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Abstract: An AIN barrier high electron mobility transistor (HEMT) based on the
AIN/Aly 35Gay 15N heterostructure was grown, fabricated, and electrically characterized, thereby
extending the range of Al composition and bandgap for AlIGaN channel HEMTs. An etch and
regrowth procedure was implemented for source and drain contact formation. A breakdown
voltage of 810 V was achieved without a gate insulator or field plate. Excellent gate leakage
characteristics enabled a high I,/ current ratio greater than 10’ and an excellent subthreshold
slope of 75 mV/decade. A large Schottky barrier height of 1.74 eV contributed to these results.
The room temperature voltage-dependent 3-terminal off-state drain current was adequately

modeled with Frenkel-Poole emission.

Material comparisons based on measures relating to conduction loss are widely used in

comparing the attributes of radio frequency (rf) and power switching semiconductor devices. The

2
Vbr

lateral figure of merit [1], LFOM = -
on,sp

= qun,E? , is appropriate for high electron mobility

transistors (HEMTs), where ¢ is the electron charge, u is the electron mobility, n, the sheet
charge, E¢ the critical field for avalanche breakdown, V5, is the off-state breakdown voltage, and

Ron, s 18 the specific on-state resistance. It is the lateral device analog to a widely quoted unipolar

2
FOM pertaining to conduction losses in one-sided abrupt junctions, UFOM = RVL = igyEg [2],

on,sp

Page 1



where ¢ is the dielectric constant. Although an imperfect FOM because performance metrics
other than conduction loss also matter, comparisons to the UFOM, and by extension to the
LFOM as well, are useful because it is widely used. Both the UFOM and the LFOM favor wide
bandgap semiconductors such as GaN and SiC over Si and GaAs for rf and power electronics
applications since the critical electric field is modeled to scale as EZ> (bandgap to the 2.5"
power) [3]. Once envisioned as promising based on UFOM comparisons with GaAs and Si [4],
HEMTs from AlGaN/GaN materials [5] are becoming the preferred technology for rf and power
switching applications [6,7]. AlyGa; N channel HEMTs with high x are relatively unexplored
due to the technological difficulties associated with immature materials and fabrication in the
high Al containing materials. AlGa;.\N channel HEMTs with x ranging from 0.15-0.60 have
been reported [8-12] and breakdown voltage comparisons have been made against comparable
GaN channel devices, but not yet at x-values expected to have a better LFOM than GaN-channel
HEMTs. Simulations suggest that the LFOM for AlyGa; N channels exceeds that for GaN
channels for x > 0.9 at room temperature and at lower x for elevated temperatures [13],
supporting the interest for investigating high x devices.

Although ref. [13] suggests that the LFOM for AlyGa;«N increases continually until x=1,
the Al-composition of the AlGaN must be well matched to the AIN barrier layer of the HEMT,
with a large enough conduction band offset to achieve a reasonable ns. The assumption of
constant ns (=10" ¢cm™) breaks down for x > 0.85 because of insufficient conduction band offset
to sustain that value of ns. Therefore, the LFOM should reach its maximum value near x=0.85,
the composition investigated in this study. In this letter, we report on the growth, fabrication, and
dc characterization of a HEMT based on the AIN/Alj gsGay 15N heterostructure, thereby

extending the range of Al composition and bandgap for AlIGaN channel HEMTs. A breakdown
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voltage of 810 V was measured for this HEMT without the use of any sophisticated electric field
management. These results illustrate the promise of ultra-wide bandgap devices for high-voltage
power and rf electronics.

HEMT samples were grown by metal organic chemical vapor deposition (MOCVD) on
sapphire substrates. The essential elements of the epitaxial structure consist of an AIN nucleation
and buffer layer grown thick enough to planarize on a sapphire substrate, a 400 nm 85% Al
containing AlGaN buffer and channel layer, and a 48 nm thick AIN barrier, all without
intentional doping. The unintentionally doped AIN and Al gsGag 15N layers were confirmed to be
electrically insulating from Hg-probe CV and contactless resistivity sheet resistance
measurements of representative AIN and Aly gsGag 15N thin films grown under nominally
identical conditions and on nominally identical substrate and nucleation layers. This epitaxial
structure anticipates the future need for a pseudomorphic structure with low dislocation density
once AIN substrates are used. The charge transferred to the HEMT channel likely occurs by
means of polarization doping, analogous to that in GaN channel and other piezoelectric
heterostructures. Contactless resistivity measurements were carried out with a Lehighton
instrument and resistivity of the conducting layer was as good as 4200 Q per square. From CV
measurements carried out with a mercury probe, a pinchoff voltage near -4 V and a sheet charge
of 6x10'* cm™ were characterized. A mobility of 250 cm*V™'s™ was inferred from the sheet
charge and resistivity according to the relation p = (qung)™. Using the methods of ref. [13], we
calculate a theoretical LFOM for the AljgsGag 1sN-channel HEMT that is 1.0x, 2.1x, and 3.1x
that of a GaN-channel HEMT at 300K, 400K, and 500K, respectively. Since power and rf
devices pushed to the limits of their performance undergo considerable self-heating, the greater

than unity high temperature LFOM is noteworthy.
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Circular HEMTs with gate length of 2.0 um and circumference of 314 um (defined at
gate center) were fabricated using a process with six layers of photolithography. First, the source
and drain contacts were prepared by dry etching the AIN barrier [14] and then re-growing n"
GaN in place of the etched away AIN using an epitaxial lateral overgrowth (ELOG) style
regrowth procedure by MOCVD with a SiN dielectric mask. High resolution scanning electron
microscope images (not shown) provide evidence that the GaN:Si has grown conformally over
the exposed AlGaN and AIN surfaces, reducing the likelihood that an exposed and depleted
AlGaN surface may contribute substantially to parasitic resistance that we will attribute to the
source and drain contacts. Second, source and drain contact metal deposition and alloy (850°C)
based on a commonly used Ti/Al/Ni/Au metal stack was carried out. Third, a Schottky gate
metal with a Ni/Au metal stack was formed between the source and drain contact regions.
Fourth, a SiN passivation and via etch was carried out. Fifth, a second Ni/Au metal stack was
deposited for pad metal. Finally, a second SiN and via etch was deposited for further device
passivation. A cross-section and top view of the device are illustrated in Figure 1.

Sample testing was carried out using a wafer prober, needle probes, and a semiconductor
parameter analyzer. Breakdown measurements were carried out by immersing the sample and the
needle probes in Fluorinert.

The electrical performance of the HEMT is illustrated in Figures 2 and 3. In Figure 2, the
drain current is plotted against the drain voltage for gate voltages ranging from Vgs=-6 V to Vs
=3V using +1V gate voltage steps. A gate voltage above 3V was not used because the source-to-
gate diode turns on at approximately 2.2 V and can begin to negatively affect the test results. An
offset voltage is apparent because the source and drain contacts are not strictly linear at low

voltages, but instead shows some evidence of rectifying behavior. Nevertheless, the shape of the
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Ips-Vps characteristic is otherwise similar to that expected for HEMTs, such as those using
AlGaN/GaN materials. The maximum current attained in these devices is almost three orders of
magnitude lower than the norm for GaN/AlGaN HEMTs, an observation that is analyzed further
below. Trapping effects, expected in wide bandgap semiconductors, are evidenced by both an
observed light sensitivity and hysteresis in the Ips-Vps curves, whereby Ips-Vps curves scanned
from high Vs to low Vs (not shown) result in higher 7,,,, than those scanned from low Vs to
high Vgs.

In Figure 3, the drain current is plotted against the gate voltage for a drain voltage of 10
V. The drain current decreases exponentially in the subthreshold region, with an exceptionally
good subthreshold slope of 75 mV per decade. On a linear scale (not shown), the Ips-Vis plot is
quadratic in the on-state and the threshold voltage was measured to be -4.9 V using the intercept
of the \/E vs. Vs plot. The minimum off-state leakage current is very low and near the noise
level of the electrical test equipment. The on-off current ratio, 1,,/I, of greater than 107 is
evident from Figure 3 and is indicative of a high quality device.

The gate current corresponding to the plots of Figure 2 (not shown) and Figure 3 is
extremely low, often near 10 pA, and nearly invariant with bias conditions associated with on-
state operation. These excellent results for 3-terminal drain and gate leakage currents even
extend to scans to much higher drain voltage, discussed further below and indicates the quality of
the AIN barrier, the Schottky contact, and the AlGaN buffer. The temperature dependent forward
biased gate-drain /-V curves are shown in Figure 4. The Ni/Au Schottky barrier height of 1.74
eV, extracted by the methods of reference [15], is higher than that for n-GaN (0.99 eV) and

Alp25Gag7sN/GaN (1.27 eV) [16], as expected, and contributes to the excellent gate leakage

Page 5



properties in AIN/AIGaN HEMTs, while gate leakage remains problematic for Schottky gates on
AlGaN/GaN HEMTs[17-21].

Dielectric barriers including SiO; [22], SiN [23], and AL,Os [24] have been shown to
reduce gate and 3-terminal drain leakage currents in the AlGaN/GaN HEMTs, while no similar
reports achieve similarly low gate leakage using Schottky barrier contacts. Chung et al. have
reported that gate current in GaN/AlGaN HEMTs with Ni/Au/Ni Schottky gates can be reduced
more than 4 orders of magnitude by means of an oxide plasma treatment that leads to a self-
limiting thickness of Ga,Os acting as a gate dielectric between the Schottky gate and the AlGaN
[25]. Such a reduction in gate leakage leads to a correspondingly low 3-terminal drain current in
the off-state as well as a reduction in the subthreshold slope from 176 mV/decade to 64
mV/decade [25]. The AIN/AlGaN HEMT from this work achieves similarly impressive leakage
metrics while using a Schottky contact.

The three-terminal breakdown characteristics are illustrated in Figure 5, where a
logarithmic plot of drain and gate currents versus drain voltage is shown for a 10 um gate-drain
separation. A few observations are in order. The drain current is measured using a high voltage
SMU with a noise floor of 1 nA, while the gate current is measured using a sensitive low current
SMU capable of measuring pA current levels. Below 200 V, the drain current is below the noise
limit of the measurement system. The gate current is at or close to the noise limit until the drain
voltage approaches 200 V and then increases with a higher slope than the drain current, while
remaining lower than the drain current until breakdown at 810 V. Between Vpsof 205-715 V, the
drain current fits the bias dependence for Frenkel-Poole emission current as seen in Figure 5, and

the gate current does not. At constant temperature, Frenkel-Poole emission is modeled simply as

I = AVeVBY where V is the drain voltage and A and B are temperature dependent constants,
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with the best fit for A=1.1x10"% V"' and B=5.0x10 V"', Normally, Frenkel-Poole emission is an
important element of the gate current dependence with gate bias in AlGaN/GaN HEMTs with
Schottky gates [26]. The results of Figure 5 suggest that a current path other than gate electrode
electrons populating AIN barrier traps for Frenkel-Poole emission is operative in the AIN/AlGaN
HEMTs. This alternative current path is possibly related to the abrupt conduction band offset
associated with the regrown source and drain contacts, whereby an AlGaN trap’s electron
emission near the regrown contact region is the source of the Frenkel-Poole emission and the
Fermi level of the GaN:Si region is the source of electrons. A detailed investigation of the
conducting mechanisms for both gate and drain currents requires considerably more temperature
dependent measurements, analysis, and modeling, and will be the subject of a follow-up
publication.

These breakdown results pertain to a device with a standard gate geometry and no
sophisticated electric field management (e.g. no field plate in the gate-drain access region). They
compare against a recently reported value of 755 V for another ultra-wide bandgap
semiconductor based on a 3-Ga,O3 FET of comparable maturity [27], though still not reaching
the 1.65-1.7 kV reported for previous AlGaN channel HEMTs with lower Al composition using
a field plate [8,11]. The AlygsGag1sN channel HEMT of this work without a fieldplate has a
larger breakdown voltage compared to AlGaN/GaN HEMTs with a fieldplate of reference [11],
but comparable to other published results with a 10 um gate-drain separation [28].

Next we present evidence that the limited current density achieved in the HEMTs of this
work arises from high source and drain contact resistance that otherwise belies the promise of
such HEMTs. First, the Ips-Vps plot below the knee is supposed to be linear if dominated by

channel mobility but is instead quadratic in shape. Second, all Ips-Vps curves below the knee
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voltage overlay nearly perfectly, but a textbook HEMT with a low voltage Ips-Vps slope that is
determined by channel mobility inferred from the relation Ips = qun,E should show that gate
voltage modulates the channel conductivity through n,. In fact, using the electron mobility of 250
cm’/V-s and maximum sheet charge of 6x10'> cm™ inferred from C-¥ and sheet resistance
measurements, a saturation current > 100 mA/mm should be possible for the geometry of Figure
1. Third, neither gateless HEMTs nor TLMs showed a current dependence on contact
separation. Rather, a gateless HEMT only reaches 10 mA/mm at 40 V. A contact resistivity of
approximately 1900 Q—mm was estimated from the gateless HEMT results. Although high in
resistance, source and drain contacts with GaN:Si regrowth are more than 10° times better than
planar contacts from our laboratory [14].

Prior work on high Al-containing AlGaN channel HEMTs have shown contact-limited
current or extraordinary measures to address Ohmic contact limitations [8-12], not inconsistent
with the need for a special contact regrowth in the present work. For example, Tokuda et al.
developed Zr-based Ohmic contacts [9] for HEMT barrier layers containing 86% Al with a
channel containing 51% Al and Nanjo et al. realized good contacts by means Si ion implantation
with a 1150C anneal for HEMT barrier layers containing 40% Al with a channel containing 20%
Al [11]. Even so, these prior HEMT publications, which represent state-of-the-art work, show a
hint of an offset voltage in the HEMT Ips-Vps characteristics and contact resistivity demonstrably
worse than typical for AlGaN/GaN.

The high contact resistance mainly affects the on-state HEMT properties and does not
artificially raise the breakdown voltage. The 810 V breakdown voltage demonstrated is high by
absolute standards, but corresponds to an average of 0.81 MV/cm, which is only a fraction of the

predicted Ec in AlygsGag 15N (estimated at 11 MV/cm). The theoretical E¢ nevertheless offers
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considerable promise for the ultimate performance of AlyssGag.1sN channels in light of its
weighting in the lateral figure of merit.

In summary, we have demonstrated the growth, fabrication, and electrical properties of
an AIN/Alp gsGag1sN HEMT. The breakdown voltage of 810 V, excellent gate leakage, the high
I./Ly current ratio greater than 107, and excellent subthreshold slope of 75 mV/decade illustrate
the promise of these ultra-wide bandgap devices. The source and drain contact difficulty remains

a challenge for these types of devices.
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Figure captions:
Figure 1. A cross sectional diagram (a) and top view (b) illustrating the HEMT structure and

geometry (not to scale). The horizontal dashed line of (b) shows the cut line for the cross section
in (a).

Figure 2. Drain current vs. drain voltage for an AIN/AljgsGag1sN HEMT.
Figure 3. Drain and gate current vs. gate voltage for an AIN/Alj gsGag1sN HEMT for Vps = 10V.

Figure 4. Gate diode current vs. gate voltage at various temperatures for Schottky barrier
determination for an AIN/Al 35Gag.1sN HEMT.

Figure 5. Drain and gate current vs. drain voltage for an AIN/Aly gsGag 1sN HEMT for Vg =-6 V
showing a breakdown voltage of 810 V and a good fit of drain current to Frenkel-Poole emission
from 205-715 V.
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