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Abstract: Strain-compensated CdSe/ZnSe/(Zn,Mg)Se quantum well
structures that were grown on (In,Ga)As allow for efficient room-
temperature photoluminescence and spectral tuning over the whole visible
range. We fabricated microdisk cavities from these samples by making
use of a challenging chemical structuring technique for selective and
homogeneous removal of the (In,Ga)As sacrificial layer below the quantum
structure. The observed whispering gallery modes in our microdisks are
mainly visible up to photon energies of ~ 2.3 eV due to strong self-
absorption. As extinction coefficients and effective refractive indices are
dominated by the quantum well material CdSe, thick quantum wells (> 3
monolayer) are necessary to observe resonances in the corresponding
quantum well emission.
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1. Introduction

The wide-gap II-VI semiconductors unify excellent material properties, namely high oscillator
strength and exciton binding energy (i.e. exceeding 20 meV in bulk ZnSe) [1] required for op-
toelectronic applications at room temperature. Moreover, using GaAs substrates, nearly lattice-
matched quantum structures for example based on Zn(S,Se) and (Zn,Mg)(S,Se) can be grown
by molecular beam epitaxy (MBE) [2, 3]. Referring to these excellent properties, optically-
pumped or low-current devices which include microcavity implementations are still of sig-
nificant basic and applied research interest. Among them room-temperature polariton emit-
ters [4-6], CdSe quantum dot lasers [7] and single-photon sources [8§—10] were demonstrated
by different research groups.

Within the common material spectrum only GaN and (In,Ga)N based quantum well and
quantum dot structures, which have strongly advanced in the last decades [11-13], provide sim-
ilar features and even slightly higher binding energies. However, accessing the long wavelength
range (green-yellow and red emission) is still a challenge with simple (In,Ga)N QWs due to the
enlarged internal electric field and poor crystal quality with high indium content [14]. Advanced
and complex nanostructures, such as nano-rods in combination with electrical tuning [15] or
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nano-pyramid-arrays [16] have to be fabricated to overcome these problems. Microdisk lasers
based on (In,Ga)N QW:s have also been so far demonstrated, but the emission bandwith of those
is also limited to the blue-green spectrum [17, 18].

In contrast, binary CdSe/ZnSe QWs allow the tuning of the emission nearly over the whole
visible spectral range just by varying the thickness of the CdSe QW. Note that as the main
advantage, no ternary QW material is required, which would introduce an increased inho-
mogeneous broadening due to alloy scattering. Especially for integrated-optical devices (e.g.
waveguide-coupled microdisks) fabricated from the same sample chip, longer emission wave-
length would be preferred to reduce the relatively strong photon re-absorption probability in
the ZnSe host crystal starting in the blue spectral range. In this context we have recently es-
tablished so called “strain-engineered” CdSe/ZnSe/(Zn,Mg)Se QWs grown on (In,Ga)As sub-
strates: Here efficient room- and low-temperature photoluminescence and spectral tunability
almost over the whole visible range (470 — 600 nm wavelength) was achieved just by the vari-
ation of the CdSe well width between 1 — 6 monolayer (ML) [19] .

Low-threshold microdisk lasing based on ZnSe QWs enclosed in (Zn,Mg)Se barriers was
demonstrated in 2009 [20]. The key component to achieve the low lasing-threshold was the
fluorine doping of the active region, which triggered the lasing on the fluorine-related donor-
bound exciton transition. Alternatively, by isolation of single fluorine donors in high-quality
ZnSe QWs via advanced nano-fabrication techniques, indistinguishable and scalable single-
photon-sources were recently demonstrated [21-23]. For both, low-threshold microdisk lasers
and single-photon sources, the emission wavelength is correlated with the ground state emission
of the ZnSe QWs, and consequently, limited to the blue spectral range. Exchanging the ZnSe
QWs with CdSe QWs may allow the development of similar microdisk lasers and single-photon
sources in the longer wavelength region. Therefore, microdisks and nanostructures based on
CdSe QWs provide a versatile basis for future integrated-optical quantum devices at least in
the yellow to red spectral range for which the absorption losses in ZnSe and (Zn,Mg)Se based
waveguides are substantially smaller than in the blue spectral range. In the following, we report
on the optical properties and mode structure of first microdisk cavities fabricated from the above
mentioned strain-compensated CdSe/ZnSe/(Zn,Mg)Se QWs.

2. Experimental details

All samples presented in this work were grown by MBE on (001)-GaAs substrates covered
with an about 2 um thick (In,Ga)As layer with 12 — 14 % indium concentration. These thick
(In,Ga)As layers are nearly fully relaxed on the GaAs, which allows to deposit the (Zn,Mg)Se
barrier layers of our quantum structures with 10 — 12 % magnesium concentration lattice-
matched on top of the (In,Ga)As quasi-substrates. Single CdSe QWs with a various width
between 1 —6 ML were embedded in 2 — 3 nm thick ZnSe cladding layers and enclosed in
the (Zn,Mg)Se barriers with about 50 nm thickness. The real QW widths were derived from re-
flection high energy electron diffraction (RHEED) measurements. Further details on the growth
and properties of such samples are described elsewhere [19].

Microdisks were fabricated from these quantum well structures with different CdSe thick-
nesses via electron beam lithography (EBL) and wet chemical etching (WE) methods. At first,
3 —4 um thick ring apertures were defined into a 950K PMMA positive resist. After the de-
velopment, the structure was transferred into the samples by WE using a K,Cr,O7+HBr+H,O
solution. Subsequently, selective WE of the (In,Ga)As was performed in a NaOH+H,O, so-
lution. Note that the special ring structure we designed was required to prevent the solution
from etching the whole surface, resulting in cracking and flaking off of the (In,Ga)As sacri-
ficial layer. We attribute this behavior to arise from a faster etching process at dislocations in
the relaxed (In,Ga)As layer. As the release of the (In,Ga)As material is also accompanied by
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a strong bubble formation, these bubbles are most likely responsible to trigger the disastrous
splintering of the sacrifice layer we observed in fully etched samples without the ring apertures.

The photoluminescence (PL) spectroscopy was performed in a confocal u-PL setup geom-
etry and the luminescence was collected perpendicularly to the surface. A laser with a wave-
length of A = 377 nm was used for excitation and focused onto the surface down to a spot of
about 2 um in diameter. It was positioned close to the edge of the microdisk where the whisper-
ing gallery modes (WGM) are localized. For all measurements presented here, the excitation
power was about 20 u'W. The luminescence was dispersed in a spectrometer with 500 mm focal
length and detected by a LN-cooled CCD camera.

3. Results and discussion

Figure 1 shows a collection of scanning electron micrograph (SEM) images of a selected
microdisk. It has a diameter of about 2.5um and is undercut to remain the free-standing
CdSe/ZnSe/(Zn,Mg)Se quantum structure on an (In,Ga)As post of about 1 um diameter (see
Fig. 1(a)). The surface of the microdisk is relatively smooth, yielding a typical root mean square
roughness of the disk surface of about 11 nm as measured by atomic force microscopy (2x2 um
scan field, not shown here). A close-up view of the sidewalls in Fig. 1(b) indicate square edges
with a moderate surface roughness, which may limit the quality factor of the disk because of
scattering losses. The SEM of the edge of the disk also reveals a small region in the center be-
ing brighter than the surrounding regions. This corresponds to the CdSe QW while the darker
regions are the enclosing ZnSe and (Zn,Mg)Se layers. Figure 1(c) displays an overview of the
device geometry. The microdisk is surrounded by a trench that remains from the ring-aperture.
This geometry was chosen to ensure a controlled undercut etching. The triangles at the top and
bottom border of Fig. 1(c) are markers used for reproducible locating of the microdisks.

Fig. 1. Scanning electron micrographs of a (Zn,Mg)Se/ ZnSe/CdSe QW microdisk taken
at an angle of 77° to the surface. (a) Microdisk on an (In,Ga)As post with cliffy undercut
area. (b) Close-up view of a microdisk edge with distinguishable central CdSe QW region.
(c) Overview screen of the device geometry to ensure controlled undercut etching.

The optical properties of the manufactured microdisks were analyzed by confocal p-PL
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spectroscopy at ambient temperature. According to the different widths of the CdSe QWs
(0.9 — 5.6 ML measured by RHEED), the ground state transition energy is red-shifted and al-
most covering the whole visible spectral range. As shown in Fig. 2, the thinnest QW (0.9 ML)
exhibits the narrowest emission with a central wavelength of around 2.68 eV in the blue spec-
tral range. The emission of the 3.0 ML sample is centered at ~ 2.47 eV. The luminescence of
the two thickest QW samples with 4.7 ML and 5.6 ML CdSe is further red-shifted to ~ 2.3 eV
and ~ 2.05 eV, respectively. It should be noted, that these QW thicknesses cannot be realized
on standard (001)-GaAs substrates without the strain engineering technique [19], as the strain
in the CdSe (e.g. lattice mismatch ~ 6.7 % to GaAs) causes the formation of quantum dots
for CdSe layers exceeding 2.1 ML [24,25]. The observed broadening of the line width of the
QW emission with increasing CdSe thickness is related to the inhomogeneous and thickness-
dependent strain situation in the heterostructures. More detailed discussion of this effect can be
found in Ref. [19].

120 F 1 v T v T v T T T v T T LI

1%8 : —0.9 ML QW MD 7
[ [ —3.0 ML QW MD

60 [ —4.7ML Qw MD 5

20| |—>56ML QW MD ]
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Energy (eV)

Fig. 2. PL spectra at ambient temperature of (Zn,Mg)Se/ZnSe/CdSe microdisks with dif-
ferent CdSe quantum well thicknesses of 0.9 ML (blue), 3.0 ML (green), 4.7 ML (red)
and 5.6 ML (black). The QW emission is shifted from ~ 2.68 eV (0.9 ML) to ~ 2.05 eV
(5.6 ML). WGMs can be observed in all spectra for photon energies below ~ 2.3 eV.

Besides the luminescence from the CdSe QW ground-state transition, all spectra in Fig. 2
exhibit a broad and relatively weak emission at lower energies arising from deep level defects.
For each sample whispering gallery modes (WGMs) are observed in the lower energy spec-
tal region < 2.3 eV, either covered by the QW luminescence or the deep-impurity band. The
missing of the WGMs in the spectral region > 2.3 eV may be attributed to strong damping
via photon re-absorption close to the ground state transition, and also at larger energies, due
to the nearby band edge of the ZnSe and (Zn,Mg)Se layers. Since the re-absorption strongly
depends on the wavelength, it is significantly reduced for the defect band luminescence and for
the emission from the 5.6 ML CdSe QW. Although, the CdSe QWs are very thin and there-
fore provide a small absorption cross-section in the microdisk, the light is guided several times
through the circumference of the disk, most likely leading to the increased photon loss. The
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overall extinction Ofomp. can be described by

Olcomb. (}L) = Olgcat. (l) + Olre—ab. (A) + Olself—ab. ()v) (1)

The three contributions in Eq. (1) are self-absorption in the CdSe QW (Oseir—ab. (1)),
scattering at the rough surface of the disk (Ocar.(A)) and re-absorption in the whole
CdSe/ZnSe/(Zn,Mg)Se quantum structure during the wave propagation in the disk (Qye—ap. (1)).
With increasing QW width, the luminescence is significantly shifted towards lower energies.
Therefore the fraction of re-absorption is reduced, while the self-absorption by the thicker CdSe
layers is slightly increased. Both effects together may lead to an reduced overall extinction of
the modes at lower energies. Consequently, WGMs are mainly obtained in the emission of the
4.7 ML and 5.6 ML thick CdSe QW samples. However, the modes in the central-peak emission
(about 2.3 eV) of the 4.7 ML QW are weak and only noticeable as slight intensity modula-
tions at the low energy side, while the modes are much stronger in the deep defect-band region
(around 1.8 eV). Quality factors of the WGMs are not exceeding values of 700 as the side-
walls of the microdisks are substantially rough and the (In,Ga)As post diameters are partly
inhomogeneous (compare Fig. 1). Both affect the guiding and trapping of the light inside the
disks as scattering losses are caused by the wet chemical structuring process. The absence of
the WGMs in the central-peak emission of the two thinnest CdSe samples is attributed to the
increased self-absorption. We consider the latter contribution as the dominating effect which
leads to the complete damping of the WGMs for photon energies > 2.3 eV for all of the sam-
ples. In the following a closer analysis of the optical properties such as the dispersion of the
material system and the observed losses is performed.

The refractive index of such thin multilayer structures is difficult to measure directly. How-
ever, it can be derived from the resonances of the microdisks using the approximation of a
closed lightpath with the circumference of the corresponding disk as demonstrated for ZnO
based microdisks [26]:

5 he @)
TRAE

Here the effective refractive index (n.g) of the disk is calculated from the energetical spacing
(AE) between consecutive WGMs of the same order and the radius R of the corresponding disk
as extracted from the SEM images. Please note: Light waves will not propagate exactly at the
outside margin but inside of the material. This fact can easily be considerd by the corresponding
reduction of the radius R.

For selected microdisks fabricated from the three thickest CdSe QW samples (3.0 ML,
4.7 ML, 5.6 ML) the derived values of the effective refractive index are presented in Fig. 3(a).
For reference, the literature values of the relevant materials in our samples are also included
in Fig. 3(a): The refractive index of the QW material CdSe [27] is printed as dotted line. For
the (Zn,Mg)Se barriers with ~ 12 % magnesium content the refractive index dispersion was
calculated based on the information provided by Liu ef al. [27]. For comparison only, the re-
fractive index of the binary materials MgSe and ZnSe are also shown. The main fraction of the
overall sample thickness of the CdSe/ZnSe/(Zn,Mg)Se QWs (~ 115 nm) is contributed by the
two 50 nm thick barriers of (Zn,Mg)Se which have only a slightly smaller refractive index than
pure ZnSe. Therefore one might assume that the experimentally derived effective refractive
index nefr is similar to that of (Zn,Mg)Se as well.

However, we observed a strong energetically dependent deviation of the data in Fig. 3(a)
from the calculated dispersion of the (Zn,Mg)Se. Especially a significantly higher slope of the
dispersion of ne is clearly observed. For energies below 2.0 eV, the refractive indices of all
three samples are smaller than that of the (Zn,Mg)Se barriers: We attribute this behavior due
to the localization of a substantial fraction of the electric field amplitude of the wavefunctions

neff(E) ~
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Fig. 3. (a) Effective refractive indices of the microdisks with different CdSe quantum well
thicknesses of 3.0 ML (green), 4.7 ML (red) and 5.6 ML (black) in dependence of the
photon energy. The black dashed and dotted lines show the refractive index characteristics
of the relevant materials. The blue line corresponds to the dispersion of the refractive index
Niheo. @s calculated according to a model considering the exterior field distribution of the
mode across the disk (see text). (b) Mode diameter along the cross-section (i.e. growth
direction z) coordinate of the microdisk as a function of the photon energy of corresponding
WGMs (dashed line) for which a Gaussian field distribution along the growth direction
was assumed (red, blue curves) and the fixed total thickness d of a CdSe/ZnSe/(Zn,Mg)Se
quantum structure (light blue area).

in the free-space outside the cross-section of the microdisk. With increasing photon energy the
fraction of the evanescent field is continuously reduced: For a small energy interval around
2.0 eV the experimental data of neg coincide with nzamgse of the (Zn,Mg)Se barriers, which
suggests a complete localization of the wavefunction inside the microdisk. For even larger
energies, the effective refractive indices change to a more ZnSe- and CdSe-like behavior. The
latter can be explained due to further compression of the field amplitude inside the structure and
increasing waveguiding within the ZnSe cladding layers and the CdSe QW itself (both with a
larger refractive index than that of the (Zn,Mg)Se barriers).

We performed a more detailed quantitative analysis of the above described trends by assum-
ing a Gaussian mode profile of the WGMs along the cross-section of the microdisk (i.e. growth
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direction z) given by
2

E(z)~e W 3)
with A
W= 4. Neff (4)

defined as the half-width (in nanometers) for which the amplitude of the field distribution of
the WGM drops below the fraction 1/e of its maximum. Figure 3(b) illustrates the mode profile
of two selected modes with A = 750 nm (red curve) and A = 550 nm (blue curve), respec-
tively, versus the cross-section coordinate z of the microdisk together with the real dimension
of a CdSe/ZnSe/(Zn,Mg)Se quantum structure (light blue area). The dotted line reflects the
dependence of the above defined mode diameter w versus energy as calculated based on the
experimentally obtained ng values in Fig. 3(a). For energies below 2.1 eV the mode diameter
is clearly larger than the thickness of the quantum structures, which confirms the presence of a
substantial evanescent field amplitude in the free-space outside the disk.

According to this result one can describe the trend of the observed dispersion in Fig. 3(a) of
negr by a weighted average approximation which considers the relative integral mode amplitude
inside (i.e. with refractive index nzmmgse) and outside the microdisk (i.e. with refractive index
no = 1 in air), respectively:

Aj Aj
Rtheo = T: * NZnMgSe + (1 - Al([;) * 1 )

Here Ajj, is the integral mode amplitude within the limits z = —d /2 and z = +d /2 of the overall
thickness d of the quantum structure and A the corresponding full mode amplitude over the
whole z-space. The blue line in Fig. 3(a) reflects the dispersion of nye, as a function of the
energy and within the valid range of our model. The offset between the absolute values of
negr and ng,eo might be due to a slightly different refractive index dispersion of (Zn,Mg)Se in
our samples compared to that after Liu e al. [27]. Apart from that, the trend and relatively
good agreement between the experimentally derived refractive indices nes of the disks and the
calculated dispersion is clearly visible. This confirms our self consisting model approach based
on a mode profile of the WGMs with a substantial evanescence field. However, the significant
deviation of the curves with increasing photon energy reflects a raising influence of the CdSe
QW layer on the effective refractive index dispersion.

As previously discussed, we observed strong damping of the WGMs for energies > 2.3 eV
that is most likely limited by self-absorption of photons in the CdSe QW. Considering the
generation/recombination mechanism of excitons in the WGMs, the peaks are arising from the
luminescence by resonant amplification. The peak height is then limited by the sum of the
losses. As just the losses by absorption are substantially depending on the photon energy, we
find the peak intensity correlated to the absorption. We quantified this by the ratio k between the
integrated luminescence intensity of the background versus the integrated intensity of the WGM
peak within the same spectral interval, providing qualitative information about the extinction
coefficient: The latter is proportional to the background to peak ratio of the recorded PL-spectra.

For selected WGM modes of the samples we performed this analysis and the results are plot-
ted as a function of the photon energy in Fig. 4 for the three thickest CdSe QWs. Contrary to
the effective refractive index, the extinction coefficient is correlated to the QW width. For low
photon energies (< 1.9 eV), the intensity ratio k is almost constant. At higher photon energies,
it strongly increases and was fitted by linear functions for all analyzed QW samples. The photon
energy at the cross sections of the appropriate two linear fits can be associated with the bandgap
energy of the semiconductor material. The different extracted edge energies of 1.93 eV (5.6 ML
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Fig. 4. Extinction coefficients derived by the proportional background to peak ratio of the
3.0 ML (green), the 4.7 ML (red) and the 5.6 ML (black) CdSe QW microdisk as well
as their corresponding linear fits in the rising regions. The cross-section between the two
linear trends is associated with the bandgap energy.

CdSe (black)), 1.97 eV (4.7 ML CdSe (red)) and 2.03 eV (3.0 ML CdSe (green)) are related to
the CdSe QW width and denote the same trend as that of the PL spectra in Fig. 2: In comparison
to pure CdSe (Egap ~ 1.68 €V) [27], all bandgap values we extracted from Fig. 4 are slightly
higher and increase with decreasing well width. Due to the significantly higher band gap ener-
gies of the embedding materials ZnSe (Egy, ~ 2.72 €V) and (Zn,Mg)Se (Egap ~ 2.89 V) [27],
no substantial increase of absorption is expected in the relevant investigated spectral range in
Fig. 4. This supports our above discussed assumption that the absence of WGMs in the energy
region above 2.3 eV mainly stems from the self-absorption of photons in the CdSe QWs.

4. Conclusions

For the first time, photonic microcavities from strain-compensated CdSe/ZnSe/(Zn,Mg)Se het-
erostructures as a basic device for modern quantum applications were successfully realized.
The fabricational issues of anisotropic (In,Ga)As undercut etching were solved by a special
ring mask design of the resist, preventing the guiding layer structure from cracking and flaking
off of the sacrificial layer as caused by the formation of bubbles in the etching solution.

We clearly observed whispering gallery modes in the photoluminescence spectra of the fab-
ricated CdSe/ZnSe/(Zn,Mg)Se quantum well microdisk cavities in the red and yellow spectral
range (~ 1.6 —2.3 eV) at ambient temperature. The spectral dependent intensity reduction and
finally the absence of whispering gallery modes for higher photon energies was attributed to
an unusual strong self-absorption of photons in the CdSe QWs. The latter was analysed by cal-
culation of the spectral change of the ratio of the integral intensities of background and mode
photoluminescence. Our findings revealed an absorption threshold that is close to the corre-
sponding transition energies of the thickness-dependent ground state transitions in the CdSe
QWs. Future work will be focused on the reduction of the strong re-absorption effect.

The dispersion of the effective refractive index of the microdisk cavities was calculated only
from the mode spacing and based on the assumption of a Gaussian mode amplitude distribution
along the cross-section of the microdisks. This model allows for fast and elegant estimation of
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the effective refractive index dispersion in a complex multilayer structure. We obtained signifi-
cantly smaller refractive indices as those of the materials in the layers, which revealed a reduced
mode field confinement in the microdisks and a substantial evanescent field. The latter is an im-
portant aspect for efficient photon-extraction from the microdisk cavities and photon-guiding
via a nearby located integrated optical waveguide slab. The results presented here form a firm
basis for the development of photonic interconnection of several microdisks in this material sys-
tem as desired for modern quantum applications, for example, integrated optically connectable
light sources.
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