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We report on a metal—insulator—semiconductor heterostructure field-effect trafM$&HMFET)

using SiN, film simultaneously for channel passivation and as a gate insulator. This design results
in increased radio-frequendyf) powers by reduction of the current collapse and it reduces the gate
leakage currents by four orders of magnitude. A MISHFET room temperature gate current of about
90 pA/mm increases to only 1000 pA/mm at ambient temperature as high as 300°C. Pulsed
measurements show that unlike metal-oxide—semiconductor HFETs and regular HFETsNp a Si
MISHFET, the gate voltage amplitude required for current collapse is much higher than the
threshold voltage. Therefore, it exhibits significantly reduced rf current collapse20@k
American Institute of Physics[DOI: 10.1063/1.1412591

At present there is considerable interest in high poweia possible mechanism for current collapse in AlGaN/GaN
microwave devices based on GaN—AlGaN heterojunctionsHFETs* Our proposed model was based on the gate voltage
Impressive powers in the range of 5—-10 W/mm have alreadjnduced strain in the AlGaN buffer and underlying channel.
been demonstrated at operation frequencies ranging from R&ccording to the proposed mechanism, gN\gi passivating
to 10 GHz! However, two key problems still remain. First, layer, being a very hard film, may significantly decrease the
the gate leakage current for heterostructure field-effect trardegree of current collapse by preventing strain induction in
sistor (HFET) devices is typically 10-10@A/mm at room the AlGaN barrier from the applied gate bias. In contrast, for
temperature and it rapidly increases by about an order oiO,, being a soft material, its use as a passivation layers
magnitude at 300 °C and by about three orders of magnituddoes not affect current collapse. Thus, in principle, using a
at 750 °C? This temperature induced gate leakage deteriosilicon nitride layer for channel passivation and the gate in-
rates the device’s radio-frequen¢sf) performance and in- sulator can overcome both the gate leakage and the current
creases the low and high frequency noise levels. It also acollapse problems. The $l, layer can be deposited in the
celerates thermal stress related device degradation. Secomthannel region prior to gate fabrication. Indeed, such a de-
HFETs are known to exhibit current collapse with a highvice was reported by Chumbes al® They did observe the
rf-input drive on the gaté-® This phenomenon significantly expected current collapse reduction. However no improve-
reduces rf powers below the values expected from dcment in the gate leakage current was observed, which they
transfer curves. attributed to the poor quality of the gate insulator. We report

Recently we have proposed and demonstrated a metalkere a SjN, metal—insulator—semiconductor HFEMISH-
oxide—semiconductor HFETMOSHFET)’~® with dramati- FET) that exhibits simultaneous current collapse and gate
cally reduced gate leakage currents using a thip$iGula-  leakage current reduction. The gate leakage current was four
tor layer under the gate. In spite of the four to six orders oforders lower than a HFET with identical geometry fabricated
magnitude decrease in gate leakage current the saturati@m the same wafer. It was thus nearly the same as what was
current stays the same or even increases. Even at 300 °C tpeeviously reported for a MOSHFETThis gate leakage cur-
gate leakage current of MOSHFETS remains about four orrent improvement was obtained while maintaining excellent
ders of magnitude below that of HFE¥$However MOSH-  dc and rf performance and high temperature stability.

FET and HFET devices fabricated from the same wafer ex- The device structure schematically shown in the inset of
hibit nearly the same degree of current collaplsin other  Fig. 1 was grown on a sapphire substrate using low-pressure
words, SiQ layer incorporation under the gate does not af-metalorganic chemical vapor depositi@MOCVD). A de-

fect the mechanism responsible for current collapse irvice fabrication procedure similar to that reported eaffier
AlGaN/GaN HFETs. On the other hand, several groups havevas then used. Three sets of devices with identical geometry
recently shown that §i, passivation in the source—gate and (gate length 1um, source—drain opening /m, gate width
gate—drain regions reduces the degree of current00um) were fabricated on the same wafer. They consisted
collapse****However, to date, no clear explanation has beerof a HFET, a MOSHFET100 A SiO, under the gate and in
given as to the cause for this reduction. We recently proposethe source—gate and drain—gate regioasd a MISHFET
(100 A SiN, insulator replacing Si§). Both the SiQ and
3Als0 with Sensor Electronic Technology, Inc. the SgN, layers were deposited using plasma enhanced
YElectronic mail: simin@engr.sc.edu chemical vapor depositio(PECVD).
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FIG. 1. Gate voltage dependencies of the drain cur@rand gate leakage MOSHFET
current(b) for identical geometry HFET, MOSHFET, and MISHFET de- 77777 HFET
vices fabricated from the same wafer. The inset shows the schematic struc- 0.0 T T T
ture of the SiN,/AlGaN/GaN MISHFET device. -4 -3 2 - 0
V6 Vrn

In Figs. 1@ and 1b) we include the transfer curves and FIG. 2. Dependencies of pulsed drain “return” currénormalized to the dc
the gate |eakage Current, respective'y, for the three devic@lue on the pulsed gate voltage amplituft@rmalized to the threshold
. . - . ltage for HFET, MOSHFET, and MISHFET devices. The gate voltage
types. As can be seen either the oxide or the nitride '”SUlato\;I[(L)nse amplitude s pulse width at 50% duty cydlaries from 0 V to a
layers reduce the gate leakage by about four orders beloWjue of V. The “return” current is the pulsed current when the gate
that measured for the HFET. Compared to a HFET bothvoltage pulse returns to zero.

MISHEFTs and MOSHFETs have a higher threshold voltage

(larger gate to channel separatioflowever the threshold electron gag2DEG) sheet carrier density. In addition, it also
voltage increase for the MOSHEFT is higher. This resultsforms a much stronger bond to AlGaN due to having a simi-
partially from the higher dielectric permittivity of §Nl,. For  lar anion.
our epilayer structure Hall measurements yielded a sheet car- We also measured the gate leakage current for t,Si
rier density ofng~5x10"2 cm™2. The threshold voltage for MISHFET as a function of the temperature. It increases from
MISHFET, MOSHFET, and HFET devices can be simply about 90 pA/mm at room temperature to 1000 pA/mm at
estimated from the gate—channel capacitdndeor the 300 °C thereby still remaining three to four orders of magni-
HFET, taking the thickness of the AlGaN barrier layer to betude below that for HFET. HFET and MOSHFET dc satura-
d,=250 A, we find Vgi=ans/C,~2.5 V (here C, tion currents decrease with increasing temperature. This tem-
= €p€,/dy is the unit area capacitance of the barrier layer,perature dependence is approximately the same as that of the
€,~9 being the dielectric permittivity of AIGaN layerThis  electron saturation velocify. However for the SN, MISH-
agrees quite well with the measured value of the HFETFET the saturation current remains fairly constant in the 25—
threshold voltage/,=2.5 V (see Fig. 1 In a similar way 250°C temperature range. This difference may be due to
the threshold voltages for MOSHFET and MISHFET devicesactivation of the surface states at thgN&i/AlGaN interface,
were estimated using the Si@nd SiN, layer thicknesses or from strain relaxation in the AlGaN layer induced by the
(do;=dg,=100 A) and their corresponding dielectric permit- Si;N, film. The reduced strain should in turn increase the
tivities €,=3.9 ande,=7.5. These estimations resulted in a 2DEG sheet carrier density in the 2DEG at the AlIGaN/GaN
threshold voltage oWVy,;=4.8 V for the MOSHFET and interface.
Vino=3.7 V for the MISHFET. As seen from Fig. 1 there is In order to compare current collapse effects in the
good agreement between the measured and the estimatsdSHFET, MOSHFET, and HFET devices of Fig. 1 their
values of MISHFET threshold voltagé,,. This result sug- pulsed |-V characteristics were measured. These pulsed
gests that the surface charge density at thfdAIGaN  transfer curves are shown in Fig. 2. For these measurements
interface is low and hence does not contribute significantly tdhe source—drain bias was fixed at a value well in the satu-
the threshold voltage. However for the MOSHFET the cal-ration regime. The gate voltage was then pulsed usingta 1
culated threshold voltage of 4.8 V is significantly lower thanpulse with a 50% duty cycle. The gate—voltage pulse ampli-
the experimental value of about 8 V. Two factors may con-tude varied from 0 V(with the channel opento a value
tribute to this difference. First, the actual thickness of thebelow the device threshold voltage. The “return” pulsed cur-
deposited Si@layer may be higher than 100 A; second, therent, i.e., the pulsed current when the gate voltage pulse re-
surface charge at the SifAlGaN interface may decrease the turns to zera(Fig. 2), was measured. Since the three device
voltage drop across the AlGaN barrier layer thus increasingypes have different threshold voltages, in Fig. 2 we have
the threshold voltage. plotted the gate voltage normalized to the threshold voltage
At zero gate bias the saturation currents for the MISH-and the pulse current normalized to the dc current at zero
FET, and the HFET, are nearly equal to but lower than thagate bias. As seen at a nonzero value of the gate bias pulse,
for the MOSHFET. Also, transmission line modeéfLM)  the device current does not return to its dc valye (V,
measurements of the MIS and the MOS structures in our0). This is a manifestation of current collapse. After a
study showed that the Sjdayer does not have any effect on negative voltage is applied to the gate it takes a certain time
the channel conductivity whereas thglbj layer decreases it for the current to recover to its peak value when the gate
by 20%-30%. This can be explained by modification of thevoltage returns td/,=0. Therefore, the difference between
strain and/or spontaneous polarization byNgi Since SiN,  dc and pulsed values of drain currents at zero gate voltage
is much harder than SiQ its deposition over the channel (illustrated by the line with arrowheads in Fig). & a direct
can decrease the tensile stress and hence the two-dimensionaasure of rf-current coliapse. As can be seen, this reduction
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25— 24 ings. This increase of compressive straiecrease of tensile
201~ 25 strain should reduce the 2D sheet carrier density, thereby
< 15 \ £ 18 - increasing the gate—source ar_ld gate—Qrain series rgsistance.
2 4 o M _ Only slow processes of the p|_ezoelectr|c chargg adjustment

— MISHFET (SigN,) a® 1; "~ MISHFET (SigN,) and/or trapping effects are available to these regions to offset
517 MOSHFET (S102) ol T MOSHFET (8102 this piezoelectric charge reduction. This therefore gives rise
- TE; T Bl "’é'HgE:O 577 (o current collapse. Simultaneously, the decrease of the 2D
P, dBm P;y dBm sheet carrier density between the gate and the drain results in

current saturation in that region, which therefore creates an
f'G-tigh C(’)‘f? t%‘érfi?]“tu?tcgr‘ﬁin%%if:twgveporifm g\?vi rtfr‘ﬁe;fsgrlletgugtpzo"g;iza?ofadditional “induced gate” that limits the current and distorts
HFET. MOSHEET, and MISHFET devices, The drain bias voltage=24 1€ output signal wave form. However, when these source—
V for all the devices. drain and gate—drain opening regions are passivated by the

hard SiN, layer, the compressive strain induced in the

AlGaN barrier should decrease significantly and hence the
in current is present for all the devices. However unlike thedegree of current collapse should also be reduced.
MOSHFET and the HFET, for the $i, MISHFET the cur- In summary, we have reported on asl§j based
rent collapse is only appreciable when the gate voltage amy|SHFET in which the use of a nitride insulator in the chan-
plitude values are several times that of the threshold voltagg,e| and under the gate simultaneously reduces current col-
Such a gate—voltage swing is never reached in regular claggpse and the gate leakage current. The gate leakage current
A operating mode. Consequently for class A operation thgjecreases by four orders of magnitude. It increases only by
MISHFET does not exhibit any significant rf current col- 5ne order when the device temperature is raised to 300 °C,

lapse. A comparison of rf power measurements for th&nerepy still retaining an improvement of three orders with
MISHFET, MOSHFET, and HFET is shown in Flg: 3. These respect to regular HFETS.
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