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In recent years, investigating and engineering the oxide-semiconductor interface in GaN-based
devices has come into focus. This has been driven by a large effort to increase the gate robustness
and to obtain enhancement mode transistors. Since it has been shown that deep interface states act
as fixed interface charge in the typical transistor operating regime, it appears desirable to intention-
ally incorporate negative interface charge, and thus, to allow for a positive shift in threshold voltage
of transistors to realise enhancement mode behaviour. A rather new approach to obtain such nega-
tive charge is the plasma-oxidation of thin metal layers. In this study, we present transmission elec-
tron microscopy and energy dispersive X-ray spectroscopy analysis as well as electrical data for
Al-, Ti-, and Zr-based thin oxide films on a GaN-based heterostructure. It is shown that the plasma-
oxidised layers have a polycrystalline morphology. An interfacial amorphous oxide layer is only
detectable in the case of Zr. In addition, all films exhibit net negative charge with varying densities.
The Zr layer is providing a negative interface charge density of more than 1 x 10'*cm™ allowing

to considerably shift the threshold voltage to more positive values. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921867]

I. INTRODUCTION

GaN-based heterostructure field effect transistors
(HFETSs) have enabled high efficiencies and large power den-
sities in RF power amplification.' Such devices have conven-
tionally been fabricated using a Schottky gate for which the
metal is in direct contact to the semiconductor.' This is a sta-
ble and viable option as GaN-based HFETs are traditionally
of depletion mode (d-mode)' and hence the Schottky diode is
not biased above its forward turn-on voltage. However, since
GaN is now also seen as a viable option for application in
power-switching, enhancement mode (e-mode) behaviour
becomes more favourable as it provides fail-safe property to-
gether with easier circuit design of inverters, converters, etc.?
With e-mode devices, the application of a gate dielectric is a
must considering that devices need to be turned on without
excessive gate current.” Furthermore, the application of an in-
sulator provides an additional interface, at which the presence
of charge influences the electrostatics of the heterostruc-
ture.*”” Of particular importance is that deep interface states
Dj; at the oxide/barrier interface do not change their charge
state under normal operating conditions of a metal semicon-
ductor heterostructure field effect transistor (MISHFET).8
Only at high forward biases, at which carriers can be accumu-
lated at the dielectric/barrier interface or at elevated tempera-
tures (emission times become short enough), D; can affect
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dynamic results via hysteresis or dispersion.® Hence, obtain-
ing D;j; may be seen as a possible means for controlling the
threshold voltage Vy,. Accordingly, with the control of the
interface state density which is in the following regarded as a
fixed interface charge Nj, e-mode behaviour with very large
values of Vy, could be enabled.

Oxide-semiconductor interface charge characterisation
has been reported several times in the past.”®® For the con-
trol of Ny (and bulk oxide charge N, which can work in the
same way), various methods have been presented, such as
gate-recess,” plasma oxidation of AIN,'® or fluorination of a
gate oxide."" Our group has also shown first results indicat-
ing that thermal annealing of a plasma-oxidised Al thin film
as gate dielectric leads to Vi, shifts to more positive values
due to the presence of oxide-related charge.'> However,
using the plasma-oxidised Al layer, Ny has not shown to be
sufficiently high to enable a Vy,, which is higher than one of
the Schottky gated references. In a second approach, we
have used plasma-oxidised Al/Ti thin films showing a Vi,
very close to the Schottky reference, suggesting an increased
Nj; in this case.'> However, exact numbers for Nj; have not
been extracted for this approach so far. Rather, only electri-
cal characteristics limited to gate leakage current and transis-
tor characteristics have been evaluated. In this paper, we
present a comprehensive study of Al, Al/Ti, and Zr-based
thin oxide films. The possibility of increasing the dielectric
thickness is investigated by performing a double deposition-
oxidation process. The fabricated structures are analysed in

© 2015 AIP Publishing LLC
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FIG. 1. Cross sections of the processed devices illustrating the various fabricated gate stacks. “O” is for ohmic contacts.

terms of crystallinity, I-V, and C-V characteristics. Values
for Ny are extracted and a pathway for obtaining e-mode
behaviour is sketched.

Il. EXPERIMENTAL

The epitaxial layer stack used for device processing was
grown on a 6-in. Si substrate in an AIXTRON SE planetary
reactor. The growth was initiated with a low-temperature
AIN nucleation layer. On top, a high temperature AIN layer
and a GaN buffer were deposited. The epitaxial process was
finalised with the growth of a thin AIN spacer layer and a
23nm Alg,6Gag 74N barrier layer. A two-dimensional elec-
tron gas (2DEGQG) is formed below the AIN spacer. Before de-
vice processing, the wafer was diced into square samples.

Five samples for which the large-area diode cross sec-
tions are illustrated in Fig. 1 were prepared for device fabrica-
tion. The samples were subjected to a chlorine-based dry etch
for mesa isolation and to the deposition of a Ti/Al/Ni/Au stack
for ohmic contact formation. After the deposition, the samples
were annealed at 825 °C for 30s in nitrogen atmosphere. The
gate patterning step differed for the five samples. For the
Schottky-gated reference, a conventional Ni/Au stack was
evaporated in an electron beam (e-beam) chamber. Samples
Al, Al/Ti, and Zr were processed following the process flow
described in Ref. 12. After patterning the resist for gate lithog-
raphy, thin metal layers (either Al, Al and Ti, or Zr) were de-
posited on the samples by means of e-beam evaporation.
Subsequently, the samples were subjected to an oxygen
plasma in an inductively coupled plasma reactive ion etch
(ICP-RIE) chamber. To obtain optimal results for each sam-
ple, the DC bias during oxidation was slightly different for the
samples (details in Table I). Other process parameters were
kept constant, such as the chamber pressure of 13.3 Pa, the ox-
idation time of 10min, the ICP power of 50W, and the

TABLE I. Process parameters which were different for the five samples.

LayerThickness DC bias in ICP Annealing temperature
Sample (nm) V) (°C)
Schottky . . e
Al 4 —55 600
Al/Ti 1/4 —55 400
2xAl/Ti 1/4/1/4 —55 400
Zr 3 -90 600

oxygen flow rate of 30 sccm. For sample 2xAl/Ti, the last two
steps were repeated to double the gate dielectric thickness.
Following the oxidation step, the samples (together with the
reference) were reinserted in the e-beam chamber and the final
Ni/Au (50nm/200 nm) gate electrode was deposited. To acti-
vate interface and/or oxide charges,'? the samples with the
oxidised metal layers were finally subjected to an annealing
step under nitrogen atmosphere for 10 min. The actual layer
thicknesses of the thin films, the parameters during the oxida-
tion step, and the annealing temperature are given in Table 1.

For the characterisation of the plasma-oxidised metal
layers, transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDX) were performed on
large-area control samples featuring only the gate stack on top
of the heterostructure. These samples were also annealed in
the same run as their respective fully processed sister samples.
Cross-sectional TEM specimens were prepared using mechan-
ical polishing and Ar ion milling. The specimens were studied
in high-resolution using spherical aberration-corrected TEM
that allowed to observe the interface structure between the
AlGaN layer and gate contacts without delocalisation.
Additionally, I-V and C-V characterisation was performed on
large-area diodes with a diameter of 100 pum.

lll. RESULTS AND DISCUSSION

First, sample Al and sample Zr were investigated by
means of TEM and EDX (no such analyses were performed
on the other samples). The oxide of sample Al for which the
TEM micrograph is shown in Fig. 2(a) appears to be polycrys-
talline throughout the layer. Between the AlGaN barrier and
the AlO, layer, no amorphous interface layer is detectable.
Additionally, the interface between oxide and barrier seems to
be sharp with only single atomic steps. On the upper interface,
the oxide layer appears slightly less well defined with an
increased roughness of about two atomic layers. The total
thickness of the layer is about 5.5nm. By EDX analysis, the
presence of oxygen in the Al layer is clearly identified.

For the Zr sample (Fig. 2(b)), the appearance of the oxide
is slightly different. Although the oxide layer is also polycrys-
talline, a poorly ordered and a possibly amorphous layer at the
oxide-barrier interface is visible. This layer, however, seems
to be not continuously present. It rather consists of islands
between which also crystalline parts of ZrO, in contact to
AlGaN are seen. Consequently, the interface is not as sharp as
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in the case of AlOy. It varies over two atomic layers. The sur-
face roughness appears to be very similar to the one of AlO,.
The thickness of the layer is extracted to be 6.0 nm.

The insulating properties provided by the plasma-
oxidised layers were investigated by I-V measurements of
large-area diodes. The resulting I-V characteristics are shown
in Fig. 3. The measurement was performed from negative to
positive bias. For each sample (except 2xAl/T1), several devi-
ces are shown. The Schottky sample exhibits already quite a
low reverse leakage current of about 3 x 10~ A/cm?. Under
forward bias, the diode turns on with a steep slope reaching
1 A/em?® at about 1.4V. Sample Al shows a reduction of
reverse leakage current by about one order of magnitude. In
addition, thermionic emission responsible for the sharp turn-
on of the Schottky diode is suppressed at positive gate bias.
However, it is not possible to maintain a very low current
level above +1V. At +4V gate bias, the current reaches a
value of about 0.1 A/em?. Compared to a 6nm thick atomic
layer deposited AlO, layer, the insulation is less effective.’
Compared to sample Al, a very similar picture is observed for
the Al/Ti sample. Leakage in reverse direction is reduced by
two orders of magnitude. Under positive gate bias, however,
the suppression is less pronounced than in the case of AlO.
The sample reaches lA/cm2 at 3.3 V. The double oxidised
sample 2xAl/Ti shows no suppression of leakage current in
reverse direction. However, the current in forward direction is
apparently much comparable to one of the single oxidised
samples Al/Ti. It appears that, despite the twofold physical
thickness, no extra insulation is provided. Finally, the Zr sam-
ple features the lowest reverse leakage current of all samples
with a value of about 1 x 10 A/cm?. Also under forward
bias, the sample shows significant reduction in current

,| Schottky —+— ) j j "
10 Al—O0— Schottky &
AllTi—7—
10° 2xAITIi —O—
Zr ——
10 2k
IS g )
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FIG. 3. I-V characteristics of large-area diodes.
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FIG. 2. Aberration-corrected high-
resolution TEM image of (a) sample
Al and (b) sample Zr.

reaching a level similar to one of the AlO, samples. In addi-
tion to the different levels of leakage current, the zero crossing
of the currents apparently deviates from OV for each plasma-
oxidised sample. The value of the zero current point appears
to correlate with the reverse leakage current level. This effect
is strongest for the ZrO, sample and gives already a first sign
towards the existence of charge in the oxide or at the oxide-
barrier interface.

To allow for the extraction of the oxide capacitance Cy,
C-V measurements were analysed on large-area diodes (diam-
eter 100 um) at a frequency of 1 MHz. The results of the C-V
characterisation are shown in Fig. 4. Values for C,x were
extracted by taking into account that the total capacitance is
determined by the series connection of oxide and barrier ca-
pacitance. The latter was determined via the Schottky-gated
reference. To ensure comparable boundary conditions for all
samples, the capacitance values were taken at biases at which
the same sheet carrier concentrations of ng=1>5 X 102 cm ™2
were obtained. As expected, all samples with plasma-oxidised
dielectric films yield significantly lower capacitance values
than the Schottky reference. This confirms the presence of ox-
ide layers. Sample Al features the lowest capacitance, most
likely due to the rather low relative permittivity €, for Al,O;
of about 9.”'* The oxide capacitance of the AlO, layer in this
study is 181 nF/cm?® With the oxide thickness of 5.5nm
extracted from the TEM image, the resulting ¢, would be
extremely low with a value of about 1.1. Since these values
seem to be unreasonably low, it must be assumed that the Ni
gate electrode is also oxidised. As has been shown in Ref. 12,
the value for C,y is decreasing with increasing annealing tem-
perature. Furthermore, it has been shown that by providing
oxygen via the ambient, thin Ni films oxidise already at lower
temperature of about 500°C."> In our case, the oxygen is
most likely provided by the plasma-oxidised metal layer. By
assuming a relative permittivity of 9 for AlO,, an AlO, thick-
ness of 5.5nm and a relative permittivity of 17 for NiO,'® the
NiO thickness would be 73 nm, a value which may seem rea-
sonable for 50 nm Ni. However, it is highly likely that no stoi-
chiometry is given for the NiO and that the permittivity is
well below the value of 17, such that the 73 nm can be consid-
ered as an upper limit.

This assumption is confirmed by EDX analyses which
were performed on the prepared cross-sections. The cross-
section for sample Zr is exemplarily shown in Fig. 5(a)
(holds as well for sample Al). It is noted that during sample
preparation, the upper metal stack peeled off, turned upside
down, and hence, Ni is seen on top of Au (Fig. 5(a)). Based
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FIG. 4. C-V characteristics of large-area diodes.

on the C-V and I-V characteristics, we can exclude this for
the patterned samples. The resulting EDX spectra for Au, Ni,
and O are depicted in Figs. 5(b), 5(c), and 5(d), respectively.
Apparently, the oxygen concentration is very large in the Ni-
rich volume. Increased amount of oxygen is also seen in the
plasma-oxidised layer. The presence of oxygen in the Au
layer is correlated with background noise. In higher resolu-
tion images (not shown), a very sharp interface is visible for
the oxygen plot at the plasma-oxidised layer/AlGaN barrier
interface. This indicates that, indeed, only the metal layer
was oxidised and not the barrier material.

AIN / AlGaN

J. Appl. Phys. 117, 214503 (2015)

The C-V curve for sample Al shows quite a large stretch-
out in the threshold region. This may well be correlated to ei-
ther slight thickness inhomogeneities as observed in Fig. 2(a)
or to local variations in the density of fixed charges (interface
and/or oxide). Both effects would in turn result in an inhomo-
geneous Vi, and hence, a non-uniformity in capacitance onset.

For sample Al/Ti, Cox is considerably increased to a
value of 575 nF/cm?. This increase is likely to have two ori-
gins. First, for TiOy layers, values for ¢, have been reported to
reach almost 100 (Refs. 17 and 18) (which in those cases is
most probably related to the rutile phase'®), well above one of
the AlO,. In our case, at annealing temperatures of 400 °C,
the anatase phase may be more likely. Still, for this phase, ¢,
is typically about 40." Due to the missing TEM analysis for
the Al/Ti sample, no exact value of ¢, can be extracted here.
As second origin of the increased value of C,y, the annealing
temperature for this sample was well below one of the AlO,
samples giving rise to the assumption that less Ni is oxidised.
For sample 2xAl/Ti, an increase in capacitance is observed.
This behaviour can only be explained if incomplete oxidation
of the double Al/Ti stack is assumed and it clearly shows the
limitation of this method.

The Zr sample shows a moderate capacitance value. Cox
is in between those of AlO, and AlO, /TiO,. This is within
expectation as ¢, values for ZrO, have been reported to be in
the range of 20 to 30.22! With a Cox of 467 nF/cm? and a
layer thickness of 6 nm, ¢, for this oxide layer is calculated
to be 3.2, indicating again the formation of NiO. Depending
on the permittivity of ZrO,, the NiO thickness is calculated

FIG. 5. (a) High-angle annular dark
field (HAADF) scanning TEM
(STEM) micrograph of sample Zr and
elemental maps for (b) Au, (c) Ni, and
(d) O extracted from EDX analysis.
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to be 27 to 29 nm. With the same annealing temperature as
for sample AlO,, the same NiO thickness would be expected.
Hence, this gives rise to believe that the amorphous layer
seen in the TEM images is of low permittivity and further
that the relative permittivity of ZrO, may be well below 20.
Although oxide formation is reported successfully here, it is
concluded that the capacitance values are much lower than
expected.

To extract values for Vy,, the C-V curves were integrated
over the voltage and a linear fit was applied at O V gate bias
providing the value of Vi, at the x-axis intercept. The
Schottky sample exhibits a Vi, of —3.8 V. With the low ca-
pacitance for the plasma-oxidised samples, very negative
values for Vi, would have been expected. However, as appa-
rent from Fig. 4, this is not the case. The most negative Vy, is
extracted for sample 2xAl/Ti with a value of —4.3V, fol-
lowed by sample Al with —4.2'V. In contrast, also positive
Vi shifts (AVy,) with reference to the Schottky sample have
been realised for sample Al/Ti with Vi =—3.7V and for
sample Zr with Vi, =—3.3 V. These positive AVy, are very
favourable for the realisation of e-mode devices.

With these low negative or even positive AVy, values, the
presence of negative charges in the oxide or at the oxide-
semiconductor interface has to be assumed. For simplicity, all
relevant charge contributions may be expressed as a single
quantity, which is Ny (at the expense of losing information like
location or density distribution). For a quantitative estimate of
the fixed charge density, a simplified equation based on Ref. 6
lumping all charges into the single quantity Nj is used

Oy AE ;
N,-tz—@[v,h— (—B——C) +"—] (1)
e e e C

®g corresponds to the Schottky barrier height, AEc to the
conduction band offset between barrier and channel, o;y to
the difference in polarisation charge between barrier and
channel, and e to the elementary charge. As boundary condi-
tion, it is assumed that the increase in barrier height for a
MOS structure compared to a Schottky-gated structure is fully
compensated by the additional conduction band offset
between oxide and barrier. This assumption appears arbitrary,
however, even assuming reasonable variations in the order of
0.3eV,?? the resulting change in Nj would only be about
10%. On the basis of the Schottky sample, parameters for @y
and o;,; have been extracted to be 1.36eV and 1.53 ,uC/cmz,
respectively. AEc was calculated to be 0.46eV. As a result of
the negative AVy, for sample 2xAl/Ti and Al, Ny is lower than
Oint/e with values of —6.9 and —9.1 X 102cem ™2, respec-
tively. For the samples showing the positive AVy,, Ny is nec-
essarily higher than oy /e. While for sample Al/Ti, N;; equals
to —9.9 x 10?em™?, it is —1.1 x 10" em ™2 for sample Zr.
With these extracted values, it appears that there is a direct
relation between the value of the zero-current offset and the
amount of fixed charge as discussed for Fig. 3.

Despite having AlOy in contact with the semiconductor
in three samples, there is apparently a difference in extracted
values of Nj. While for sample 2xAl/Ti, this may well be
correlated to its incomplete oxidation (oxygen is not com-
pletely moving to the interface), for samples Al/Ti and Al,

J. Appl. Phys. 117, 214503 (2015)
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FIG. 6. Band diagrams and 2DEG electron density of samples Schottky, Al
and Zr. The corresponding interface charges are also illustrated.

there is still a slight difference of about 10%. The difference
can either be referred to the limited accuracy of the extrac-
tion or to the presence of fixed charges in the oxide, which
are likely to be differing for AIO, and TiO.

To illustrate the effect of the interface charge and the
oxides on the conduction band E¢ alignment, band diagrams
were simulated by solving self-consistently the Poisson
equation for the Schottky-gated sample and for samples Al
and Zr. For the latter two, it is assumed that all oxide-related
charges reside at the oxide-semiconductor interface. Band
parameters for the nitrides were taken from Ref. 23, for
AlO, and ZrOy from Ref. 24, and for NiO from Refs. 25 and
26. It is noted that, in particular for NiOy, band parameters
can vary by large in dependence on the composition.”> The
thicknesses were used as extracted from TEM and C-V anal-
ysis. The resulting conduction bands are shown in Fig. 6 to-
gether with the various interface charge densities. g4
denotes the surface donor charge which is compensating the
polarisation charge of the barrier oajg,N. i is the resulting
charge of the fixed interface charges (oyy = e - Ny) and ogan
the polarisation charge of the buffer.

It is seen that with both oxides, Ec in barrier and chan-
nel is lifted. This is originated in the presence of the negative
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FIG. 7. Behaviour of threshold voltage vs. the inverse oxide capacitance for
four different interface charge densities, which were extracted for the four
samples. The stars depict the actual values extracted for the samples. The
dashed line which is aligned horizontally indicates the case of the interface
charge matching the polarisation difference between barrier and channel.
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Ny. The Ec lift leads to a reduction in 2DEG density. In the
case of Al, this conduction band lift is considerably weaker
than for Zr. Owing to the reduced capacitance, however, Vy,
is still more negative in the case of Al (not shown for the
simulation), whereas it is more positive in the case of Zr.

As illustrated in Fig. 7, for sample Zr, the low overall
capacitance is beneficial in moving Vy, to more positive val-
ues. If one would deposit a charge-free dielectric on top of
the plasma-oxidised layer, an additional positive AV, of
+0.5V could be realised, e.g., by the deposition of 22.5 nm
charge-free Al,O3. Hence, this method is shown to be very
beneficial to control N;; and thus also for the realisation of e-
mode behaviour. The latter can easily be realised by apply-
ing, e.g., a barrier with low polarisation, a backbarrier, and a
gate recess (all effects discussed in Ref. 9) in combination
with the plasma-oxidised metal layer. As we have shown
negative Nj; of —2.3 x 10" cm ™2 for gate-recessed devices
with ALD-oxide in the past,” it would be very promising to
investigate Nj using the plasma-oxidised metal layers in
combination with a gate recess.

IV. CONCLUSION

In summary, we have analysed MOS heterostructures
fabricated with plasma-oxidised metal layers as gate dielec-
tric. By TEM analysis of selected oxidised layers, the mor-
phology of these has been identified to be polycrystalline.
While for Al as thin film, no amorphous interfacial layer has
been observed, for Zr as thin film, amorphous parts appeared
at the oxide-semiconductor interface. I-V characteristics
have revealed considerable leakage current reduction, which
is, however, not sufficient for the application in e-mode devi-
ces. By analysis of C-V measurements, the relative permit-
tivity of the AlO4 and ZrOy thin films have been extracted.
With the very low values derived, it has appeared that not
only the thin metal film was oxidised but that during anneal-
ing also the Ni gate electrode has been oxidised at least
partly. Additionally, Vi, has been analysed to gain insight
into the interface charge density. In particular, the sample
featuring ZrO, has shown a very high number of negative
Ny, allowing for positive AVy,. In the future, the plasma-
oxidised Zr layer should be combined with a highly insulat-
ing gate dielectric such as atomic layer deposited Al,O5 to
both benefit from better insulation as well as further positive
AVi.

ACKNOWLEDGMENTS

The Hungarian National Scientific Research Fund
(OTKA) supported this work through Grant No. K108869.
The authors acknowledge financial support from the
European Union under the Seventh Framework Program
under a contract for an Integrated Infrastructure Initiative.
Reference 312483—ESTEEM?2.

'Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm
double field-plated GaN HEMTS,” in 64th Device Research Conference
(DRC) (2006), pp. 151-152.

J. Appl. Phys. 117, 214503 (2015)

’N. Ikeda, Y. Niiyama, H. Kambayashi, Y. Sato, T. Nomura, S. Kato, and
S. Yoshida, “GaN power transistors on Si substrates for switching
applications,” Proc. IEEE 98, 1151-1161 (2010).

H. Hahn, G. Liikens, N. Ketteniss, H. Kalisch, and A. Vescan, “Recessed-
gate enhancement-mode AlGaN/GaN heterostructure field-effect transis-
tors on Si with record DC performance,” Appl. Phys. Express 4, 114102
(2011).

4. Shealy, T. Prunty, E. Chumbes, and B. Ridley, “Growth and passivation
of AlGaN/GaN heterostructures,” in Proceedings of Fourteenth American
Conference on Crystal Growth and Epitaxy [J. Cryst. Growth 250, 7-13
(2003)].

3S. Ganguly, J. Verma, G. Li, T. Zimmermann, H. Xing, and D. Jena,
“Presence and origin of interface charges at atomic-layer deposited Al,Os/
III-nitride heterojunctions,” Appl. Phys. Lett. 99, 193504 (2011).

®M. Tapajna and J. Kuzmik, “A comprehensive analytical model for
threshold voltage calculation in GaN based metal-oxide-semiconductor
high-electron-mobility transistors,” Appl. Phys. Lett. 100, 113509
(2012).

"H. Hahn, F. Benkhelifa, O. Ambacher, A. Alam, M. Heuken, H.
Yacoub, A. Noculak, H. Kalisch, and A. Vescan, “GaN-on-Si enhance-
ment mode metal insulator semiconductor heterostructure field effect
transistor with on-current of 1.35 A/mm,” Jpn. J. Appl. Phys., Part 1
52, 090204 (2013).

SML Miczek, C. Mizue, T. Hashizume, and B. Adamowicz, “Effects of
interface states and temperature on the C-V behavior of metal/insulator/
AlGaN/GaN heterostructure capacitors,” J. Appl. Phys. 103, 104510
(2008).

°H. Hahn, F. Benkhelifa, O. Ambacher, F. Brunner, J. Wiirfl, H. Kalisch,
and A. Vescan, “Threshold voltage engineering in GaN-Based HFETs: A
systematic study with the threshold voltage reaching more than 2 V,”
IEEE Trans. Electron Devices 62, 538-545 (2015).

1D, Gregusova, M. Jurkovi, S. Has¢ik, M. Blaho, A. Seifertové, J. Fedor,
M. Tapajna, K. Frohlich, P. Vogringi¢, J. Liday et al., “Adjustment of
threshold voltage in AIN/AlGaN/GaN high-electron mobility transistors
by plasma oxidation and Al,O; atomic layer deposition overgrowth,”
Appl. Phys. Lett. 104, 013506 (2014).

y. Zhang, M. Sun, S. J. Joglekar, T. Fujishima, and T. Palacios,
“Threshold voltage control by gate oxide thickness in fluorinated GaN
metal-oxide-semiconductor high-electron-mobility transistors,” Appl.
Phys. Lett. 103, 033524 (2013).

2y, Hahn, A. Alam, M. Heuken, H. Kalisch, and A. Vescan, “Investigation
of plasma-oxidized aluminium as a gate dielectric for AlGaN/GaN
MISHFETS,” Semicond. Sci. Technol. 27, 062001 (2012).

13y, Hahn, H. Behmenburg, N. Ketteniss, M. Heuken, H. Kalisch, and A.
Vescan, “Enhancement mode InAlGaN/GaN MISHFETs with plasma-
oxidised AlOy /TiOj as gate insulator,” Phys. Status Solidi C 10, 840-843
(2013).

"K.-Y. Park, H.-I. Cho, J.-H. Lee, S.-B. Bae, C.-M. Jeon, J.-L. Lee, D.-Y.
Kim, C.-S. Lee, and J.-H. Lee, “Fabrication of AlGaN/GaN MIS-HFET
using an Al,O; high-k dielectric,” Phys. Status Solidi C 0, 2351-2354
(2003).

L.-C. Chen, F.-R. Chen, J.-J. Kai, L. Chang, J.-K. Ho, C.-S. Jong, C. C.
Chiu, C.-N. Huang, C.-Y. Chen, and K.-K. Shih, “Microstructural investi-
gation of oxidized Ni/Au ohmic contact to p-type GaN,” J. Appl. Phys. 86,
3826-3832 (1999).

195, A. Makhlouf, “Electrical properties of NiO films obtained by high-
temperature oxidation of nickel,” Thin Solid Films 516, 3112-3116
(2008).

17s. Yagi, M. Shimizu, H. Okumura, H. Ohashi, Y. Yano, and N. Akutsu,
“High breakdown voltage AIGaN/GaN metalinsulatorsemiconductor high-
electron-mobility transistor with TiO,/SiN gate insulator,” Jpn. J. Appl.
Phys., Part 1 46, 2309 (2007).

8T Y. Wu, S.-K. Lin, P.-W. Sze, J.-J. Huang, W.-C. Chien, C.-C. Hu, M.-J.
Tsai, and Y.-H. Wang, “AlGaN/GaN MOSHEMTs with liquid-phase-de-
posited TiO, as gate dielectric,” IEEE Trans. Electron Devices 56,
2911-2916 (2009).

'9K. Frohlich, M. Tapajna, A. Rosov4, E. Dobrotka, K. Husekova, J. Aarik,
and A. Aidla, “Growth of high-dielectric-constant TiO, films in capacitors
with RuO, electrodes,” Electrochem. Solid-State Lett. 11, G19-G21
(2008).

205, Kuzmik, G. Konstantinidis, S. Harasek, S. Has¢ik, E. Bertagnolli, A.
Georgakilas, and D. Pogany, “ZrO,/(Al)GaN metaloxidesemiconductor
structures: Characterization and application,” Semicond. Sci. Technol. 19,
1364 (2004).


http://dx.doi.org/10.1109/JPROC.2009.2034397
http://dx.doi.org/10.1143/APEX.4.114102
http://dx.doi.org/10.1063/1.3658450
http://dx.doi.org/10.1063/1.3694768
http://dx.doi.org/10.7567/JJAP.52.090204
http://dx.doi.org/10.1063/1.2924334
http://dx.doi.org/10.1109/TED.2014.2381292
http://dx.doi.org/10.1063/1.4861463
http://dx.doi.org/10.1063/1.4815923
http://dx.doi.org/10.1063/1.4815923
http://dx.doi.org/10.1088/0268-1242/27/6/062001
http://dx.doi.org/10.1002/pssc.201200594
http://dx.doi.org/10.1002/pssc.200303437
http://dx.doi.org/10.1063/1.371294
http://dx.doi.org/10.1016/j.tsf.2007.07.213
http://dx.doi.org/10.1143/JJAP.46.2309
http://dx.doi.org/10.1143/JJAP.46.2309
http://dx.doi.org/10.1109/TED.2009.2032745
http://dx.doi.org/10.1149/1.2898184
http://dx.doi.org/10.1088/0268-1242/19/12/006

214503-7 Hahn et al.

2ly, Dora, S. Han, D. Klenov, P. J. Hansen, K.-s. No, U. K. Mishra, S.
Stemmer, and J. S. Speck, “ZrO2 gate dielectrics produced by ultraviolet
ozone oxidation for GaN and AlGaNGaN transistors,” J. Vac. Sci.
Technol., B 24, 575-581 (2006).

22N. Maeda, M. Hiroki, N. Watanabe, Y. Oda, H. Yokoyama, T. Yagi, T.
Makimoto, T. Enoki, and T. Kobayashi, “Systematic study of insulator
deposition effect (Si3Ny, SiO,, AIN, and Al,O3) on electrical properties in
AlGaN/GaN heterostructures,” Jpn. J. Appl. Phys., Part 1 46, 547 (2007).

230, Ambacher, J. Majewski, C. Miskys, A. Link, M. Hermann, M. Eickhoff,
M. Stutzmann, F. Bernardini, V. Fiorentini, V. Tilak, B. Schaff, and L. F.

J. Appl. Phys. 117, 214503 (2015)

Eastman, “Pyroelectric properties of Al(In)GaN/GaN hetero- and quantum
well structures,” J. Phys.: Condens. Matter 14, 3399-3434 (2002).

24, Robertson and B. Falabretti, “Band offsets of high K gate oxides on III-
V semiconductors,” J. Appl. Phys. 100, 014111 (2006).

25H. Wu and L.-S. Wang, “A study of nickel monoxide (NiO), nickel diox-
ide (ONiO), and Ni(O,) complex by anion photoelectron spectroscopy,”
J. Chem. Phys. 107, 16-21 (1997).

2SF, Tran and P. Blaha, “Accurate band gaps of semiconductors and insula-
tors with a semilocal exchange-correlation potential,” Phys. Rev. Lett.
102, 226401 (2009).


http://dx.doi.org/10.1116/1.2167991
http://dx.doi.org/10.1116/1.2167991
http://dx.doi.org/10.1143/JJAP.46.547
http://dx.doi.org/10.1088/0953-8984/14/13/302
http://dx.doi.org/10.1063/1.2213170
http://dx.doi.org/10.1063/1.474362
http://dx.doi.org/10.1103/PhysRevLett.102.226401

