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Abstract. Two-dimensional numerical simulation is employed to assess a number
of possible design approaches aimed at optimizing the internal quantum efficiency
of BeZnO-based light-emitting diodes grown along the c-axis. First, we describe the
material parameters and the numerical simulation methods used to study these devices.
Second, the effects of thickness, doping, and alloy composition of the BeZnO electron
blocking layer are analysed in order to maximise the carrier confinement in the active
region. The optimum number of quantum wells and barrier doping level are also
addressed, as well as the effects of the buffer layer thickness. Finally, the limitations
on the device performance imposed by the nonuniform lateral current distribution are
discussed.
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1. Introduction

Light-emitting diodes (LEDs) intended to operate in the ultraviolet (UV) spectral range
are of great interest for a number of applications [1]. In addition to sharing the attractive
features common to all LEDs (low power consumption, relatively low manufacturing
costs, flexibility in tailoring the emission spectrum, fast switching time), UV LEDs
would be an ideal alternative to mercury-based lamps in water purification applications
and could have several biological applications such as bioagent detection and surface
decontamination.

One material system with the potential of leading to efficient UV LEDs is zinc oxide
(ZnO) and its ternary compounds (MgZnO and BeZnO). ZnO is a direct band-gap II-VI
compound semiconductor with energy gap E, ~ 3.4eV. Due to defects in the material,
as-grown ZnO is normally unintentionally n-type, while p-type doping techniques still
face significant challenges.

In order to design active regions for LEDs, a barrier material with energy gap
larger than ZnO is needed, and both MgZnO and BeZnO are possible choices. Although
MgZnO is technologically more mature, BeZnO may potentially offer some advantages.
In fact, since BeO and ZnO share the same hexagonal symmetry, phase segregation in
BeZnO is a far less critical issue than in MgZnO and, in principle, the energy band gap of
BeZnO can be engineered to range from 3.4eV (ZnO) to 10.6 eV (BeO) by changing the
Be molar fraction. This makes it possible to grow barrier layers with higher confinement
than what can be obtained with MgZnO, potentially leading to better performance in
the deep-UV spectral range. Ryu and coworkers [2, 3] have shown that it is indeed
possible to grow BeZnO-based LED and laser structures. Therefore, it is important to
provide the ZnO community with a preliminary evaluation of the BeZnO potential as a
LED material.

The manuscript is organized as follows. Section 2 provides a complete set of models
for the material parameters involved in the numerical simulation of BeZnO-based LEDs.
Section 3 presents a systematic comparison of different ZnO/BeZnO LED structures,
with the aim of determining the structural and doping parameters corresponding to
the maximum internal quantum efficiency (IQE). Finally, section4 concludes the study
detailing the most significant outcomes.

2. Numerical simulation model

Our device analysis is based on the APSYS modelling software from Crosslight Software
[13,14]. This software implements a two-dimensional coupled drift-diffusion/Schrédinger
model. A realistic description of BeZnO-based LEDs requires a significant amount
of information about the material parameters. Table1 collects the most important
structural and electronic properties of Be,Zn;_,O as functions of the Be molar fraction x:
lattice constants a, ¢, energy gap Ey, spin-orbit and crystal-field splitting Ag,, A, static
relative dielectric constant €y, transverse and longitudinal components of the electron
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Table 1. Material parameters used for Be,Zn;_, 0O (0 <z < 1.0) at T'= 300K

a, A 3.25 — 0.533z [4]
c, A 5.2058 [5]

E,, eV 3.373 4 3.287x + 3.92522 [6]
Ao, meV 13.59 4+ 11.3x [7]
Acr, meV 38 + 8.35x [7]

€0 8.1— 5.2z [8]

ml! 0.23 + 0.35z [9]
mt 0.21 + 0.52z [9)
A —3.78 4 1.27x [10]
Ay —0.44 — 0.02z [10]
As 3.45 — 1.24z [10]
Ay ~1.63 4 0.91z [10]
As ~1.68 +0.78z [10]
Ag —2.23 4+ 1.2015z [10]
Dy, eV -3.9 [11]

Dy, eV -4.13 [11]

Ds, eV -1.15 [11]

Dy, eV 1.22 [11]

Ds, eV 1.53 [11]

Dy, eV 2.83 [11]

11, GPa 209 + 223.52 [6]
c12, GPa 120 + 15.8z [6]
c13, GPa 104 — 5z [6]

cs3, GPa 216 + 258.1z [6]
c44, GPa 44 + 87.3x [6]
€13, Cm™2 —0.53 + 0.46x [12]
es3, Cm™2 1.19 — 1.15z [12]
Py, Cm 2 —0.057 + 0.021z [12]

Table 2. Carrier transport and recombination parameters used for BeZnO

A, s71 2-1010
B, cm3s7! 2-1071!
C, cm®s! 1073

Mmin, » cm? V- lig™! 50
Umax,, cm? Vig™t 300

Noe, cm ™3 10'8
Ol 1
fanin,» cm? V= lg™1 1
Hmax), » cm? V-is™! 20
Nop, cm™3 107

ayp, 1




Theoretical Investigation of BeZnO-Based UV LEDs 4

L m!, Luttinger parameters Ay, ... Ag of the k-p Hamiltonian, valence

band deformation potentials Dy, ... Dg, and spontaneous polarization Ps,. Although a

effective mass m

large number of experimental and theoretical studies have been performed on the ZnO
and BeO electronic structure, there is still a significant uncertainty about the values
of several details for BeO and BeZnO. In this work we employ the description of the
electronic structure adopted in [14], derived from an extensive analysis of the available
theoretical and experimental data [5,11,15-20]. A quadratic approximation has been
adopted for the energy gap E,(v) = vE,(BeO) + (1 — z)E,(Zn0O) — bz (1 — ) with a
positive bowing factor b. For all other parameters we have assumed a linear dependence
from z, with a few exceptions where the ZnO value has been used over the entire alloy
composition range. The heterobarriers in the active regions have been modeled assuming
a conduction band offset AE, equal to 65% of the energy gap difference between ZnO
and BeZnO of a given composition (see also [21]).

An important issue in the design of BeZnO-based LEDs is the determination of
realistic estimates for the spontaneous and piezoelectric charges. In all semiconductor
materials with wurtzite crystal structure, the uniaxial nature of the crystal leads to
the presence of a spontaneous polarization, which is accompanied by a piezoelectric
component when the material is under mechanical stress. This effect has to be properly
accounted for when dealing with multiple quantum well (MQW) LEDs and lasers
because the internal electric fields due to the polarization charges lead to quantum-
confined Stark effect, which affects the emission wavelength and reduces the oscillator
strength causing a drop in IQE. To account for piezoelectric polarization we include
piezoelectric charges at the interfaces as:

sz = 2asa_ ¢ (631 — 633%) (1)

€33

where e;; and ¢;; are the elastic and piezoelectric constants and a, and a are the strained
and relaxed lattice constants. As in the case of Ill-nitrides [22], we assume that the
orientation of the spontaneous and piezoelectric polarization is defined with a positive
direction that goes from the metal (cation) to the oxygen atom (anion) along the c-
axis. From Table 1 one can see that spontaneous polarization is negative for the whole
composition range of BeZnO. As a result, spontaneous polarization is directed towards
the substrate for Zn-face grown material and towards the top surface for O-face grown
material, as shown in figure 1. Furthermore, since (e3; — essci3/cs3) < 0 for BeZnO, P,
is negative for tensile strain and positive for compressive strain. A ZnO QW grown on
a BeZnO buffer layer is under compressive strain and P,, is antiparallel to Py,. In case
the stack is grown on the Zn face, Py, is directed towards the substrate while P,, is
directed toward to top of the device (see figure 1(a)). The opposite is valid for an O-face
substrate (figure 1(b)). In a heterostructure grown on the Zn face and composed of a
top and a bottom layer, the total polarization Py is:

Ptot - Pbottom - Ptop = (Psp,bottom + sz,bottom) - (Psp7t0p + sz,top) (2)
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Figure 1. Configuration of the spontaneous and piezoelectric polarization (white and
black arrows, respectively) for Be,Zn;_,0/Zn0O/Be,Zn;_, O stacks grown on both
Zn-face and O-face substrates.

while, for a heterostructure grown on the O face, it becomes:

R;ot = Ptop - Pbottom = (Psp,top + sz,top) - (Psp,bottom + sz,bottom) (3)

In the case of a ZnO/BeZnO interface, assuming that the Zn-face grown BeZnO layer
is completely relaxed and, as a consequence, its piezoelectric contribution is negligible,
there will be positive interface charges and a resulting accumulation of electrons at the
bottom ZnO/BeZnO interface, as shown in figure 1(a). If the structure is grown on the
O face, the electron accumulation occurs at the top ZnO/BeZnO interface, as shown in
figure 1(b).

Table 2 provides the transport and recombination parameters employed to model
carrier transport in the LED structure. Due to the paucity of experimental data available
on BeZnO, the ZnO parameters of the low-field mobility models for electrons and
holes [23-25], fitted from the results of Monte Carlo transport simulations [26], have
been used for any alloy composition, while the Auger recombination coefficient has been
derived by recent ab initio results on ZnO and MgZnO [27].

3. Results

In this section we address the design tradeoffs and determine the optimal structure
parameters for BeZnO-based LEDs. First we examine the effect of the choice of molar
fraction, doping and thickness of the electron blocking layer (EBL). Subsequently we
discuss the optimum number of QWs and the impact of barrier doping and buffer
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EBL:
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. BeZnO barriers:
- p doping z doi
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Figure 2. Schematic cross section of the considered BeZnO-based LED structure,
outlining the regions whose parameters have been changed in order to optimize the
IQE. The x and z axes are used as references for the figures presenting the band profiles
and carrier distributions.

Table 3. Thickness, doping level and composition of the reference BeZnO-based LED
structure considered in the present work

Layer Thickness, nm  Doping, cm™3  Composition E,

p-cap 550 5108 Zn0O 3.373 eV
p—cladding 10 5- 1018 B60,06Zn0,940 3.62 eV
EBL 10 5- 1018 Beg,uan,gsO 3.80 eV
well 2.2 undoped Zn0O 3.37 eV
barrier 8 undoped Beg.g7Zng 930 3.62 eV
buffer 2500 5- 1018 Beg.lgzng.gso 3.80 eV

layer thickness. Finally, we address the critical effects of lateral nonuniformities in
the distribution of current and radiative recombination.

To evaluate the BeZnO-based LED performance, we start from the reference
structure presented in figure 2. The LED is grown on a sapphire substrate designed
for a 360 nm emission wavelength. On top of the substrate is a relaxed BeZnO 3.0 ym
thick buffer layer with n-doping of 5-10% cm™ and 11.5% Be molar fraction. This is
effectively a window layer from which light is extracted out of the back-side of the
device. This layer is followed by the BeZnO/ZnO active region containing three ZnO
QWs separated by Beg ¢7Zng 930 barriers. On top of the active region is a 10 nm thick
p-doped (5-10'® em™2) Beg115Zn98350 EBL. The EBL is followed by a 10nm thick
Beg.05Zn0.950 cladding layer with p-doping of 5-10'® cm 3. Finally the device is capped
by a 550 nm thick ZnO layer with p-doping 5-10'® cm™3. The widths of substrate and
mesa are 300 pm and 200 pm, respectively, while the metallic contact deposited on the p-
ZnO cap has a width W, = 75 um. All band diagrams and carrier density profiles along
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Figure 3. Calculated IQE as a function of the current density for a Be molar fraction
in the EBL equal to 8%, 9%, 10%, 11%.

the z coordinate reported in the following sections have been calculated at a distance
x = 50 pm from the left sidewall of the mesa.

3.1. EBL design parameters

An optimal selection of the Be molar fraction in the Be,Zn;_,O EBL is critical for
maximizing the IQE. In fact, as x is increased, the EBL forms a larger energy barrier
to block the electrons from leaking into the cap layer from the active region. Figure3
presents the calculated IQE as a function of current density for a number of EBL alloy
compositions. As x is increased from 0.08 to 0.11, the IQE is drastically increased;
further = increases do not improve the IQE, since the valence band discontinuity reduces
the hole injection from the p-type region. To understand the effect of the EBL we
examine both the profiles of conduction and valence bands and the carrier concentrations
as a function of EBL molar fraction at a given current density. Figure4 presents the
calculated energy band diagrams across the active region for a Be molar fraction in
the EBL equal to 8% (green), 9% (black), 10% (red), 11% (blue) at a current density
2.3 A/mm?. We can observe that the energy barrier seen from the rightmost well, at
z = 0.05 pm, increases to about 0.6 eV when x is changed from 0.08 to 0.11. At the same
time the barrier seen by holes increases only of about 50 meV. This leads to a significant
reduction in electron leakage with a minor reduction of the hole injection efficiency, and
consequently a drastic improvement in the IQE. Further confirmation of the confining
role of the EBL comes from the analysis of the carrier concentrations that are presented
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Figure 4. Calculated energy band diagrams across the active region of a structure
grown on the metal face, for the Be molar fractions in the EBL equal to 8% (green), 9%
(black), 10% (red), 11% (blue) as considered in figure 3 at a current density 2.3 A /mm?.
The quasi-Fermi levels of electrons and holes are reported (dashed lines) along with
the conduction band (top) and the valence band (bottom).
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Figure 5. Calculated electron (top) and hole (bottom) density across the active region
for the Be molar fractions in the EBL equal to 8% (green), 9% (black), 10% (red), 11%
(blue) as considered in figure 3 at a current density 2.3 A/mm?.
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Figure 6. Calculated IQE as a function of the current density for different EBL
thicknesses.

in figure 5. It can be seen that a Beg11Zngg9O EBL leads to an electron concentration
in the active region that is between one and two orders of magnitude larger than in the
case of a Beg gZngg2O EBL, while the hole concentration is only slightly reduced.

The results presented in figure 3, 4 and 5 assume that the thickness of the EBL is
5nm. Figure6 presents the calculated IQE as a function of current for an EBL with
x = 0.11 and several layer thicknesses. We can immediately notice that for thicker EBLs
not only the IQE increases but the reduction of IQE at higher injection currents is less
pronounced. This is clearly due to the fact that for a given Be molar fraction, there is
a minimum layer thickness necessary to block the electron leakage into the cap region.
In the case of a Beg11Zngg9O EBL, a thickness between 50 nm and 100 nm leads to an
IQE above 60%.

The last design parameter to consider for the EBL is its doping. In the calculations
performed so far we have assumed that the EBL is p-doped with 5-10'® cm =2 acceptors.
This level of carrier concentration in Beg11Zngg9O is clearly out of reach when one
considers the current state of the art of the ZnO material system development. The
calculated IQE as a function of current density for several different EBL p-type doping
levels is presented in figure 9. It can be seen that p-type doping of the EBL is
critical to boost the IQE. This conclusion was also reached for ZnO/MgZnO [14] and
GaN/AlGaN [28] based devices. As the EBL doping level is increased from undoped
to 5-10' cm ™3, the IQE increases significantly. The reason why increasing the doping
level is effective in improving the IQE can be traced back to the hole injection process
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Figure 7. Calculated energy band diagrams across the active region, for an EBL
p-type doping level equal to zero (green), 5- 10 cm=3 (black), 5- 10 cm™3 (red),
5109 cm™3 (blue). The quasi-Fermi levels of electrons and holes are reported (dashed
lines) along with the conduction band (top) and the valence band (bottom) at a current
density 2.3 A/mm?.

in the active region. This can be observed in figure7, that presents the calculated
energy band diagrams across the active region for an EBL p-type doping level equal to
zero (green), 5- 10" cm™3 (black), 5- 10" cm™ (red), 5 - 10" cm™3 (blue) at a current
density 2.3 A/mm?. For a given EBL composition, an adequate EBL p-doping will lower
the valence band barrier for hole injection from the p-type cap while at the same time
increasing the barrier from electron escape from the active region. This can be observed
in figure 7 looking at the blue line that represents the valence band profile for an EBL
doping of 5- 10 em™2. In this case there is a small barrier for holes moving from the
p-type cap to the active region. Figure8 further underscores this phenomenon. In fact,
the increased doping in the EBL and the resulting reduction of barrier for holes, lead
to a hole concentration that is several order of magnitude larger than in the case of an
undoped EBL.

From the simulation results presented up to this point, it is clear that the most
critical parameter for optimizing the LED performance is the EBL doping. In fact,
while the EBL thickness and composition can be relatively well controlled and they are
technologically feasible, the high doping concentration and acceptor activation required,
of the order of 10*® cm™3, is not currently technologically feasible. This clearly leads to
a severe limitation on the IQE that can be reached.
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Figure 10. Calculated IQE as a function of the current density for several barrier
doping levels.

3.2. Barrier doping

Several groups [29-31] have proposed to use p-type doping in the QW barriers to
compensate for the presence of interface charges and effectively increase the IQE. Figure
10 presents the calculated IQE data as a function of the current density for different
barrier p-type doping levels. As seen by the results, even with undoped barrier the IQE
is above 50%, and an increase by several order of magnitude of the barrier doping leads
to a marginal increase in the IQE. This shows once again that an effective EBL doping is
key to obtain a significant improvement in IQE. Furthermore, the barrier doping needed
to overcome the internal polarization field is fairly high, above 10* cm~2, which makes
this approach practically impossible for BeZnO-based devices.

3.3. Number of quantum wells

Another important design issue related to the device active region is the selection of
the optimum number of quantum wells (QWSs). Several studies have pointed out that,
because of the limited hole mobility, a large number of QWs may lead to a situation
where, at a given injection level, the QWs that are located farther away from the cap
layer are scarcely populated with holes and are inactive from the point of view of optical
generation. Clearly, the optimum number of QWs depends on several factors, including
well width and capture/escape rates. Holes, with a much lower mobility than electrons,
tend to fill the wells closer to the p-contact, while electrons are free to diffuse to more
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Figure 11. Calculated IQE as a function of the current density for a number of QWs
in the active region ranging from 1 to 5.

distant wells. Narrow wells allow a reduction on the effects of interface charges, but too
narrow wells can lead to larger carrier fly-over. Figure 11 presents the IQE as a function
of current density for a variable number of QWs. As illustrated by this figure, a device
with a single QW may be the best choice for operation at low injection levels, but at
more practical current level densities, up to 3 A/mm?, three QWs is the optimal choice.
We also notice that, to fully exploit a five-QW device, much higher current densities
have to be used.

3.4. Buffer layer thickness

The last design parameter we consider is the thickness of the buffer layer. This has
a significant effect on the current-voltage characteristics as well as on the wall-plug
efficiency of the device. In fact, in the case of a device where the light is extracted from
the back side (substrate), the buffer layer introduces lateral access regions that have
a finite resistance. Varying the buffer layer thickness will vary the effective internal
resistance of the device and therefore the efficiency. Figure 12 presents the calculated
total emitted optical power, integrated over the entire device volume, assuming an
extraction efficiency of 0.5, as a function of the applied bias for different buffer layer
thicknesses ranging from 0.5 to 3.0 um and constant n-doping of 5-10'% cm™3. The inset
of the same figure shows the voltage-current characteristics of the device for the same
buffer layer thickness values.
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It can be seen that, if one considers an operating voltage in the 5V to 10V range,
a thicker buffer layer will lead to a higher output power. In fact, since thinner layers
have higher series resistances, for a given voltage the resulting current density is lower.
On the other hand, if one keeps the current density fixed, for example at 2 A /mm?, the
device with the thicker buffer layer (3 ym) will require a voltage of ~8V while for a
2 pm-thick buffer layer a 15V bias is needed. It is clear from these results that a thick
buffer layer is needed to overcome the limitations due to the poor n-type mobility in
these alloys.

3.5. Lateral distribution of current and radiative recombination

An issue which is often neglected in LED design and optimization is the influence
on device performance of the nonuniformity along the lateral direction of the current
and radiative recombination distributions. Most lateral LED structures suffer from
significant current crowding effects, namely the tendency of majority carriers to flow
in a limited section of the device, thus leading to higher than normal ohmic losses
and inefficient use of the device bulk. This effect arises from the fact that the lateral
metallic contact on the n-type buffer layer imposes a nonuniform bias on the active
region, and could be mitigated using a vertical device configuration [32,33], where the
n-side contact is placed on the substrate beneath the active region. Current crowding

can be also influenced by the geometry of the p-side contact, and in this section we
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analyze current crowding in the device under study by considering the effects of two
different p-contact sizes. The results presented in the previous sections have been
obtained assuming that the metallic contact deposited on the p-ZnO cap has a width
W. = 75 um. This contact covers only a small fraction of the entire mesa (see figure 2).
To evaluate the current crowding effect we compare the current density distribution and
the radiative emission in the active region of the device for two different dimensions
of the p-contact, W, = 75 um and W, = 200 ym, where the latter value corresponds
to a contact covering completely the device mesa. Figure 13 presents the calculated
dominant component J,(x) of the current density flowing through the active region for
W, =75pum (Hc) and W, = 200 um (Fc), respectively. The peak of the current density
profile is located at a lateral coordinate corresponding to the edge of the metallic contact,
near the center of the mesa for W, = 75 um (dashed lines) and at the mesa sidewall for
W, = 200 pm (solid lines). Current crowding also leads to severe nonuniformity in the
light emission profile. Figure 14 presents the calculated lateral distribution of radiative
recombination in the active region, which again has a peak in correspondence of the
edge of the metallic contact. No significant efficiency improvement is observed when the
p contact is extended to cover the entire mesa surface (W, = 200 um) and the resulting
radiative emission profile is confined to the outer edge of the mesa. In fact, the IQE
is practically the same for both values of W,, since the doubling of the peak value of
radiative recombination for W, = 200 um is offset by the halving of the region where
radiative recombination is not negligible.

4. Conclusion

This paper has presented a preliminary theoretical study of the design criteria for
BeZnO-based LED devices. Using a two-dimensional numerical model, we have
investigated the possible design choices of the geometrical and electrical parameters
of a reference LED structure intended to operate at a wavelength of 360 nm. We have
evaluated the IQE as a function of the layer thicknesses and doping concentrations.
Specifically, we have considered the dimension and doping of the EBL, the doping of
the barriers and number of QWs in the active region, and the characteristics of the buffer
layer. It has been found that, in the case of ZnO/BeZnO well /barrier active region, the
most critical design parameter is the EBL doping. In fact, if the EBL is thicker than
10nm and has a Be molar fraction in excess of 11%, it can operate effectively as long

as the doping is p-type and at least equal to 5 - 108 cm 3.

This is clearly outside the
present range of practical feasibility for BeZnO. It has also been found that doping the
barriers in the MQW region does not produce an appreciable improvement in the IQE.
We have found that the optimum number of QWs in the active region is three for current

2 and 2 A/mm?, while for higher current densities five QWs

densities between 1 A/mm
should be employed. We have also examined the effects of different buffer layer designs.
Because of the low electron mobility of BeZnO alloys, we have concluded that a buffer

layer with thickness larger than 2 ym is needed to operate the LED at voltages below
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Figure 13. Calculated z-component of the current flowing through the active region
for W, = 75 ym (Hc) and W, = 200 ym (Fc).

10V and with IQE above 40%.
In conclusion, although BeZnO offers potential advantages for the design and

fabrication of UV LEDs, it is still a relatively immature material. In order to be
effectively used for LED design, significant developments in doping techniques and

improvement in carrier mobility have to be achieved.
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