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Abstract —Both MgO and Sc;O; are shown to provide
low interface state densities (in the 10" eV cm
range) on n-and p-GaN, making them useful for gate
semiconductor(MOS)
devices and also as surface passivation layers to
in GaN/AlGaN high

electron mobility transistors(HEMTs).Clear evidence

dielectrics for metal-oxide

mitigate current collapse
of inversion has been demonstrated in gate-controlled
MOS p-GaN diodes using both types of oxide. Charge
pumping measurements on diodes undergoing a high
temperature implant activation anneal show a total
surface state density of ~3 x 10> cm?. On HEMT
structures, both oxides provide effective passivation
of surface states and these devices show improved
output power. The MgO/GaN structures are also
found to be quite radiation-resistant, making them
attractive for satellite and terrestrial communication
systems
energy(40MeV) protons.

requiring a high tolerance to high

Index Terms— GaN, HEMTs,

densities and passivation.

interface state
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I. INTRODUCTION

AlGaN/GaN high electron mobility transistors
(HEMTs) appear well-suited to high speed and high
temperature applications including high frequency
wireless base stations and broad-band links, commercial
and military radar and satellite communications[1-34].
These devices appear capable of producing very high
power densities (>12W/mm), along with high
breakdown voltage and low noise figures. The use of
metal-oxide-semiconductor (MQOS) or metal-insulator-
semiconductor (MIS) gates for HEMTs produces a
number of advantages over the more conventional
Schottky metal gates, including lower leakage current
and greater voltage swing[2, 22, 26, 28-30].The
materials reported for gate oxide/insulators include
Si0,[3, 22-27, 35], Gd(Ga,0)[22, 23, 27, 33], AIN[34],
SiNx[14,31,32], MgO[24, 36] and Sc,0s{36]. These
materials can also be employed as surface passivation
layers on HEMTs. A commonly observed problem in
these devices is the so-called “current collapse™ in which
the application of a high drain-source voltage leads to a
decrease of the drain current and increase in the knee
voltage[4, 6,12-17, 20]. This phenomenon can also be
observed by a current dispersion between dc and pulsed
test conditions or a degraded rf output power. The
mechanisms include the presence of surface states on the
cap layer or trapping centers in the resistive buffer
underlying the active channel. The carriers in the 2-
dimentional electron gas can be lost either to the surface
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Table 1 : Material properties for GaN and various dielectrics.

W = Wartzite, A = amorphous, B = Bixbyite, N = NaCl.

GaN Si0, SiN, AIN GGG Gd,0; | Sc,0; MgO
[a] {b-d] [d] [e-g] (h] (iJ] (k] [L,m]
Structure W A A WorA A B B N
Lattice Constant 3.186 - - 3.113 10.813 9.845 42112
Atomic Spacing in the ; - - - 3.828 | 3.4807 | 2978
(111) plane
Mismatch to GaN (%) - - - 23 - 20.1 9.2 -6.5
Tup (K) 2800 1900 2173 3500 2023 2668 2678 3073
Bandgap (eV) 34 9 5 6.2 4.7 5.3 6.3 8
Electron Affinity (eV) 3.4 0.9 0-29 0.63 0.7
Work Function (eV) 09-1.2 2.1-33 4 3.1-44
Dielectric Constant 9.5 39 7.5 8.5 14.2 11.4 14 9.8
a. Properties of Group [II Nitrides, ed. J. H. Edgar, Inspec, the Institution of Electrical ~ Engineers, London, UK,

1994.

b.  G.W.Kaye, T.H. Laby, Tubles of Physical and Chemical Constants and some Mathematical Functions, 11" ed,

Longmans, New York, 1956

c. C. T. Sah, Fundamentals of Solid-State Electronics, World Scientific, New Jersey, 1991
d. S.M. Sze, Physics of Semiconductor Devices, 2™ edition, Wiley, New York, 1981
“Epitaxially grown AIN and its optical band gap,” W.M. Yim, E.J. Stofko, P.J. Zanzucchi, J.I. Pankove, M. Ettenburg,

S.L. Gilbert, J. of Appl. Phys., 44, 292 (1973)

f.  “Electron mobilities in gallium, indium, and aluminum nitrides,” W.L. Chin, T.L. Tansley, T. Osotchan, J. of Appl.

Phys., 75, 7365 (1994)

g.  “GaN/AlGaN heterostructure devices: photodetectors and field-effect transistors,” M.S. Shur, M.A. Khan, Mat. Res.

Bull,, 22(2), 44 (1997)

h. S.S. Derbeneva, S.S. Batsano, Dokl. Chem., 175, 710 (1967)
1. S.S. Batsono, E.V. Dulepov, Soviet Physics — Solid State, 7(4), 995 (1965)
J- K.A. Gschneider, Rare Earth Alloys, 1zd. Mir., 1965

k.  “Optical properties and electron energy structure of Y203 and Sc203,”

Kuznetsov, Sov. Phys. Sol. State, 25, 981 (1983).

V. N. Abramov, A. N. Ermoshkin and A. L.

L. “Electronic band structure of magnesium and calcium oxides,” N. Daude, C. Jouanin and C. Gout, Phys. Rev. B, 15,

2399 (1977).

m. G. V. Samsonov, The Oxide Handbook, Plenum, New York, 1973

or buffer traps[4, 6,37].
to a greater or lesser extent by use of appropriate surface

The former may be mitigated

passivation, most often SiNy deposited by plasma-
enhanced chemical vapor deposition (PECVD), while
the latter is a function of the epitaxial growth conditions.

In this paper,we will describe progress on two
alternative candidates for HEMT gate dielectrics and
passivation, namely Sc,0; and MgO[38]. Table I shows
a comparison of the properties of these oxides with those
of the other commonly used passivation materials on
GaN. These novel oxides do not contain hydrogen and
may have advantages over SiNy in that respect because
atomic hydrogen diffuses rapidly and could enter the

GaN or gate metal over extended periods of device
operation

II. EXPERIMENTAL

To fabricate gate-controlled diodes using the oxides as
gate dielectrics, the starting sample was a lum thick p-
GaN (hole concentration is ~ 2 x 10" em™ at 25 °C)
layer grown on a 2 um undoped GaN buffer grown on a
ALO; substrate by Metal Organic Chemical Vapor
Deposition. The Sc,0; was deposited by rf plasma-
activated Molecular Beam Epitaxy (MBE) at 650°C
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Fig. 1 HXRD scans of Sc,O; on h-GaN.
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Fig. 2 Schematic of Sc,0;/p-GaN gate-controlled diodes.
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Fig. 3 C-V characteristics of GaN MOS gate-controlled
diodes at 25 °C as a function of measurement frequency(+15V

bias in gated contact in each case).

using elemental Sc evaporated from a standard effusion
cell at 1130 °C and O, derived from an electron cyclotron
plasma source operating at 200W forward power
(2.45GHz) and 10™* Torr. The Sc,0; layers were ~400A
thick. The smaller mismatch between the Sc,0; and the
GaN (0001) should lead to a lower defect density and in
fact the FWHM in the x-ray diffraction scan is
substantially reduced at 514 arcseconds as compared to
the 883 arcseconds found for comparable Gd,O; layers,
as shown in Figure 1.

The MgO was deposited by MBE at 100°C, The MgO

precursors were elemental Mg and radio-frequency

plasma-activated oxygen. The GaN samples were
cleaned initially with a 3 min chemical etch in HCV
H,0(1:1), H,O rinse, UV-ozone exposure for 25 min,
rinse in buffered oxide etch solution(6:1, NH,F/HF) and
rinsed in H,O. The samples were then loaded into the
MBE system and heated at 650 °C to ensure oxide
removal. A standard effusion cell operating at 380 °C
was used for evaporation of the Mg, while the O, source
was operated at 300W forward power(13.56MHz) and
2.5 x 10 Torr. The MgO layers were ~800A thick. In
separate measurements, we obtained interface state
densities of 2-3x10"' cm?eV"' from the AC Conductance
and Terman methods(39-42).

N" regions were created by selective implantation of
Si” at multiple energies and doses (70keV, 2 x 10" cm?,
195 keV, 6 x 10%cm™ and 380 keV, 1.8 x 10'4cm'2). The
junction depth was ~0.4 um from ion range simulations.
The samples were then annealed at 950°C under N, to
activate the Si-implanted regions. Windows were etched
into the oxide and e-beam deposited p-ohmic(Ni/Au), n-
ohmic(Ti/Al/Pt/Au) metal(Pt/Au)  were
patterned by lithography. The separation of the n’

and gate

regions was ~ 60um. A schematic of the completed gate-
controlled diode is shown in Figure 2.

III. RESULTS AND DISCUSSION

A. Gate-controlled diodes

Figure 3 shows C-V characteristics of the MgQ/GaN
MOS-controlled diodes at 25°C in the dark as a function
of the measurement frequency. In each case, -20V was
applied at the gated contact to provide a source of
minority carriers. The frequency dispersion observed in
inversion is due to the resistance of the inversion channel.
At 5 KHz measurement frequency, we observe only deep
depletion since the characteristics are dominated by
majority carriers. As the frequency is decreased, a clear
inversion behavior is observed due to charge flow into
and from the n" regions external to the gate. In diodes
without the n' regions to act as an external supply of
minority carriers, we could not observe inversion, even
up to measurement temperatures of 300C.Similar results
were obtained for Sc,0;/GaN diodes.
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Fig. 5 (top)Gate lag measurements on unpassivated AlGaN/
GaN HEMTSs. Vg, is switched from ~5V to 0V.(bottom)similar

measurements after MgO passivation.

We also used charge pumping experiments to measure
the surface state density. This density, Ngs, can be related
to the pulse frequency v and charge-pumping current Lep

through the relation

Neo = lep
vAce

where A¢ is the diode channel area and ¢ is the
electronic charge. Figure 4 shows typical data measured
at v = 50kHz. From this data, we obtain Ngs= 3 x 10**
cm” at the Sc,03/p-GaN interfacc Note that no effort has
been made in our structures to passivate surface states
through forming gas anneals or plasma hydrogenation.
This is the first measurement of surface state density in
GaN-based MOS structures that more fully approximate
a transistor, i.e. the structures show inversion and have
gone through an extensive device processing sequence.

B. Surface Passivation

We have employed gate lag measurements on the
HEMTs as a metric for establishing the effectiveness of
the oxide passivation[38]. In this method, the drain
current (Ipg) response to a pulsed gate-source voltage
(V) 1s measured. Figure 5(top) shows the normalized
Ips as a function of drain-source voltage (Vps) for both
dc and pulsed measurements on unpassivated HEMTs. In
the data, V; was pulsed from -5V to 0 at 0.1MHz and
10% duty cycle. The bottom of Figure 5 shows the
normalized I for the same device after MgO deposition.
Note the much reduced current collapse. Figure 6 shows
the normalized Ij)gas a function of gate -source voltage,
V. switched from ~5V to OV with Vg held constant at a
low value (3V) to avoid the complications of device
heating, for both unpassivated(top) and MgO-passivated
HEMTs. The large differences between dc and pulsed
drain currents in the case of the unpassivated devices is
consistent with the presence of surface traps that deplete
the channel in the access regions between the gate and
drain contacts. However, after MgO deposition, the
HEMTs showed an increase in drain-source current of
20% in the dc mode which is consistent with passivation
of surface state. This is clear evidence for the assumption
that surface states are the cause of the gate-lag
phenomena and also that MgO passivation mitigates this
problem. Once again, similar results were obtained with
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Fig. 6 (top)Gate lag measurements on unpassivated AlGaN/
GaN HEMTSs. Vg is switched from —5V to the value shown on
the X-axis.(bottom)similar measurements after MgO passiva-

tion.

S¢,0; passivation.

Typical load-pull data for HEMTs before and after
Sc,0; passivation are shown in Figure 7 for a
measurement frequency of 4GHz. In all cases, the drain
voltage, Vp, was held at 10V, while the gate voltage Vs
was —2V. The wafer measurements employed
mechanical tuners for matching and there was no
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Fig. 7 Output power characteristics before and after Sc,04
passivation of 0.5 x 100pm?* devices measured at 4GHz and a
bias point of Vp = 10V, V;=-2V.

harmonic termination under class A operation. The
devices were matched for the power testing prior to
passivation and were tested under these same conditions
after oxide deposition. Note the increased power output.
By contrast, the difference in output power before and
after SiNy passivation was < 2dB in all cases. This is
consistent with the higher percentage recovery of Ipg
during the gate lag measurements with Sc,0; passivation.
The ScyO; passivation has shown excellent aging
characteristics when measured under dc test conditions,
with no change in HEMT performance over a period of
> 5 months.

C. Radiation damage experiments

MgO/GaN metal oxide semiconductor diodes were
irradiated with 40MeV protons at a fluence of 5 x 10°
cm?, simulating long-term (10 years) exposure in space-
borne applications. The result of the proton irradiation
was a decrease in device capacitance, consistent with the
creation of deep electron traps that reduce the effective
channel doping and also a decrease in breakdown field
from ~10° V-em™ in control devices to 0.76 x 10° V-cm™
in devices irradiated with the gate metal in place. The
capacitance of the device irradiated with the contacts in

place recovers to the same value as the contact diodes.
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Fig. 8 Current density-voltage (top) and capacitance-voltage
characteristics (bottom) from Mg(Q/GaN MOS devices before

and after irradiation.

The D;, values are decreased by the H, anneal in both the
unirradiated and irradiated devices.

Figure 8 shows the current density(J)-voltage(top) and
capacitance-voltage(C-V) characteristics(bottom) from
the MgQ/GaN devices with 5004 oxide thickness before
and after proton irradiation. We also irradiated devices
both before and after deposition of their gate contacts in
order to investigate the effect of the presence of the
metal over the MgO. While we could not measure any
significant change in reverse breakdown voltage as a
result of the proton irradiation, the Vi values were
decreased in both types of devices(i.e. those irradiated
before or after deposition of the gate metal). The Dy
values extracted from the C-V characteristics using the
Terman method(which is generally found to under-
estimated the trap density), were also essentially
unchanged in the devices from which we could extract
accurate date. Note that the forward breakdown field
decreases from ~10° V-cm™ in the control samples to
~0.76 x 10° V-em™ for the devices irradiated with
contacts in place and for 0.46 x 10° V-em™ for the
structures irradiated prior to deposition of the contacts.
This result indicates that the protons make displacement-
damage in the MgO which degrade its breakdown
capabilities.

IV. CONCLUSIONS

Rapid recent progress in the development of gate

dielectrics and surface passivation films for GaN
electronic devices has been reported. This research
shows the promise of MOS-HEMTs with appropriate
passivation for applications in low noise amplifiers with
high dynamic range and also in high efficiency power
amplifiers.
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