Single layer and stacked CdSe self-assembled quantum dots
with ZnCdMgSe barriers for visible and white light emitters
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We have grown structures with single layers of self-assembled quantuniSR@Ds9 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 quantu{@Dpsize 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 bl(R-G-B) 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 sourc®s.2005 American Vacuum
Society.[DOI: 10.1116/1.188501]5

I. INTRODUCTION applications. Recently, we found that using a II-VI material
. _ . ~ system, CdSe QDs on ZnCdMgSe barriers, the size and pho-
Extensive research has been carried out in the fabricatiogy|yminescencéPL) emission are controllable and reproduc-

and applications of low-dimensional heterostructures such agq only by changing the CdSe deposition tifitg). Further-

: 1 2 .
quantum wireSQWRs),” quantum dgtiQDS) and coupled 0 5 combination of stacked CdSe/ZnCdMgSe QDs
arrays of multi quantum dot@vIQDs)” due to their potential layers with emission in red, green, and bliR:G-B) prom-

advantage4s(such as excellent lasing characteristicem- . o o o
i . ises new possibilities for the realization of white light
pared to traditional semiconductdror quantum wel(QW)- sourced?

based devices® Although the advantages of low- Stacked multi-sheet ¢ coherent ODs h read
dimensional semiconductor heterostructures were predicted acked multi-sheet arrays of coherent QDs have already

about 30 years ago by Dingle and Hehtwavelength tun- been investigated to solve one of the most important weak-
ability, lower lasing threshold, maximum material gain and"€SS€S of these O-dimensional structures, QDs spatial distri-

reduction of temperature influence in the device perforPution during the self-organized procédther important
mance, commercial applications of QDs and QWRs-basedgdvantages obtained from correlated layers of QDs were the
devices are still far from those of QWSs. The reason for this iscoupling of electronic states along growth direction and the
the lack of control in the size, shape, density and QD districontrol of edge PL polarizatioff. However, few work§***
bution that determines the optical and electrical properties ogxplored the possibility of integrating stacked QD layers
these nanostructures and, consequently, limits their deviceach with a different emission, for example, in the red, green

and blue to produce white light, since traditional QD systems
3EJectronic mail: noemiperegaz@hotmail.com do not offer such well-controlled emission throughout the
YElectronic mail: mtamargo@ccny.cuny.edu visible spectrum.
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In this article, CdSe/ZnCdMgSe self-assembled quantum The Se/Cd, Cd/Zn and VI/II flux ratios were kept at 7.5,
dots (SAQDs were grown by molecular beam epitaxy 1.3 and 3.9, respectively, during the entire 11-VI growth. The
(MBE). Single layer QDSQDs and MQD structures are ZnCdMgSe barrier layers were grown with the same compo-
studied, respectively, to cover, individually, the entire visiblesition, thickness and band gaf~2.8 eV), for all the
spectrum and to explore the possibility of combining diversesamples. The ZnCdMgSe barrier band gap was measured on
QDs layers with different QD size for the fabrication of a reference layer grown under the same conditions as the QD
white light emission structures through the mixture of thebarrier layer. Samples for the atomic force microscopy
three primary colors. (AFM) images were removed from the chamber immediately
following the QD formation(without the quaternary top and
cap layers To slow down a possible ripening effétthe

Il. EXPERIMENTAL DETAILS samples were immediately immersed in liquid nitrogen. They
were kept like this until the moment of making the surface

The SQD samples were grown by MBE on I1601)  topography measurement.
substrates in an ultrahigh vacuufdHV) system that has  Two stacked CdSe/ZnCdMgSe SAQD structures were
two Riber 2300 gl‘OWth ChamberS, one dedicated to I”'Vgrown with the same ZnCdMgSe barrier, the same
materials and another to II-VI materials. FirSt, the OXideZnCdMgSe top |ayer’ and ZnCdSe cap |ayer' conditions as
layer of the InP substrate was removed by heating the suksxplained in the previous paragraph. These MQD structures
strate with an As flux impinging on the substrate surface. Thgyere composed of three CdSe QD layers, each with a differ-
oxide desorption of the substrate was monitored using reerngtD' separated by 33 nm ZnCdMgSe spacers. CdSe depo-
tion high energy electron diffractiofRHEED). The removal  sjtions were 7.2t,=36 9, 3.6(t,=18 9, 1.2 (tp=6 9 ML,
of the oxide layer was determined by the transition from angn 7.2(t5=36 9, 3.6 (tp=18 9, 0.6 (tp=3 9 ML.

As-rich (2X 4) to a group lll-rich(4 X 2) surface reconstruc-  AFM images were recorded in noncontact mode using a
tion, which occurs at about 495 °C. Immediately after theThermoMicroscopes Explorer™ system, operated in air and
deoxidation temperature was reached, the substrate tempeg- room temperature. Silicon microfabricated cantilevers
ture was decreased to 470 °C to recover (& 4) surface  jth a spring constant of 13—100 N/m and a resonance fre-
reconstruction and then, a 150 nm lattice-matched InGaAguency of 260 kHz were used. The integral and proportional
buffer layer was grown in order to obtain an atomically flat gains ranged between 0.5 and 1.2. Images were recorded in
surface for the growth of the 1I-VI layers. The substrate tem-the range of 55 um with a 300x 300 pixel resolution and
perature was about 485 °C during the InGaAs layer growthg scan rate of 3.6am/s. The microscope was placed on a
the RHEED showed a streak X 4) surface reconstruction, pneumatic anti-vibration table, under a damping cover. The
indicating a good quality epilayer and the formation of anprocessing was performed using teemLAB software. The
As-terminated Surface, which is essential to obtain a gooqu emission Spectra at 77 K were obtained using a03m
H-VI/II-V interface.lS After the IlI-V buffer Iayer grOWth, SPEX 1680-B Spectrometer which is connected to a photo_

the samples were transferred into the II-VI chamber viamultiplier tube. The excitation source was a He—Cd laser
UHYV transfer modules. Prior to the growth of II-VI layers, a with an emission wavelength of 325 nm.

Zn exposure for a period of 40 s at 170 °C was performed to
reduce the stacking fault density of the ZnCdMgSe epilayer
which is related to the formation of undesired compound IIl. RESULTS AND DISCUSSION

between Se atoms and In or Ga atoms, such ag§@é6 A three-dimensional image of an uncapped
This Zn exposure was followed by60 A of ZnCdSe at this CdSe/ZnCdMgSe QD structure is shown in Fig. 1. The
low temperature to promote the two-dimensional nucleatiorfor this sample was 10 s. The inset in Fig. 1 is a representa-
and allow an ordered deposition of the ZnCdMgSe layertive histogram of the QD height distribution in the sample.
Then the substrate temperature was increased to 250 °C aifitie histogram shows an approximately Gaussian line shape,
a 13 nm ZnCdMgSe layer was grown, after which, the subwith 4.5£0.5 nm being the most abundant value. The aver-
strate temperature was set to 270 °C for the remainder of thege radius of the QD base is 47 nm. However, the radius
growth. The RHEED exhibited a streaky Se-terminat@d should be cautiously considered due to the AFM tip convo-
X 1) surface reconstruction indicating the formation of goodlution which can make the radius of the QD base appear
quality epilayer® The total thickness of the quaternary bar- larger than the real value. The average QD density was
rier was 400 nm. To initiate the CdSe deposition, the Zn and x 10° cm 2.

Mg shutters were closed. The different CdSe QDs were Figure 2 shows the normalized 77 K PL spectra of five
formed on the ZnCdMgSe barrier by variation of thdfrom  samples each consisting of a CdSe SQD layer grown under
6 to 36 s, which corresponds to the deposition of 1.2 to 7.2he conditions described above and haviggof 6, 13, 18,

ML, followed by a growth interruption time of 30 s with 24, and 29 s, respectively, which corresponds to the deposi-
only the Se shutter open. To perform the PL measurementsipn of layers with nominal thicknesses of 1.2, 2.5, 3.6, 4.8,
the CdSe QDs were capped with a 130 nm ZnCdMgSe bai5.8 MLs. A weak PL emission from the ZnCdMgSe barrier is
rier. The structure was capped with a 60 A ZnCdSe layer tmbserved in the sample that exhibits blue emission. As shown
prevent the oxidation of the ZnCdMgSe. Growth was endedn Fig. 2, by appropriate choice of thg, the size of the QD

by decreasing the temperature to 225 °C under a Se flux. and consequently the emission wavelength from the CdSe
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Fic. 1. (Color online Three-dimensional AFM image of CdSe QDs depos- N ) ) . L A
ited on ZnCdMgSe barrieft;=10 9. Inset shows a histogram of the QD 5 10 15 20 25 30 35
height. CdSe deposition time (s)

Fic. 3. (a) Variation of the PL emission energy afty) of FWHM with tp for
QDs can be adjusted to fall anywhere within the Visib|eseveral samples grown on different days. The different symbols indicate the
17 . different days the samples were grown.
range. Ilvanowet al.”" have recently reported a similar result
for the case of CdSe QDs with ZnSe barriers, grown on

Sﬂg‘st'olrt]htehel:evgﬁrkl’:lj??érﬁg?éte?h:mfbsézrr]vgglyafiloerr tg?aqre plotted as a function af. The relationship between PL
9 ’ ' y y eak energy and thi, [Fig. 3@)] is nearly linear and has

matic decrease in the QD emission intensity for the sampl : .
. . ) . een observed in sets of samples grown on different days,
with emission at about 2.29 elgreen which was attributed . "> ° o .
indicating good control and reproducibility. Figure(bB

to the fact that, in that case, after deposition of 3.2 MLs, the hows the EWHM of the same samples represented in Eigqure
critical thickness was exceeded, followed by the formation of P P 9

defects that reduced the efficiency of the luminescence. I%(a). The' Imew@th increases with increasing band gap
our system we are able to reach the red emis&lod64 eV) (smaller siz¢ This suggests that the dominant factor deter-
with ; CdSe deposition timd-=36 s. and an equivalent mining the linewidth variation with QD size in our case is
. : P b= : quive the enhanced interface effect in the smaller dots.

nominal thickness of 7.2 ML, without such a reduction of Figure 4 shows the PL spectrum of a MQD structure hav-
emission intensity. We attribute this result to the fact that the gu . b

. . . . . ing white emission(as seen by eyeat 77 K. Three peaks
critical thickness of this 1l-VI system is greater than in the orresponding to the refll.964 e\j. green(2.270 eV and
CdSe/ZnSe system due to the much smaller lattice mismatcb P 9 ' ' 9 '

(3.08% between the ZnCdMgSe lattice matched to liaP ue (2.658 e\j emissions were observed from the QD lay-
:5' 869 A and CdSea=6.050 A).1° ers grown with the following deposition time$;=36 s,

In Fig. 3, the PL emission peak positi¢the line is given tp=18 s andp=6 s, respectively. The light emitted from the
to guide the eyeand full width at half maximum(FWHM)

[ 1.964 eV (t =36 s)
2714 eV (t =65) % 2658 eV (1=6s)

i 2454 eV (t =13 ) ] i
3 2.283 eV (t =18s) ~F 2270 eV (=18 5)
S 21566Vt =24 9) ZnCdMgSe N
= barrier =T
@ 2.083 eV T 2
& 2873 eV 5
E (t,=29s) % |

[=
E L
JP—_AvA _
[} .Y
ZzZ ) L L ) )
VA Vs 1.8 21 24 27 3.0
N " N PL emission energy (eV)

I I i 1
18 20 22 24 26 28 30
PL emission energy (eV) Fic. 4. PL spectrum of an R-G-B MQD sample with white emitted light
color at 77 K. PL peak emissions with their correspondig@ssignments
Fic. 2. (Color onling PL spectra of five samples grown with different CdSe are indicated in the figuréred QD layert;=36's, green QD layety
deposition times. The PL peak emission apdor each sample is indicated =18 s, blue QD layetp;=6 5. ZnCdMgSe barrier peak can be noticed in the
in parenthesis. figure at 2.819 eV.
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binations of three stacked QD layers with Cd deposition time
corresponding to the red, green and blue emission were used
to obtain white light. The CdSe QD emission, covering the
entire visible range, followed a simple near linear relation-
ship with thetp, not only between different samples of
SQDs, but also within the white MQD structure. These re-
sults indicate that this material may be an attractive alterna-
tive for optical applications in the R-G-B range and may be
useful for the fabrication of white light sources.
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