Aluminium doped Zn;_,Mg,O — a transparent conducting oxide with tunable
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A ternary mixed oxide Zn;_,Mg,O has been doped with aluminium to create a range of transparent con-
ducting oxides (TCOs) with tunable refractive index as well as work function. Conductive material was
synthesised up to a magnesium concentration of x=0.45, although the conductivity is reduced compared
to standard ZnO:Al. The changes in band gap, work function and conductivity have been attributed to a
modified band structure and energetic position of the aluminium induced donor state.

Transparent conducting oxides are an important class
of material for various optoelectronical devices such
as liquid crystal displays (LCDs), organic light emit-
ting diodes, and thin film solar cells."™* One particu-
larly important material is aluminated zinc oxide (AZO,
ZnO:Al). Tt offers good conductivity and high trans-
parency in the visible range for lower costs than the com-
monly used indium tin oxide (ITO). One drawback of any
of the known TCOs based on ITO or doped binary oxides
such as ZnO:Al and SnOs:F is the limited flexibility in
regards to refractive index and work function. Greater
flexibility in tuning the refractive index of a TCO would
reduce unwanted reflections at internal interfaces, if such
modified TCOs are employed as internal anti-reflective
layers.? Greater flexibility in the work function could help
in reducing serial resistances at TCO-active layer inter-
faces caused by unfavourable band alignment.

A ternary system, where tunablility in band gap and
refractive index has already been demonstrated is the
system of hexagonal Zn;_,Mg,O. Magnesium can be in-
corporated at zinc positions up to high values of x ~0.5
while maintaining the hexagonal crystal structure of the
zinc oxide.®® Incorporation at higher values of x remains
difficult due to the instability of the hexagonal phase of
MgO. Indeed the tunability of the optical properties has
already been employed in ZnO based LEDs, where either
the emission energy can be tuned or the material can be
used as wave guide for the optically denser ZnO active
emitter in multi quantum well structures.”" !

It has been shown further that the flexibility in work
function using such a ternary system can be used to im-
prove CIGS solar cell efficiencies. Such a material with
selected work function can be deployed as a buffer layer
between a conventional ZnO:Al front electrode and the p-
type chalcogenide absorber.!'? The improvement demon-
strated by Térndahl et.al.'? was small, as the conductiv-
ity of the Zn; _, Mg, O layers used decreased substantially
compared to n-type ZnO commonly used. This increases
serial resistance within the buffer layer even if the inter-
facial serial resistance is reduced. To compensate for this
an effective doping of the buffer layer itself is required.
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Previous studies have shown that Zn;_,Mg,O up to
x=0.3 can be doped with Al, though not as efficiently
as plain ZnO.'31® Compared to ZnO:Al a significant re-
duction in conductivity was observed and related to a
decrease in carrier concentration and electron mobility in
the disordered lattice.'®'* Within this study the system
was further investigated and electrical properties were
correlated to optical and crystal structure properties, as
well as composition analysis with XPS. We confirmed
the changes in conductivity, though they have been at-
tributed to changes in mobility and carrier activation en-
ergy.

Samples were grown by spray pyrolysis on microscope
glass slides (Fisher brand) using methanol as a solvent
and organic precursor salts. Zinc acetate dihydrate
(Zn(CH3COz2)3 - 2H50), magnesium acetate tetrahy-
drate (Mg(CH3COz)y - 4H50) and aluminum acetyl ace-
tonate (Al(CsH70O2)3, AAA) have been used as Zn, Mg,
and Al precursors respectively.

Crystal properties were measured by XRD (Bruker D8
Advance). Optical properties have been determined by
UV-VIS Spectrophotometry (Varian Cary 50) and vari-
able angle spectroscopic ellipsometry (Sopra GESP 5).
Electrical measurements have been performed in van-
der-Pauw 4 point probe configuration, chemical compo-
sition by X-ray photo electron spectroscopy (XPS) and
work function as well as valence band structure by UPS
(Omicron Multiprobe XP). As growth rates vary upon
introduction of large quantities of the Mg precursor, the
thickness of each sample has been determined indepen-
dently by cross sectional SEM (Zeiss Ultra) on cleaved
samples. This minimises the error in the determination
of the resistivity, carrier concentration and improves the
ellipsometric analysis.

All samples show a columnar growth, with (0001) ori-
ented crystals (see Fig. 1). Films are highly texturised
with a preferential crystal orientation. The SEM top
view image (inset Fig. 1) clearly shows the hexagonal,
columnar structure. A compression of the c-axis with in-
creased Mg content is observed by the systematic shift
of the (002) reflex to higher angles. For samples with
a Mg content of x=0.37 dephasing occurred, and (100)
oriented MgO planes are detected as well. Based on the
development of the MgO content as measured by XRD
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FIG. 1. (a) X-Ray diffraction patterns of Zn;_,Mg,O:Al for
various magnesium content (z). (b) Confirmation of the in-
corporated amount of Mg and Al measured by XPS.

for £<0.3 pure phases of Zn;_,Mg,O:Al can be grown
by spray pyrolysis. XPS studies reveal a similar Mg con-
tent in the Zn;_,Mg,O:Al films as the nominal concen-
tration within the precursor solution. The incorporated
Al content was also not affected by the presence of Mg
(Fig. 1b).

Figure 2 shows the results of the optical analysis of the
samples. The samples show the expected opening of the
band gap and reduction of the refractive index n in line
with previous results for undoped Zn;_,Mg,O.”8. The
ZnO dielectric function was fitted with a single 1D bulk
critical point'®, as this method not only describes the
shape of the refractive index in the transparent region,
but also accurately models the onset of absorption and
the position of a maximum k. For comparison the optical
band gap E, as determined by the onset of absorption in
UV-VIS transmission measurements (Tauc-plot) is also
shown. The energetic position of the 1D bulk critical
point is systematically higher, but follows the same trend.
Please note that our spray pyrolysis grown samples do
not show carrier concentrations high enough to observe
additional band gap openings due the Burstein-Moss ef-
fect unlike the one observed in studies using pulsed laser
deposition or magnetron sputtering.'3'® The significant
reduction in n for high Mg concentration makes the ma-
terial interesting for internal anti-reflective layers.®
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FIG. 2. (a) Model dielectric function fitted to measured mul-
tiple angle ellipsometric measurements. The change in the
band gap position is clearly seen, as well as the reduction
of the refractive index in the transparent region. (b) De-
pendency of the refractive index n at 2eV (H), 1D oscillator
position Eip (e), and band gap F, (A) on Mg content.

Figure 3 shows the summary of the main electrical
properties investigated. Foremost a decrease in work
function with increasing Mg content has been noted
by the shift in the secondary electron cut off in UPS
measurements, which is related to the work function.'”
For this analysis only samples with low resistivity of
p < 0.1Qcm have been analysed to avoid systematic er-
rors due to charging.

The resistivity p increases with increasing Mg content,
while the refractive index as well as work function de-
crease. However even at a Mg content of 0.33 a residual
conductivity of > 0.5 Sem ™! remains, making the mate-
rial useful as modified TCO. It was previously reported,
that the increase in p is solely related to the decrease in
mobility and reduction of carrier concentration. The lat-
ter could be caused by a decreased incorporation of Al in
the mixed Zn;_,Mg,O lattice or changes in the dopant
energy level and an identification of the particular mech-
anism was not feasible so far.!3!% As our analysis clearly
shows, the Al content, within the error of the measure-
ment, is not affected by the large quantities of Mg in the
lattice (Fig. 1b). However changes in the carrier acti-
vation energy F,, as determined by an Arrhenius plot
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FIG. 3. Overview of the main electrical properties of Zn;_,Mg,O:Al as a function of Mg content. a) The reduction in the work
function as measured by the secondary electron cut off in UPS measurements (l) b) The measured change in resistivity p (e)
and effective carrier activation energy (A). As reference resistivities of CVD grown material'® is shown as well (o). ¢) Mobility
(V) and carrier concentration (O) for selected samples. d) Schematic summary of changes in the band structure consistent with

all the measurements presented.

for the temperature dependent resistivity measurements
from 300-450 K can explain the observed changes. This
indicates, that the effective electron binding energy of
the dopant site — here an Aly, substitution is increas-
ing as a function of the Mg concentration. This then
directly leads to a smaller number of activated carriers
at room temperature and hence a lower number of free
carriers. In order to more effectively dope the ternary
Zmy Mg, O, defects other than the Al substitution have
to be introduced. In particular defect complexes such
as Alyz,-No, might be able to reduce the donor binding
energy. More thorough investigations or ab-initio calcu-
lations on the defect energies of such ternary materials
would be required.

In contrast to the undoped Zn;_,Mg,O system, the
substantial conductivity of the doped layers makes such
films potentially suitable buffer layers in OLED or so-
lar cell devices, if a reduced refractive index or lower
work function is required at the transparent contact. For
example at a magnesium concentration of z = 0.3 the re-
fractive index (n~1.8) in the visible region (~2.0eV) is
ideal for minimising reflective losses at glass/TCO inter-

faces, while still being conductive with p~1Qcm. While
the resistivity of our layers is high compared to high qual-
ity ZnO:Al, this is due to the limitation in our growth
technique and film thickness (300-400 nm). Spray pyrol-
ysis is known to produce material with lower crystalline
quality, many grain boundaries and hence lower electron
mobilities. In addition a high number of compensating
point defects due to the use of precursor chemicals with
low purity reduces the achievable carrier concentration.
Indeed our best case ZnO:Al reference samples only show
a resistivity of 7-1072 Qcm, comparable to what can be
best achieved by spray pyrolysis.'® Films grown by PLD,
PECVD or magnetron sputtering show typically one or-
der of magnitude better conductivity values.!>!> As seen
in Fig. 3b, the general trend of conductivity upon in-
crease of Mg content is similar though. It is therefore
expected that if Zny_, Mg, O:Al at higher Mg concentra-
tion is grown with such techniques, the conductivity of
the reduced work function, low refractive index TCO can
be improved. Based on the trends found in spray pyrol-
ysis grown samples we also expect a larger reduction in
work function for samples with 2>0.2, which we could



not analyse due to potential charging difficulties in UPS
measurements for thin films on glass substrates. Even a
small reduction in work function of 100 meV as observed
here for the films with x~0.2 could help to improve car-
rier injection in devices limited by a contact resistance
due to work function mismatch at the front contact.

In conclusion we have shown that the quaternary ox-
ide Zny_,Mg,O:Al can be used to tune the optical and
electrical properties of this transparent conducting oxide.
In particular for high magnesium content > 0.2 the re-
fractive index can be significantly lowered, making the
material a good candidate for conductive anti-reflective
coatings for Si, or at glass"TCO interfaces. In addition
a reduction in work function was observed in the investi-
gated range of magnesium content.
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