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ABSTRACT

We study the behavior of N-polar GaN Schottky diodes with low-pressure chemical vapor deposited (LPCVD) SiN interlayers and unveil the
important role of an amphoteric miniband formed in this interlayer due to a previously identified and dominating Si dangling bond defect.
Through analysis of temperature-dependent current-voltage (I-V-T), capacitance-voltage (C-V), and x-ray photoelectron spectroscopy
measurements, we observe that when nickel is deposited on LPCVD SiN pretreated with hydrofluoric acid, the SiN/GaN interface is responsi-
ble for determining the overall system’s barrier height. By contrast, contact formation on oxidized LPCVD SiN leads to a metal/SiN-
dominant barrier. We, consequently, propose band diagrams that account for an amphoteric miniband in LPCVD SiN, leading to a new

understanding of LPCVD SiN as a lossy dielectric with surface barrier-dependent behavior.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039888

Schottky contacts to N-polar GaN have been widely considered a
challenging technical building block due to the material’s polar orien-
tation and a rather reactive surface. On N-polar GaN, the inverse (pos-
itive) polarization surface charge (},) with respect to the Ga-polar
surface yields a lower Schottky barrier height, leading to higher leakage
currents and lower breakdown strength."” In addition, the N-polar
GaN surface reacts readily with many chemicals used in standard
fabrication processes.”” "' Tt is thus difficult to form reliable Schottky
barrier contacts for diodes and field-effect transistor (FET) gates.

A possible solution to overcome these challenges is to insert a
thin dielectric interlayer between the metal contact and N-polar GaN,
making it a dielectric-assisted Schottky barrier system.'” The most
commonly used passivation dielectric in GaN technology is silicon
nitride (SiN)."”*” SiN interlayers have also been implemented in gate
contacts of N-polar GaN FETs.” *° Recent studies have examined the
SiN/N-polar GaN interface and proposed associated energy band dia-
grams.”” *’ In these studies, SiN films ranging in thickness from 5 to
30 nm have been deposited on N-polar GaN via in situ metalorganic
chemical vapor deposition (MOCVD), and the resulting structure has
been analyzed as a metal-insulator-semiconductor capacitor (MIS-
CAP). The SiN is often assumed to behave as a charge-containing
insulator, with few details provided regarding the DC conductance of

SiN, especially when very thin films have been used, or the barrier
height at the metal/SiN interface.

SiN employed in this study has been deposited via low-pressure
chemical vapor deposition (LPCVD) at 725°C, which is within the
temperature range to obtain a near stoichiometric or slightly Si-rich
SiN amorphous layer.”’ ** Slightly Si-rich LPCVD contains a Si dan-
gling bond-related defect center (=Si) within the upper half of the
bandgap, which is amphoteric in nature and may become the domi-
nating defect. > This characteristic is often exploited as a charge stor-
age layer in Si memory device technologies.” *” When deposited on
N-polar GaN, the negative counter charge can be placed within the
SiN interlayer; a band diagram including bulk charge states for this
system has been previously drawn.'*”” This leads to the formation of a
defect miniband within the SiN, grossly aligned with the conduction
band edge of GaN."” Thus, the system represents a tri-layer one, con-
taining barriers between the metal/SiN and SiN/N-polar GaN as well
as a trap-determined dielectric in between. A first-order model was
proposed in our recent work, primarily focusing on the Ga-polar case
and only briefly on the N-polar case.'” It is worth noting that mini-
band conduction has also been reported in a tri-layer GaAs metal-
insulator-semiconductor (MIS) diode system consisting of Al metal
and an insulating layer of low temperature (LT) GaAs on n* GaAs.”
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Here, we provide a detailed analysis of the interlayer-modified
Schottky system consisting of metal/SiIN/N-polar GaN and focus on
the electrical behavior of LPCVD SiN in this system. To identify the
interlayer behavior clearly, a thickness of 7nm of LPCVD SiN was
chosen, which is beyond that of a pure tunneling barrier, making it
akin to an MIS system. In addition, we have accounted for the chemi-
cal termination of the SiN surface, which may result in a highly oxi-
dized state."”"" Our measurements show that the LPCVD SiN film
does not behave as a charge-containing insulator and that the previ-
ously identified amphoteric miniband must be included. We thus pro-
pose a modified band structure compared to previous studies that
captures the properties of the specific LPCVD constellation employed.

N-polar GaN layers were grown on a c-plane sapphire substrate
with a 4° offcut toward the m-plane using a vertical, cold-wall, radio
frequency (RF) heated, low-pressure MOCVD system. A 0.6-um-thick
n*-doped layer followed by a 2.6-um-thick n-type layer were grown
with carrier concentrations of 5.0 x 10" cm™> and 3.5 x 10" cm 3,
respectively. Both layers were unintentionally doped with oxygen."*"
Then, a 7-nm-thick SiN film was deposited using LPCVD at 725°C
and 320 mTorr with dichlorosilane and ammonia precursors. Before
depositing SiN, an in situ cleaning step with ammonia was performed
to remove native oxides.'>”* The deposited SiN layer thickness was
confirmed using reflectometry.

Device fabrication started with deposition of a large area Ohmic
contact (V/Al/Ni/Au-30/100/70/70 nm) on top of the SiN surface
using e-beam evaporation. The Ohmic contacts were annealed at
850 °C for 30's in N, ambient.” It should be noted that the SiN is pre-
sent during this short annealing step. However, the quality of the SiN
is not affected as it was already deposited at high temperature.
Measurements of the current between two Ohmic contacts in forward
and reverse bias confirmed a linear relationship in both directions.
This is in agreement with our previous results when forming large
area Ohmic contacts on LPCVD SiN/Ga-polar GaN heterostruc-
tures.'” Prior to the Schottky metal deposition (Ni, 250 nm) on the
SiN surface, Sample A was cleaned with 10% hydrofluoric (HF) acid
for 1 min, followed by a de-ionized (DI) water rinse, while Sample B
was kept in an ambient environment. It is expected that HF cleaning
removes several angstroms of oxidized SiN.'**’ The experiment was
designed to determine the influence of the surface termination on the
electrical characteristics of the three-layer structure. Schottky diodes
without SiN (Sample C) were also fabricated as control samples. The
Schottky metal pattern was deposited using a metal shadow mask to
avoid exposure of the N-polar GaN and SiN-coated diodes to photoli-
thography developer.” Cross-sectional diagrams of the fabricated devi-
ces are shown in Fig. 1.

X-ray photoelectron spectroscopy (XPS) was used to determine
the band offsets, Fermi level (Eg), and barrier height at the interface
between the SiN and N-polar GaN. Both thick (150nm) and thin
(~3-4nm) SiN films were deposited on two separate N-polar GaN
samples (without subsequent metal deposition) to determine the
parameters mentioned above. The procedure, experimental setup, and
Au- and C-based charging correction during XPS data analysis are
described elsewhere.”"”

The core level binding energies of Si 2p and Ga 3d at the interface
were determined with respect to the interface Fermi level, as shown in
Figs. 2(a) and 2(b), respectively. Employing the valence band and core
level characterization in thick SiN films,*® thick N-polar GaN films,”
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FIG. 1. Schematic cross sections of Schottky diodes on (a) HF-cleaned and (b) air-
stored SiN interlayers as well as on (c) bare N-polar GaN. Not drawn to scale.

and the core level binding energies at the interface, we can determine
the SiN/N-polar GaN valence band offset to be ~0eV. Interestingly,
the interface Fermi level is at 3 eV from the valence bands of GaN and
SiN. Based on the doping in N-polar GaN, n=3.5 x 10'” cm >, the
difference between the conduction band and Fermi level (E¢. — E”"%)
in the bulk region would be less than 0.05 eV. Hence, the barrier height
at the charge neutrality level, ie., the energy difference between the
interface Fermi level and conduction band of GaN, is 0.4eV.
Furthermore, since this energy level lineup coincides with the =Si
defect level in slightly Si-rich SiN, it may be reasonable to assume that
a defect miniband is formed in this case, determining the Fermi level
throughout the SiN interlayer. A tentative energy band diagram at the
SiN/N-polar GaN interface is created using these findings, as shown in
Fig. 2(c). It shows a very low barrier system when SiN is deposited on
N-polar GaN.

The N-polar GaN diodes were then electrically characterized to
study the barrier at the metal/SiN interface and confirm whether the
Fermi level in SiN is pinned due to the miniband. Temperature-
dependent current-voltage (I-V-T) measurements were performed in
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FIG. 2. XPS spectra of (a) Si core level (Si 2p) and (b) GaN core level (Ga 3d)
peaks measured on SiN/N-polar GaN. (c) A tentative energy band diagram of SiN
deposited on N-polar GaN without the metal/SiN interface. p denotes the polariza-
tion charge in N-polar GaN.
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a vacuum probe station (base pressure ~1 x 10”7 Torr) using a
Keithley 4200 semiconductor parameter analyzer. Capacitance-
voltage (C-V) measurements were conducted at 1 MHz using the par-
allel R-C circuit mode.

The room temperature I-V characteristics of all three diodes are
shown in Figs. 3(a) and 3(b). The ideality factors (1) of Samples A and
B are >1.6 and exhibit a slight voltage dependence. Their threshold
voltages are Vi, 4 ~ 0.6V and Vi, 5 ~5.0V, respectively, as extracted
from the linear representation. Sample C showed an n, ~1.07, which
represents near-ideal Schottky diode behavior, and Vi, ~0.4 V. The
I-V barrier heights (¢pgy) for all three samples are calculated by
extracting the saturation current density (J,) that is extrapolated from
the exponential region of the forward bias I-V measurements as a
function of temperature up to 200 °C (not shown). The procedure is
described elsewhere.”"" As shown in Fig. 3(c), ¢ v values in Samples
A, B, and C are 0.4¢V, 1.1eV, and 0.4 eV, respectively. It should be
noted that ¢pp values for Samples A and B are apparent barrier
heights due to the higher ideality factors (>1.6) of these diodes.

The ¢ 1 in Sample A is consistent with the XPS results, indicat-
ing that the barrier is determined by the SiN/N-polar GaN interface,
with no or negligible barrier at the metal/SiN interface. Thus, the reason
that Vy, 4 ~0.6V is that the lossy SiN interlayer drops an additional
0.2'V across it with respect to Sample C. Under forward bias, charge is
injected from GaN into the lossy SiN, which conducts through the
defect miniband. I-V measurements show an observable temperature
dependence (not shown) that confirms that defect-assisted tunneling is
not the dominant conduction mode when 7-nm-thick LPCVD SiN is
used. This is in contrast with our previous experiments’” where 2-4 nm
of LPCVD SiN were deposited on Ga-polar GaN. There, a weak tem-
perature dependence was observed in forward bias, which is indicative
of tunneling. Here, we note that more than one conduction mechanism
may be involved. Due to the overall low barrier, the current through the
diode reaches the metal series resistance level at very low voltages, so
identifying the exact current mechanism through the SiN interlayer is
complex and not attempted in this work.

The semilog I-V of Sample B shows two distinct current regimes:
one at lower voltages (<2 V) and another above it, before reaching the
metal series resistance limit at around 8V. The first regime is
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exponential, while the second regime is a current limiter; the linear
I-V reveals that this is a superlinear transition region at medium vol-
tages. That Vi,p ~5.0V is well above GaN’s bandgap indicates a
strong influence of the oxygen termination on the SiN surface. I-V-T
reveals a very high barrier height of ~1.1eV for this case, which is
extracted from the first exponential at lower voltages. From XPS, the
barrier at SiN/N-polar GaN is 0.4¢V, so the measured I-V barrier
height in Sample B must be at the metal/SiN interface. Consequently,
the current limiter could be related to the SiN interlayer, the barrier at
the metal/SiN interface, or both, and the current transport mechanism
could be one or many of the different mechanisms mentioned earlier.
To summarize, I-V measurements reveal a low barrier system in the
HF-cleaned SiN MIS diodes, with a dominating barrier at the SiN/
GaN interface, no barrier at metal/SiN interface, and neutral defect
miniband in-between. In comparison, the air-stored SiN MIS diodes
are characterized by a high barrier at the metal/SiN interface and high
overall resistance, indicating that much of the SiN is depleted.

C-V measurements were performed to support the I-V findings
and estimate the upper limit of the defect concentration, which forms
the defect miniband in SiN. Figure 4 shows the C-V barrier height
(¢pcv) extracted from 1/ C* — V for all three cases, and the top-right
corner of the graph shows the modified equivalent circuit of the C-V
measurements. Although the C-V barrier height equation consists of
the intercept voltage, (kT/q), and the energy difference between the
conduction band and Fermi level, the sum of the total energy for those
additional two terms is within 0.05eV for the doping level of our
N-polar GaN diodes. Thus, these additional terms do not significantly
impact our estimate of the C-V barrier height.” It should be noted that
the circuit shown here is not developed using impedance spectroscopy;
it is a representation of the extended R-C circuit by considering the
two series components of R-C from the SiN interlayer and GaN space
charge layer. The reason for this additional SiIN R-C parallel element
is that in reverse-bias, SiN becomes capacitive, while in forward-bias, it
becomes conductive due to the conduction through the miniband.
This is evidenced by the sudden drop in capacitance at distinct for-
ward bias voltages corresponding to the onset of charge injection."”

All three diodes appear linear in the 1/C*~V plots measured at
1 MHz, as shown in Fig. 4. The ¢ cy values for Samples A, B, and C
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FIG. 3. Room temperature forward bias /~V characteristics in the (a) semilog-scale and (b) linear-scale for the fabricated Schottky diodes with different surfaces. (c) -V barrier
height extraction using [In(Jy/T2) vs 1/kT] generated from temperature-dependent /-V characteristics.
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FIG. 4. C-V barrier height extraction for without SiN, HF-cleaned, and air-stored
SiN surface Schottky diodes. The top-right corner of the graph shows the equivalent
circuit of the diode for the C-V measurements.

are ~1.0eV, ~1.6eV, and ~0.6 eV, respectively. The net doping con-
centration is extracted for all three cases using the slope of the 1/C*~V
curve and is found to be around 3.5 x 107 cm ™3, as expected. Thus,
the modulated capacitance in all three diodes is of the SiN/N-polar
GaN junction, and no additional modulation of a metal/SiN junction
capacitance is observed. Whereas ¢p 1 values of Samples A and C
were found to be equivalent, the ¢ 5 ¢y value of Sample A is now larger
due to the additional capacitance presented by SiN in series with the
GaN space charge layer capacitance in reverse bias. By calculating the
difference in the 1/C values in Samples A and C, it is estimated that
SiN has a thickness of 6.5nm, which agrees with the reflectometry
measurements.

The C-V behavior of Sample A suggests that the SiN acts as a
capacitor in reverse bias up to zero bias. The I-V behavior of the same
sample suggests that the SiN is neutral and acts as a resistor since there
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is no barrier at the metal/SiN interface. This is characteristic of a lossy
dielectric that experiences dielectric relaxation (below 1 MHz) and it
confirms that, in the case where an HF-cleaned SiN interlayer is used,
there is no noticeable barrier between the top metal and SiN.

The 1/C*-V characteristic of Sample B is shifted upwards as com-
pared to Sample A, which results from a higher barrier at the metal/
SiN surface and is consistent with the same sample’s I-V behavior. It
should be noted that the impedance bridge cannot balance anymore at
approximately 0.6V, which is the beginning of the transition region
where the resistive behavior takes over. The large transition region in
I-V [see Fig. 3(b)] shows that transport increases gradually, and there
may be a mixture of the transport mechanisms mentioned earlier.
This transition region appears exponentially increasing with a shallow
slope in semilog I-V, whereas in linear -V, it appears as a superlinear
rise. Thus, the metal/SiN barrier dominates the overall barrier behav-
ior, and this higher barrier is caused by the oxygen termination of the
SiN interlayer in Sample B. Since capacitance modulation is not
observed in SiN, it is concluded that the metal/SiN barrier results in
complete depletion of the SiN interlayer. Using the I-V-extracted bar-
rier of 1.1eV, the upper limit in defect density within the miniband
can be estimated. Considering that 2 to 2.5 nm SiN is already depleted
at the SiN/GaN interface due to the countercharge of ~10"* cm™>
polarization charge of N-polar GaN, 1.1eV needs to deplete the
remaining 4.5 to 5nm SiN. Therefore, the upper limit of the defect
density is found to be around 2 to 5 x 10" cm ™ in this LPCVD SiN.

Based on the above analysis, energy band diagrams for Samples
A and B are proposed and schematically depicted in Figs. 5(a) and
5(b), respectively. HF treatment of the LPCVD SiN prior to metal
deposition results in a system dominated by the SiN/GaN interface,
whereas oxide formation on the SiN surface leads to a dominating bar-
rier at the metal/SiN interface. Whereas previous depictions of SiN on
GaN have assumed that SiN acts as a charge-containing insulator,””
our results reveal that the picture may be more complex. Si dangling
bonds in LPCVD SiN can lead to the formation of a defect mini-
band.” It was predicted that a trapped electron level (=Si~) and
trapped hole level (=Si°) are separated by 0.4eV.”” Our analysis also
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pinned by O at

interface !
~11eV ¥ & ” 0.4eV c
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FIG. 5. Band structure alignment at equilibrium between metal, SiN, and N-polar GaN for (a) HF-cleaned and (b) air-stored SiN surface Schottky diodes. Not drawn to scale.
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shows evidence that the formed miniband is amphoteric, pointing to
an overlap of the distribution of trapped charge states [depicted by the
shaded regions in Fig. 5(a)]. Due to its shallow energy level, conduc-
tion can occur through the interlayer. Consequently, the amphoteric
nature of the miniband is also responsible for the depletion of donors
and acceptors at the metal/SiN and SiN/GaN junctions, respectively.
This is key, since the presence of a unipolar miniband would lead to
the formation of two back-to-back diodes. This would limit current
flow until one of the two diodes would break down. Instead, we
observe a behavior that is consistent with two series-connected diodes,
where the potential across them adds up.

In summary, this work considers the defect- and surface-
dependent properties of LPCVD SiN in determining the electrical
behavior of Metal/SiN/N-polar GaN diodes. Based on XPS, I-V-T,
and C-V measurements, band diagrams are proposed, which account
for an amphoteric miniband formed in the LPCVD SiN, where both
the donor and acceptor state distributions overlap. When metal is
deposited on HE-treated SiN, the SiN/GaN interface is responsible for
determining the system’s barrier height, whereas the use of oxidized
SiN leads to a metal/SiN-dominant barrier. Due to the amphoteric
nature of the miniband configuration, the top and bottom barriers in
this tri-layer system are not back-to-back biased but in series, which is
a highly unusual configuration. SiN deposited on GaN has long been
considered a charge-containing insulator in dielectric-assisted
Schottky barrier systems, MIS-gate structures, and as a passivation
layer. However, this picture may be oversimplified. The tri-layer sys-
tem analyzed here contains a barrier-controlled lossy dielectric. Thus,
rigorous analysis of SiN properties is important in determining its
behavior on GaN and further quantitative studies are needed to opti-
mize such structures in devices.
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