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Using simulations, we have analysed basic mechanafnhybrid 11-O/I11-N light-emitting diode opera-
tion. Factors largely affecting the internal quantafficiency of hybrid single- and double heterostr
tures, including operation temperature, are exathineletail.
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Introduction Due to a direct bandgap of 3.37 eV and a hightemdiinding energy of ~60 meV, ZnO
has gained substantial interest as a promising riabfier highly efficient UV light-emitting diodes
(LEDs) and laser diodes (LDs) based on excitonméxgoation [1]. Availability of native ZnO substrate
and wurtzite MgZnO and CdzZnO alloys with a bandgapying from ~2 eV to ~4 eV makes feasible
growth of low-dislocation heterostructures neces$ar LED and LD fabrication. Additional advantage
of ZnO is the applicability of low-temperature epiy and wet etching for device processing. However,
development of the ZnO-based light emitters isdbrgmpeded by the lack of reliabtedoping technol-
ogy [2]. Though much progress has been made imtgears to attain reliabledoping of ZnO, an al-
ternative approach is suggested based on hybrid héiBrostructures combiniqgdoped llI-nitride and
n-doped ll-oxide epitaxial materials closely latticetched with each other. First hybrid single-
heterostructure (SHS) and double-heterostructuS)0_EDs have been already demonstrated [3-5].

The in-plane lattice mismatch between ZnO and @Gabf ~1.9%, even smaller than between GaN
and AIN (~2.4%), which is favourable for gettindpigh-quality ZnO/GaN interface with reduced surface
recombination. The GaN/ZnO heterojunction is knawrform a type-Il band alignment [6] with the
valence band offset ~0.8-1.0 eV. Having wurtzitgstal symmetry, ZnO, as well as MgZnO and CdZnO
alloys, exhibit both piezo- and spontaneous elegoiarization. All these factors are important émgi-
neering of hybrid LED heterostructures and deteensipecific features of their operation.

Using simulations, we consider a number of typlogdrid SHS and DHS LEDs and investigate into
basic mechanisms of their operation. The simulatimdel has been described in detail elsewhere [7].
The materials properties of lll-nitrides and Il-dg&s have been chosen close to those recommended in
[8] and [4], respectively.

Single-heterostructure LEDs We consider first two hybrid SHS LEDs suggeste@@Binand [9]. The
structure reported in [3] consists of a Qr8 p-Alq 1Ga g\ layer grown by hydride vapor-phase epitaxy
followed by a 1.Qum n-ZnO grown by chemical vapor deposition enhancethbyRF-discharge plasma.
The hole and electron concentrations in the layerse estimated as ~5x1@m?® and ~7x18" cm?®,
respectively. The structure from Ref.[9] has theeited sequence of doped layers: ajlrtn-GaN layer

(n = 1.2x10% cm?®, 4, = 200 cnA/V-s) grown by MOVPE, and a Oy p-ZnO layer p = 6.7x18” cm®,
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up=1.4 cn/V-s) deposited on the top afGaN by the RF-magnetron sputtering. Both strusturee
assumed to have Ga/Zn-polarity and to be relaxedius® of sufficient thickness of epitaxial layers.
Thus only the spontaneous polarization can corteibw the interface charges. The threading disiocat
density (TDD) of 18 cm? is considered in simulations as the value typi¢all-nitride heterostructures
grown on conventional sapphire or SiC substrates.
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Fig.1 Band diagrams (grey shadow) and distributionsaofier concentrations (lines) in AlIGaN/ZnO
SHS (@), inverted GaN/ZnO SHS (b), ZnO DHS (c) @@nO DHS (d) light-emitting diodes.

Fig.1a,b compares the band diagrams and distibsitof carrier concentrations in the AlGaN/ZnO
and inverted GaN/ZnO LED structures at the curdamtsity of 50 A/crh Due to a type-Il band align-
ment and a positive interface polarization chagjectrons and holes are confined in the local piaten
wells adjacent to the AlGaN/ZnO heterojunction, vehtheir concentrations are at least two orders of
magnitude higher than in the heterostructure bElg.La). This enables tunnel radiative recombimatio
of the confined carriers resulting in the emissipectra peaked at 410-430 nm, in spite of a smali-o
lap of the electron and hole wave functions (s€g fdr detailed analysis). In the GaN/zZznO LED
with the inverted sequence of and p-regions electrons and holes are also confineldeainterface but
in the p-ZnO andn-GaN, respectively. This leads to a much lower taacentration at the interface
(Fig.1b). Nevertheless, the tunnel emission spettoalculated for this heterostructure fits well the
measured one, peaked at ~410 nm, which could dbut#td neither t;m-GaN nor top-ZnO materials
[9]. If the spectra reported in [3,9] certainlygiriate from the tunnel emission, it is the evidefwreneg-
ligible non-radiative carrier recombination proddd®y the 111-N/ZnO interfaces.

The internal quantum efficiency (IQE) as a funetmf current density is plotted in Fig.2a for both
SHS LEDs. Here, IQE is the ratio of the radiatigeambination rate integrated over the structuriago
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total carrier fluxj/q, wherej is the current density and is the electron charge. Being defined in such
a way, IQE accounts not only the competition betwhe radiative and non-radiative recombination but
also the carrier leakage from the structure. #gsn from Fig.2a that in the practically interggtiange

of the current density variation, 1-1000 A%GHQEs of both SHS are comparable with each other.

In contrast to IlI-nitride devices (see, e.g.)]TRE of hybrid SHS LEDs does not grow with cuitren
density (Fig.2a) that is partly caused by insuéfiti suppression of the carrier leakage, i.e. losséise
minority carriers at the contact electrodes. Thiesnback can be eluded by using DHS LEDs where the
non-equilibrium carriers become well confined inaative region due to wide-bandgap stopper layers.
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Fig.2 IQE as a function of current density computedSbiS (a) and DHS (b) hybrid LEDs. Operation
temperature of 390 K corresponds to IQE maximunimefZnO DHS structure (see Fig.3).

Double-heterostructure LEDs A typical hybrid DHS LED reported in [4,5] congsistf a 0.8um p-
GaN contact layerp(~ 10" cm®), a 40 nmp-Al 1 Gay s stopper layerg~ 107 cm®), a 40 nm unin-
tentionally doped ZnO active layen ¢ 10" cmi®) followed by a 40 nm-Mgo1Zno4O stopper layer
(n~ 10" cm?® and a 10 nnm-Mgq1Zno 4O contact layerr(~ 4x10° cmi®), all grown by molecular beam
epitaxy. Recently CdZnO has been suggested asaiging active region material for visible light dmi
ters [11]. We consider here a prototype of such lteft differs from the above structure by a 200 nm
n-ZnO contact layern(= 1x13° cm®) and an undoped 10 nm §&Zng. o0 quantum well (QW) sand-
wiched between thp-AlGaN andn-MgZnO stopper layers. The use of the QW is expmktdeincrease
the concentration of the injected carrier and ttausnprove IQE of the heterostructure. The formed a
the latter structures are hereafter referred tdrad DHS and CdZnO DHS, respectively. The operation
of the DHS LEDs is simulated, assuming the Ga(Ziity of the crystal and TDD of 2xi@m? in
accordance with estimate of Ref.[5].

Computed band diagrams and carrier concentratibttee DHS LEDs atj = 50 A/cnf are shown in
Fig.1c,d. As in SHS LEDs, the built-in polarizaticharges induce the carrier localization next ® th
structure interfaces. Nevertheless, the activeoregulk is found to provide a major contributionth
emission spectra due to a higher concentrationoafequilibrium carriers. The DHS LEDs exhibit re-
markably higher IQE compared to the SHS LEDs (Fiy.Especially pronounced the IQE improvement
is in the CdZnO DHS owing to larger band offset$h&t stopper layer interfaces and a reduced active
region thickness.

Temperature effects The temperature-dependent IQEs of various hybri& aHd DHS LEDs corre-
sponding to the current density of 50 Afcare plotted in Fig.3. It is surprising that thexinaum IQEs

of the DHS LEDs are reached in the range of 3804#2@ather than at room temperature. In turn, the
IQE of the AlGaN/ZnO SHS is found to increase monatally with temperature up to 700 K. On the
basis of simulations, we attribute the IQE improeairat high-temperature operation to redistributibn
the LED band diagrams in such a way, as to incré@séeights of the potential barriers formed ia th
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Temperature (K) 400-450 K the AlIGaN/ZnO SHS provides the IQE up to

~ 1%, while the IQEs of the ZnO DHS and CdznO
DHS become as high as ~6% and ~80%, respectiviBt [QE of a DHS is systematically higher than
that of an SHS, can be explained by improvemenhefcarrier confinement in the active region of the
DHS and, hence, suppression of the leakage cuttastinteresting that the CdZnO DHS provides IQE
of ~80-85% both at a low (50 A/dnand a high (400 A/ch) current density. This value is comparable
with the theoretically predicted IQE of conventibbkue IlI-nitride LEDs.

Conclusion We have considered by modelling specific mechaniswalved in operation of SHS and
DHS hybrid 11-O/IlI-N LEDs. Band diagrams of suckwces controlled by both type-Il band alignment
at the ZnO/llI-N interface and polarization chargesvide IQE having a maximum at 375-420 K that is
advantageous for high-temperature LED operatiore QE is largely affected by the carrier leakage
from the diode, which can be suppressed in DHS witte-bandgap stopper layers confining electrons
and holes in the active region. A high IQE, ~80%opiiedicted to be attained in a DHS with a CdZnO
QW active region. The efficiency corresponds to ttieoretical estimates of IQE of conventional blue
llI-nitride LEDs, which opens opportunities for ptecal applications of the hybrid LEDs.
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