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Abstract—We describe the properties of novel 111-N-based
insulating gate heterostructure field-effect transistors (HFETYS).
For the gate isolation, these devices use either SiO, layer (in
metal-oxide-semiconductor HFET (MOSHFET) structures) or
SizN, layer (in metal-insulator—semiconductor HFET struc-
tures). These insulating gate HFETs have the gate-leakage
currents 4-6 orders of magnitude lower than HFETS, even at
elevated temperatures up to 300 °C. A double-heterostructure
MOSHFET with SIO, gateisolation exhibits current collapse-free
performance with extremely low gate-leakage current. Insulating
gate devices, including large periphery multigate structures,
demonstrate high-power stable operation and might find applica-
tions in high-performance power amplifiers and microwave and
high-power switches with operating temperaturesup to 300 °C or
even higher.

Index Terms—AIGaN, FET, GaN, heterostructure FET (HFET),
microwave, metal—oxide-semiconductor HFET (MOSHFET).

. INTRODUCTION

effect transistor (HFET) is one of the most promising electronic
devices, which has been a topic of intensive investigations since
the first report in 1991 [1], [2]. Several groups demonstrated
high-power operation of AIGaN/GaN HFETs at microwave fre-
guencies [3]-[5], including a 100-W output-power single-chip
amplifier developed by Cree Inc., Durham, NC, and devices
with 100-GHz cutoff frequency reported in [6]. The character-
istics of I1I-N HFETSs can be further improved by implementing

a new approach, which results from the demonstration of good
quality of SiQ/AlIGaN and SiN./AlGaN interfaces. This
approach opens up a way to fabricate insulated gate field-effect
transistors (FETSs), which have the gate-leakage currents several
orders of magnitude below those of regular HFETS, and exhibit
better linearity and higher channel saturation currents. In this
paper, we describe design, characterization, and applications of
these new devices.

NIQUE materials properties of GaN-based semicon- Il. METAL—OXIDE—SEMICONDUCTOR HETEROSTRUCTURE

ductors stimulated a great deal of interest in research
and development in materials growth and opto-electronic and
electronic devices using this semiconductor system. The major
advantages of nitride-based devices that make them extremoerl1y
promising for high-power high-temperature applications a
high electron mobility and saturation velocity, high sheet carri
concentration at heterojunction interfaces, high breakdo
field, and low thermal impedance (when grown over SiC
bulk AIN substrates). The chemical inertness of nitrides
another key property. An AlGaN/GaN heterostructure fiel

FIELD-EFFECT TRANSISTOR (MOSHFET)
FABRICATION AND CHARACTERISTICS

Recently, we demonstrated novel AlIGaN/GaN MOSHFETs
ol sapphire [7] and SiC [8] substrates. The MOSHFET de-
sign combines the advantages of the MOS structure, which

er

Suppresses the gate-leakage current, and an AlGaN/GaN

W

hreterointerface that provides high-density high-mobility

Yvo-dimensional (2-D) electron gas channel. The MOSHFET

IS

c];;}pproach also allows for application of high positive gate

voltages to further increase the sheet electron density in the 2-D
channel and, therefore, the peak device current. The MOSHFET
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Fig. 1. (a) Schematic MOSHFET layout. (b) Capacitance—voltage characteristics of MOSHFET and HFET test structures. (c) Small-signal ti@mseonduct
dispersion of the MOSHFET.

The device epilayer structures were grown by low-pressui@ 1 min in nitrogen ambient. A reactive ion etching (RIE)
metal organic chemical vapor deposition (LP-MOCVD) omvas used for device isolation. Prior to the gate fabrication, a
insulating 4H-SiC substrates. The AlGaN/GaN layers for thi€)-nm SiQ layer was deposited on part of the heterostructure
structure were deposited at 100€ and 76 torr. A 50-nm AIN using plasma-enhanced chemical vapor deposition. The
buffer layer was first grown at 1000C, followed by the de- thickness of this layer dpx) was extracted from the
position of a 1.5«m insulating GaN layer. The heterostructureapacitance—voltageCV) measurement at 1 MHz on the
was capped with a 30-nm AbGa sN barrier layer, which regions with and without the SiQOlayer. In Fig. 1(b), we
was unintentionally doped. We also had a low-level flux dhclude theC—-V plots for 100m x 200 um pads over the
trimethylindium (TMI) present during the growth of all theHFET and MOSHFET regions. From the 0-V capacitance of
layers of the structure. We had a low-level flux of TMI preserthese metal-semiconductor structures (without ar, $ager),
during the growth of all the layers of the structure. Also, smadind using AlGaN layer permittivity g = 8.8, we estimate the
concentration of carbon was present in all our grown layeslGaN barrier thicknesdg to be 23 nm. This is very close to
The presence of the indium (In) surfactant and of trace amoutiie 25-nm value estimated from the deposition rate.
of In helps in improving the surface and interface roughness.The oxide thicknesdox can be extracted from the measured
As shown in [9], the surface roughness decreases from 7-pad capacitances
rms to 2.5-nm rms with incorporation of In. The beneficial role

of carbon was explained in [10]. We found the combination ot dox  ep \ 7t

of In and carbon in all our layers to be especially beneficial Cmos = dn <1 + T —)

for both improving the materials quality and for obtaining B B foX .

better ohmic contacts. The measured room-temperature Hall — Cys X <1 + dox 5_B> . 1
mobility and sheet carrier concentration were 120G /&m s dp  €ox

and 1.2x 10 cm~2, respectively.

Transistor devices were fabricated usingflere,Cyios andC)y, s are the capacitances of equal area pads
Ti(200 A)/AI(500 A)/Ti(200 A)/Au(1500 A) for the on the oxide and nonoxide areas arg = 3.9 is the SiQ di-
source—drain ohmic contacts. These were annealed at’850 electric permittivity. Using the data of Fig. 1 and (1), the $iO
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thicknessdpx was estimated to be 11 nm. This value is in rea-
sonable agreement with thigx value of 10 nm expected from
the deposition rate. Due to a larger gate-to-channel separation,
the threshold voltage of the MOSHFET is larger than that of the
HFET. Assuming the same sheet charge density in the channel b
for MOSHFET and HFET devices at zero gate bias and ignoring

the surface charge at the SiAlGaN interface, the threshold

voltages for the MOSHFET and HFET can be related as

Qs =qNs = Cyvos X Vrmos = Cus X Vs 2
or
Vintos = ViarsCars/Cios = Vings x (14 99X €7 , |
TMOS = VT MS5YMS/MOS = YTMS dg eox )  Fig. 2. Gate-leakage currents for the MOSHFET at different temperatures
and the baseline HFET at room temperature measured in diode mode (drain

(3) disconnected).

For the MOSHFET data of Fig. 1, the threshold voltage in-

creases 2.1 times compared to the HFET. The threshold volt- 5

ages of the MOSHFET~7.5 V) and HFET £3.5 V) extracted S 25 °¢
from the C-V' characteristics of Fig. 1 are in good agreement ' e L TIRT400 OC
with the above estimate. The deviation of the measured data S P 200 °C
from the estimate given by (3) is related to the interface charge. E 091 7 300 °C
Since this deviation is small, the surface charge density at the < 06.

SiOs/AlGaN interface must be sufficiently low compared to 3

gN, at zero gate bias. To further prove the absence of significant . =/ MOSHFET V, = +3V
surface trapping, we have measured the frequency dependence R

of the small-signal transconductance in the linear regime at low 0.0 /

drain voltage and zero gate bias. Zero gate bias was chosen to o 5 10 15 20 25
eliminate the effects related to the current collapse (see below). A

The measurements were done on a number of MOSHFETS from
different wafers. For Comparison’ we have also measured HFET: 3. I-V characteristics of a MOSHFET with the source—drain opening of
devices fabricated on the same wafers. No difference betwedf" and gate length of Lsm.
HFET and MOSHFET behavior was observed. Fig. 1(c) shows
typical frequency dependence of small-signal transconductancé&ig. 3 shows the measured current—voltagel{) charac-
for the MOSHFET device. As seen, the MOSHFET does not eteristics of an AlGaN/GaN MOSHFET with a source—drain
hibit any noticeable dispersion. The predicted and measureds$eparation of 5:m and a gate length of 1.bm at elevated
crease in the threshold voltage is not detrimental for high-powtemperatures at the gate bielg = +3 V. As seen, the device
high-voltage nitride-based devices. The MOSHFET transcosaturation current is close to 1 A/mm. This current decrease
ductance is approximately 50% lower compared to HFET duéth the temperature follows the temperature dependence of
to larger gate—channel separation. However, the linearity of ttiee electron saturation velocity [11].
transconductance—gate voltage dependence for the MOSHFEThe maximum dc saturation drain curreisy; at positive
is much better compared to that for the HFET. Therefore, gate voltages is a key parameter controlling maximum output
shown below, the MOSHFET has lower nonlinear distortions iRF power. For conventional AIGaN/GaN HFETSs, gate voltages
high-power microwave and switching applications. in excess of+1.2 V result in excessive leakage current, which
The suppression of the gate-leakage current is one of fimaits /pgy. Ina MOSHFET, the gate voltages as hightd® Vv
most important features of the MOSHFET. In Fig. 2, weould be applied. This results in an approximately 100% in-
show the gate-leakage current for the & x 200 um gate crease in thdps value with respect to the zero gate-bias value.
MOSHFET at different temperatures. The data shows that thbe gate leakage, however, remains well below 1 nA/mm. Fig. 4
MOSHFET leakage current is as low as 200 pA-&0-V gate shows the transfer characteristics for therb-gate MOSHFET
bias at room temperature and is approximately six orders afid HFET measured at the drain voltage sufficient to shift the
magnitude smaller than for the regular HFET with similar gateperating point into the saturation regime. Fig. 4 also shows the
dimensions, which is presented for reference in the Fig. 2. Evgate-bias dependence of the HFET and MOSHFET current in
at+300 °C, the gate-leakage current for MOSHFET remairthe saturation regime (for the MOSHFET, the gate current re-
3—4 orders of magnitude lower than for regular HFETs. Thwmains in the low nanoampere range). As seen, the gate voltage
pinchoff characteristics of the AIGaN/GaN MOSHFET wereorresponding to the maximum éf,s in the HFETSs also cor-
also measured in the temperature range of 25-300 °C. The responds to a sharp increase of the gate-leakage current. This
pinchoff current as low as 0.15 nA/mm at room temperatuiedicates that the mechanism responsible for fhg satura-
and 38,A/mm at 250 °C was measured at the gate voltagdon at high gate bias is the gate-leakage current. This explains
V, = —15 V and the drain bias of 10 V. why the measured values &fsy; for the HFETSs at high gate
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bias are substantially smaller than those predicted by the ap- < 400, ,
proximation based on the 2-D electron channel capacity [12]. o -
In the MOSHFETS, where the gate leakage is suppressed, the 2 0.75-
2-D electrons spillover into the AlGaN barrier becomes a lim- 3 0.50 &
iting mechanism. According to the model developed in [13], g = O%Y\Q ((q//\ R
this electron spillover occurs at the source edge of the gate 0 .25 * @% ___ég/
at a certain value of the gate voltagé;(,) that depends on L N
the geometry of the 2-D channel and on the Fermi-level posi- 0.00 _1‘0“ 5 0
tion. A larger gate—channel separation in the MOSHFET also Gate voltage, V

contributes to a higher value &f;;, for MOSHFETSs. Due to ®)
these factors, both the MOSHFET saturation gate voltage and o _

the saturation current for the MOSHFETS are higher than thed s (£ Sae esage curerand () tansfr chavacteriates conpicy for
for the HFETs. Assuming that the maximum sheet carrier deRset shows the gate-leakage current for a regular HFET.

sity in the 2-D electron gas (2-DEG) channel (limited by the

2-D density of states), is approximately 2< 103 cm~2 [14]

and the effective electron drift velocity in the channel= in the source-gate and drain—gate regions) and MISHFETs

5 % 106 cm/s, we estimate the maximum achievable chanrigi0-A SN insulator replacing Si€). Both the SiQ and the
currentZpsy/W = g x n, x v~ 1.6 Almm. The measured satu-Si3N4 layers were deposited using plasma-enhanced chemical

ration current in our MOSHFET is close to this maximum valu¢/2P°" deposition (PECVD). In Fig. 5(a) and (b), we include t_he
transfer curves and gate-leakage current curves, respectively,

for the MOSHFETs and MISHFETs. As seen, the maximum
saturation currents in both the MOSHFET and MISHFET are
METAL—INSULATOR-SEMICONDUCTOR HFETS close. Either oxide or the nitride insulator layers reduce the
(MISHFETS) gate leakage from six to five orders correspondingly below
The SiG material is not the only choice for making in-that measured for the typical HFET devices. The gate-leakage
sulating gate IlI-N devices. In the past, the MOSFETs usimmirrent of the MISHFET is higher than of the MOSHFET,
Ga,05/Gd; O3 as the gate insulator [15] were reported. Howprobably due to a lower quality of the thinsBl, layer. How-
ever, the charge control in this structure was fairly poor and tleger, the increase in the threshold voltage for the MISHFET
transconductance achieved was not high enough for practidalice is not as large. This follows directly from a higher value
applications. The use of §\; for insulating gate IlI-N devices of the dielectric constant of the P4 layer g = 3.9 for SiO;
was first proposed in [16]. Several groups have recently shownder = 7.5 for SizN.).
that SgN, passivation in the source—gate and gate—drain region
improves the device performance and reduces the transconduc-
tance dispersion [17], [18]. These results suggest that the hib RF-CURRENT COLLAPSE INMOSHFETsAND MISHFETS
quality of the insulator/barrier interface can also be achievedA so-called current collapse [20]-[23] and long-term stability
using SiN4 material. We have fabricated insulating gate trarare the mostimportant problems preventing large-scale practical
sistors using SNy [19]. We called these devices MISHFETsusage of nitride-based HFETSs in ultra-high power microwave
A device fabrication procedure was similar to that reportesystems. The current collapse manifests itself as a reduction
earlier for the MOSHFETSs. Two sets of devices with identicalf the device current when a large RF signal is applied to the
geometry (gate length Am, source—drain opening/am, and gate. This reduction is the main reason why the output power of
gatewidth 100.m) were fabricated on the same wafer. Thep\lGaN/GaN HFETSs is considerably smaller than the value ex-
consisted of MOSHFETs (100-A SiOunder the gate and pected based on steady-st&td” characteristics. For example,

1. SizN4-BASED INSULATING GATE DEVICES:
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atypical AlGaN/GaN HFET with the maximum saturation cur- Vil
rent about/pgy = 1 A/mm and the knee voltageégy =~ 5V

at a moderate operating point B, = 35 V should deliver an

output power

Time

Current
collapse

POUT ~ IO X (VD — VKN)/Z ~ 7.5 W/mm (4) '
Ips 1 Pox
wherel, =~ Ipsy/2 is the operating dc current. However, for - : 3 N
. . . ‘Return
such a device, even under pulsed drain bias and pulsed RF drive s J current
conditions eliminating the device self-heating, the measured RF
output power is typically approximately 2—4 W/mm (excluding N
some hero device results, which show the power close to this lime
expected value or higher, usually for a short time). (@
The maximum output power depends strongly on the 1.2
input—output impedance matching. As we recently showed 1,(0)
[20], a precise source— and load—pull tuning leads to the L S
measured values of the output power that are very close to 0.8
those given by (4) if, instead df, one uses the actual value
Iyo of the device dc current measured under an RF drive on
the gate. Hence, we conclude that the impedance mismatch is 0.4 Return Current for:
not the main reason for the difference between the expected ’ MISHFET L
and measured RF powers. We have also shown in [20] that 0.24 ----- MOSHFET s
Igo reduces fromly much more than might be expected from - HFET e
transistor transfer curve nonlinearity or self-biasing, and that 0'0_4 3 2 A 0
this difference is a direct manifestation of the current collapse. V.V
The collapse phenomenon has been observed in almost all e m
AlGaN/GaN HFETs and MOSHFETs. However, in spite of a ()
large number of studies of the current collapse (see [21]-[26f)g. 6. Pulsed measurements of the current collapse in IIl-N HFETs (after
the physical mechanism of the effect has remained SomeWHéD'T.he pulse_wi_dth is s, duty cycle 50%. The return current was measured
. . immediately (within~20 ns) after gate pulse removal.
mysterious. In this paper, we present the results of the experi-
ments that allow us to identify the device active layer regions
responsible for the current collapse and compare the curreevices, i.e., the MISHFETSs exhibit lesser RF current collapse.
collapse in the MOSHFET, MISHFET, and HFET devices. IBeveral mechanisms might be responsible for this difference.
order to compare the current collapse effects in MISHFEBurface charge modification at SiAlGaN or SiN4/AlGaN
MOSHFET, and HFET devices, we measured their puls@aterfaces may be different. It is also possible that thgNSi
I-V characteristics (see Fig. 6). For these measurements, ltleéng extremely hard material reduces the deformation of the
source—drain bias was fixed at a value well in the saturatibtFET cap/channel layer caused by strong electric field under
regime. The gate voltage was then pulsed usings Jpulses the gate (this possible mechanism was proposed in [27]).
with a 50% duty cycle. The gate—voltage pulse amplitude We used gated transmission line model (GTLM) measure-
varied from 0 V (channel open) to a value below the devicesents [27], [28] on HFET and MOSHFET devices under
threshold voltage. The “return” pulsed current, i.e., the pulsgdised gate-bias conditions in order to isolate the changes of
current when the gate voltage pulse returns to zero [as shogitannel resistance under the gate and outside the gate during
in Fig. 6(a)] was measured. Since the three device types hhd transient. The gate lengths in sequential sections of the
different threshold voltages, we plotted in Fig. 6 the gat8 TLM varied fromLg = 10 um to Lg = 100 »m, whereas
voltage normalized to the threshold voltage and the pult®e gate—source and gate—drain openings were kept constant
current normalized to the dc current at zero gate bias. As seahl.qs = Lgp = 10 pm. The width of all the sections was
at a nonzero value of the gate bias pulse, the device curré¥it = 200 zm. Gate voltage pulses (typically 1-100-s long)
does not return to its dc valué{c) for the gate pulse voltage were used to bias the devices from pinchoff to the zero gate-bias
(Ve = 0). This is the manifestation of the current collapseconditions. The total resistances of the GTLM sectidhg0)
After a negative voltage is applied to the gate, it takes a cert@nd Ry (7) were measured in the beginning of the transient
amount of time for the current to recover to its peak value whegmocess# = 0) and at the end of the gate pulge=£ r, when
the gate voltage returns back¥g = 0. Therefore, the differ- the current is close to its steady-state value), respectively. The
ence between dc and pulsed values of drain currents at zero gegeendence&(L¢) in both linear mode¥ps is less than the
voltage (illustrated by the arrowhead line) is a direct measukaee voltage) and saturation mode (higks) are straight lines
of the RF-current collapse. As seen, this reduction in currentth the slopes being inversely proportional to the channel
is present for all measured devices. The presence of the Si®sistancainder the gate with the intercept al.g = 0 giving
layer practically does not affect the current collapse. Howevéhe total resistanceutside the gate. Our measurements [27]
the current collapse in the N MISHFET occurs at the gate showed that the current collapse under pulsed gate bias results
voltage amplitude larger than those for MOSHFET and HFEffom the edge effects at the source and/or drain sides of the

Current

0.64 collapse

1os(0) / 1 (0)
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Fig. 8. PulsedI-V characteristics of: (a) DHFET and (b) MOSDHFET.

Fig. 7. Simulated 2-DEG density distribution in conventional: (a) HFET anDashed lines show the pulsed current measured when the gate pulse voltage
(b) DHFET structures. The simulations were performed-80 drain voltage returns to zero value (pulsed “return” current). Compare to Fig. 6.
and—2-V gate bias.

in the DHFET as compared to the HFET structure. This should

gate. These effects may include the charge trapping in tgignificantly reduce the total charge that can be trapped outside
AlGaN barrier and in the GaN buffer, as well as surface chargfege channel. This practically eliminates the current collapse.
modulation. As we will see from the following discussion off his was confirmed by pulsed measurements similar to those
our double heterostructure design below, the charge trapp#igcussed above for the MOSHFET, MISHFET, and HFET. This
due to electron spillover into AlGaN and, possibly, GaN layegata for DHFET and MOSDHFET are shown in Fig. 8. As seen,
seems to be the most important mechanism responsible @ pulse return current for these devices is nearly independent
the current collapse. No difference between the HFET a@# the gate amplitude and is very close to the dc current at zero

MOSHFET behavior was observed. gate bias.
We also fabricated a novel structure combining the advan-

tages of the Si@gate insulation (MOSHFET) and the InGaN

V. INSULATING GATE DOUBLE-HETEROSTRUCTURE ; . ) .
FIELD-EFFECT TRANSISTORS(DHFETS) channel DHFET design [30]. The resulting metaI—OX|de—se_m|-
conductor double heterostructure FET (MOSDHFET) devices

The MOSHFET and HFET devices fabricated from the sanage current collapse free and exhibit gate-leakage currents
wafer exhibit nearly the same degree of current collapse. dpproximately 4—6 orders of magnitude lower than the regular
other words, Si@ layer incorporation under the gate does ndschottky gate HFETs (depending on the thickness and quality
affect the mechanism responsible for the current collapseafthe oxide layer). As described in Section |, the epilayers
AlGaN/GaN HFETs. The presence of thgISi layer does not for the MOSDHFET were grown on insulating SiC substrates
eliminate the current collapse completely as well. We recentlging conventional LP-MOCVD. The growth temperatures for
proposed and demonstrated a DHFET where the 2-DEG chanthel GaN buffer, InGaN channel, and AlGaN barrier layers were
is confined within a thin InGaN layer sandwiched between tHE©00 °C, 760 °C, and 1100 °C, respectively. The InGaN
GaN buffer and AlGaN barrier [29]. The insertion of the InGaNvere dopedr.-type with their bulk electron concentration of
layer forms a quantum well with the depth and shape being deproximately 2x 10! cm~3. The presence of In the InGaN
termined by AlGaN/InGaN and GaN/InGaN bandgap offsetayer was confirmed by secondary ion mass spectrometry
and interface polarization charges. This quantum well signifiSIMS) profiling. The room-temperature Hall mobility and the
cantly improves the confinement of the channel electrons for alheet carrier concentration for the deposited DHFET structure
applied drain- and gate-bias voltages. The electron spatial distvere measured to be 730 & - s and 1.1x 10" cm3,
butions in a regular HFET and DHFET structures are showniiaspectively. The MOSDHFET device fabrication procedure is
Fig. 7. A significantly reduced electron spillover is clearly seesimilar to that used earlier for the MOSHFETSs. Devices with
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a 5m source—drain opening and auin gate length were — Si0; isolation _
fabricated. Several DHFET devices were also fabricated on the b/ Source |
same wafer by protecting the source—drain opening during SiO =
deposition. As reported earlier for the MOSHFET devices, [ Drain

the threshold voltage of MOSDHFETS is larger than that for Source |
the HFETs. The DHFET and MOSDHFET threshold voltages g l Drain

(Vr = —4.8VandV; =~ —10V, respectively) calculated using

(2) and (3) correspond closely to our experimental data. The Source |
gate-leakage current for the MOSDHFET device was below 10 Gate_ o
pA for gate voltaged’; = 0,...,—15 V. In the DHFET, the

gate-leakage current for the same gate voltage range increased @)

up to 10uA. Therefore, as we could see for the MOSHFET
devices before, the introduction of the thin Sildyer decreases
the gate-leakage current of the DHFET by approximately 4—6
orders of magnitude. The pulse MOSDHFET characteristics
show the return current that is very close to the dc value at
zero gate bias, therefore, not exhibiting any current collapse.
As shown below, the MOSDHFET devices also demonstrate
stable current collapse-free behavior under intense RF drive
conditions.

i Ve =35V,
7 Pulsed power, 2GHz;

Out’

O =2 N W h OO N ®
PR A S A

00 02 04 06 08 10 12
W, mm

VI. MULTIGATE LARGE-PERIPHERY MOSHFETS (®)

AND MOSDHFETs Fig.9. (a) MG MOSDHFET design and (b) output pulsed power as a function
of total gatewidth. Measurements were taken at 35-V pulsed drain bias.

In this section, we describe large periphery multigate
(MG) MOSHFET and MOSDHFET devices, fabricated on v/, MicrRowaAVE AND SWITCHING CHARACTERISTICS OF
SiC substrates, using oxide bridging for source interconnects MG INSULATING GATE DEVICES

[31]. These high-power devices demonstrate a nearly linear

dependence of saturation current, transconductance, microway/8F testing of MG MOSDHFETs was carried out using an
gain, and saturation power on the total device width in tHa" 8910C network analyzer for small-signal cutoff- frequency

range from 0.15 to 4 mm. The MG device geometry Consislggeasurements and a Maury Automated Tuner system for large-
of an interlaced source—gate—drain electrode structure. ﬁgnal powermeasurements.T_he cuto_ff frequeﬂcc;fQ.S GHz
source-to-source connections go over the gate electrodes Wit measured for a 0.5-mm-wide device withiirgate length
an oxide layer in between used for isolation. This MG mogdt —5-V gate bias. The source- and '°‘?‘d—9“” hlgh—power
DHFET design is shown in Fig. 9. Unlike for Sing|e_secti0rlirjeasurements were perfor_med at the drain bias of 35 V. This
dual-gate MOSDHFET processing, we use PECVD to depo¥|f!ds the effective saturation velocity
Q.3—um—thick SiG, isolation “is'lands”_ at the gate—source v, = 2L f; = 0.6 107 cm/s
intersections for the MG device. Ti(200)/Au(6000) metal
electrodes are then deposited to form low-resistance sectionwitich is in good agreement with the value extracted from the
terconnects and device contact pads. A relatively low dielectritaximum drain saturation current. In Fig. 9, we include the
permittivity of the SiQ islands allows for the bridging with a maximum output power as a function of device periphery for
small parasitic capacitance. For theB x 5 ;m source—gate the pulse mode testing. The pulse length gislwith the 1%
overlap area and 0.8m-thick islands, the bridge capacitancealuty cycle was used for these power measurements. Similar
is only 0.003 pF. This is approximately 100 times lower thato the dc parameters, the RF pulse output powers also scale
the gate capacitance of a MOSHFET or MOSDHFET devia@most linearly with the device periphery. The output power for
with 1 x 150,m gate dimensions (around 0.25 pF). the optimally tuned MOSDHFETS is close to 6.3 W/mm. The
The current—voltage characteristics of a single section for theeasured power level was somewhat lower for the narrow device
MOSDHFET (150xm gatewidth) showed the saturation cur{i¥ = 50 ;m) due to difficulties with tuning to very high input
rentto be 0.6 A/mm at zero gate bias. Itincreased to 0.86 A/mand output impedances. For the largest devitEsX 1 mm),
at the positive gate bias &, = +3 V. The threshold voltage the available input RF signal was not large enough to saturate
was approximately-9.5 V. The pulsed/-V’s show nearly the MOSDHFET. Hence, only the power at 3-dB compression
linear scaling with the gate periphery for both device typesias measured and then extrapolated to the saturation level, as
However, the dc peak current for both device types saturatd®wn by vertical arrows in Fig. 9. The MOSDHFET devices
when the device periphery exceeds 1.5 mm. The dc currel@monstrated a very stable behavior under a continuous RF
saturation with the increase of the device periphery is due dave. In the course of a 16-h test at 25-V drain bias, the
device self-heating. In pulsed-l” measurements, we achievedRF power degraded by approximately 0.5-0.6 W/mm in the
the saturation currents as high as 5 A for a 6-mm-wide devifiest 2—-3 h of operation and then stabilized. This stabilization
[31]. was irreversible, i.e., when the test was repeated, the initial
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fundamental frequency of 2 GHz as a function of the input RF power.

RF output power was close to its stable value and did neyer 40-dB isolation at 100 MHz (see Fig. 11). The frequency
change with time. We believe that this stable MOSDHFEgependence of the insertion loss is mainly due to the series
behavior is due to extremely low gate-leakage currents afigluctance of the bonding wires, as seen from the simulated
a perfect confinement of the 2-DEG in the InGaN channejurve (dashed curve in Flg 11) The isolation decreases down
which avoids trapping and long-term relaxation effects. t0 22 dB at 1 GHz due to the drain-source capacitance of

The MOSHFET devices have a lower level of nonlined?-01 pF/mm found for the planar device geometry. The max-
distortions compared to regular HFETs. This is due to a largéium MOSHFET switching power in theN state is limited
gate-to-channel separation and a more linear transcondBg-the maximum saturation currefibsy and the drain knee
tance-voltage dependence [7], [8]. In Fig. 10, we show ti@ltageVkx

measured dependencies of the relative level of the second Vs - Ipsyy 1

harmonic power on the input RF power for the MOSHFET Pipnm = 5 - K
and HFET fabricated on the same wafer. These measurements P
were performed at 2-GHz continuous wave (CW) fundamentghere K, = Po../Pm is the power transfer ratio of

frequency under 30-V drain bias. As seen, for the MOSHFEfhe switch. As shown above, both these parameters are
the relative power of the second harmonic is approximatefiygher for the MOSHFETs compared to the HFETSs. Using
8 dB lower compared to the HFET. Ipsm = 1.6 AAmm andViy ~ 5 V and K, =~ 0.95 (corre-

We have also demonstrated an efficient microwave switgponding to 0.2-dB insertion loss), the maximum switching
based on an MG AIGaN/GaN MOSHFET. Record high saturpower of the MOSHFET-based switch can be estimated as
tion current and breakdown voltage, extremely low gate-leakaghg,,,, = 80 W/mm. This power level is approximately 80
current, and low gate capacitance of the MOSHFETSs descrit@iéles higher than that reported for a GaAs-based switch [32].
above make them excellent active elements for RF switchingThese results show a high potential of MOSHFET devices

The simplest single-element test RF switching circuit #®r microwave switching. As we have shown before [33], the
shown in the inset of Fig. 11. In the open state, the MOSHFEMIOSHFETSs can also be used as extremely high-power dc
switch can be described as a series resistdhcennected to switching devices. The breakdown voltage as high as 500 V
the microstrip line with the characteristic impedari€g For was measured for the MOSHFET devices with the ;ho-

Zp =50QandR < Zy, the insertion loss can be estimated agate-to-drain opening. With the maximum current of the
MOSHFET of approximately 5 A (as demonstrated above for
the 6-mm-wide device), the maximum switching power was

1
14+ R/2Z,
. . . 7.5 kW/mn?. For these estimations, we used the total device
where Rg¢ is the sheet resistance of the 2-D channel in thaerea including a 10g:m separation between the adjacent gate
source—drain opening of the length and width W. For a g P ! 9

. : : : sections. If only the active source—drain region area is used for
typical MOSHFET with the 5zm source—drain openindsq : : . . . .
~300-400 at zero gate bias. Since the MOSHFET allo this estimate, the switched power density estimate increases to

W
for a high positive gate bias, this resistance can be furth%(? kW/mnf.

decreased by approximately a factor of two. The shunting effect
of the gate—source and gate—drain capacitances is insignificant
in MOSHFETs due to a larger gate—channel separation andrhe insulating gate IlI-N devices demonstrate a much superior
lower gate capacitance. It follows from (5) that the insertioperformance compared to regular AIGaN/GaN HFETs. The
loss of 0.1-0.25 dB can be easily achieved indhestate for a gate-leakage currentforthese devices is 4-6 orders of magnitude
1-mm-wide device. For therr state, the gate voltage biasesower; the maximum saturation currents might be twice as
the device into the pinchoff state. In this state, the isolation liégh. The combination of the MOS design with a double-
mainly determined by the source—drain capacitance, assumirajerostructure transistor design, i.e., the DHFET, results in
that gate is RF grounded. Using a 1-mm-wide MOSHFET with low gate-leakage current collapse-free MOSDHFET device.
1-um-long gate, we have achieved 0.25-dB insertion loss abdie to a larger threshold voltage and gate voltage swing,

Lins (dB) = 10 Log ~ 0.087Rsq x L/W  (5)

VIII. CONCLUSIONS
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the MOSHFETs and MOSDHFETs have a lower level of RF[20]
nonlinear distortions. They can be used as extremely efficient
microwave and power switches.

[21]
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