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Abstract:

With the increasing attention devoted to ZnO in the late nineties, the discovery of ZnCdO as a means
of reducing its bandgap towards visible wavelengths promised it a bright future in optoelectronics,
which should run in parallel to its possible applications as a transparent conducting oxide. This review
will cover the developments achieved so far in the growth of ZnCdO, in the understanding of its
structural properties, paying special attention to the competition between wurtzite and rocksalt
phases, as well as in the analysis of its optical and electronic properties. Finally, some of the devices
demonstrated with ZnCdO will be reviewed together with the difficulties they have encountered.

Introduction

As of today, the success of GaN-based optoelectronic devices relies on the combination of
GaN and InGaN in quantum heterostructures, which have enabled the fabrication of commercially
available light-emitting diodes and laser diodes. Indeed, InGaN allows tuning the bandgap of GaN far
into the visible and even into the infrared, and has enabled the development of quantum wells
displaying internal quantum efficiencies larger than 90%."

In the late 90’s, ZnO was “rediscovered once again”? and was introduced as an interesting
alternative to GaN, given the numerous structural, optical and electronic properties shared by the
two materials. In this context, ZnCdO appeared as the optimum candidate to play the role of InGaN,
given that the introduction of Cd into the wurtzite ZnO lattice was shown to reduce the bandgap
from the UV down into the visible.? Besides, it was soon found that ZnMgO and ZnCdO alloys grown
along the polar c-direction could be lattice matched, as in both systems the a lattice parameter
increases with increasing Mg (or Cd) concentration.? This generated an enormous optimism and
offered new opportunities to the ZnMg0O/ZnCdO system in terms of bandgap engineering with
negligible, eventually null, strain accumulation. This situation contrasted with that found in the
AlGaN/InGaN system. However, contrary to the llI-nitrides system in which all binary compounds
crystallize in the hexagonal wurtzite structure, the extreme binary compounds MgO and CdO display
a cubic thermodynamically stable phase, rocksalt, that is different from the wurtzite one of ZnO.
Indeed, it was rapidly understood that this could impose some limitations in terms of Cd (and Mg)
solubility as well as in terms of crystalline quality,® aspects that will be specifically reviewed in the
following pages.

In parallel to the development of ZnCdO as “active” material in optoelectronic devices, and in
most cases independently of, this compound has been investigated as a “passive” transparent
conducting oxide (TCO). The first report on ZnCdO studied as a TCO dates back to 1996," i.e. 2 years
before it was introduced to the optoelectronic community.” As such, it has been considered as a

%78 though with much less

possible alternative to ITO, similarly to highly-doped ZnO, CdO or SnO,,
success than some of its competitors. As for the optoelectronic field, the first report of 1996 already

identified the structural incompatibility between wurtzite ZnO and rocksalt CdO.* However, the
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requirements in terms of crystalline quality for TCO applications being less stringent than for
optoelectronic devices, the groups working in this topic have contributed decisively to achieve single-
phase ZnCdO across the full composition range, as will be discussed hereafter.

In this context, a full range of growth techniques has been used to grow ZnCdO with
controlled structural, optical and electronic properties, going from more sophisticated ones, such as
molecular beam epitaxy (MBE) or metalorganic vapour phase epitaxy (MOVPE), to more simple and
cheaper ones, such as solid state sintering or magnetron sputtering. In the following we will review,
briefly, their accomplishments as well as the encountered difficulties, especially when characterizing
different phases or when studying composition homogeneity. The review is organized as follows: first
we will address the phase separation issue and the alloy composition homogeneity, two aspects
often related to each other. This will allow us to introduce the employed growth techniques and
discuss how it has been possible to achieve any desired alloy composition. In the second part we will
introduce the optical and electronic properties of ZnCdO, both in the wurtzite and in the rocksalt
phase. Finally, we will introduce some of the applications that were envisaged for ZnCdO, and in
some cases partially achieved, and will end with an outlook on what might wait in the near future.

Growth of ZnCdO: Wurtzite Vs Rocksalt.

It was known in the late nineties that the thermodynamically-stable crystalline phases of ZnO
(wurtzite) and of CdO (rocksalt) were different.’ Thus, a phase transition from hexagonal to cubic
material could be expected in ZnCdO when going from pure ZnO to pure CdO, and might result
eventually in phase separation within the films. This is probably one of the reasons why in many of
the first reports the Cd concentrations in the ZnCdO films were relatively low (see Table 1), typically

35101112,13.14151617 \When increasing the Cd concentrations by a few percents,

below 10% or less.
noticeable effects were observed in the structural and/or optical properties. These included the
strong increase in the full width at half maximum of the symmetric rocking curve® or the appearance
of additional peaks in diffraction patterns'® obtained in transmission electron microscopy. In some
cases the appearance of secondary phases, i.e. rocksalt inclusions in a wurtzite matrix, was preceded
by composition fluctuations. The fluctuations could be large enough to give rise to resolved
contributions of ZnCdO alloys with different Cd contributions both in structural (e.g. in 26/ scans)™
and optical measurements (e.g. in photoluminescence or cathodoluminescence measurements),***
as shown in Figure 1.

It soon became clear that for each combination of growth technique/orientation (compare
references 13, 14, and 15), or growth technique/substrate-growth conditions (compare references 3
and 18), the Cd concentrations for which strong composition fluctuations appeared were different,
pointing towards a strong sensitivity of Cd incorporation to the growth environment. It should be
noted that, hopefully enough, most reports on ZnCdO films employed the same characterization
techniques to determine the Cd concentration on the alloy, the most common ones being Rutherford
backscattering (RBS), secondary ion mass spectrometry (SIMS) and energy-dispersive x-ray
spectroscopy (EDX), enabling fair comparison between different articles (see Table 1). Unfortunately,
the equivalence between the Cd concentrations determined by several techniques has been rarely

reported, as done in reference 19 for RBS and SIMS.
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Figure 1: Examples of Cd concentration fluctuations below the critical Cd concentration for the wurtzite to rocksalt phase
transition. (a) 26/® scans of MOVPE-grown ZnO and ZnCdO thin films, exhibiting distinctive Cd composition fluctuations for

Cd concentrations above about 8%. From reference 15, with the permission of AIP Publishing. (b) and (c) CL wavelength
image and matching histogram for an MOVPE-grown ZnCdO film with a Cd concentration of about 2%. From reference 14,

with the permission of AIP Publishing.

As pointed out as early as 1998, the fact that for a given temperature the vapor pressure of
CdO is significantly larger than that of ZnO might lead to a reduction of the Cd concentration in the
alloy with respect to the nominal Zn/Cd ratio in the gas-phase or in the plasma. This suggests that a
way to increase Cd composition can be the reduction of the growth temperature, which was tested
with success in 2006 by MBE:*® single-phase (wurtzite) ZnCdO alloys with up to 32% Cd could be
grown at temperatures as low as 150°C. Interestingly, the buffer layer employed was ZnMgO with a
Mg content of 10% that contributed to reducing the lattice mismatch® and provided a high-quality
wurtzite template to deposit the ZnCdO on, both in terms of surface roughness and structural



quality. Sadofev et al.”® were extremely careful in determining the phase purity (i.e. pure wurtzite) of
their films, which they assured by performing pole figures measurements on asymmetric rocksalt
reflexes whose symmetry is easy to differentiate from that of hexagonal ones.”** Indeed, measuring
just symmetric 26/® scans might be misleading, as the rocksalt and wurtzite diffractions peaks might
overlie and, thus, the signal from a preponderant phase might mask the existence of other phases.
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Figure 2: (a) 26/® scans of RPE-MOVPE-grown ZnCdO thin films on a-sapphire spanning the whole composition range, from
pure ZnO to pure CdO. (b) Lattice parameter parallel to the growth direction as a function of Cd composition (c-lattice
paramtere for wurtzite ZnCdO and a lattice parameter for rocksalt ZnCdO). From reference 23, with the permission of AIP

Publishing.

The same year, in 2006, a major breakthrough was achieved by the group of J. Temmyo at
Shizuoka University: they reported the continuous tuning of the Cd composition across the entire
composition range, enabling them to determine the critical Cd concentration for the wurtzite-to-
rocksalt phase transition at about 70%.”>** Two aspects were necessary for them to succeed: first,
they employed growth temperatures in the range 250°C-450°C, slightly higher than those of Sadofev



et al;*° second and most important, they employed a remote plasma-enhanced MOVPE (RPE-
MOVPE) system that they had introduced three years before for the growth of pure ZnO* and
successfully applied to wurtzite ZnCdO in 2004.% Indeed, credit should be given to this last work on
wurtzite ZnCdO and the associated optical and structural characterizations,”” whose importance was
rapidly overshadowed by their own work compiling the growth and properties of ZnCdO across the
full composition range.”® As shown in Figure 2(a), a single peak associated with the wurtite ZnCdO
phase was observed for concentrations smaller than 70%, shifting continuously towards smaller
20 angles with increasing Cd content. At a concentration of about 70% two peaks are clearly
distinguished, corresponding to wurtzite and rocksalt ZnCdO phases coexisting within the films. For
larger Cd concentrations, only one peak displaying again a continuous shift with varying Cd
concentration is detected, but this time associated to rocksalt ZnCdO. The continuous evolution of
the c and a lattice parameters as a function of Cd concentration, for the wurtzite and rocksalt phases
respectively, is displayed in Figure 2(b). In the following years, the critical Cd concentration for the
wurtzite-to-rocksalt phase transition was confirmed to be in the range 67%-70% by other growth
techniques.?®**

At the same period of time, new calculation schemes were introduced to analyze the stability
of isovalent but heterostructural alloys such as MgO-ZnO.*' These theoretical approaches were
subsequently applied to the CdO-ZnO system®*** and further extended by taking into account all
possible clusters configurations,* which should enable to emulate different growth conditions and,
thus, establish conclusions on phase stability as a function of growth conditions. Overall, theoretical
calculations confirm that the local bonding configuration (four-fold or six-fold coordination) depends
more on the actual growth conditions for ZnCdO than for ZnMg0,** which might explain why in Table
| there is such a big dispersion in terms of composition fluctuations/phase stability/pure crystalline

phases.
Growth Substrate Composition Composition Phases Comment Reference Relate
technique Zn,,Cd,0 measurement d
(0sx<1) technique Public
ations
MBE a-sapphire <0.05 Auger - Composition 11 1
fluctuations
MBE a-sapphire 0.07<x<0.18 Micro-EDX - Composition 12 1
fluctuations
MBE Zn0O on GaN on x~0.02 RBS Wourtzite 16 2
sapphire x~0.09
x~0.16
MBE ZnO on GaN-on- x~0.09 RBS wurtzite Composition/phas 17 2
sapphire x~0.16 e fluctuations
MBE ZnMgO on <0.32 EDX wurtzite 20 3
sapphire
MBE O-polar ZnO <0.17 EDX wurtzite 35 3
and a-sapphire
MBE O-polar ZnO <0.19 EDX wurtzite Thermal stability 36 3
and a-sapphire
MBE ZnOon c- <0.13 EDX Wourtzite and Thermal stability 37
sapphire rocksalt and phase
transition (x~0.08)
MBE ZnOon c- x~0.02 38 4
sapphire
MBE ZnO on c- 0.1<x<0.20 EDX 39 4
sapphire
MOVPE Zn0O on GaN-on- <0.05 XRD wurtzite Composition 13 5
sapphire fluctuations
MOVPE ZnO on GaN-on- <0.02 XRD wurtzite Composition 14 5




sapphire fluctuations
MOVPE ZnOon c- x~0.07 RBS and SIMS wurtzite Thermal stability 19 6
sapphire
MOVPE r-sapphire <0.06 SIMS 40
MOVPE r-sapphire <0.09 RBS Wurtzite Composition 15
fluctuations
MOVPE c-sapphire 0<x<0.60 RBS Wourtzite, Phase separation 41 6
zincblende, and
rocksalt
MOVPE Zn- and O-polar x<0.03 Comparison Wourtzite Growth on 42
Zn0 with literature opposite
(PL) polarities
RPE-MOVPE a-sapphire 0<x<0.70 EPM Wurtzite 26 7
RPE-MOVPE a-sapphire 0<x<0.70 EPM Wurtzite 27 7
RPE-MOVPE a-sapphire x~0.04 EPM Wourtzite 43 7
x~0.08
RPE-MOVPE a-sapphire 0<x<1 EPM and AAS Wourtzite and Phase transition 23 7
rocksalt (x~0.7)
RPE-MOVPE a-sapphire 0<x<1 AAS Wourtzite and Phase transition 24 7
rocksalt (x~0.7)
RPE-MOVPE ZnOon a- x~0.15 Wourtzite MQWs 44 7
sapphire
RPE-MOVPE ZnO on a- x<0.60 ASS Wourtzite Alloy broadening 45 7
sapphire
PLD c-sapphire and x<0.07 EPM and ICP- Wourtzite Composition 3 8
(0001) SCAM OES fluctuations
PLD (0001) SCAM x~0.04 Wourtzite MQWs 10 8
PLD ZnOon a- x<0.04 Comparison Wourtzite Thermal stability 46
sapphire with literature
(PL)
PLD a-sapphire x<0.25 EDX Wourtzite 18
PLD c-sapphire x<0.09 EDX Wurtzite 47
PLD quartz - - Wurtzite Band offsets 48
PLD ZnO on c- x~0.08 EDX Wourtzite MQWs 49
sapphire
PFCAD Glass 0s<x<1 RBS Waurtzite and Phase transition 28 9
rocksalt (x~0.69)
PFCAD Glass 0<x<1 RBS Wourtzite and Phase transition 29 9
rocksalt (x~0.69)
DSRFMS Glass 0.21<x<0.68 RBS Waurtzite and Phase transition 30
rocksalt (x~0.67)
RF quartz x~0.6 EDX Rocksalt, Thermal stability 50
magnetron zincblende and
sputtering wurtzite
DC Si x~0.1 ICP-AES Wourtzite and Thermal stability 51 10
magnetron x~0.52 rocksalt
sputtering
DC Si and quartz x<0.78 ICP-AES Wourtzite and Composition 52 10
magnetron rocksalt fluctuations and
sputtering phase transition
(x~0.78)
Spray Glass - - Wourtzite and Phase transition 53
pyrolysis rocksalt
SRR - x<0.14 - Waurtzite and Electronic 54
rocksalt structure

Table 1: ZnCdO thin films growth approaches found in the literature, with the studied Cd concentrations, experimental
techniques to determine the Cd concentration as well as the crystalline phases detected (if analyzed). The last column

indicates articles devoted to the same or very similar samples by the same research groups.

Before addressing the optical and electronic properties of ZnCdO it is worth noting that

compared to ZnO,

55,56,57

nanowires (or nanorods) is much smaller, as compiled in Table 2.

the number of reports on the growth and characterization of ZnCdO




Growth Substrate Catalyst Compositio | Composition Phases Size Reference Related
technique n Zny.,Cd,0 measureme publicati
(0=x<1) nt technique ons
Thermal - x<0.02 EDX Wurtzite diameter~20 58
evaporation nm
VPE Si(100) Au x<0.17 EDX Wourtzite diameter~150n 59 1
m
VPE Si(100) Au x<0.17 EDX Wourtzite diameter~150n 60 1
m
VPE Si(100) Au x~0.17 EDX and XPS Wourtzite diameter~150n 61 1
x~0.07 m
PLD Zn0 - x~0.24 EDX Wourtzite 500nm<diamet 62
microwires ers50um
grown by VPE
CVvD GaNon - EDX Wourtzite 200nm<diamet 63
sapphire er<400nm
RPE-MOCVD a-sapphire - x<0.45 Micro-EDX Wourtzite 100nmsdiamet 64 2
er<200nm
RPE-MOCVD a-sapphire - x~0.54 Micro-EDX Wourtzite diameter~70 65 2
0.06<x<0.14 nm
0.20<x<0.27
VPE - - x<0.08 Micro-EDX Wourtzite diameter~20 66
and XPS nm
ECD F-doped Sn02 - x<0.44 EDX Wourtzite diameter~100 67
on glass and and nm
GaN on rocksalt
sapphire (phase

separation)

Optical properties of ZnCdO.

The optical properties of ZnCdO alloys have been studied by a number of techniques,
including photoluminescence, absorption, transmission, cathodoluminescence and ellipsometry. As

illustrated in Figure 3, absorption measurements across the full composition range as well as

photoluminescence of wurtzite ZnCdO show clearly the narrowing of the bandgap with increasing Cd

content.
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Figure 3: Optical absorption coefficients as a function of photon energy of (a) wurzite ZnCdO, and (b) rocksalt ZnCdO, along
with (c) photoluminescence spectra of wurtzite ZnCdO thin films measured at room-temperature. From reference 28, with
the permission of AIP Publishing.

As for many semiconductor alloys,?® the intrinsic bandgap of wurtzite ZnCdO (Zn,.Cd,0)
displays a nonlinear quadratic dependence on Cd concentration that can be described by a bowing
parameter b:

It should be noted that in the previous equation the intrinsic bandgaps of the two extreme binaries
that appear correspond to those of their wurtzite phases. This implies that we can in principle
determine the bandgap of CdO in its wurtzite form, which was calculated in the early 2000s to be in
the order of 1.5eV.* One should be careful when applying/comparing this equation to the
experimental data in the literature, given that often excitonic contributions to the band edge have
been neglected,** leading to an underestimation of the ZnO bandgap, and given that in general
bandgap renormalization and carrier-filling effects (i.e. Moss-Burstein effect) do not have been taken
into account. As shown first for CdO,” these two last effects need to be considered if reliable
bandgap values are to be determined, especially for large Cd content ZnCdO alloys. This is clearly
shown in Figure 4 (a), where the dependence of photoluminescence emission, absorption edge (as
extracted from o’ Vs energy fittings, where o is the absorption coefficient) and intrinsic bandgap (i.e.
removing renormalization and Moss-Burstein contributions) are plotted as a function of Cd
concentration. As already stated, the difference between absorption edge and intrinsic bandgap
becomes non-negligible for Cd contents above 40%. From these data the authors extracted a bowing
parameter of 0.94 eV,”® very similar to a previous value of 0.95eV determined with samples in the
low-Cd content range (up to 16% of Cd)."® These bowing parameters seem to be more accurate than
larger values determined either with few experimental points (5.93 eV),? or with fits giving values for
the wurtzite CdO bandgap as large as 2.7eV.>
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Figure 4: (a) Near-band edge photoluminescence, direct-gap absorption edge extrapolated from linear o’ Vs energy plots,
and intrinsic bandgap (i.e. removing carrier-filling and carrier-induced renormalization) as a function of Cd content across
the full composition range measured on thin films deposited by cathodic arc deposition on glass substrates. From reference
28, with the permission of AIP Publishing. (b) Stokes shift as a function of absorption edge and (c) FWHM of
photoluminescence peak as a function of Cd concentration, from reference 27 copyright 2004 The Japan Society of Physics.
(b) and (c) were measured on thin films grown by RPE-MOVPE on a-plane sapphire.



Concomitantly to this bandgap narrowing, the incorporation of Cd leads to a Stokes shift and
a photoluminescence FWHM that increase with Cd content, as shown in Figures 4(b) and (c)
respectively, and attain their maxima at a Cd content of about 30%. It is noteworthy that the
maximum Stokes shift experimentally determined, 300meV-350meV, seems to be independent of
the growth technique and substrate employed and might be, thus, intrinsic to ZnCdO:****** for
example, for ZnCdO thin films grown by MBE on ZnO substrates and emitting at about 2.55eV the
Stokes shift is in the order of 300meV,* while it amounts to 313meV for PLD-grown ZnCdO thin films
on a-sapphire and emitting in the same wavelength range.™® In spite of the emission FWHM of ZnCdO
alloys, numerous groups have fabricated single and multiple quantum wells based on ZnMgO or ZnO
barriers, and with Cd contents in the ZnCdO wells ranging from some percents (4%-9%)*""""*" to
more than 10%*** 62,74

reproduces features already studied in other wurtzite systems: the presence of built-in internal

and even more than 20%. In general, the behavior of such heterostructures

electric fields in the order of some MV/cm due to the polarization discontinuity

(spontaneous+piezoelectric) across the well/barriers interfaces,”

76,77 d10,72,73

which give rise to the quantum

confined Stark effect; an S-shape temperature dependence of the photoluminescence
emission energy as observed in ZnCdO thin films,*® with a relative energy minimum at low
temperatures that becomes deeper the larger the Cd content is;”*> and a W-shaped temperature

dependence of the emission FWHM.”""?

While these last two observations are not specific to ZnCdO
guantum wells and are also observed in ZnO/ZnMgO quantum wells and other materials
combinations, the use of ZnCdO introduces larger potential fluctuations (and, thus, larger exciton
localization) and increases the inhomogeneous broadening necessary to fit the experimental data.”*
As will be discussed in the last section, for some time ZnO/ZnCdO multiple quantum wells
were considered as possible active regions of vertical cavity surface emitting lasers working in the
visible range. To design such complex heterostructures a good knowledge of the materials refractive
index is necessary. For ZnCdO alloys the dispersion of the refractive index in the transparency region

24,40

has been measured by ellipsometry and by transmission’® measurements. As shown in Figure 5,

the refractive index grows as the energy approaches the bandgap edge and, most important in this

24,40,78

context, for a given energy it increases with increasing Cd content , which is beneficial in terms

of mode confinement and, thus, in terms of active region/cavity mode overlap.
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Figure 5: Real part of the refractive index as extracted from fitting experimental points (measured in transmission) to a
Sellmeier dispersion model. ZnCdO thin films were grown by MBE on GaN-on-Sapphire templates. Note that the films
corresponding to 64% and 77% Cd content might contain a mixture of crystalline phases.
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Electronic properties of ZnCdO.

While the optical properties of ZnCdO alloys have been well established in the last years, only
some studies have dealt with their electronic and electrical properties,*******”® which results in still
unsolved discrepancies.

This is particularly striking when considering the band alignment of Zn0O/ZnCdO

29,48,54,79

heterostructures and especially the corresponding bandoffsets. In general, and even if some

reports suggest a type-Il band alignment,” a type-I band alignment ensuring carrier confinement of

d,”**”® consistent with quasiparticle electronic structure

both electrons and holes is accepte
calculations (which make use of a cluster expansion to account for the wurtzite and rocksalt
polymorphs, as discussed in the first section).?’ Differences appear when comparing the quantitative
values of the conduction-band minimum offsets (AE¢) and valence-band maximum offsets (AE,) as a
function of Cd concentration as well as their ratio (AE¢/AEy). The most complete study in terms of
swept Cd composition has been carried out by Detert et al. *° As shown in Figure 6, the conduction-
band minimum displays a downward shift of about 600meV from pure ZnO to Zng3,Cdg 6,0, while the
valence band maximum increases by about 1200meV, leading to total bandgap variation of about
1600meV in this composition range, consistent with optical measurements (see previous section).
Furthermore, these measurements indicate that AE./AEy is Cd-dependent, eventually explaining why

293479 rigure 6 further suggests that the large bandgap

different authors report different values.
tunability of ZnCdO stems from the sensitivity of the wurzite valence band to Cd incorporation, an
observation which is not reproduced yet by theoretical calculations® and for which a deeper
knowledge of the exact valence band electronic structure is still necessary.®! This is especially

important for ZncdO alloys in the rocksalt phase, given their indirect character.?®’%%!
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Figure 6: Band edge shifts as measured by irradiation-induced Fermi-level pinning, XPS and XAS/SXE, with band edge
information inferred by incorporating the intrinsic bandgap for each Cd composition. Measurements were carried out on
thin films deposited by pulsed filtered cathodic arc deposition on glass substrates. From reference 29, with the permission
of AIP Publishing.

The authors in reference 29 point out that the slight dependence of the conduction-band
minimum on Cd concentration (within the wurzite phase) is consistent with the weak composition

11



dependence of the electron mobility across the whole composition range (from 15cm?/V-s for pure
ZnO to 30 cm?/V:s for Zngs:Cdoes0),?® given that the strength of alloy disorder scattering is
proportional to AE; for a given Cd composition. Still, one should note that the polycrystalline nature
of the ZnCdO thin films employed in this study might mask this dependence of the electron mobility
on alloy composition. This point towards the need of accurate studies, similar to those in reference
29, but this time on single-crystalline ZnCdO thin films.

Towards ZnCdO-based devices

The wide wavelength range covered by ZnCdO alloys promised a number of applications, the
most appealing ones being in the optoelectronic domain, including all-oxide multijunction solar cells,
photodiodes, light-emitting devices and laser diodes.®

The first reports of lasing action in high-quality ZnCdO/ZnO quantum wells grown on a-plane
sapphire and on O-polar ZnO substrates®® were very promising, especially taking into account the
simplicity of the structures in terms of mode confinement, as well as the large wavelength tunability
(see Figure 7(a)). Furthermore, the relatively low lasing thresholds for first structures, in the order of
some tens of kW/cm? (see inset in Figure 7b), suggested the possibility of easily reducing them by
improving the photonic waveguides as well as the active regions, whose gain was shown to depend
critically on the interplay between sheet carrier density and internal electrostatic fields.?***
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Figure 7: (a) Dependence of lasing wavelength on Cd concentration and on quantum well thickness. Structures 1-4 were
grown on a-sapphire, while structure 5 was grown on O-polar ZnO substrate. (b) Lasing action from structure 2 in (a), for
low and room-temperature. The inset shows the temperature dependence of the lasing threshold for this structure. From
reference 36, with the permission of AIP Publishing.

The next step in the development of ZnCdO-based devices was to be the fabrication of
electrically-injected devices, but this faced the extremely hard task of p-type doping ZnO,**® which is
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the simplest and probably best adapted electrical injector one can think of. Thus, even if there have
been some reports in the use of Sb-doped ZnO as hole injector for ZnCdO,¥ alternative strategies
employing other p-type materials have been tested. More precisely, Nakamura et al. employed a p-
type 4H-SiC substrate, which exhibits the same wurtzite structure as ZnCdO and a relatively small
lattice mismatch (0.5% with respect to pure Zn0), to inject holes into n-ZnMgO/nid n-ZnCdO/p-SiC
heterostructures. The authors succeeded, by varying the Cd concentration, in fabricating electrically-
injected LEDs emitting from blue to red passing through green.88

Still, the most tempting alternative to p-ZnO material would be the use of p-type nitrides,
with a much more mature technology. In this context Mares and coworkers grew an n*-ZnO/n-
ZnMgO/nid-ZnggsCdg 1,0 QW/p-GaN heterostructure.?* However, their structure illustrates the
problem encountered when combining these materials, as the heterojunction between the
employed nitrides and oxides displays a type-Il band alignment. Thus, spatially direct recombination
of electrons and holes in the well coexists with spatially indirect recombination between electrons in
the well and holes accumulated at the ZnCdO/p-GaN interface. And even if the optical direct
transition is the most likely to occur, since the square overlap integral between the electron and hole
wavefunctions within the quantum well amounts to 0.89, compared to about 0.15 for the other
possible transitions, the large hole accumulation at the p-GaN/ZnCdO interface results in a significant
contribution of the spatially indirect transitions. These two effects result in a current-dependent
wavelength emission with spatially-indirect transitions being favored at larger current densities.

Unfortunately, none of the above-mentioned reports discusses efficiencies nor do they
provide output powers, making difficult any fair comparison with their nitrides counterparts.

Conclusions

The promises predicted to ZnCdO required a precise control over the Cd concentration of
ZnCdO as well as over its crystalline phase. After some years of research, the possibility of fabricating
ZnCdO thin films spanning the whole composition range, and addressing individually each of its
stable crystalline phases, enabled to study its intrinsic properties within the corresponding stability
composition range. The wide bandgap tunability was rapidly demonstrated and numerous teams
tried to exploit it in optoelectronic devices, namely light-emitting devices and laser diodes. However,
similar to the situation encountered by ZnO, electrical injection has been shown to be extremely
difficult, even when exploiting alternative materials as hole injectors.

Thus, the question about the future of ZnCdO needs to be posed. In the introduction we said
that two applications were initially envisaged, either as active region in optoelectronic devices or as
TCO. And while ZnCdO has already shown all its potentials in the first domain, whose future will be
related to that of ZnO, it seems to the author that ZnCdO has still a word to say independently of ZnO
in applications requiring TCOs. Indeed, its role as TCO might be played in pure from (i.e. as ZnCdO
alone) or doped/alloyed with other elements. Whether these elements will be scandium, yttrium,
magnesium, tin or indium only the future will tell us.
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