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Delta-doped AlGaN /GaN metal-oxide—semiconductor heterostructure
field-effect transistors with high breakdown voltages
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The fabrication and dc characteristics of AlIGaN/GaN-based heterostructure field-effect transistors
(HFET9 by employing thes-doped barrier and the SjQnsulated gate are reported. The device
grown on sapphire substrate has a high drain-current-driving and gate-control capabilities as well as
a very high gate-drain breakdown voltage of 200 V for a gate length @iland a source-drain
distance of 3um. The incorporation of the SiOnsulated gate and th&doped barrier into HFET
structures reduces the gate leakage and improves the two-dimensional channel carrier mobility, and
thereby allows one to take the inherent advantage of AlIGaN/GaN HFETs with relatively high Al
contents—the device structure is capable to deliver higher electron désrsilgain current densily

yet ensures an excellent pinch-off property as well as small gate leakage current. These
characteristics indicate a great potential of this structure for high-power-microwave applications.
© 2002 American Institute of Physic§DOI: 10.1063/1.1527984

AlGaN/GaN heterostructure field-effect transistorsants and the AlGaN/GaN interface, carrier-impurity scatter-
(HFETS have attracted considerable attentions in the pashg can be minimized and, hence, carrier mobility would be
decade for applications in the area of high power and higlenhanced. Comparing with uniformly doped HFET struc-
temperature microwave electronics due to the unique propures, thes-doping profile is also likely to reduce trapping
erties of lll-nitrides, including wide band gaps, high electroneffect and improve threshold voltage control as well as
saturation velocities, and high critical breakdown fields. breakdown characteristics. These advantages have been dem-
Considerable progress has been made to improve the nitridstrated in the GaAs and InP based HFETs structirés.
HFET power and voltage handling abiliti#8.However, it _Figure 1 shows a schematic diagram of the metal-
has been observed that the Schottky gate of HFET tends fgxide—semiconductor HFETMOSHFET) layer structure
degrade with enhanced gate leakage current and insufficieH€d in this study. The AlGaN/GaN heterostructures were
pinch-off characteristics, especially when the HFETs are op9"oWn by metalorganic chemical vapor deposition on sap-
erating under high power conditions. The degradation of th@ire substrates. Following a 50 nm GaN nucleation layer on
gate leads to the premature breakdown and, hence, a deffie substrate, a &m highly resistive GaN layer was depos-
cient device performance with a reduction of output power,'ted' A very th|_n AIN interfacial layer(~1 nm) was subse-
the rf efficiency and noise figurelt is believed that the quently deposngd above GaN to_separate the channel irom
premature breakdown is caused by the traditional gate-drai € AIGaN ba”"?r_ Iayer_ and t(.) improve the sheet charge
diode breakdown as a result of the thermionic emisSion ensn_y and mobility by Increasing the confinement OT elec-

' trons in the channel and decreasing the alloy scattéfifg.
the thermal effect as a consequence of the surface hopping
conduction of gate leakage currérbifferent gate insulation
layers, such as SiK&° SiN,,'% Ga,0;,12% and AIN'

S G D
have b loyed f th ible solutions t %/ N\ 7//
tackie the gate loakage problem by inoreasing the energy B .

barrier. It has been demonstrated that a thin,Si® AIN 17.5 nm Aly35Gag7sN

layer under the gate dramatically reduced the gate leakage 3-doping
current by several ordePs:* Another advantage of adopting 2.5 nm AlosGaosN

the insulation layer was thought that it has the effect to re- 1 nm AIN

duce the electrical field in the underlying nitride semicon-
ductor and, hence, increase the gate breakdown vottage.

To further reduce the current tunneling through the low
quality deposited thin gate oxide layer and, hence, increase
the gate-drain breakdown voltage, here we propose to re-
place the uniformly doping scheme in the AlGaN barrier Sapphire
with a &-doping profile. With the dopants farther away from
the gate, the gate leakage current would be reduced. More-

over, with an optimized separation distance between the dogHG. 1. The schematic diagram of the &tloped AlGaN/GaN MOSHFET
layer structure. The device has a gate lenditf) (of 1 um, gate width W)

of 2xX40 um for a double gate or 8Am for a single gate, and a source-drain
¥Electronic mail: jiang@phys.ksu.edu distance Ly of 3 um.

1 pm S.I. GaN
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s 0 E V and a drain bias of 8 V, which is among the better values
3 H 4 2 0 2 reported for devices grown on sapphire substrate. The
Gate voltage (V) slightly larger knee voltagé6 V) could be attributed to the

6-doping scheme in the ALGa, s\ barrier, because the
X80 umx 1 um AlGaN/GaN MOSHFET withs-doped barrier. In(a) the ~ SOUrce and the drain were directly formed on the undoped
gate was biased from 2 te7 V in a step of—1 V, in (b) the drain bias was Al 3G&, /N without recessing etch, leading to a larger con-
7.5 V. A maximum drain saturation current of 0.82 A/mm, a peak extrinsictgct resistance. The device was completely pinched off at a
g;?;‘\:/‘;réd“dance of 130 mS/mm, and a threshold voltage ol were o410 pias of-7 V. In this off state, the drain current was less
' than 0.5 mA/mm at a drain bias of 8 V, implying a ratio
exceeding 1®for the on/off state current control capability.
The heterostructure was then capped by a &loped A peak extrinsic transconductangg, of 130 mS/mm was
Al 3:Ga ¢\ barrier layer with a thickness of 20 nm, grown achieved at a gate bias f3 V. The measured transconduc-
at 1050 °C. Aé&junction-like Si doping profile was imple- tance profile was quite broad which is expected to provide a
mented by interrupting the usual crystal-growth mode bylarge gate voltage swing as well as dynamic range for power
closing the Ga(trimethylgallium and Al (trimethylalumi-  and linearity!® The performance was much improved over
num) flows, while the Si impurities (Sif) were introduced that of a uniformly doped HFET with a similar current den-
into the growth chamber. Thé&-doping profile was verified sity that was found to be difficult to pinch off due to its much
by secondary ion mass spectroscopy measureneet-  higher leakage current.
formed by Charles and Evarfor a selective sample. The Pulsedl -V characteristics were also measured to ob-
device fabrication started from the mesa isolation performederve the dispersiofor trapping effect betweenl -V char-
by chlorine-based inductively coupled plasma etching. Thecteristics under dc and ac gate drives. Any dispersion would
high resistivity of the GaN layer ensured the electrical isola-directly reduce the output power and efficiency under ac op-
tion between devices with an etch depth-e250 nm. The eration. Comparing thé—V characteristics obtained under
ohmic metal stack of T{20 nm/Al (150 nm/Ti (30 nm/Au dc and pulsed80 us) gate drives, no significant dispersion
(50 nm was deposited by an electron-beam evaporator, andias observed in thé-doped MOSHFET for drain voltages
followed by lift-off, ohmic contacts were formed by rapid up to 30 V, demonstrating the rf dispersion was not serious in
thermal annealing of the sample in nitrogen atmosphere ahese devices at low voltages, a major improvement over
850°C for 30 s. A 6-nm-thick Si@layer and gate metal those of uniformly doped devices. However, after the device
stack of Ni/Au were then deposited to form an insulated gatewas stressed under high voltages exceeding 100 V, a 30%—
The device has a gate lengthy) of 1 um, gate width W) 40% reduction in the maximum drain current was observed,
of 2X40 um for a double gate or 8@um for a single gate, implying further improvements are still needed.
and a source-drain distanckeg) of 3 um. The power performance of the device depends on the
Figure Za) shows the on-wafer measured drain-sourcemaximum drain voltage before breakdown sets in. Since our
dc 1-V characteristics of a MOSHFET device with a devices incorporated Sgdnsulation layer under the gate and
s-doped A} 3:Ga g\ barrier, and the related dc transfer a &~doping scheme, we expect the gate leakage current to be
characteristics are shown in Fig(b2 The originals~doped much reduced and the gate breakdown voltage to be in-
Al 3:Gay ¢N/GaN HFET structure exhibited an electron mo- creased. Indeed, this is demonstrated in Fig. 3. A very high
bility and sheet carrier density of about 1330%vhs and  gate-drain breakdown voltage 6f200 V was achieved in
1.34x 10", respectively, as obtained by Hall measurementour MOSHFET with a 1um gate length and a source-drain
The fabricated device exhibits a high drain current drivingdistance of 3um. Beyond pinch-off with a gate bias of8
ability and excellent pinch-off property. The drain currentV, a drain-source breakdown voltage of 180 V was also
arrives a maximum value of0.82 A/mm at a gate bias of 2 observed.

FIG. 2. (a) dc |-V characteristics antb) transfer characteristics for a 1
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capabilities, and a very high gate-drain breakdown voltage of
—=— delta doping 200 V for a 1um gate length and a source-drain distance of
A uniform doping 3 um. The improved characteristics were obtained by incor-

porating insulating gate oxide angtdoped AlGaN barrier
layers. Our unique device structure by combining the,SiO
insulated gate and th&doped barrier allowed us to take the
inherent advantage of AIGaN/GaN HFETs with relatively
high Al contents—the device structure delivers high channel
a electron densitiegor equivalently high drain current den-
sity), while it also ensures an excellent pinch-off property,
small gate leakage current, and hence, a reduced degradation

—— —— ——— of the gate performance. These characteristics indicate a

6 8 10 12 14 great potential of this structure for high power microwave
2-D dopant concentration (x10" cm™) applications.
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FIG. 4. The gate-drain breakdown voltage vs the Si-dopant concentration  This research is supported by BMD@r. Kepi Wu),

for MOSHFET devices with>-doped AlGaN barriers. The breakdown volt- ;

age for one of the MOSHFETs with uniformly doped AlGaN barrier is also modmtored by USASMDQDr. Fred r?larkehand Terhry BﬁLDeL
shown for comparison. At a comparable doping level, #rdoped MOSH- an DOE(DE'FGO3_'96ER45604T e authors W'_S to than )
FET structure exhibits a much higher breakdown voltage than the uniformhW. P. Zhao for the lithography work and S. X. Jin for help in

doped device. device fabrication.
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