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Abstract

We have grown p-type ZnCdMgSe quaternary layers and have fabricated light-emitting diodes (LEDs) from
pseudomorphic quantum well (QW) structures of ZnCdSe/ZnCdMgSe grown on InP substrates that emit throughout
the visible range. Nearly identical structures, di!ering only in the ZnCdSe QW layer thickness and/or composition can
produce light ranging from blue to red. Good current}voltage characteristics are obtained from the diodes using
p#ZnSeTe lattice matched to InP as the p-type contact layer. These structures have potential applications as integrated
full-color display elements. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Semiconductor lasers and light-emitting diodes
(LED) that emit in the visible range have potential
applications in full-color displays. In particular,
high-de"nition and high-brightness display panels
may bene"t from semiconductor laser-based tech-
nology. Currently, full-color displays rely on di!er-
ent materials grown on di!erent substrates as the
three primary colors: red, green and blue (R}G}B).
For example, room-temperature cw blue lasers
made from GaN materials [1] have been reported,
while green lasers are made from ZnSe-based

materials on GaAs [2], and red lasers are available
from GaP-based III}V materials [3]. In order to
fabricate integrated systems, it is of interest to de-
velop a single material grown on a single substrate
that can be used for the full-color range. It would
be di$cult to combine the materials above into
a single substrate for device integration. Thus, it is
of interest to explore compatible materials that
produce the three colors and that may be grown in
high quality on a single substrate.

Wide bandgap (Zn, Cd, Mg)Se is a quaternary
materials system that can be used in the design and
fabrication of R}G}B full-color displays [4,5].
These layers can be grown lattice matched to InP
substrates with a wide range of bandgaps, from 2.18
to&3.2 eV. We have recently shown that by using
ZnCdMgSe layers as cladding and waveguiding
layers and a ZnCdSe layer as the active layer, we
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can design totally lattice matched or pseudomor-
phic laser structures with emission ranging
throughout the entire visible range, from blue to
red. R}G}B emission can be achieved from almost
identical structures where only the quantum well
(QW) thickness and/or composition are varied.
Furthermore, we have shown that controlled and
high-level n-type doping of the quaternary layers is
possible with ZnCl

2
as the dopant source [6].

Levels above 1018/cm3 were obtained in layers lat-
tice matched to InP that have bandgaps as high as
2.8}2.9 eV, suitable for LED barrier layers. We also
recently reported the controlled growth and doping
of p# ZnSeTe layers lattice matched to InP [7].
These can be used as a p-type ohmic contact layer
in the device structures.

In this paper, we will present new results in the
p-type doping of the ZnCdMgSe quaternary mater-
ials. Moreover, we will utilize our earlier "ndings
about heterostructure design and doping of the
ZnCdMgSe layers and ZnSeTe grown on InP sub-
strates to fabricate QW LEDs. We will present the
growth and characterization of p}n junction LED
structures that vary only in the thickness and/or
composition of the QW layer and that exhibit elec-
troluminescence (EL) emission throughout the
visible range, a unique property, not currently
available from any other single semiconductor ma-
terials system. Our results clearly demonstrate the
potential for these materials in the fabrication of
integrated full-color display elements and are the
"rst step to fabricate R}G}B semiconductor lasers.

2. Experimental procedure

The layers were grown by molecular beam
epitaxy (MBE) in a Riber 2300P MBE system con-
sisting of two growth chambers connected by
UHV, one for the growth of As-based III}V com-
pounds and the other for wide bandgap II}VI ma-
terials. Solid source Zn, Cd, Mg, Se and Te as well
as ZnCl

2
for doping are available for II}VI growth.

A nitrogen RF plasma source (Oxford) is also
included for p-type doping. Growth was per-
formed on n# (0 0 1)InP substrates doped with
sulfur. Prior to use, the substrates were degreased
and etched as previously described [8]. Oxide

desorption of the InP substrates was performed in
the III}V chamber by heating to&4903C with an
As #ux impinging on the InP surface. A lattice-
matched InGaAs bu!er layer (&0.1 lm) was grown
and the substrate with the bu!er layer was transfer-
red to the II}VI chamber. Growth of the II}VI
material was performed under Se-rich conditions
with a VI/II beam equivalent pressure ratio of&4.
The growth was initiated at a low temperature of
1703C by growing a &50 As ZnCdSe interfacial
layer. Then, the temperature was raised to the
growth temperature of 2703C with a 4 min inter-
ruption, after which the desired structure was
grown. This procedure has been shown in the past
to produce high-quality quaternary layers [9].

Both single layers of nitrogen-doped ZnCdMgSe
and p}n junction QW structures were grown.
Single layers of various compositions were grown
to achieve lattice-matched quaternaries of various
bandgaps in the range of 2.3}2.7 eV. They were
capped with a thin (50}100 As ) p-ZnCdSe cap layer
to avoid oxidation due to the large Mg concentra-
tions. For the device structures (see top of Fig. 2)
a 1000 As InGaAs bu!er layer doped with Si to an
n-type doping level of 1018/cm3 was "rst grown on
the InP substrate. This was followed by a &50 As
ZnCdSe interfacial layer grown at low temperature
(1703C). The n-type quaternary barrier layer has
a nominal thickness of 0.5 lm and is doped with
ZnCl

2
to a level of 5]1017/cm3. Its composition is

such that it is lattice matched to the InP substrate
and its bandgap is 2.9 eV. The quaternary is fol-
lowed by a QW layer of ZnCdSe, and a p-type
quaternary barrier layer of the same composition
as the "rst. The thickness and the composition of
the ZnCdSe QW were chosen according to the
desired emission range. In the range from blue
to yellow, the lattice-matched composition with
a nominal bandgap of 2.2 eV was used. The emis-
sion range was tuned by changing the ZnCdSe QW
thickness. In the red range, a lattice-mismatched
(1.2%) ZnCdSe QW layer with a thickness of 100 As
was used. The p-type quaternary layer was grown
only 1000 As thick in order to minimize the device
resistance. Finally, a top ZnSeTe p# layer was
deposited. The thickness of this layer was varied
between 1000 and 150 As . The optimum value is
150}200 As .
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Table 1
Materials parameters relevant for LED fabrication of
ZnCdMgSe structures lattice matched to InP

Bandgap emission range 2.0}3.0 eV
Defect densities (5]104/cm2

ZnCdMgSe n-type doping '1]1018/cm3

ZnCdMgSe p-type doping &1]1016/cm3

ZnSeTe p-type doping '1]1019/cm3

Fig. 1. Capacitance}voltage (C}<) plot for a ZnCdMgSe quat-
ernary layer with bandgap of 2.5 eV doped with nitrogen. The
N

A
!N

D
level is 7]1015/cm3.

The devices [both for capacitance}voltage (C}<)
measurements or LED testing] were fabricated by
depositing either a Au or an In dot on the surface
and attaching Au wires to the back n#InP sub-
strate surface and the top metal contact. The size of
the In dot varied while the Au dot was&0.3 mm2.
No post-growth annealing of the metal contact was
performed. The single nitrogen-doped ZnCdMgSe
layers were characterized by C}< measurements
using a Keithley 590 CV Analyzer. Low-temper-
ature photoluminescence (PL) at 77 K and (4 0 0)
single-crystal X-ray di!raction were used to
measure the layers bandgap and lattice constant,
respectively. The I}< characteristics of the LEDs
were measured with a Keithley 236 source unit. The
surface EL emission of the diodes under pulsed
operation at various current levels, was collected by
a microscope objective and focused into an optical
multi-channel analyzer to analyze the spectral
characteristics of the device.

3. Results and discussion

Table 1 summarizes the materials properties for
ZnCdMgSe layers and structures that we have re-
ported in the past, and that are relevant to the
design of LEDs. N-type doping concentrations of
the ternary ZnCdSe and quaternary ZnCdMgSe
lattice matched to InP have been demonstrated to
be greater than 1018 carriers/cm3 for layers with
bandgaps up to 2.9 eV. We have also shown that
low defect density quaternary layers and structures
can be routinely achieved on InP substrates by
growing a III}V bu!er layer with a (2]4) As-
termination, using a Zn irradiation of the III}V
surface prior to II}VI layer growth, and initiating
the growth at 1703C with a thin (&50 As ) ZnCdSe
interfacial layer. Finally, the growth of lattice-

matched p#ZnSeTe with hole concentrations in
the 1019 carriers/cm3 levels were also reported,
making it possible to make p-type ohmic contacts
to the lattice-matched device structures.

In order to make diodes, the maximum p-type
doping levels of the ZnCdMgSe layers was also
explored. Fig. 1 shows the C}< plot for a quater-
nary layer of bandgap 2.5 eV that has a net accep-
tor concentration (N

A
!N

D
) of &7]1015/cm3.

The layer is uniformly doped using a nitrogen
plasma source as a source of nitrogen. The nitrogen
plasma source was operated with an RF-discharge
power of 400 W. It was necessary to use about
one-half of the nitrogen #ux used for maximum
p-type doping of ZnSe in order to maintain a good
crystalline quality as monitored by RHEED. Sim-
ilar doping levels were obtained for all the samples
regardless of the bandgap or doping conditions
used.

Although only low p-type conductivity has been
achieved, a p}n junction structure was designed
and fabricated to investigate the electrolumines-
cence from these materials. Three LED structures
were grown with the di!erent layer structure para-
meters given in Table 2. The principal parameter
that varied in the structures was the QW thickness
and/or composition. The QW thickness values
given in Table 2 are nominal values based on mea-
sured growth rates of ZnCdSe thick layers and the
growth times used for the QW growth. The lattice
mismatch values (*a/a) are obtained on thick
(&1 lm) layers of ZnCdSe of the same composition
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Fig. 2. Current}voltage (I}<) characteristics of a ZnCdMgSe-
based LED structure. The top contact is a Au dot (&0.3 mm2).
The top shows a schematic of the LED layer structure grown.
Similar I}< characteristics were obtained with samples having
a 1000 As or 200 As thick ZnSeTe p-contact layer.

Table 2
Parameters for the three LED structures investigated

LED color QW EL (300 K)

*a/a
(%)

Thickness
(As )

Energy
(eV)

FWHM
(meV)

Blue}green (0.2 20 2.385 78
Yellow (0.2 60 2.244 70
Red 1.2 100 1.967 90

Fig. 3. Surface electroluminescence (EL) spectra for three LED
structures that di!er only in the QW thickness and/or composi-
tion used. Emission throughout the visible range is observed.

as the QW. The QW parameters used were selected
in an attempt to obtain emission spanning a broad
range of the visible spectrum. Table 2 also lists the
EL properties of the three structures.

Fig. 2 shows the I}< characteristics of one of
these diodes. Low turn-on voltages ((4 V), no re-
verse breakdown of the devices even at voltages
below!10 V, and output currents of&100 mA at
5 V were typically observed for these simple LED
structures. Based on this I}< curve, the estimated
device resistance is not substantially greater than
that of commercial LEDs.

The EL spectrum was measured from the top
surface near the edge of the contact, under pulsed
operation of the device at 100 mA with 100 ns
pulses and 0.1% duty cycle. Quantum e$ciency
measurements are not possible with this simple
geometry since most of the emission is lost within
the contact region. The as-measured EL spectra at
room temperature are shown in Fig. 3. Three emis-
sion lines, one in the red (1.967 eV), one in the
yellow (2.244 eV) and a third in the blue}green
(2.385 eV) region of the visible range were observed
from the three structures, demonstrating the feasi-
bility of these devices for full-color display ele-
ments. A slightly thinner QW layer, with a higher
subband energy level, would be needed to reach the
blue emission. It should be pointed out that blue
emission was achieved from similar structures in
optically pumped lasers although the nominal QW
thickness in those was greater, suggesting that blue
emission can be achieved, but our thickness esti-
mates are not accurate. The EL line shapes are
symmetric and have full-widths at half-maximum
(FWHM) of 70}90 meV which are comparable
to reported data from ZnSe-based QW LEDs
(46}85 meV) [10}12] and signi"cantly narrower
than the typical widths from blue GaN-based
LEDs (&200 meV) [13,14]. The increase in EL
intensity from the green to the red diode varies
nearly proportionally with the QW thickness for
each structure, suggesting that the quantum ef-
"ciencies for the three structures are comparable.
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Fig. 4. Surface electroluminescence (EL) spectra for an LED
structure with a thick (1000 As ) ZnSeTe p# contact layer (solid
line). The dashed line represents the EL for the same structure
after etching the top ZnSeTe layer to 150 As . The broad red
emission in the as-grown structure originates from the ZnSeTe
cap layer and not from the QW.

Initially the EL measurements were made on the
as-grown wafers, some of which had 1000 As thick
ZnSeTe p# contact layers. In those structures
a broad red emission EL was observed regardless of
the QW thickness. The solid line in Fig. 4 shows the
EL spectrum of one of these diodes. A broad
EL band is observed centered at 1.835 eV. After
chemical thinning of the ZnSeTe layer the red emis-
sion was removed and the QW-related EL peak
could be clearly observed. The EL spectrum of
the same structure after etching of the ZnSeTe layer
down to a thickness value of &200 As is shown
by the dashed line in Fig. 4. This result indica-
tes that most of the QW emission is absorbed by
the thick ZnSeTe layer, which then exhibits a
very strong and dominant re-emission. The room-
temperature bandgap of lattice-matched ZnSeTe
layers is expected to be at about 2.1 eV, thus
absorption of the QW emission is likely for yellow,
green or blue LEDs. ZnSeTe layers of this composi-
tion exhibit a broad PL emission form isoelectronic
centers within the gap, at about 2.0 eV [15].
The observed emission from the LEDs is somewhat
lower in energy, at 1.835 eV, and may indicate
that it is due to recombination occurring at the
type-II interface between the ZnCdMgSe barrier
layer and the ZnSeTe cap. Although the band
alignment between these two materials is not
known, a type-II alignment is likely. Strong

luminescence has been previously observed
from II}VI type-II heterostructures [16]. The
elimination of the red emission and observation of
QW EL after etching shows that an optimum thick-
ness for this layer must be used, thin enough to
suppress the absorption of the QW emission but
thick enough to insure good ohmic contact charac-
teristics. Our experience suggests that 150}200 As is
appropriate.

Two principal issues remain to be resolved be-
fore practical integrated full-color display elements
can be seriously considered with these materials.
The "rst is increasing the p-type doping level of the
quaternary barrier layer. This is particularly impor-
tant for the development of injection laser struc-
tures from these materials. Delta-doping methods
may be useful to address this issue. The second is
the development of a method to fabricate the three
structures on a single substrate (device integration).
An approach toward this goal, is the use of shadow
mask selective area epitaxy [17] as a means to
pattern QW region, so that the di!erent thick-
nesses/composition QWs can be deposited on
a single substrate.

4. Conclusion

We have grown p-ZnCdMgSe quaternary layers
and have fabricated p}n junction light-emitting
diode (LED) structures made from ZnCdSe/
ZnCdMgSe QWs grown lattice matched to InP
substrates. The highest p-type level achieved in
ZnCdMgSe layers doped with nitrogen is &1]
1016/cm3. In spite of the relatively high resistance of
the p-ZnCdMgSe barrier layer, the I}< character-
istics of the diodes are good, exhibiting low turn-on
voltages. Electroluminescence spectra spanning
nearly the entire visible spectrum were observed
from three diode-structures in which only the QW
thickness and/or composition were varied. These
results clearly show the potential for these mater-
ials to fabricate integrated full-color display
elements. It was also shown that the thickness of
the top p# ZnSeTe contact layer must be kept
thin (150}200 As ) in order to avoid absorption of
the QW emission and re-emission in the red from
this layer.
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