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Maximum current in nitride-based heterostructure field-effect transistors
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A. Tarakji, X. Hu, M. S. Shur, and R. Gaska
Sensor Electronic Technology, Inc., Cavalier Way, Latham, New York 12110

(Received 19 November 2001; accepted for publication 26 February) 2002

We present experimental and modeling results on the gate-length dependence of the maximum
current that can be achieved in GaN-based heterostructure field-effect trangiff@$s and
metal—oxide—semiconductor HFETMIOSHFETS. Our results show that the factor limiting the
maximum current in the HFETs is the forward gate leakage current. In the MOSHFETSs, the gate
leakage current is suppressed and the overflow of the two dimensional electron gas into the AlGaN
barrier region becomes the most important factor limiting the maximum current. Therefore, the
maximum current is substantially higher in MOSHFETSs than in HFETs. The measured maximum
current increases with a decrease in the gate length, in qualitative agreement with the model that
accounts for the velocity saturation in the channel and for the effect of the source series resistance.
The maximum current as high as 2.6 A/mm can be achieved in MOSHFETSs with a submicron gate.
© 2002 American Institute of Physic§DOI: 10.1063/1.1476054

Recently several groups, including ours, have reportedimensional(2D) channel into the barrier layer where the
on high-power microwave AlGaN/GaN based heterojunctiorelectron mobility is very low. This electron spillover limits
field-effect transistordHFETS. The dc saturation drain cur- the maximum sheet carrier density in the channel and, as a
rentlps is a key parameter controlling the maximum outputconsequence, the maximum current. The model describing
rf power. This current g increases with positive gate volt- this mechanism of current saturation was developed in Ref.
ages until it reaches its maximum valuggy . However, for 4. Another limiting factor might be the current saturation in
conventional AlGaN/GaN GaN HFETSs, gate voltages in ex-the ungated regions between the ohmic contacts and the gate.
cess of+1.2 V result in excessive leakage current, whichAs mentioned above, the MOSHFETs and MISHFETs do not
limits 1psy, decreases the transconductance, and increasiave the gate current limitation, and, therefore, as shown in
the noise. To avoid this, we proposed and demonstratethis letter, have a substantially larger valuel g§y, .
AlGaN/GaN metal-oxide (MOSHFET)" and metal— The epilayers for the HFETs and MOSHFETSs of this
insulator heterojunction field effect transistéMISHFET).>  study were fabricated over SiC substrates using low-pressure
In a MOSHFET or MISHFET, gate voltages as high-880  metal organic chemical vapor deposition at 76 Torr. Our
V could be applied. This resulted in about 100% increase igrowth process involves using trace amounts of In in all the
the I ps value with respect to the zero gate bias value. Thaayers, which substantially improve materials quality. The
gate leakage, however, remained well below 1 nA/fitive  room temperature Hall mobility and sheet carrier density
have also reported on the fabrication of a power switch usingvere 1000 crfV's and 6x 102 cm 2. Both device types
the AiGaN/GaN MOSHFET.A switching power density as were fabricated on adjacent areas of the same wafer. HFET
high as 7.5 kw/mrhwas reported. This maximum power and MOSHFET devices were fabricated using200 A)/
density of such a switch is also proportional ltgsy. We  Al(500 A)/Ti(200 A)/Au(1500 A) for source and drain con-
now present a study to determine the mechanisms that limicts, which were annealed at 850 °C for 1 min in nitrogen
the maximum achievable value dfsy for AIGaN/GaN  ampient. Pt/Au Schottky gates ranged in the lengths from 1
HFETs and MOSHFETs. to 80 um. A reactive ion etched mesa was used for the device

There are several factors affecting the magnitudefi  isolation. For MOSHFET devices, a thin 7-nm-thick layer of
in HFETs an_d MOSHI_:ETs. While in the devices with a long SiO, was deposited on a part of the wafer prior to the gate
gate the drain saturation current depends on the electron Mgsetg|lization. A more detailed description of this fabrication
bility, in short gate devices, the electron velocity under theprocedure can be found in Ref. 5. In order to reduce self-
gate saturates, which limits the maximum current. The foryeating effects, the devices with relatively low sheet carrier
ward gate current, which increases exponentially as a funcdensity (and the peak saturation currents below 1 A/mm
tion of gate bias, becomes a significant factor limiting the\yere selected for these comparative studies. For the same

channel control at high positive gate biases in HFETS. Igason, the measurements of maximum saturation currents
order to limit the gate leakage current, in many practicalyere done using ksec pulsed bias.

cases the HFET devices operate a.t the gate voltages ranging | order to establish the effect of the gate length on
E?t‘r’]"eer:‘ the ctjhres_hold arlld value shgﬂtly abO\;e zeror.] Also, gt the L value in the devices studied varied from 1 to 80
igh sheet densities, electrons spill over from the tWo-,m Figure 1a) shows the transfer characteristics for differ-
ent gate length HFETs measured at the drain voltage suffi-
3Electronic mail: simin@engr.sc.edu cient to shift the operating point into saturation regime. Fig-
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FIG. 2. Gate length dependencies of the maximum saturation current for
1.8 HFETs and MOSHFETs. Symbols represent the experimental data; dashed

1.6 and solid curves were plotted after Eq8) and (3), respectively. Dashed
1.4] lines marked TLM show the saturation currents for ungated structures with
1.2] and without SiQ layers on the surface.
E 1.0
< 0.8 MOSHFETs. Thel -V characteristics for MOSHFET de-
_8061 vices are shown in the Fig.(d). An important difference is
8"2": that both the saturation gate voltage and the magnitude of
P’ - saturation current for these devices are higher than those for
4-202 46 81012141618 HFETs. Gate leakage currents were negligibly small for

Ve V MOSHFET devicegin low nanoampere rangeand hence

. . ) _ are not shown in Fig. (b).
FIG. 1. Gate bias dependencies of the drain saturation current and gate

leakage current for HFETa) and MOSHFET(b) devices. For MOSHFETs In Fig. 2 we show the gate Igngth dependen(_:e of the
gate leakage current is negligibly small and is not shown. Drain bias correHFET and MOSHFET zero gate biabpgg and maximum
sponds to the saturation region of the dewied/ characteristics. (Ipsm) saturation currents from the experimental data of Fig-

ure 1 and from the analytical model proposed in Ref. 4:
ure 1(@) also shows the gate bias dependence of the gate

2

current in the saturation regime. lpso= - VT 2
As seen, thépgy values increase with a decrease gf. bso V2

For all gate lengths, the gate voltage corresponding to the 1+ B-Rs-Vi+ \/1.4.23. Rs- Vi+ _Z

maximum ofl 55 in the HFETS also corresponds to the sharp \n

increase of the gate leakage current. This indicates that t

. . . . hf%r the zero gate bias saturation currégt, and
mechanism responsible for tHgg saturation at high gate 9 Béo

bias is the gate leakage current. This explains why the mea- V2

. . GMT
sured values ofpgy for the HFETs at high gate bias are lpsm=B- J = 3
substantially smaller than those predicted by our nfbesl 1+V1+Veur/V({

discussed later. We have calculated the internal values of thgy the | 5g,,. In these expression¥; is the threshold volt-

gate voltage corresponding to maximum current valygs age (Vy=—3V for HFETs and—5 V for MOSHFETS,
for different gate length HFETs using Vewr=Veu— V1, Rs is the source-gate series resistange,
=CiulLg, V. =vsLg/u, whereC, is the gate-channel ca-

Vem=Ves~losuxRs, @) pacagncGe peLr unsit (;rga;, is the Ielectrongmobility in the
whereVgg is an externalmeasureflvalue of the saturation channel, andy is the electron saturation velocity. The values
gate bias andRg is the series resistance of the source-gatef series resistancg were extracted from th€TLM) mea-
openingL zs. The value ofVy,g extracted this way from the surements. The best fit for the saturation currents at zero gate
characteristics of Fig. (&) was found to beVgy~1.7V, bias, Ipgg, results in electron mobility in 2D channel
nearly independent of 5. This value is very close to that ~1000cn?/Vs (quite close to the value of u
found from our 2D simulations as the value when a signifi-~1000 cn?/Vs from the Hall measurementand electron
cant gate current starts to flow in the HFETsese simula-  saturation velocity =1.3x 10" cm/s. The same parameters
tions were done using-PISCEStransistor simulato?) along with experimentally found values 9§, were used to

In the MOSHFETSs, in which the gate leakage is sup-fit the data for maximum currents,gy [EQ. (3)]. As seen,
pressed, the 2D electron spillover into the AlGaN barrierusing these parameters the analytical expressions describe
becomes a limiting mechanism. According to the model dewell the maximum saturation current in both HFETs and
veloped in Ref. 4, this electron spillover occurs at the sourcMOSHFETs with the gate lengthg=10 um. However, for
edge of the gate and at a certain value of the gate voltagehort gate HFETsL(;=1 um) Eg. (3) predicts much higher
Vgm that depends on the shape of 2D channel and Fermialues oflpgy than the experimental data. As mentioned
level position. Due to this, the value ¥;y~5V extracted above, we explain this difference by the effect of the forward
from the measurements for MOSHFETSs differs significantlygate current at high positive values 8§ . For MOSHFETSs
from that for HFETs. A larger gate-channel separation inthe results of Eq(3) match better the experimental data for
MOSHFET also contributes to a higher value 6§y, for Ipsm. however, the theory stili predicts higher values of
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Ipsm- This we believe is due to the fact that E8) assumes 140

uniform distribution of lateral electric field in the channel 120+

under the gate, which is not true. As seen from Fig. 2 100

MOSHFETSs allow for significantly higher maximum satura- E 801

tion currents compared to the HFETs. Consequently, the ¢ 601

maximum electron concentration achievable in the 2D chan- b3

nel of MOSHFETSs is higher than that in HFETs and is only © 401

limited by the electron spillover. This means that still higher 201

values of the maximum current can be achieved in the 0_4 5> 0 3 4 6 8
MOSHFETs by increasing the Al molar fracticisee, for Vgg V

example, Ref. ¥ Such increase can be achieved by using _ _
quaternary wide band gap layers as suggested by our Saf, . Sete e depetence o/ MOSHEET smab o rcongucanc
Energy Band Engineering approath.

In the limit of very short gate length the maximum cur- ues of rf transconductand®,, for MOSHFETSs at high gate
rent available from the transistor can be found from B). bias from small-signal measurements in the frequency range
atLg—>0 1-10 GHz. As shown in Fig. 3, these values of transconduc-

— _ tance(at 2 GH2 coincide with those obtained from dc mea-

osm=Ci X (Vou=Vr) X vs. @ surements, hence, no degradation of rf transconductance at
This equation results in the values kfsy~1.9 A/mm for  high gate bias was observed. This can be understood by not-
HFETs and psy~2.6 A/mm for the MOSHFETSs used in our ing that electron spillover only limits the carrier concentra-
experiments. Since low current devices were deliberatelyion in the 2D channel, however the maximum current is still
used for these measurements, the MOSHFET maximurgetermined mainly by the electrons moving with the satura-
saturation currents can be substantially higher for the devicegon velocity through the drain edge of the gate.
with a higher equilibrium sheet electron density. In conclusion, we have demonstrated that maximum

The role of source-gate and gate-drain openings wagchievable saturation current is substantially higher in
studied using ungated transmission line mo@élM) pat-  MOSHFETSs than in HFETs and increases with a decrease in
terns with the spacing between ohmic contacts from 2 to 2@nhe gate length. Maximum current above 2.6 A/mm can be
um. The measurements were done for AIGaN/GaN angbtained from the submicron gate MOSHFET devices, which

SiO,/AlGaN/GaN TLM structures that correspond to HFET makes them extremely attractive for high power applications.
and MOSHFET devices, respectively. The saturation current

for these patterns is shown by dashed lines in Fig. 2. As  This work at USC was supported by the Ballistic Missile
expected, these currents are independent of the spacing, hoRefense Organization under Army SMDC Contract No.
ever, for the structure covered with the Si@yer the value DASG60-98-1-0004, monitored by T. Bauer, Dr. B. Strick-
of saturation current is higher than that for uncovered TLMland, and Dr. K. Wu.

structure. This can be explained by a higher sheet density OIM Asif Khan. X. Hu. G. Simin. and J. Yana. R. Gaska. and M. S. Shur
2D electrons in the channel covered with $iOrhe most Appl. Phys. Lett 77, 1339(2000. - 1ang. \. ’ - ’
important observation is that the saturation currents from theex. Hu, A Koudymov, G. Simin, J. Yang, M. Asif Khan, A. Tarakji, M. S.
TLM patterns were found to be lower than those of MOSH- Shur, and R. Gaska, Appl. Phys. Le®, 2832(2001.

_ _ Sonur, a : .
FET and HFET devices. This means that the source-gate and?: Simin, X. Hu, N. llinskaya, A. Kumar, A. Koudymov, J. Zhang, M. Asif
Khan, R. Gaska, and M. S. Shur, Electron. L88&, 2043(2000.

gate-c_ir_ain o_penings in FET c_:(_)nfigurations are capable 0f4M. S. Shur,GaAs Devices and Circuit¢Plenum, New York 1987
sustaining higher current densities than the ungated 2D charfm. A. Khan, J. W. Yang, G. Simin, H. zur Loye, R. Bicknell-Tassius, R.

nel with just two ohmic contacts. One possible reason for Gaska, M. S. Shur, G. Tamulaitis, and Aukauskas, Phys. Status Solidi A

. . 176, 227(1999.
that could be the additional strain in the AlGaN/GaN struc 61D Poisson/Schrodinger solver program developed by Dr. Gregory Snider,

ture 'nduc?d by ) positive gate V_0|tage.' .AS we proposed University of Notre Dame; internet address: http://www.nd.edyshider/.
recentl)/,3 this strain should result in additional electron ac- “M. S. Shur and M. A. KharProceedings of 23rd International Symposium
cumulation in the source-gate and gate-drain openings. Moreon GaAs and Related Compounds, St. Petersburg, RUsi228 Septem-
detailed study of this effect is Ongoing ber 1996[Inst. Phys. Conf. Ser., No. 155, edited by M. S. Shur and R.

. . . Suris (IOP, London, 199, Chap. 2, pp. 25-32
To establish the effect of electron spillover into AlGaN sg Si,(mm A. Koudymov, A. Ta?akji,F;(p. Hu, J3 Yang, M. A. Khan, M. S.

barrier on the device rf behavior, we have extracted the val- Shur, and R. Gaska, Appl. Phys. Let®, 2651 (2007).



	Maximum Current in Nitride-Based Heterostructure Field-Effect Transistors
	Publication Info
	Author(s)

	tmp.1422043267.pdf.KjjtU

