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We report on AlGaN/GaN metal-oxide—semiconductor heterostructure field-effect transistors
(MOS-HFETg grown over insulating 4H-SIC substrates. We demonstrate that the dc and
microwave performance of the MOS-HFETs is superior to that of conventional AlGaN/GaN
HFETSs, which points to the high quality of SjQAIGaN heterointerface. The MOS-HFETs could
operate at positive gate biases as hightd® V that doubles the channel current as compared to
conventional AlIGaN/GaN HFETs of a similar design. The gate leakage current was more than six
orders of magnitude smaller than that for the conventional AlIGaN/GaN HFETs. The MOS-HFETs
exhibited stable operation at elevated temperatures up to 300°C with excellent pinch-off
characteristics. These results clearly establish the potential of using AlGaN/GaN MOS-HFET
approach for high power microwave and switching devices.2@0 American Institute of Physics.
[S0003-695(100)04635-F

The development of new generations of GaN/AlGaNover insulating 4H-SiC substrates. Saturation current as high
high temperature microwave power electronics requireas 1.3 A/mm with a gate leakage current as low as 100 pA at
field-effect transistor§FET9 with low gate leakage and su- —20 V gate bias for X 150um devices is measured. The
perior pinch-off characteristics, specifically at elevatedmicrowave and high temperature performance of the
temperature$. These properties directly impact the device MOSHFETSs is also reported.
drain breakdown voltage, rf performance, and noise figure.  The built-in channel of our MOSHFET is formed by the
In the past, several groups have attempted to achieve gakégh density 2D electron gas at the AlGaN/GaN interface as
leakage suppression and superior pinch-off characteristids regular AlGaN/GaN HFETs. However, in contrast to
using the metal—insulator—semiconductor FETHFETSs the metallic gate is isolated from AlGaN barrier layer
(MISFET$?*™* or metal-oxide—semiconductor ~ FETS by a thin SiQ film. Thus the MOSHFET gate behaves more
(MOSFET$® device approach. However, the performancelike a MOS structure rather than a Schottky barrier used in
level of all these insulated gate devices was well below thategular HFETs. Since the properly designed AlGaN barrier
of the state-of-the-art AIGaN/GaN HFETs. More recently, layer is fully depleted by electron transfer to the adjacent
we demonstrated AlGaN/GaN metal—oxide—semiconductoGaN layer, the gate insulator in MOSHFET consists of two
heterostructure field-effect transistddOSHFETS on sap-  sequential layers: Sigilm and AlGaN epilayer. This double
phire and reported on their dc characterization reSullsir  |ayer insulator provides extremely low gate leakage current
MOSHFET design combines the advantages of the MO&nd allows for a large negative to positive gate voltage
structure which suppresses the gate leakage current argying. Due to the wide band gap and to the full depletion of
AlGaN/GaN heterointerface, which provides high-densitythe AlGaN barrier neither electron nor hole parasitic channel
high-mobility two-dimensional(2D) electron gas channel. forms at SiQ—AlGaN interface at the gate voltages up to
The MOSHFET approach also allows for application of high+ 10 v. The absence of the parasitic channel is confirmed by
positive gate voltages to further increase the sheet electragyr simulations and by the measured capacitance—voltage
density in the 2D channel and hence the device peak CufC_v) and current-voltagel ¢V) characteristics discussed
rents. below.

These features make MOSHFETSs extremely promising  The device epilayer structursee inset of Fig. lwas
for high-power microwave applications. However, these apyrown by low-pressure metal-organic chemical vapor depo-
plications place severe constrains on device thermal managgition (MOCVD) on insulating 4H-SiC substrate. All
ment, which can only be addressed with high thermal cona|GaN/GaN layers for this structure were deposited at
ductivity SiC substrates. In this letter, we now report onjogp°C and 76 Torr. A 50 nm AIN buffer layer was first
fabrication and characterization of AIGaN/GaN MOSHFETS grown at a temperature of 1000 °C, followed by a
insulating GaN layer and a 50 nmGaN layer with an es-
aEectronic mail: asif@engr.sc.edu timated doping level of (2—53 10" cm™3. The heterostruc-
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FIG. 1. C-V plots for equal area 10@mx200um contacts on MOSHFET 0 10 20 30 40 50 60
(solid curve and HFET (dashed curvestructures. Solid and dashed lines Vds(V)

representC—V dependence for MOSHFET and HFET structures corre-

spondingly under illumination. Lines marked with triangles showGheV FIG. 2. 1-V characteristics for MOSHFET at room temperature. The gate
dependencies in the dark. The inset shows a schematic structure of AIGal}gngth is 2um: the drain to source opening iszBn.

GaN MOSHFET on 4H-SiC.

face. Using the MOSHFET device capacitance measured at

which was doped with silicon approximately to V~—9V(seeFig. ], we estimate thg upper limit on surface
2x108cm 3. We also had a low-level flux of trimethylin- charge density in Siplayer, ng~ 10*cm™? This is more
dium (TMI) present during the growth of all the layers of the then an order_ of magnltude less than the sheet carrier density
structure. The presence of the indium surfactant, we believé0f free carriers in the 2D channel of the MOSHFET,
helps in improving the surface and interface roughness byereby indicating a high quality for the SJCAIGaN inter-

incorporation of trace amounts of indium. The measured2C®: _
room temperature Hall mobility and sheet carrier concentra- e then fabricated P200A/Au(1000A gate on both
tion were 1150 cfiV's and 1.X 1083 cm™2 the regions with and without SiO Gate length and widths

Transistor devices were then fabricated using2@oA) ~ Were 2 and 10Qum, respectively. Figure 2 shows the mea-

Al(500A)/Ti(200A)/Au(15004) for the source-drain ohmic suredl —V characteristics of a device with oxide layer under
contacts. These were annealed at 850 °C for 1 min in nitroth€ gate of AlGaN/GaN MOSHFET. The data of Fig. 2 are

gen ambient. A multiple He implant with energies of 10, 50,for the devices with a source-drain separation qiré and
and 100 keV and a dose of (1—2)10"cm 2 was then used the gate length of Zum. As seen, the maximum device cur-
for device isolation. Prior to the gate fabrication, a 10 nmfe€nt close to 1.3 A/mm was measured at a positive gate bias

SiO, layer was deposited on part of the heterostructure using! +9 V- Further, the devices completely pinched off around

plasma enhanced chemical vapor deposition. The thickness® V- Assuming the maximum sheet carrier density in the
of this layer,doy, was extracted from th€—V measure- undoped two-dimensional electron g2DEG) channel, lim-

ment at 1 MHz on areas with and without the Si@yer. In  itéd by the 2D density of statess, is about 2¢ 10cm 2’

Fig. 1 we include the€—V plots for 100umx 200um pads ~and the electron drift velocity in the channel,=5
over the HFET and MOSHFET regions. From the zero voltX 10° cm/s, we estimate the maximum achievable channel
capacitance of these metal—semiconductor structiwith- ~ Curentlsm/W=qxngxXv~1.6 Aimm. Therefore the mea-
out Si0, layen, and using AlGaN layer permittivityeg sured saturation current in our MOSHFET is close to this
=8.8, we estimate the AGaN barrier thicknesto be 31~ maximum value.

nm. This is very close to the 30 nm value estimated from the ~ Figures 3a) and 3b) compare the transfer characteris-
deposition rate. We then estimated the oxide thickmggs ~ 1CS Of AlGaN/GaN MOSHFET and baseline AlGaN/GaN

from the following equation: HFET devices fabricated on the same wafer. At the positive
gate bias oft+2 V, the saturated current of approximately 0.9

ture was capped with a 30 nm AlGa N barrier layer,

. 1 A/mm was measured both for the HFET and MOSHFET
Cwmos=Cus d 1)
oxX €B
1+—. . —
dB €ox 1400
Here Cy 05 andCyg are the capacitances of equal area pads 120 -4::?::“7 // _ ,,-%\ \_.,.."?‘;r"“
on the oxide and nonoxide areas angk=3.9 is the SiQ 000 7 £ V.o
dielectric permittivity. Using the data of Fig. 1 and Ed) T oo y4 2 //: \\
the SiQ thicknessdgoy, was estimated to be 7 nm. Thisisin § 400 /A g y S ~
reasonable agreement with tgy value of 10 nm expected 200 -7§LW'=1°V» // 2
from deposition rate. In Fig. 1, we also include t8e-V ° A —
.. . . . . -10 -5 0 5 10 10 5 0 5 10
characteristics measured under a strong white light illumina- Vgs, V Vos,V
tion. As seen, for the HFET structurgvithout the SiQ (@ ®
)

layen, theC—V curves in light and dark practically coincide.
quever’ for .the MOSHFET Struc_ture a FhreShOId Vo!tageFlG. 3. The saturation-currefd) and transconductangb) in the saturation
shift AV~1V is measured. We attribute this VOItage shift to region for the MOSHFET and baseline HFET devices. Drain to source volt-
the chargeAQ=CAV induced near the SKJAIGaN inter-  age is 10 V. Device dimensions are the same as in Fig. 2.
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We also compared the maximum output rf power for both

-2
104 . MOSHFET and HFET devices. The load-pull measurements
\”10 /~' were performed at 2 GHz using a Maury Microwave auto-
< || —MOSFET — 10‘*:: mated tuner system. Under identical bias conditions, 30 V
g T— HFET | —— . 1¢°% drain bias and—1.5 V gate bias, the maximum power of
= ppeT ahbout I2 Wllmmdwas me:;surehd for both devic(;a types. Our da:]a
thus clearly indicates that the MOSHFET device approac
_\loml/ preserves the high frequency and high power performance.
, . 10" — We believe that the rf power characteristics of MOSHFETs
=20 45 <10 5 0 5 might far exceed those of HFETs. The gate bias for
Vgs(V) MOSHFETs can be optimized to allow much higher input

voltage and channel current swings. This should in principle
FIG. 4. Gate leakage current for the MOSHFET and the baseline HFET.|ead to a much higher output power sweep compared to a
similar geometry HFET without any significant transconduc-
devices. As expected from the larger total barrier thicknes%ance coIIapséseg Fig. 2 A.ISO’ due to the low gate leakage
. . . current, the maximum drain voltage for MOSHFET can be
and the lower dielectric constant of the SiCayer, the

MOSHFET transconductance is smaller than that of thehlgher than that for HFET, which may further increase the

baseline HFET devicsee Fig. &)]. The maximum trans- maximum rf power. A more detailed study of MOSHFET rf

conductanceg,, of 110 and 145 mS/mm, was measured fOrc_haraptenstlcs for a large perlphe_ry and su_bmlcron gate de-
: . vices is currently underway and will be published elsewhere.
the 2 um gate MOSHFET and baseline HFET devices, re- . .
spectively. As seen from Fig. 3, the increased gate-to.. In conclusion, we demonstrat_ed high performance
) S C - Si0, /AlGaN/GaN/SiC MOSHFETSs with stable operation at
channel separation is also responsible for the more negatlveeievated temperatures up to 300 °C. The measured de. rf. rf
threshold voltage of the MOSHFET. The MOSHFET also P b ' L

has an advantage of a much lardeearly doublell gate power, and high temperature charap teris_tics of the
voltage swing and a higher linearity than the baseline HFETMOSHFET are equal to or better than for identical geometry

This should, in principle, lead to a smaller intermodulationHFET devices. This clearly establishes the feasibility of the

) . : ; AlGaN/GaN MOSHFET device approach for high-
distortion, a smaller phase noise, and a larger dynamic rangﬁ.e uency. hiah-temperature. high-speed switching applica-
In Fig. 4, we show the gate leakage current for the two, q y. hig P » MgN-sp g app

device types with an identical geomet(f xmx200um tions.

gate arep The data shows that at room temperature the  This work was supported by the Ballistic Missile De-
MOSHFET leakage current is as low as 100 pA-&0 V  fense OrganizatiofBMDO) under Army SMDC Contract

gate bias and is approximately six orders of magnitudeNo. DASG60-98-1-0004, monitored by Dr. Brian Strickland
smaller than for the HFET with similar gate dimensions. Theand Dr. Kepi Wu.
pinch-off characteristics of AlGaN/GaN MOSHFET were
measured in the temperature range 25—300 °C. The pinch-off
current as low as 0.15 nA/mm at room temperature and 38\, maeda, T. Saitoh, K. Tsubaki, T. Nishida, and N. Kobayashi, Jpn. J.
#A/mm at 250°C was measured at the gate voltage LAppl. Phys., Part 28, L987 (1899 '
=—15V and the drain bias of 10 V. Even at temperatures as gc-)cASg ﬁh;n#fégéiufé‘é% S\gg' Bhattarai, and D. P. Olson, Mater. Res.

. o . . . . Symp. .
high as 300°C Fhe PlnCh_Oﬁ current remains app'rOX|mater3M. Asif Khan, M. S. Shur, Q. C. Chen, and J. N. Kuznia, Electron. Lett.
10 mA/mm, which is about two orders of magnitude less 3q 2175(1994.
than the maximum saturation current. No degradation was's. C. Binari, L. B. Rowland, G. Kelner, W. Kruppa, H. B. Dietrich, K.
observed in the maximum saturation current up to 300 °C. Doverspike, and D. K. Gaskill, "DC, Microwave, and High-Temperature
The results of Fias. 3 and 4 clearly establish the potential of Characteristics of GaN FET Structures,” imternational Symposium

. gs. . y . p_ Compound Semiconductorsdited by H. Goronkir{IOP, Bristol, 1995,

using our MOSHFET devices for high voltage, high tem- p. 4509,
perature applications. °F. Ren, M. Hong, S. N. G. Chu, and M. A. Marcus, M. J. Schurman, A.

We also measured the current gain as a function of fre- Z%%aé S. J. Pearton, and C. R. Abemnathy, Appl. Phys. 783893
quency using HP-8510 S-parameter analyzer. The cutoff fresy, aqi Khan, X. Hu, G. Simin, A. Lunev, J. Yang, R. Gaska, and M. S.
quency ;) values of 8.2 and 5.9 GHz were measured for the Shur, IEEE Electron Device Let21, 63 (2000.

2 um gate MOSHFET and the HFET, respectively. Note that “M. S. Shur, A. D. Bykhovski, and R. Gaska, Solid-State Electddn205
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