

Fig. 4a shows differently sized Pb(Se, Te) idands. As the diffraction contrast in this image shows, there are two
kinds of islands that are obvioudly strained and we call them ordinarily strained islands. They may, thus, be
considered to constitute predecessors of ordinarily strained QDs.

Adjacent to the areas with ordinarily strained islands, there were specimen regions with idands that showed
under the same imaging condition contrast that is probably mainly due to absorption, but not consistent with strain
field effects, Fig. 4b. The diffraction pattern to Fig. 4b showed a variety of superlattice reflections, Fig. 4c. From the
contrast in Fig. 4 and the superlattice reflections in Fig. 4, we infer that these isands may not be under
(significant) lattice mismatch strains because they might consist of atomically ordered Pb(Se Te), i.e. represent
Pb, Se, Te, compounds with elastic mismatch energy minimizing orientation rel ationships and lattices.

The same superlattice reflections were also observed in Fourier transform power spectra of high resolution phase
contrast images from the same specimen region, which showed indeed fringes of lattices that were distinctly
different from those of the halite structural prototype. The <112> zone axis SAED pattern from the same specimen
region also showed superlattice spots and streaks perpendicular to the transmitted electron beam direction. These
images will be further analyzed and published €l sewhere.

Taking into account that about eight months had elapsed between the growth and the TEM analysis of this
sample, we suggest that atomic ordering may have occurred in parts of the sample over time, resulting in islands that
consist of PbSe,Te, compounds with lattice constants and respective orientation relationships that are elastic
mismatch energy minimizing. Just as in the 111-V and I1-VI QD systems we analyzed earlier [3-7] (and above),
thermodynamics may possibly be the driving force behind structural transitions in ordinarily strained semiconductor
QD predecessor structures [20].

Figure 4. Near <111> plan view electron micrographs of the nomina PbSe idands on PbTe structure; (a) {220}
dark field diffraction contrast image of small ordinarily strained Pb(Se,Te) QD predecessor islands, as reveaed by
typica “black-white’ contrasts (marker BW and arrows), and of their somewhat larger (ordinarily strained)
counterparts, which show the typical “coffee-bean” contrasts (marker CB and arrow); (b) {220} dark field
diffraction contrast image of small idands that do not show the typical strain field contrasts, indicating that these
idands are not under @gnificant) lattice mismatch strains; () <111> zone axis SEAD pettern to (b) showing a
variety of superlattice reflections that we assume to be due to P, Se, Te, compounds. The faint vertical linesin the
diffraction pattern (c) are artifacts of the CCD camera used for the recording of thisimage.

SUMMARY AND CONCLUSIONS

The results of this study further contribute to the growing body of experimenta observations in favor of atomic
ordering and phase separation in epitaxial self-assembled compound semiconductor QDs and their predecessor
idand structures. Atomic ordering in epitaxia (Cd,Mn,Zn)(S,Se) with small or zero Mn content that manifests itself
by luminescence peaks between 2 and 2.1 eV may not be a rarely occurring phenomenon. Ordinarily strained
Pb(Se, Te) idands on PbTe were observed in diffraction contrast. Regions with small atomically ordered idands that
consist probably of Pb,Sg, Te, compounds were also identified in the same specimen.
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