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This paper reports on theoretical calculations and fabrication by molecular beam epitaxy of wide-gap II-VI
heterostructures emitting in the “true” yellow range (560-600 nm) at room temperature. The active region of the
structures comprises CdSe quantum dot active layer embedded into a strained Zni_,Cd,Se (x = 0.2—0.5) quantum
well surrounded by a Zn(S,Se)/ZnSe superlattice. Calculations of the CdSe/(Zn,Cd)Se/Zn(S,Se) quantum dot—
quantum well luminescence wavelength performed using the envelope-function approximation predict rather narrow
range of the total Zn; —,Cd,Se quantum well thicknesses (d ~ 2—4 nm) reducing efficiently the emission wavelength,
while the variation of z (0.2-0.5) has much stronger effect. The calculations are in a reasonable agreement with the
experimental data obtained on a series of test heterostructures. The maximum experimentally achieved emission
wavelength at 300 K is as high as 600 nm, while the intense room temperature photoluminescence has been observed
up to A = 590 nm only. To keep the structure pseudomorphic to GaAs as a whole the tensile-strained surrounding
ZnSo.17Se0.83/ZnSe superlattice were introduced to compensate the compressive stress induced by the Zn;_,Cd,Se
quantum well. The graded-index waveguide laser heterostructure with a CdSe/Zng.65Cdo.355¢/Zn(S,Se) quantum
dot—quantum well active region emitting at A = 576 nm (7' = 300 K) with the 77 to 300 K intensity ratio of 2.5

has been demonstrated.
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1. Introduction

II-VI wide-gap semiconductor heterostructures still at-
tract great attention due to prospects of using in op-
toelectronic devices emitting in green and yellow-green
ranges of visible spectrum. Different approaches were
employed to extend the laser wavelength of II-VI het-
erostructures lattice-mathced to GaAs to the “true” yel-
low (A = 570—600 nm) range, which is of importance
for expanding the color space (CMYK) in the print-
ing and projection devices. Among them laser diodes
(LDs) with ZnCdSSe (A = 560 nm) [1] and BeZnCdSe
(A = 570 nm) [2] strained quantum wells (QW), as well
as a micro-chip LD converter comprising a CdSe/ZnSe
quantum dot (QD) laser structure with CdSe nominal
thickness enhanced beyond 3.1 monolayer (ML) (A =
567 nm) [3]. However, the latter demonstrated reduced
luminescence efficiency and output power (90 mW) in
comparison with the green prototype (165 mW) due to
partial plastic stress relaxation in the CdSe QD plane
when its thickness exceeds the critical one (=~ 3 ML [4]).
An alternative way we proposed several years ago is
to embed CdSe QDs into a strained Zn;_,Cd,Se QW,
which resulted in the emission wavelength of 565 nm [5].

This paper presents detailed theoretical cal-
culations of the Iluminescence wavelength in the
CdSe/Zn;_,Cd,Se/Zn(S,Se) QD system (z = 0.3—0.5,
tcase = 2.8—3.0 ML) using the envelope-function
approximation as well as experimental realization
of QD-QW heterostructures emitting in yellow

spectral range (570-600 nm) by molecular beam
epitaxy (MBE). The important element of the
CdSe/Zn;_,Cd,Se/Zn(S,Se) QD structure design is
tensile strained ZnS,Se;_,/ZnSe superlattices (SLs)
used for compensation of additional compressive strains
induced by Zn;_,Cd,Se QW. The choice of the SLs with
different average lattice-mismatch to GaAs depending
on parameters of the QD active region is justified.

2. Experiment

A series of test CdSe-QD/Zn;_,Cd,Se-QW het-
erostructures were grown by MBE at Tg = 270—280°C
pseudomorphically on GaAs (001) substrates via GaAs
buffer layer using a double chamber MBE setup
(SemiTEq, Russia) [6]. Elemental Cd, Zn, and com-
pound ZnS effusion cells, as well as a valved cracker Se
cell (Veeco) were employed for growth. Figure 1 presents
a deformation profile (Aa/a) relatively to a GaAs lat-
tice constant (Fig. 1a) along with the schematic band
diagram (Fig. 1b) of a typical structure. The structure
consisted of 0.1 pum thick bottom ZnSy 17Seq.s3/ZnSe SL
lattice-matched to GaAs (001) substrate with barrier-to-
well width ratio equal to 3 ML/5 ML, top and bottom
ZnSo.175€0.83/ZnSe compensation SLs with the thick-
nesses about 20 nm and 40 nm, respectively, and an ac-
tive region comprising CdSe QD with the nominal thick-
ness of =~ 2.8 ML placed in the middle of Zn;_,Cd,Se
QW. The Zn,_,Cd,Se QW width as well as Cd content
were varied within the tqw = di +do = 2d; = 2+ 5nm
(see Fig. 1) and = = 0.3 + 0.5 ranges. The Cd content
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in the ZnCdSe QW were estimated as ¢ = (vzncdse —
VZnSe)/VZnCdSe, Where vzycdse and vzyse are the ZnCdSe
and ZnSe growth rates measured by using reflection high
energy electron diffraction (RHEED) oscillations tech-
nique at the initial stage of the IT-VI heteroepitaxy un-
der the Se-rich conditions. The parameters of the het-
erostructures grown are summarized in Table along with
photoluminescence (PL) data. In addition, the graded-
index waveguide (GIW) laser heterostructure with the
2.8 ML-CdSe/Zng 65Cdg.355¢/ZnSe QD-QW active re-
gion has been grown. The general design as well as the
peculiarities of MBE growth of GIW laser heterostruc-
tures have been described in detail in Refs. [6, 7].
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Fig. 1. Deformation profile Aa/a along the growth di-

rection of a CdSe/ZnCdSe QD-QW structure relative
to the GaAs lattice constant (a) with corresponding
schematic band diagram (b).

TABLE I

Parameters of grown heterostructures with the
CdSe/Zn;_,Cd;Se QD-QW active region.

Sample Epy, [eV]|EpL [eV] z in ZnCdSe QW
(300 K) | (77 K) |Zni_.Cd,Se QW| width [nm]
A 2.134 2.183 0.37 2
B 2.065 2.116 0.44 3
C 2.097 2.144 0.42 3
D 2.169 2.220 0.35 3
E 2.139 2.187 0.38 3
F 2.052 2.105 0.44 4

The PL spectroscopy at low (77 K) and room (RT)
temperatures was used for the optical characterization
of the heterostructures (Cube, Coherent Inc, Aexe =
404 nm). The density of the extended defects in laser
heterostructure has been estimated by means of etched
pit density (EPD) technique [8].
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3. Theoretical calculations

To determine luminescence wavelengths which can be
achieved in CdSe QDs embedded in the Zn;_,Cd,Se
QW as well as to estimate the range of the structure
parameters (z and tqw) theoretical calculations were
carried out, using one-dimensional envelope function ap-
proximation with materials parameters taken from [9].
The following assumptions were employed: CdSe QDs
were considered as a Zn;_,Cd,Se QW of Gaussian pro-
file with 2 = 0.85—0.95 at maximum (QW bottom) and
the broadening parameter was chosen within 5-7 MLs in
analogy with CdSe QDs in ZnSe matrix, studied accu-
rately by using X-ray diffraction [10] and transmission
electron microscopy [11]. Zn;_,Cd,Se/ZnSe band off-
sets were determined based on a model-solid theory [12],
taking account of ~ 40% elastic stress accommodation
that occurs during CdSe QDs formation [13]. Results of
the luminescence wavelength calculation at 300 K as a
function of the surrounding ZnCdSe QW width (tqw)
for the QD broadening parameter of 5 and 7 ML are
presented in Fig. 2 along with the experimentally ob-
tained data (Table). The calculated dependences predict
rather narrow range of the Zn;_,Cd,Se QW thickness
suitable to obtain yellow emission (tqw = 2.5—4 nm).
The thicker Zn;_,Cd,Se QW has been found to have no
significant effect on emission wavelength but increases
strongly the total compressive stress in the QD-QW sys-
tem, whereas at tqw below 2.5 nm the emission wave-
length steeply decreases regardless of the Cd content in
the Zn;_,Cd,Se QW.
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Fig. 2. Calculated luminescence wavelength at 300 K

with broadening parameter of 5 ML (grey lines)
and 7 ML (black lines) as a function of the total
Zn;_,Cd,;Se QW width at different x.

To avoid stress relaxation and defect formation in the
complex ZnCdSe-QW /CdSe-QD system, taking into ac-
count that CdSe QDs with the nominal thickness be-
low the critical one (3 ML) can be formed in a ZnSe
matrix without plastic stress relaxation, we employed
the surrounding tensile-strained ZnSg 175€0.s3/ZnSe SLs
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for compensation of the compressive stress induced by
the Zn;_,Cd,Se QW. Figure 3 presents the calculated
average SL lattice-mismatch to GaAs substrate for a set
of ZnSp.17Sep.83/ZnSe SLs which can be used for the
7n;_,Cd,.Se QW stress compensation. In zero approxi-
mation, the compensating SLs can be chosen using a sim-
ple equation neglecting the difference in a shear modulus

fawtqw + fsrtst, =0,

where fqw and tqw are the lattice mismatch to GaAs
and the total width of Zn;_,Cd,Se QW, fsi, and tgy,
are the average lattice mismatch to GaAs and the total
thickness of ZnS,Se;_,/ZnSe SL. Grey region in Fig. 3
corresponds to the range of tgy, where it exceeds the crit-
ical thicknesses (hit) of plastic relaxation for a certain
fsr. This region was defined from a Cohen-Solal model
for II-VI compounds [14] fitted to the experimental point
herie = 150 nm of critical thickness for the ZnSe on GaAs
(fznse = 0.28%) [15].
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Fig. 3. Average lattice-mismatch to GaAs of

ZnSo.17Se0.83/ZnSe SLs versus a SL barrier width
at different SL well widths. The plastic relaxation
region corresponds to the upper axis of the critical
thickness of the ZnSSe/ZnSe SL versus its average
lattice mismatch (left axis).

4. Results and discussion

It is clearly seen from Fig. 2 that calculated dependen-
cies of the emission wavelength versus QD-QW struc-
ture parameters are in reasonably good agreement with
the experimental results, which confirms the applicabil-
ity of the proposed calculation model. But one should
note that the experimental points with higher Cd content
(x > 0.4) in the QW better correspond to the calculated
curves with the QD broadening parameter equal to 7 ML.
This can be explained by a Cd segregation effect which
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is more efficient when the surrounding Zn;_,Cd,Se QW
contains more Cd, making the boundary between the
QD and QW less pronounced. However this assumption
needs in experimental verification using e.g. transmission
electron microscopy measurements.

PL spectra of structure B at 300 and 77 K are pre-
sented in Fig. 4, with the maximum achieved QD lu-
minescence wavelengths being as long as 600 nm and
586 nm, respectively. However its RT peak intensity
is still rather weak — 400 times lower than that at
77 K, that presumably result from partial stress relax-
ation in Zn;_,Cd;Se QW with the highest Cd content
due to not complete stress compensation by the sur-
rounding ZnS,Se;_, /ZnSe SL. Nevertheless, the shorter-
wavelength test structures demonstrated intense RT QD
luminescence up to A = 590 nm.
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Fig. 4. PL spectra at 77 and 300 K of structure B with

maximum achieved room temperature wavelength.

Based on both theoretical estimations and experimen-
tal findings, the 2.8 ML CdSe QDs/ Zng 5Cdp.355¢ QW
(tqw = 5 nm)/ZnSe active region was introduced into
the GIW laser heterostructure of optimal design [6]. The
PL spectra at T' = 77 and 300 K of the GIW laser het-
erostructure are presented in Fig. 5. The QD PL peak
at 2.152 eV (576 nm, 300 K) dominates strongly in the
PL spectra and exceeds the SL peaks in intensity, which
confirms the efficient carrier transport into the GIW SLs
to the active region. The integral PL intensity of the
QD-QW peak at RT is only about 2.6 times lower than
that at 77 K, indicating rather high internal quantum
efficiency of the structure even at low excitation power.
The density of the extended defects measured using EPD
technique in this structure was as low as < 10° cm™2.

As the following steps in increasing the RT PL effi-
ciency of the CdSe-QD/ZnCdSe-QW heterostructures in
the 590-600 nm range, one can propose (i) more accurate
stress compensation by the ZnS,Se;_,/ZnSe SL as well
as (ii) employing of an asymmetrical active region where
the CdSe QDs are deposited on a “pure” ZnSe surface and
then overgrown by the Zn;_,Cd,Se QW with the same
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Fig. 5. PL spectra at 77 and 300 K of the II-VI GIW
laser heterostructure with the active region compris-
ing the 2.8 ML CdSe QD plane in the 5 nm thick
Zn.65Cdo.355¢ QW.

total width tqw. Indeed, deposition of the QD layer on
the Zn;_,Cd;Se surface possessing the Cd content fluc-
tuations which cause corresponding fluctuations of the
local strains could result in nucleation of much more in-
homogeneous array of CdSe QDs with wider variation of
QD size and Cd content. In this case the larger QDs with
greater localization potential have higher probability of
stress relaxation which makes them optically inactive and
thus reduces the total PL efficiency of the structure. The
more uniform QD nucleation surface (ZnSe) may enhance
the density of large CdSe QDs with the size and composi-
tion below the critical ones. However in that case the Cd
segregation on nucleated QDs during the Zn;_,Cd,Se
overgrowth should be established precisely.

5. Conclusions

The calculations of the luminescence wavelength of the
CdSe-QD/Zn; _,Cd,;Se-QW /ZnS,Se;_, system pseudo-
morphic to GaAs have been performed by using the
envelope-function approximation, which determine a
rather narrow range of the total Zn;_,Cd,Se QW thick-
nesses (tqw ~ 2—4 nm) suitable to obtain the yellow
emission at the CdSe QD nominal thickness of ~~ 2.8
monolayer. Variation of z (z = 0.3—0.5) at constant
tqw = 3nm is more advantageous due to its strong effect
on the emission wavelength, but it should be controlled
precisely during MBE growth because of the possible neg-
ative effect of the Cd fluctuations on CdSe QD formation
process. The applicability of the proposed model was
confirmed by good agreement with experimentally ob-
tained luminescence wavelengths in MBE grown CdSe-
QD/ZnCdSe-QW/ ZnS,Se; _, heterostructures. To pre-
vent the structures from relaxation the tensile-strained
surrounding ZnS,Se;_,/ZnSe superlattices were intro-
duced to compensate the compressive stress induced by
the Zn;_,Cd,Se QW. The maximum achieved emission
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wavelength at 300 K is as high as 600 nm, whereas the
intense PL is observed up to A = 590 nm only. The
high quantum efficiency laser heterostructure emitting
at A = 576 nm (300 K) with the extended defect den-
sity below 10% em~?2 has been realized on the basis of
theoretical and experimental findings for applications in
ITI-VI/III-N laser diode converters.
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