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We have grown structures with single layers of self-assembled quantum dotssSAQDsd and stacked
layers of SAQDs in the II-VI materials systems CdSe/ZnCdMgSe. The structures were grown on
InP substrates by molecular beam epitaxy. Good control of the quantum dotsQDd size by controlling
the CdSe deposition time was obtained, giving structures whose emission can be adjusted to be at
any wavelength within the visible spectrum range. Stacked QD structures consisting of three QD
layers emitting in the red, green and bluesR-G-Bd regions of the spectrum, respectively, were
grown. Photoluminescence measurements exhibited bright white emission that could be observed by
eye, at 77 K or at room temperature, as a result of the mixing of the three lines. These results
indicate that this material may be an attractive alternative for optical applications in the R-G-B range
and may be useful for the fabrication of white light sources.© 2005 American Vacuum
Society.fDOI: 10.1116/1.1885015g
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I. INTRODUCTION

Extensive research has been carried out in the fabric
and applications of low-dimensional heterostructures su
quantum wiressQWRsd,1 quantum dotssQDsd2 and coupled
arrays of multi quantum dotssMQDsd3 due to their potentia
advantages4 ssuch as excellent lasing characteristicsd com-
pared to traditional semiconductor5,6 or quantum wellsQWd-
based devices.7,8 Although the advantages of low
dimensional semiconductor heterostructures were pred
about 30 years ago by Dingle and Henry9 swavelength tun
ability, lower lasing threshold, maximum material gain
reduction of temperature influence in the device pe
manced, commercial applications of QDs and QWRs-ba
devices are still far from those of QWs. The reason for th
the lack of control in the size, shape, density and QD d
bution that determines the optical and electrical propertie
these nanostructures and, consequently, limits their d
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applications. Recently, we found that using a II-VI mate
system, CdSe QDs on ZnCdMgSe barriers, the size and
toluminescencesPLd emission are controllable and reprod
ible only by changing the CdSe deposition timestDd. Further-
more, a combination of stacked CdSe/ZnCdMgSe
layers with emission in red, green, and bluesR-G-Bd prom-
ises new possibilities for the realization of white li
sources.10

Stacked multi-sheet arrays of coherent QDs have alr
been investigated to solve one of the most important w
nesses of these 0-dimensional structures, QDs spatial
bution during the self-organized process.11 Other importan
advantages obtained from correlated layers of QDs wer
coupling of electronic states along growth direction and
control of edge PL polarization.12 However, few works13,14

explored the possibility of integrating stacked QD lay
each with a different emission, for example, in the red, g
and blue to produce white light, since traditional QD syst
do not offer such well-controlled emission throughout

visible spectrum.

1236/23 „3…/1236/4/$22.00 ©2005 American Vacuum Society
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In this article, CdSe/ZnCdMgSe self-assembled quan
dots sSAQDsd were grown by molecular beam epita
sMBEd. Single layer QDssSQDsd and MQD structures a
studied, respectively, to cover, individually, the entire vis
spectrum and to explore the possibility of combining dive
QDs layers with different QD size for the fabrication
white light emission structures through the mixture of
three primary colors.

II. EXPERIMENTAL DETAILS

The SQD samples were grown by MBE on InPs001d
substrates in an ultrahigh vacuumsUHVd system that ha
two Riber 2300 growth chambers, one dedicated to I
materials and another to II-VI materials. First, the ox
layer of the InP substrate was removed by heating the
strate with an As flux impinging on the substrate surface.
oxide desorption of the substrate was monitored using re
tion high energy electron diffractionsRHEEDd. The remova
of the oxide layer was determined by the transition from
As-rich s234d to a group III-richs432d surface reconstru
tion, which occurs at about 495 °C. Immediately after
deoxidation temperature was reached, the substrate tem
ture was decreased to 470 °C to recover thes234d surface
reconstruction and then, a 150 nm lattice-matched InG
buffer layer was grown in order to obtain an atomically
surface for the growth of the II-VI layers. The substrate t
perature was about 485 °C during the InGaAs layer gro
the RHEED showed a streakys234d surface reconstructio
indicating a good quality epilayer and the formation of
As-terminated surface, which is essential to obtain a g
II-VI/III-V interface.15 After the III-V buffer layer growth
the samples were transferred into the II-VI chamber
UHV transfer modules. Prior to the growth of II-VI layers
Zn exposure for a period of 40 s at 170 °C was performe
reduce the stacking fault density of the ZnCdMgSe epila
which is related to the formation of undesired compou
between Se atoms and In or Ga atoms, such as Ga2Se3.

16

This Zn exposure was followed by,60 Å of ZnCdSe at thi
low temperature to promote the two-dimensional nuclea
and allow an ordered deposition of the ZnCdMgSe la
Then the substrate temperature was increased to 250 °
a 13 nm ZnCdMgSe layer was grown, after which, the
strate temperature was set to 270 °C for the remainder o
growth. The RHEED exhibited a streaky Se-terminates2
31d surface reconstruction indicating the formation of g
quality epilayer.15 The total thickness of the quaternary b
rier was 400 nm. To initiate the CdSe deposition, the Zn
Mg shutters were closed. The different CdSe QDs w
formed on the ZnCdMgSe barrier by variation of thetD from
6 to 36 s, which corresponds to the deposition of 1.2 to
ML, followed by a growth interruption time of 30 s wi
only the Se shutter open. To perform the PL measurem
the CdSe QDs were capped with a 130 nm ZnCdMgSe
rier. The structure was capped with a 60 Å ZnCdSe lay
prevent the oxidation of the ZnCdMgSe. Growth was en

by decreasing the temperature to 225 °C under a Se flux.
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The Se/Cd, Cd/Zn and VI/II flux ratios were kept at 7
1.3 and 3.9, respectively, during the entire II-VI growth. T
ZnCdMgSe barrier layers were grown with the same com
sition, thickness and band gaps,2.8 eVd, for all the
samples. The ZnCdMgSe barrier band gap was measur
a reference layer grown under the same conditions as th
barrier layer. Samples for the atomic force microsc
sAFMd images were removed from the chamber immedia
following the QD formationswithout the quaternary top a
cap layersd. To slow down a possible ripening effect,15 the
samples were immediately immersed in liquid nitrogen. T
were kept like this until the moment of making the surf
topography measurement.

Two stacked CdSe/ZnCdMgSe SAQD structures w
grown with the same ZnCdMgSe barrier, the sa
ZnCdMgSe top layer, and ZnCdSe cap layer condition
explained in the previous paragraph. These MQD struc
were composed of three CdSe QD layers, each with a d
ent tD, separated by 33 nm ZnCdMgSe spacers. CdSe
sitions were 7.2stD=36 sd, 3.6 stD=18 sd, 1.2 stD=6 sd ML,
and 7.2stD=36 sd, 3.6 stD=18 sd, 0.6 stD=3 sd ML.

AFM images were recorded in noncontact mode usi
ThermoMicroscopes Explorer™ system, operated in air
at room temperature. Silicon microfabricated cantile
with a spring constant of 13–100 N/m and a resonance
quency of 260 kHz were used. The integral and proporti
gains ranged between 0.5 and 1.2. Images were record
the range of 535 mm with a 3003300 pixel resolution an
a scan rate of 3.69mm/s. The microscope was placed o
pneumatic anti-vibration table, under a damping cover.
processing was performed using theSPMLAB software. The
PL emission spectra at 77 K were obtained using a 0
SPEX 1680-B spectrometer which is connected to a ph
multiplier tube. The excitation source was a He–Cd l
with an emission wavelength of 325 nm.

III. RESULTS AND DISCUSSION

A three-dimensional image of an uncap
CdSe/ZnCdMgSe QD structure is shown in Fig. 1. ThtD
for this sample was 10 s. The inset in Fig. 1 is a repres
tive histogram of the QD height distribution in the sam
The histogram shows an approximately Gaussian line s
with 4.5±0.5 nm being the most abundant value. The a
age radius of the QD base is 47 nm. However, the ra
should be cautiously considered due to the AFM tip co
lution which can make the radius of the QD base ap
larger than the real value. The average QD density
73108 cm−2.

Figure 2 shows the normalized 77 K PL spectra of
samples each consisting of a CdSe SQD layer grown u
the conditions described above and havingtD of 6, 13, 18
24, and 29 s, respectively, which corresponds to the de
tion of layers with nominal thicknesses of 1.2, 2.5, 3.6,
5.8 MLs. A weak PL emission from the ZnCdMgSe barrie
observed in the sample that exhibits blue emission. As sh
in Fig. 2, by appropriate choice of thetD, the size of the QD

and consequently the emission wavelength from the CdSe



ible
ult
on

the
dra

mple
d
the

n of
e. In

nt
of

t the
the
atc

L
s

days,

igure
gap
ter-
is

hav-
s

ay-

he

os-
D

Se
d

te the

ight
s

the

1238 Perez-Paz et al. : Single layer and stacked CdSe self-assembled quantum 1238
QDs can be adjusted to fall anywhere within the vis
range. Ivanovet al.17 have recently reported a similar res
for the case of CdSe QDs with ZnSe barriers, grown
GaAs. In their work, they reported emission only from
blue to the green. Furthermore, they observed a very
matic decrease in the QD emission intensity for the sa
with emission at about 2.29 eVsgreend which was attribute
to the fact that, in that case, after deposition of 3.2 MLs,
critical thickness was exceeded, followed by the formatio
defects that reduced the efficiency of the luminescenc
our system we are able to reach the red emissions1.964 eVd
with a CdSe deposition time,tD=36 s, and an equivale
nominal thickness of 7.2 ML, without such a reduction
emission intensity. We attribute this result to the fact tha
critical thickness of this II-VI system is greater than in
CdSe/ZnSe system due to the much smaller lattice mism
s3.08%d between the ZnCdMgSe lattice matched to InPsa
=5.869 Åd15 and CdSesa=6.050 Åd.15

In Fig. 3, the PL emission peak positionsthe line is given
to guide the eyed and full width at half maximumsFWHMd

FIG. 1. sColor onlined Three-dimensional AFM image of CdSe QDs dep
ited on ZnCdMgSe barrierstD=10 sd. Inset shows a histogram of the Q
height.

FIG. 2. sColor onlined PL spectra of five samples grown with different Cd
deposition times. The PL peak emission andtD for each sample is indicate

in parenthesis.

J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
-

h

are plotted as a function oftD. The relationship between P
peak energy and thetD fFig. 3sadg is nearly linear and ha
been observed in sets of samples grown on different
indicating good control and reproducibility. Figure 3sbd
shows the FWHM of the same samples represented in F
3sad. The linewidth increases with increasing band
ssmaller sized. This suggests that the dominant factor de
mining the linewidth variation with QD size in our case
the enhanced interface effect in the smaller dots.

Figure 4 shows the PL spectrum of a MQD structure
ing white emissionsas seen by eyed at 77 K. Three peak
corresponding to the reds1.964 eVd, greens2.270 eVd and
blue s2.658 eVd emissions were observed from the QD l
ers grown with the following deposition times:tD=36 s,
tD=18 s andtD=6 s, respectively. The light emitted from t

FIG. 3. sad Variation of the PL emission energy andsbd of FWHM with tD for
several samples grown on different days. The different symbols indica
different days the samples were grown.

FIG. 4. PL spectrum of an R-G-B MQD sample with white emitted l
color at 77 K. PL peak emissions with their correspondingtD assignment
are indicated in the figuresred QD layer tD=36 s, green QD layertD
=18 s, blue QD layertD=6 sd. ZnCdMgSe barrier peak can be noticed in

figure at 2.819 eV.
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sample was white at 77 K as can be observed in the p
graph taken during the PL measurementsFig. 5d. As the
sample temperature is raised to room temperaturesRTd, the
emission appears greenish as a result of the slight shift o
QD PL emission towards longer wavelengths with temp
ture. This shift is about 50 meV. To overcome this eff
another sample was grown with a different CdSe depos
time for the blue layerstD=3 sd. In this case white emissio
was achieved at RT. The FWHM for the 77 K PL emiss
lines of Fig. 4 are 23.6 meV for the red, 40.2 meV for
green, and 53.1 meV for the blue emission. Both the
emission energy and the FWHM of the three QDs laye
the MQD structure follow the same trend withtD as the
samples represented in Fig. 3, which indicates that the
not any disruption of the growth due to a correlation betw
layers of QDs.

IV. SUMMARY

In summary, the formation of CdSe SAQDs on a bar
material, ZnCdMgSe lattice matched to InP, was repo
and their optical properties were investigated. The size
consequently the PL emission of the QDs, can be prec
tuned by the CdSe deposition time. As expected, hi
emission peak energy is observed for smaller QDs due t
quantum confinement effect. The AFM images demons

FIG. 5. sColor onlined White light emitted for the R-G-B MQD structu
represented in Fig. 4. The sample was mounted on the cold finger of a
cryostat, which can be clearly distinguished in the figure.
the formation of uncapped CdSe QDs on ZnCdMgSe. Com
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binations of three stacked QD layers with Cd deposition
corresponding to the red, green and blue emission were
to obtain white light. The CdSe QD emission, covering
entire visible range, followed a simple near linear relat
ship with the tD, not only between different samples
SQDs, but also within the white MQD structure. These
sults indicate that this material may be an attractive alte
tive for optical applications in the R-G-B range and may
useful for the fabrication of white light sources.
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