Exploration of Zr doping in pulsed laser deposited -Ga, 3 for device applications
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The feasibility of zirconium doping of a-Ga, O3 grown by pulsed laser deposition is demonstrated. Targets
with different zirconium contents are used to adjust the zirconium content in the thin films. Therefore, a two-
step growth process is utilized, where first an undoped o-Ga;Oj3 thin film is grown as high-temperature buffer
layer and the zirconium doped ¢-Ga,O3 layer is subsequently deposited at a lower growth temperature. Highly
conductive thin films are obtained with resistivities as low as 3.3 x 1073 Qcm. An electron mobility as high as
38 cm?>V~!s~! is measured for a high free carrier density of 6.5 x 10'8 cm™3. The crystallization in the ct-phase
was confirmed by X-ray diffraction measurements. Further, a strong influence of the growth temperature on the
zirconium incorporation is observed, which can be explained by the increased desorption of volatile Ga;O3
suboxides at high growth temperatures. Depth resolved x-ray photo-electron spectroscopy measurements were
employed to investigate the doping profile in the thin films. They reveal a strongly depth dependent incorporation
of the zirconium, with a decreased incorporation towards the surface. First Schottky barrier diodes on zirconium
doped a-Gay O3 thin films with rectification ratios as high as 8.5 orders of magnitude at +3 V are presented.

INTRODUCTION

With an ultra-wide band gap of up to 5.3eV[1] the a-
polymorph of gallium oxide is especially interesting for high
power applications[2, 3] as well as transparent conductive thin
films [4], and solar blind photo-detectors [2]. The corun-
dum structured a-phase of Ga,Os3 is not as well studied as
the thermodynamically stable B-phase. However, due to a
higher expected breakdown [5] field and first commercially
available a-Ga;O3 based devices, the material has gained in-
creased scientific interest. Numerous growth methods have
been used to grow high-quality a-Ga;O3. Amongst them are
mist chemical vapor deposition (CVD) [6-8], atomic layer
deposition (ALD) [9], halide vapour phase epitaxy (HVPE)
[10], molecular beam epitaxy (MBE) [11], sputtering [12],
and pulsed laser deposition (PLD) [13—-17]. The «-phase
can be grown on readily available, cost-efficient and isostruc-
tural a-Al,O3 substrates. The materials current main draw-
back is the high dislocation density of up to 10'®cm™2 aris-
ing from the large lattice mismatch with the substrate and the
different thermal expansion coefficients of Al,O3 and Ga;0O3
[18, 19]. This severely limits the electron mobility in o-
Gay 03 thin films. The dislocation density can be reduced by
the use of binary a-Ga;O3 as well as by vertically graded
(AL,Gaj_,),03 buffer layers [20-23]. Therewith, the edge
dislocation density could be significantly reduced to about
108 cm=2. A low dislocation density is crucial, as threading
dislocations act — similarly to what is observed for GaN - as
scattering centers [24]. Utilizing buffer layers, electron mobil-
ities as high as 37 cm?>V~'s~! at a free carrier concentration of
3.7 x 10'8 cm™3 for germanium doping [16], 51 cm*V~!s~! at
a free carrier concentration of 2 x 10'8 cm ™3 for silicon dop-
ing [25] and 65 cm?V~1s~! at a free carrier concentration of
1 x 10'8 cm ™3 for tin doping [21] have been achieved. This

is, however still far below the theoretically calculated elec-
tron mobility of @-Ga;O3 thin films, which is expected to
exceed the 250 cm?V~!s~! for B-Ga O3 [3]. Therefore, the
need for further optimization of buffer layers and the explo-
ration of different dopants arises. A promising shallow donor
in 3-Gay0j3 is zirconium [26-28]. Therewith, electron mo-
bilities as high as 112cm?V~!s~! could be achieved in single
crystals at room temperature and the activation energy was
determined as ~ 10 meV[28]. Furthermore, theoretical cal-
culations by Wickramaratne et al. predict that zirconium re-
mains a shallow donor in the o-(Al;Ga;_,),0O3 alloy up to
aluminum contents of x =~ 0.38[29]. This exceeds the calcu-
lated limits of tin (x ~ 0.32) and germanium (x ~ 0.06), which
renders zirconium an interesting dopant for &-Ga, O3 and the
a-(AlGaj_,)»03 alloy [29].

In this work, the feasibility of a-Gay;O3 doping by zirco-
nium on m-plane sapphire substrates is investigated for the
first time to the best knowledge of the authors. The influence
of the offered zirconium content as well as of the growth tem-
perature on the electrical and structural properties is analyzed.
X-ray photo-electron spectroscopy measurements are used to
determine the zirconium incorporation in dependence on the
growth temperature for two different zirconium contents in
the target. Properties of first Schottky barrier diodes based
on a-Gay03:Zr are presented and discussed for two different
zirconium contents.

EXPERIMENTAL METHOD

All thin films were grown by pulsed laser deposition on
10 x 10 mm? single side polished m-plane (10.0) sapphire by
CrysTec with a miscut < 0.1°. The ablation was performed
with a KrF excimer laser (A = 248 nm). A pulse frequency
of 20Hz was used. The targets were fabricated from gallium



oxide powder (purity 99.999% by Alfa Aesar) mixed with
varying zirconium oxide (purity 99.978% by Alfa Aesar) of
1wt. %, 0.5wt.%, 0.025 wt.%, or 0.001 wt.% for the individ-
ual targets. Therefore, the powders were mixed and ground
in a ball mill. Subsequently, a cylindrical target was pressed
and sintered at 1300°C for 72h in ambient atmosphere. For
all thin films, a two step approach was used, as previously
described [16]. The binary «-Gay;O3 buffer was deposited
with 10k pulses at 580°C[17], whereas the a-Ga,O3:Zr layer
was deposited with 15k pulses. All thin films were deposited
in a 3 x 10~* mbar O, atmosphere. The buffer layer thickness
is 80nm for all thin films. The thickness of the active layer
depends on the growth temperature and was determined as
450 nm for a growth temperature 7, = 465°C and 250 nm for
T, = 540°C. A decreasing layer thickness for higher growth
temperatures is expected due to the desorption of volatile
gallium sub-oxides[17].

The thickness of the thin films was determined by spec-

troscopic ellipsometry using a RC2, J.A. Woollam M2000.
X-ray diffraction (XRD) measurements were employed to
investigate the crystallographic structure using an Philips
X’Pert diffractometer. The XPS measurements were per-
formed at the Humboldt Universitit zu Berlin with a JEOL
JPS-9030 setup, using a non-monochromated aluminum
source for excitation. A hemispherical analyzer with a pass
energy of 30 eV was used for detection of the photoelectrons.
No charge compensation was employed. The binding energy
scale was calibrated by measuring sputter cleaned gold and
copper reference samples and setting the Audf;; peak to
84.0eV and the Cu2p; ), peak to 932.6eV. Argon was used
as sputter gas (par = 3 x 10~*mbar) for depth profiling.
A low acceleration voltage of 300V and an ion current of
3.5mA were used to avoid sputter damage. The sensitivity
factors were determined by measuring pure Ga;O3 and ZrO;
reference samples and assuming perfect stoichometry.
For the electrical characterization, Ti/Al/Au contacts with a
thickness of 30 nm/30 nm/30 nm were thermally evaporated
on the sample corners. An annealing in nitrogen atmosphere
at a temperature of 410°C for 20 minutes was used to enable
ohmic behavior of the contacts [30]. All thin films were
characterized electrically by direct current Hall-effect and
resistivity measurements in van der Pauw geometry using a
home-built set-up [31-33]. The ohmic contacts on the thin
film corners were small (3-4 mm? per contact) compared to
the sample size (100mm?). The resistivity and Hall-effect
measurements were performed in the dark using a magnetic
field of 0.43 T. Current - voltage characteristics were recorded
by employing a Siiss Waferprober System P200 connected to
an Agilent 4155C Semiconductor Parameter Analyzer. The
lateral Schottky barrier diodes were realized by reactively
sputtered platinum in a 50/50 O,/Ar atmosphere, capped with
a metallic platinum layer [34].
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FIG. 1. X-ray diffractogram (a) for different zirconium oxide con-
tents in the target material with a distinct (30.0) a-Ga; O3 reflex and
(b) full width at half maximum (FWHM) determined from rocking
curves in dependence on the growth temperature 7,. Outside the
shown 260-range, no further peaks were observed.

EXPERIMENTAL RESULTS

In B-Gay03, zirconium has been reported to be a shallow
donor, similar to silicon or tin. However, up to now no exper-
iments exist on zirconium doped a-Ga;0s. Calculations by
Wickramaratne et al. [29] also predict low formation energy
for the incorporation of Zr** on the Ga site. Targets with four
different zirconium contents were fabricated, namely 1 wt.%,
0.5wt.%, 0.025 wt.%, and 0.001 wt.%. The o-phase could
be stabilized for all four zirconium contents, as is exemplary
shown for a growth temperature 7, = 465°C in Figure 1(a).
In the X-ray diffractograms a distinct (30.0) reflex is visi-
ble for all zirconium contents and no additional reflexes were
observed outside the range shown. The crystal mosaicity of
the thin films was determined by the full width at half max-
imum (FWHM) obtained from ® rocking curves (compare
Figure 1(b)). Since relaxed -GayO3 grows with an inclined
c-axis on m-plane sapphire[35], all samples were azimuthally
aligned with the c-plane parallel to the inciendent beam to
allow for comparable results of the rocking curves. For all
dopant concentrations, an expected increase of the FWHM to
lower growth temperatures is observed, which has also been
observed for undoped ¢¢-Ga;0O3 thin films [17]. For growth
temperatures of 425°C < T, < 500°C, a decrease of FWHM
is observed. For growth temperatures above 450°C, the thin
films which were grown from the 0.001 wt.% ZrO, doped
target exhibit, as expected, the lowest FWHM values, with
a minimum value of 1526” obtained for T, = 465 °C. This
is most likely due to less distortions in the lattice with less
dopant offered, as zirconium has a significantly larger atomic
and ionic radius than gallium. The atomic radii of zirconium
and gallium are 155 pm and 130 pm, respectively [36], while
the ionic radii of Ga>* and Zr** are 76 pm and 86 pm [37].
With higher growth temperatures, a further improvement of
the crystal quality was expected, which can not be observed.
Akaiwa et al. reported that tin doping improves the crys-
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FIG. 2. Resistivity (a) and carrier concentration (b) in dependence
on the growth temperature T, for different zirconium oxide contents
in the target. In (a) a photographic image of a thin film grown from
a 0.001 wt.% ZrO, doped target deposited at 390°C and 540°C is
shown. In (c) the electron mobility is shown in dependence on the
free carrier density for the different offered dopant concentrations
during growth.

tal quality compared to unintentionally doped ¢¢-Ga, O3 thin
films [20]. This effect can not be observed for zirconium dop-
ing, which again is likely due to the larger atomic radius.

In electrical measurements, a strong dependence of the re-
sistivity on the zirconium content in the target as well as on the
growth temperature is observed. For ZrO, contents in the tar-
get of 1 wt.% and 0.5 wt.%, a minimum resistivity is observed
for the lowest growth temperature of 390°C (compare Figure
2(a)). A minimum value as low as 3.3 x 1073 Qcm is mea-
sured for 0.5 wt.% ZrO; in the target. For 0.025 wt.% ZrO»
and 0.001 wt.% ZrO; in the targets, a very similar minimum
value of the resistivity is observed at 465°C. For low growth
temperatures, the resistivity most likely increases due to the
decreased crystal quality as observed in the rocking curves.
This can also be seen in the brownish color of the thin film
shown in the inset in Figure 2(a), which is an indication of
a high number of defects and/or oxygen deficiency. The on-
set T, for that brownish color strongly depends on the dopant
content offered in the target. For 1wt.% ZrO; in the target,
even the thin film grown at 7, = 390°C is still transparent,
whereas thin films deposited at this temperature for smaller
zirconium contents in the target already turn brownish. For
high growth temperatures, a strong increase of the resistivity
is observed for all dopant concentrations. The loss of conduc-
tivity for high growth temperatures has been observed before
for tin, silicon and germanium doping and was attributed ei-
ther to an evaporation of the dopant or due to a change in
charge state, such that the dopant no longer contributed to the
electrical conductivity [16, 38]. For a temperature of 465°C, a
tuning of the resistivity from 1.8 x 1072 Qcm to 9.6 Qcm can
be achieved by increasing the offered amount of dopant from
0.001 wt.% to 0.5 wt.%.

Hall-effect measurements were performed on all thin films
to obtain the free carrier density and the electron mobility. A
decrease of the free carrier density over two orders of magni-
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FIG. 3. Electron mobility versus free carrier density of results ob-
tained in this work and published in literature. For high carrier con-
centrations, it is assumed that the electron mobility is limited by ion-
ized impurity scattering (guide to the eye indicated by dotted line),
whereas for small carrier concentrations, it is limited by scattering on
dislocations (guide to eye indicated by dashed line and green line).
The zirconium concentration in the target is indicated by darker green
(1 wt.%) to lighter green (for less zirconium). References for the data
given in the legend. UL denotes University Leipzig.

tude with increasing growth temperature is observed for a zir-
conium content of 0.025 wt.% in the target (compare Figure
2(b)). For all other zirconium concentrations, too few mea-
surement values were obtained to observe a dependence on
the growth temperature. Furthermore, the highest carrier den-
sity of 5.8 x 10! cm ™3 is obtained for 0.5 wt.% ZrO, in the
target, which is even higher than the carrier density we ob-
tained for tin doped thin films [16]. The electron mobility,
shown in Figure 2(c), does not exhibit a dependence on the
growth temperature. It does however, show a dependence on
the free carrier density. With increasing carrier concentration
the electron mobility also increases. The highest electron mo-
bility of 38 cm?>V~!s~! is observed for the thin film with the
smallest FWHM,,.

This is the — up to now — highest achieved electron mobility
at such a high carrier density for doped o-Ga,0O3, as can be
seen in Figure 3, which depicts the electron mobility in depen-
dence on the free carrier density for different dopants compil-
ing various results from literature. Here also the exceptionally
high electron mobility for carrier densities above 10'* cm—3
is immediately visible. Assuming, that the decrease of the
mobility for high carrier density is solely due to ion impurity
scattering, the mobility depends on the free carrier density as
[39, 40]
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Where the density of ionized donors N, was approximated
by the free carrier density n. This was done to calculate a
guide to the eye how the electron mobility decreases for in-
creasing carrier density, which is shown as gray, dotted line.
On the other hand for small carrier densities, the mobility
mainly decreases due to scattering on dislocation lines in crys-
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talline a-Ga;0Os3. This can be approximated by [41, 42]:

T. 2)

A dislocation density of approximately 5 x 10? cm~2 was ob-
tained for a fit on the data by Akaiwa et al. in the low car-
rier concentration range [21]. This is shown by the gray,
dashed line as guide to the eyes in Figure 3. If one uses
the same approach to fit the electron mobilities obtained on
zirconium doped -Ga,0O3, a dislocation density as high as
5% 10'%cm~2 has to be assumed to approximate the correla-
tion between electron mobility and free carrier density. This
is shown as green, solid line in Figure 3. However, this is only
a rough estimate, as other measurement techniques, such as
transmission electron microscopy, would be required to mea-
sure the dislocation density of the zirconium doped thin films.
Furthermore, this approximation neglects the simultaneous in-
fluence of ionized impurity scattering, which commonly is the
limiting factor for the electron mobility for these high carrier
densities.

To gain a more profound understanding of the zirconium
incorporation into the thin films, X-ray photo-electron spec-
troscopy measurements were performed. The depth depen-
dent measurements were performed for different growth tem-
peratures and for 1 wt.% and 0.5 wt.% ZrO, in the target. For
lower zirconium contents in the target, measurements were
not feasible due to the elemental detection limit of the XPS
method. In Figure 4(a-c) the intensity of the Ga2p; ,, Ols and
Zr3d peak for different sputter times are depicted. For zirco-
nium, predominantly ZrO, and some additional signal from
ZrO, is measured at the surface (see Figure 4(c)), whereas

only ZrO, is detected in the bulk (i.e. for sputter times above
100 s). Furthermore, the zirconium content is strongly depth
dependent, as is shown in Figure 4(d) for 7, = 390°C and
1wt.% ZrO; in the target. At the surface a zirconium content
of 0.5 at.% is measured, which increases to a value of 1.5 at.%
in the bulk thin film. This increase occurred over a sputtering
time of approximately 1200 s, which corresponds to a sputter-
ing depth of about 200 nm. This corresponds to a very inho-
mogeneous depth dependent incorporation of the zirconium.
This also has to be taken into account when interpreting the
Hall-effect measurements, as the resistivity is likely overesti-
mated whereas the free carrier density is underestimated due
to the in-homogeneity. The electron mobility is not influenced
by a different active layer thickness, as expected from the in-
homogeneous donor profile.

To understand whether this effect is due to an evaporation
of zirconium from the thin film during the cool down of the
thin film or occurs already during the growth, a sample with
an in-situ, 20-30 nm thick Al,O3 capping was grown at the
same growth temperature of 7; = 465°C as the doped layer.

Depth resolved XPS measurements were performed on this
sample, which disclose a homogeneous/reduced gradient of
the zirconium incorporation (see Figure S2 for a detailed XPS
analysis [43]). This is a strong indication that zirconium evap-
orates from the thin film during the cool down phase after the
deposition. Further investigations have to show whether this
doping gradient can be prevented if the cool down occurs in
oxygen ambient with 800 mbar rather than at 3 x 10~* mbar.

An increase of the zirconium incorporation with increas-
ing growth temperature is observed, which might explain the
reduced crystal quality for higher growth temperatures and
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FIG. 5. In (a) the depth resolved zirconium content determined by
XPS for an uncapped and an Al,O3 capped film deposited from a
target consisting of 0.5 wt.% ZrO, at 500°C and in (b) the schematic
layout for the capped thin film. (c) Number of zirconium atoms Nz,
per cubic centimeter and free carrier density in dependence on the
zirconium oxide content in the target. For zirconium oxide contents
< 0.025 wt.%, the number of zirconium atoms is estimated from the
transfer rate for the thin films deposited from the targets with ZrO,
contents > 0.5 wt.% and an approximated error margin is given in
blue.

the high resistivity of these thin films. For 1wt.% ZrO; in
the target, the zirconium content at high growth temperatures
of T, = 465°C is at Zr/(Zr+Ga)=0.05. This is alloying rather
than doping. The increase of the zirconium content in the thin
films with increasing growth temperature is likely due to the
desorption of gallium suboxides during the growth, which is
more pronounced for higher growth temperatures. In contrast,
for tin doping of -Ga;O3 a lower tin incorporation with in-
creasing growth temperature was observed [16]. Furthermore,
the transfer of zirconium from the target into the thin film
at a given growth temperature is directly proportional to the
amount of zirconium in the target.

Using the thus obtained zirconium contents in the thin
films, the number of zirconium atoms per cubic centimeter
Nz was calculated for ZrO, contents in the target of 1 wt.%
and 0.5wt.%. These results and an assumption of a similar
transfer for lower zirconium contents in the target were used
to estimate Nz for ZrO; contents in the target of 0.025 wt.%
and 0.001 wt.%. This is depicted in Figure 5(c) with a wide er-
ror range for smaller zirconium contents. In addition, the free
carrier densities determined for these dopant concentrations
(for all growth temperatures) are depicted as well. Assum-
ing the same transfer rate of zirconium for 0.001 wt.% ZrO;
in the target as for the higher contents, the free carrier den-
sity would be higher than the amount of Nz;. We can exclude
that unintentional doping is causing this high carrier density,
as nominally undoped &-Ga;0O3 thin films deposited at the
same conditions do not exhibit any conductivity. We there-
fore conclude that the zirconium transfer must be higher than
expected from our estimations. For high zirconium contents
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FIG. 6. (a) Current density (j)-voltage (V) characteristics for the
diodes with the highest rectification ratio on two thin films fabricated
from different targets as denoted. In (b) the effective barrier height
OB etr is depicted as function of the ideality factor ) and in (c) statis-
tics of the logarithm to base 10 of the rectification ratio of all devices
on these two thin films are depicted. The total number of diodes N is
denoted in (c).

in the target, there are one to two order of magnitude more
zirconium atoms in the thin film than free carriers. It is yet
unclear whether these zirconium atoms are evenly distributed
in the thin film or whether a clustering or accumulation on
dislocation lines occurs. The doping efficiency was estimated
by first calculating the total number of zirconium atoms per
unit volume and then relating this to the free carrier density.
A maximal doping efficiency of 2% and 8% were obtained
for 1 wt.% and 0.5 wt.% ZrO; in the target, respectively. For
lower zirconium contents in the target the value can not be
calculated, as the zirconium contents in the thin film are only
approximated. However, we assume that the doping efficiency
further increases with decreasing zirconium content in the tar-
get.

Using two thin films with carrier densities of 3 x 10'® cm—3
(Ty = 435°C, 1 wt.% ZrO; in target) and 2 x 10! ecm ™3 (7, =
520°C, 0.025wt.% ZrO; in target), lateral Schottky barrier
diodes were fabricated. The obtained current density (j) —
voltage (V) characteristics are depicted in Figure 6(a). A high
forward current density of 2.0 Acm~2 and 0.6 Acm ™2 is mea-
sured at 43V for the diodes on thin films deposited from the
1 wt.% ZrOy and 0.025 wt.% ZrO,, respectively. The higher
forward current for the diode from the 1 wt.% ZrO, target is
expected from the higher carrier density resulting in a lower
series resistance. In the reverse regime, a lower current den-
sity is observed for the diodes on the thin film deposited from
the 0.025 wt.% ZrO, target for V. < —3 V. The higher forward
current as well as the higher reverse current are expected for
higher carrier densities in the thin film. AtV = -2V, the
onset of a increase of the current is measured for the diode
from the 0.025 wt.% ZrO,. From the exponential increase,
a tunneling current is probable, however temperature depen-
dent j —V measurements are required to confirm this. For
both thin films, a j — V characteristic of the contact with the
highest rectification ratio is shown for a voltage sweep from



0V to —5V and from OV to +4 V. In forward direction, the
additional influence of a charging current is observed, which
can also be seen for a voltage sweep from negative to positive
voltage and vice versa (compare Figure SI2, which depicts
the current-voltage characteristics for both voltage sweep di-
rections [43]) [44, 45]. Assuming thermionic emission to be
the dominant transport mechanism, the effective barrier height
@B et Was obtained from the current-voltage characteristics in
negative voltage sweep direction. It is depicted in Figure 6(b)
as a function of the ideality factor 1. By a linear fit, the homo-
geneous barrier height ¢ nom Was extracted. Homogeneous
barrier heights of ¢p hom ~ 1.4 €V were obtained for both thin
films. This is very similar for both thin films and comparable
to similarly fabricated Schottky barrier diodes on tin doped o-
Gay03 [34]. Overall, the ideality factor, with a lowest value
of n = 2, is very high compared to Schottky barrier diodes on
B-Gay O3 [46]. The series resistance of the two diodes shown
in Figure6(a) is 9.3 x 10°Q and 5.5 x 107 Q for 1 wt.% and
0.025 wt.% in the target, respectively. This corresponds well
to the obtained resistivities of the samples. The rectification
ratio Sy, calculated as the current at 43 V divided by the cur-
rent at —3'V, is as high as 8.5 orders of magnitude. However, a
strong variance in device performance is observed in the dis-
tribution of the rectification ratio in Figure 6(c). The recti-
fication ratio of all contacts on the respective thin films are
depicted, thus including contacts with shunts and/or ohmic
behaviour. The large variance is due to either interface de-
fects introduced during the sputtering or it might be due to the
high zirconium concentration in the thin film, which leads to
an increased tunneling probability. Further investigations are
required to exclude a clustering of zirconium in the thin films.
In addition, optimization steps of the thin film growth as well
as for the Schottky barrier metal composition are required to
improve the diode performance.

CONCLUSION

In summary, we have demonstrated the feasibility of zirco-
nium doping in phase pure a-GayOj3 for four different ZrO;
contents in the target material and for different growth temper-
atures. Highly conductive thin films with a resistivity as low
as 3 x 1073 Qcm were obtained. Electron mobilities as high
as 38 cm?>V~!s! at a free carrier density of 6.5 x 10'® cm™3
were measured. This is the highest electron mobility reported
for o-Gap O3 thin films at such high carrier densities and
demonstrates the great potential of zirconium doping of o-
Gay03. An inhomogeneous depth dependent zirconium incor-
poration was detected by depth resolved XPS measurements.
Thereby, less zirconium is incorporated at the surface, com-
pared to the bulk thin film. The transfer of zirconium into the
thin film strongly depends on the growth temperature, which
is likely due to the high rate of gallium suboxides desorption
during growths. As this effect is strongly temperature depen-
dent, a higher desorption of gallium suboxides - and there-
with a higher Zr content in the thin films - is observed for

higher growth temperatures. First @-GayO3:Zr based diodes
were presented which have high current rectification ratios of
8.5 orders of magnitude and homogeneous barrier height of
1.4 eV at room temperature.
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