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ARTICLE INFO ABSTRACT

The review of this paper was arranged by “E. Electrical properties of metal-oxide semiconductor (MOS) capacitors were measured with MgO/Al,O3 gate di-

Calleja” electrics deposited by atomic layer deposition (ALD) on GaN. For an Al,03 (1 nm)/MgO (20 nm) dielectric layer,
Keywords: a leakage current density of 0.25 mA/cm? at 1 V was measured for the MOS capacitor. A peak capacitance of
MgO ~0.1 pF/cm?® was obtained from the C-V measurements with significant hysteresis observed. In addition, a 15-
Al,O5 minute forming gas anneal at 450 °C resulted in an increased leakage current density of 1 A/cm? at 1 V while also
GaN increasing the peak capacitance by approximately 30%. To improve the performance, an Al,O3 (20 nm)/MgO

(20 nm) dielectric stack was deposited that exhibited a leakage current density of ~1 X 10> mA/cm?at 1V,
which corresponds to ~4 orders of magnitude lower current density than that of the single layer dielectric.
Additionally, a 3-layer Al,03 (10 nm)/MgO (20 nm)/Al,03 (10 nm) stack also shows a leakage current density
reduction of ~4 orders of magnitude, and a reduced density of interface states while remaining a high-k di-

C-V characteristics
I-V characteristics
MOS capacitor

electric. The density of interface states was estimated to be between 6.8 x 10! evV™! cm

~2 and

1.5 x 10'? eV ™! em ™2 for the 3-layer stack using the photo-assisted C-V method.

1. Introduction

Conventional silicon technology widely used today for electrical
power conversion has been developed over the years such that funda-
mental physical limits are now being reached [1,2]. Thus, consideration
is currently being given to alternative materials like GaN. Along with its
I1I-Nitride family of compounds, GaN has already been used for a wide
range of applications including solid state lighting, lasers, thermoelec-
tricity, photovoltaics, and sensors, [3-8] due, in part, to its wide
bandgap (~3.4 eV) which results in high critical electric fields and
breakdown voltages. This property also gives it high figures of merit for
high power applications and makes it more attractive than silicon for
high speed, power, and temperature applications [9]. However, chal-
lenges remain despite these benefits.

One such challenge is the difficulty of growing wide bandgap and
high-k dielectrics on GaN with very good interface quality and low
interface trap density which is a necessity for a number of high-power
devices. Several dielectrics have already been examined including: SiO,
[10], Gax03 (Gd203) [11], ZrO, [12], HfO5 [12], Sc,03 [13], BeO [14],
MgO [15-17], and Al,O3 [18]. Among these, rock-salt MgO could be an
excellent choice because not only does it have a similar lattice constant
to wurtzite GaN (—6.5% strain), but it also has a wide bandgap of
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~8 eV and a relatively high k-value of 9.8 [19]. The potential of MgO
has motivated several studies. MgCaO, a ternary alloy of MgO and CaO,
has been characterized in the work done by Lou et al [20]. Gila and
coworkers have also reported on the electrical properties of MgO grown
by MBE on GaN as well as some of its limitations [21]. A key limitation
of MgO revealed in these studies is a low breakdown field which is
unfavorable for high power applications.

In this work, we investigate the electrical properties of MgO grown
by atomic layer deposition (ALD) on GaN. We show via current versus
voltage (I-V) and capacitance versus voltage (C-V) measurements that
MgO on GaN exhibits high levels of leakage current and a high density
of interface states. However, by capping the MgO layer with a sulffi-
ciently thick Al,O3; layer, remarkable reductions in leakage current
density (at 1 V) of ~4 orders of magnitude can be achieved. By using an
Al,03/Mg0/Al,05 dielectric stack, a similar reduction in leakage cur-
rent density can be achieved while also reducing the density of interface
states and preserving a high-k dielectric constant.

2. Experimental procedure

In order to investigate the electrical properties of MgO grown on
GaN, MOS capacitors were fabricated using GaN/sapphire templates
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Fig. 1. (a) Microscope image showing top view of MOS capacitor with a gate
diameter of 280 pum (b) Cross section of MOS capacitor with ALD-grown oxide.

grown by metal-organic chemical vapor deposition (MOCVD). The GaN
epilayers used were doped n-type with Si at a background carrier
density of n = ~7.5 x 10'® cm 3. The GaN/sapphire templates were
first cleaned using a 1:1 HCL:H,O solution for 10 min followed by a
deionized water rinse. Subsequent to the cleaning, the dielectrics were
formed by ALD, which allows for conformal and very precisely con-
trolled deposition down to the atomic level by self-limiting surface re-
actions [22]. Three different configurations of multilayer dielectric
stacks were deposited on the GaN. The first case comprises a single
20 nm thick MgO layer that is capped with a 1 nm thick Al,O3 capping
layer. In this instance, the capping layer was deposited solely for the
purpose of protecting the MgO layer from degradation that occurs from
exposure to normal atmospheric conditions [23]. The second case is
comprised of a 20 nm or 40 nm thick MgO layer followed by a 20 nm or
40 nm thick Al,Oj3 layer. The third case consists of a 10 nm thick layer
of Al,0O3, followed by a 20 nm thick layer of MgO, capped with an
additional 10 nm thick layer of Al,03. The schematic of the fabricated
MOS structure with the lateral metal contacts used in our study is
shown in Fig. 1.

The ALD growth was done by loading samples into a growth
chamber primed to a temperature of 200 °C. The precursors used for the
MgO deposition were bis (ethylcyclopentadienyl) magnesium and
water while trimethylaluminum (TMAI) and water precursors were
used for the Al,O3; deposition. The oxide-coated samples were then
patterned with circle-shaped photoresist by photolithography with
diameters of 300 um. Then the MgO and Al,O3 layers were etched using
HCI and H3PO, etchants respectively, in order to selectively expose the
GaN. The exposed GaN was etched down by Cl-based inductively cou-
pled plasma (ICP) etching to a depth of 1.5 pm to form circular mesas
and a good contact layer. Aluminum ohmic contacts were formed on
top of the dielectrics and as a ring around the mesa by electron beam
evaporation and lift-off.

Three types of measurements were done on the MOS capacitors:
current versus voltage (I-V), capacitance versus voltage (C-V), and
conductance versus voltage (G-V) measurements. The G-V character-
istic was measured simultaneously with the C-V characteristic in order
to extract the phase angle of the impedance of the MOS capacitor and
thus determine the actual nature of capacitive behavior at each data
point. The I-V measurements were done using a Keithley 2450 sour-
cemeter while the C-V and G-V measurements were done using an HP
4194A impedance/gain-phase analyzer. In all cases, the semiconductor
contact was grounded, and the measurements were done in the dark at
room temperature.
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Fig. 2. J-V characteristics of an Al,O3 (1 nm)/MgO (20 nm) gate dielectric on
GaN for as grown (blue) and after a forming gas anneal (red). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3. Results and discussion

Fig. 2 shows representative J-V characteristics for a MOS capacitor
with a 20 nm thick MgO layer capped with 1 nm of Al,O5; under two
different conditions: as grown and after a 15-minute rapid thermal
anneal (RTA) in forming gas ambient (95% N, + 5% H,) at 450 °C. The
voltage sweep started at —1 V and was stepped up to 1 V. The as-grown
sample shows a leakage current density of 0.25 mA/cm? at 1 V and after
annealing, a higher leakage current density of ~1 mA/cm? at the same
voltage is measured. Extensive measurements of similar as-grown MOS
capacitors showed leakage current densities in the range of
1 x 10°* A/cm® to 1 A/cm? at 1 V. The high level of leakage current
for the as-grown sample is comparable to reported values for MgO
grown by MBE on GaN [21]. Although annealing with forming gas is
often used to reduce the density of interface states and can sometimes
help reduce the leakage current density [24,25], under these annealing
conditions, a reduction in leakage current was not achieved.

The means of current conduction in insulators is typically tunneling
through a bandgap barrier, either by direct tunneling or Fowler-
Nordheim tunneling [24]. Given the wide bandgap of MgO (8 eV), its
band offsets to GaN (AE; = ~3.3 eV, AEy = 8-1.06 eV) [26,27] and
the relatively thick barrier of 20 nm, the high levels of leakage current
exhibited by the MgO layer are unlikely to be due to either direct
tunneling or Fowler-Nordheim tunneling as these are very sensitive to
the barrier height and width [24]. Thus, the leakage current may be
attributed to trap-assisted tunneling where defects in the MgO layer
introduce trap states within the bandgap that effectively reduce the
barrier heights for electron tunneling. In our previous work, x-ray dif-
fraction (XRD) and electron backscatter diffraction (EBSD) data ob-
tained for ALD MgO on MOCVD GaN (0002) template showed two
highly-oriented (111) domains in the MgO crystal structure [28]. A
possible explanation for the leakage current could thus be that it occurs
primarily through the grain boundaries of these domains. The exact
mechanism of this leakage needs to be further investigated as it presents
a critical challenge that must be overcome if MgO is to be used as a gate
dielectric for GaN-based power devices.

In order to mitigate the current leakage through MgO, a multilayer
dielectric stack was considered. A (thicker) layer of Al,O; was de-
posited over the MgO on GaN. Thus, the benefit of the MgO-GaN lattice
structure compatibility was maintained while taking advantage of the
insulating properties of the Al,O5 layer and what should be an overall
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Fig. 3. (a) J-V characteristics comparing as-grown Al,O3/MgO stacked gate dielectrics with various thicknesses on GaN. (b) J-V characteristics of bilayer samples

expanded for clarity.

high-k dielectric. Fig. 3 summarizes the results of I-V measurements of
Al,03/MgO stacks with four-layer thickness permutations of 20 and
40 nm. These are compared to thinner stacks of 1 nm thick Al,O3 on
20 nm or 40 nm thick MgO. The measurements are swept from negative
voltages to positive. For the single-layer MgO MOS capacitors (the
samples having a 1 nm Al,O3 cap), the 40 nm thick MgO layer exhibits
higher leakage current than the 20 nm layer. This suggests that a high
incidence of current conduction pathways exist in the MgO layer, such
that the MgO layer remains very leaky even at double the dielectric
thickness. In all 4 cases of the thicker bilayer dielectrics, there is a re-
markable reduction of the leakage current through the dielectric stack
by over 4 orders of magnitude (at a gate voltage of 1 V) relative to the
Al;03 (1 nm)/MgO (20 nm or 40 nm) dielectric. For the dielectric stacks
with 20 nm thick MgO, the leakage current decreases with increasing
thickness of the Al,O3 layer, despite its lower bandgap relative to MgO,
suggesting that the Al,O3 layer itself has better insulating properties
than MgO. A similar trend is observed for the 40 nm thick MgO devices.
It is worth noting that the improvement in the insulating properties of
the dielectric stack varies only slightly when changing the thickness of
the capping layer (Al,05) at these lower voltages. These improvements
may be further enhanced by the utilization of an alternative dielectric
because Al,O3 films are limited to suppressing gate leakage in MOS
structures due to their susceptibility to trap-assisted tunneling [29].

Fig. 4(a) and (b) show C-V hysteresis curves for Al,O3 (1 nm)/MgO
(20 nm) and Al,03 (20 nm)/MgO (20 nm) measured at 100 kHz before
and after annealing the MOS capacitor for 15 min in forming gas am-
bient (95% N, + 5% H,) at 450 °C. In both cases, the first sweep di-
rection was from depletion towards the accumulation region and the
second was from accumulation towards the depletion region. For the as-
grown Al,O3 (1 nm)/MgO (20 nm) structure, the C-V characteristics
show a capacitance value of about 0.1 pF/cm? at ~3 V. For the an-
nealed case, the C-V curve shows an early roll-off at 3 V (less than in the
as-grown case) which indicates that the gate dielectric is lossy. A ne-
gative shift in the flatband voltage dielectric indicates a reduction in
fixed oxide charges after annealing. The multilayer Al,O5 (20 nm)/MgO
(20 nm) sample, on the other hand, shows a slight reduction in hys-
teresis after annealing, implying a slight decrease in oxide trapped
charge.

To ascertain the phase angle of the equivalent impedance re-
presented by the MOS Capacitor, we measured the G-V characteristics
of the MOS capacitors. In the ideal case, the impedance of a MOS ca-
pacitor would be a pure capacitive reactance with a phase angle of
—90°. However, in practice, losses are present which increase the phase
angle. These losses can be modeled as a resistor in parallel with the
MOS capacitor and needs to be taken into account for the analysis. For
the annealed Al,O3; (1 nm)/MgO (20 nm) MOS capacitor, at 3 V, the

phase angle was found to be —6.61°, based on the concurrently mea-
sured G-V characteristics, confirming that the MOS capacitor is not
ideally capacitive but lossy. Thus, an extracted value of the dielectric
constant that can be obtained from the maximum capacitance value
using the C = eA/d relation is inaccurate.

In contrast, the annealed Al,O3 (20 nm) / MgO (20 nm) dielectric
had a phase angle of —89.2° at 15 V, which is closer to the -90° of an
ideal capacitor. A wide hysteresis loop was observed in both cases,
indicative of an increase in the density of oxide trapped charge. The
equation C’ = e/d is used to extract the dielectric constant, € (where C'
is the normalized capacitance and d is the thickness of the dielectric).
For these samples, we determined the actual dielectric thicknesses of
24 nm and 22 nm for MgO and Al,Os respectively by ellipsometry, and
the extracted effective dielectric constant is 4.52¢, (where ¢ is the free
space dielectric constant). The MOS capacitor is then modeled as a
series combination of a 24 nm-thick MgO MOS capacitor and a 22 nm-

! L _|. The C-V character-

thick Al,O3 MOS capacitor -
Cy  C©

Apos  Cmgo

istics of a 20 nm-thick Al,03 MOS capzats:itor wgere measured and these
are presented in Fig. 4(d). Note that we use the actual ellipsometry-
measured thicknesses for all calculations. From the accumulation ca-
pacitance, the dielectric constant of our ALD Al,O3 is extracted as
8.56¢(. Using this dielectric constant (or accumulation capacitance) for
Al,03 and using a measured accumulation capacitance estimate of less
than 0.095 pF/cm? for the overall bilayer MOS capacitor, the dielectric
constant of the MgO layer is measured to be ~3.56¢o, which is much
lower than the widely accepted value of 9.8 for bulk MgO [19]. This
discrepancy is explained by the high resistive losses of the MgO layer.
Fig. 4(c) compares C-V curves for 4 different combinations of 20 nm
and 40 nm thicknesses of Al,03/MgO. The thickest dielectric combi-
nation (Al,O3 (40 nm)/MgO (40 nm)) appears to have the least accu-
mulation capacitance, as is to be expected, given the C’' = e/d re-
lationship (where C' is the normalized capacitance, € is the effective
permittivity of the dielectric and d is the overall thickness). Keeping the
bottom oxide layer thickness the same, the trend shows a positive shift
in flatband voltage as the top layer thickness is increased. This can be
explained by an increase in the fixed oxide charge with the increased
top layer oxide thickness.

Due to the leakage characteristics of the MgO dielectric layer, a
different approach was needed to extract the dielectric constant of
MgO. The approach taken was to grow a 20 nm thick MgO layer
sandwiched between two 10 nm thick Al,O5 layers. This dielectric stack
provides two insulating layers on either side of the MgO and ensures
that the lossy MgO layer is electrically isolated by the Al,O3 layers,
allowing for a more accurate value of the MgO dielectric constant to be
extracted. The results are presented in Figs. 5 and 6. Fig. 5 shows the J-
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Fig. 4. C-V characteristics for (a) Al,O3 (1 nm)/MgO (20 nm) MOS capacitor as grown (blue lines) and after a forming gas anneal (red lines) (b) Al,03 (20 nm)/MgO
(20 nm) MOS capacitor as grown (blue lines) and after a forming gas anneal (red lines) (c) gate stack MOS capacitors on GaN/Sapphire, sweeping from negative
voltages to positive. (d) Al,O3 (20 nm) on GaN / Sapphire showing low hysteresis. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 5. J-V Characteristics of Al;03(10 nm)/MgO (20 nm)/Al,O3 (10 nm)/GaN
MOS capacitor.

V characteristics of the MOS capacitor. The leakage current density of
1 x 1078 A/em? at 1 V is largely comparable to that of the Al,Os
(20 nm)/MgO (20 nm) case discussed earlier. The charging effect that
causes a shift in the J-V curve is also present in this stack. The switch in
the direction of current flow occurs at about — 18 V rather than at 0 V.
This shift indicates that there are stored charges in the oxide layer(s)
and interface traps.

The C-V characteristics of the 3-layer dielectric, Al;03 (10 nm)/
MgO (20 nm)/Al,03 (10 nm), are summarized in Fig. 6. Fig. 6(a) shows
a hysteresis plot with the first sweep from depletion to accumulation
and the second sweep in the reverse direction. The plot qualitatively
shows a noticeably smaller hysteresis loop than either the double layer
dielectric stacks considered earlier, which is a strong indication of a
much-reduced oxide trapped charge density. The frequency dispersion
curve in Fig. 6(b) is for the same sample with ac frequencies from
21.5 kHz to 1 MHz and with sweep direction from depletion to accu-
mulation. These plots represent a significantly reduced frequency dis-
persion and hysteresis from the other dielectric stacks considered and is
indicative of a reduction in the densities of interface states and oxide
trapped charge. From the accumulation capacitance, the dielectric
constant of MgO is obtained by modeling the dielectric as a series
combination of 3 capacitors i.e. 2 equally thick Al,O5 layers (11 nm
each as measured by ellipsometry) and an MgO dielectric capacitor of
24 nm thickness (as measured by ellipsometry). By using the relations
C’=e/dand 1/C’ = 1/C;’ + 1/Cy’ + 1/Cy5’, where C' is the measured
normalized accumulation capacitance and C;’, Cy’, and C3’ are the
normalized capacitances of the 3 different layers, the extracted value of
the MgO dielectric constant was found to be 8.92 which is closer to the
known value of 9.8 [19]. For the extraction of eyzo using the above
relations, the dielectric constant of Al,O5; was assumed to be 8.56¢, as
determined from the accumulation capacitance of Fig. 4(d) and the
thicknesses used were those obtained from ellipsometry measurements
(24 nm for MgO and 11 nm for each Al,O3 layer). Fig. 6(c) shows a
phase angle plot obtained from conductance measurements of the triple
layer dielectric. The phase angle of —89.5° obtained in accumulation
confirms that the loss through the MgO layer has been reduced by the
Al,O3 barrier layer adjacent to the GaN surface.
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Fig. 6. C-V characteristics of Al;03 (10 nm)/MgO (20 nm)/Al,053 (10 nm) MOS capacitor. (a) Hysteresis plot at 100 kHz (b) Frequency dispersion plot. Measurements
were done from negative to positive voltages and from low to high frequencies (c) Phase-V plot at 100 kHz (d) Photo-assisted C-V plot for D;. measurement. First
sweep was done from accumulation towards inversion in the dark, UV light was turned on and then swept back towards accumulation in the dark.

The interface trap density is also of interest in this work. The total
number of interface states across the band gap can be estimated by the
photo-CV technique, also used in previous reports for estimating the
average interface trap density, D;, for GaN [30-33]. To apply this
technique, the gate voltage was swept from accumulation to inversion
(positive to negative) while dark. While holding the bias constant in
inversion, a UV source (266 nm laser) was used to increase the carrier
generation rate and populate the inversion layer. Once the inversion
layer was formed, the UV source was turned off and the sample was
swept back towards accumulation. While dark, electrons captured in
the deep-level states cannot emit into the conduction band due to un-
favorably long emission times that increase exponentially with energy
separation [24,33]. When the UV light is turned on, minority carriers
are generated and an inversion layer is formed, leading to an increase in
capacitance. Fig. 6(d) shows the results obtained from our measure-
ment. The shift between the pre-illumination and post-illumination C-V
curves, AV, reflects the differences in charging of deep level states with
and without illumination. Using the AV shift, the average D;; can be
calculated by D;; = CoxAV/qE,, where C,y is the oxide capacitance per
unit area, E, is the GaN bandgap and q is the electron charge [30].
Based on this equation, we estimate the average interface trap density
of the Al,03 (10 nm)/MgO (20 nm)/Al,03 (10 nm) sample to be be-
tween 6.8 x 10'' eVv™! cm™? and 1.5 x 10'2 V™! cm ™2 Finally,
Table 1 summarizes key findings obtained from representative samples
of the MOS capacitors considered in this work.

4. Conclusion

MgO, though apparently promising as a gate dielectric for GaN-

Table 1
Measured and extracted Parameters for select dielectric stacks.

Dielectric Stack emgo  Phase Current density at 1 V
Angle

Al,03 (1 nm) MgO (20 nm) —6.61° ~2.5 x 107* A/cm?

Al,03 (20 nm)/MgO (20 nm) 3.56 —89.2° ~1 x 1078 A/cm?

Al,03 (10 nm)/MgO (20 nm)/ 892 —89.5° ~1 x 1078 A/cm?

Al,05 (10 nm)

The dielectric constant of Al,O3 was set at 8.56 for the eygo value obtained
from the Al,O3 C-V curve. An accurate value of eygo cannot be extracted in the
first two cases due to the lossy MgO layer.

based devices, presents certain critical challenges for its usage, espe-
cially the low dielectric breakdown voltage and high density of inter-
face state and oxide traps as observed from current versus voltage and
capacitance versus voltage measurements. High leakage current den-
sities of ~2.5 x 10™* A/cm? were observed for a 20 nm thick MgO
layer at a gate voltage of 1 V. Annealing tests performed did not im-
prove performance in this respect with increases in the leakage current
density of over 3 orders of magnitude and a significant increase in in-
terface state density observed. However, by incorporating MgO into a
gate stack dielectric that includes Al,O3 layers, significant improve-
ments in overall dielectric quality were seen. A high effective dielectric
constant of 8.8 was obtained, while reducing the leakage current den-
sity by over 4 orders of magnitude and significantly reducing the in-
terface state density. Phase angle calculations based on conductance
versus voltage measurements confirm that the degradation in device
quality occurs primarily within the MgO layer and at the MgO/GaN
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interface. A further study is required to understand the mechanism by
which the leakage current occurs in MgO and additional ways by which
it may be reduced.
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