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Abstract—Current collapse measurements have been performed resistance is quickly recovered by the field effefcpositively
for AIGaN/GaN HEMTs having identical breakdown voltages but  pjased FP electrode.
with different field plate (FP) lengths. The resuls indicated that
applying more positive on-state gate biases resuttén pronounced
recovery in the dynamic on-resistance for the FP déce, whereas
no gate-bias effects were observed for the devicétiout FP. The Il. DEVICE FABRICATION
mechanism responsible for the reduced current colfzse by FP is The epitaxial structure used in this work was grolmn
proposed, in which the key role is played during orstate by the  MOCVD on a 4H-SiC substrate. It consists of a 5a0®aN
quick field-effect recovery of partial channel depétion caused by channel, and a 25-nm AkGa-N barrier. Hall-effect

electron trapping at AlGaN surface states betwee and drain. . )
PPing rege measurements showed a two-dimensional electrof2REG)
Index Terms—AIGaN/GaN HEMT, field plate, on-resistance, density of 1.01x18 cm? and an electron mobility of 1500
current collapse. cn?/Vs.
HEMT device fabrication began with mesa isolatiaing
I. INTRODUCTION BCIs/Cl,-based inductively coupled plasma reactive ioniatch

AN AlGaN/GaN-based high-electron-mobility transistorSource and drain ohmic contacts were formed by agrbe
(HEMT) is considered as an excellent candidatdifture evaporation of Ti/Al/Mo/Au metal stacks, followed lbapid
power devices due to its high breakdown voltagegh hi thermal annealing at 850 °C for 30 s in @ &imosphere. A
saturation drain current, and low on-resistancg)(R], [2]. contact resistance of 0.33mm was measured. Devices were
However, increased dynamigRy current collapse is regardedthen passivated with a 200-nm sputter-depositedfiiiN The
as one of the most critical issues to be solved dctual 9ate window was opened by dry etching of the Si,fi
power-switching applications [3]-[4]. Various teitmes have followed by Schottky gate and FP formation withAi/ The
been reported as an effective approach to supmessnt 9ate length, gate-to-source distance, and gatéwidte fixed
collapse, such as surface passivation [5], sudhaege control at 3, 3, and 100m, respectively.

with GaN cap layer [6], and field plate (FP) sturet[7]-[10].

Saito et al. reported that the FP approach enhanced the

breakdown voltage and hence suppressed the increfase lll. - DEVICE CHARACTERISTICS AND DISCUSSION
dynamic R, due to relaxation of electric field crowding aéth  Essentially the same dc characteristics have bessuned
gate edge in the drain side [9]. Brannétlal. reported by their for devices with and without FP. With a gate-toidrdistance
computer simulation that FP was effective to redelgetron  (Lgp) of 10pm, the maximum drain current defined ai¥1 V
trapping by limiting tunneling injection of electie into surface was 500 mA/mm and the gate-to-drain leakage cuwast1y
traps located in the gate-to-drain region [10].dévitly, no  A/mm measured at a bias voltage of 200V.

experimental evidences have been identified to daté  Fig.1 shows static Rand breakdown voltage as a function of
respect to the effect of FP on the dynamic swighin_, for devices without FP. The off-state source-takur
performance of AIGaN/GaN HEMTSs. breakdown voltage was defined at a drain curre@tbmA/mm.

In this letter, we report measurement results ofadyic R,  During the measurements, the back side of SiC mibswvas
for a series of AlGaN/GaN HEMTs with essentiallg ttame kept floating. Almost the same dependence of sRgjcand
breakdown voltage but with different FP lengthsamatic breakdown voltage ondg has been measured for devices with
reduction in current collapse is presented forRRedevice, in  different FP length (k) of 1, 3, and 5um. Here, to avoid
which trap-induced increase in the gate-to-drareas possible breakdown between FP and draippE.1 pm was only

tested for the device withgs=5 um. The static §, and the
breakdown voltage were in the range of 9.5-1QiMm and

Manuscript received March 26, 2013. 700-740 V, respectively, for devices withsd=10 um. The
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Fig. 1. Static on-resistance and breakdown voltage a function of
gate-to-drain distance éb) for AlIGaN/GaN HEMTs without field plate. Inset
shows breakdown characteristics for the device k=10 um.
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Fig. 2. Transient drain current of AlGaN/GaN HEM@igh and without FP.
Pulsed mode is operated with 18 load line with off-state drain bias voltage
of 200 V. Inset shows transient drain voltage.

near the gate edge. The virtual gate model [3] dquaitative
explanation for the increasing tendency of breakdewaltage
with Lgp, but does not account for the linear increase agh
that we have observed between devices with diffdrgn Such
linear increase in the breakdown voltage, as shiowFig. 1,
would be more reasonably explained if we assumenatant
electric field distribution between gate and drawen though
direct experimental verification of field distriboh has not yet
been successfully made. Instead, our 2-dimenside&ice
simulation (data not shown) suggested that unifdiaid
distribution could be established when the surfaegative
charge was distributed uniformly with a sheet dgrisiat was
balanced with the positive polarization charge &e t
AlGaN/GaN interface. The importance of balancedatigg
and positive polarization charges for establishingorm field
distribution has been proposed as a concept ofalasuper
junction [11]. More work is needed to verify thesgiility of
forming uniform field distribution during off stateby the
presence of balanced negative and positive potaizeharges
on the front and back surfaces of AlGaN.

Characterization of dynamic,Rwas carried out by on-wafer
pulsed measurements, where the gate voltage washedi
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Fig. 3. Normalized dynamic on-resistance as a fanaif off-state drain bias
voltage for AIGaN/GaN HEMTs with and without FP) @ependence ofgdp
and (b) dependence oty

up to 200 V. The load resistance_Rvas connected in series
with the tested device and was adjusted so thatwRs
reasonably measured in the linear region, i.equbdl/4 of the
maximum drain current. The on-state duration tityg &nd the
off-state duration time {t) were fixed at 1us and 10 ms,
respectively. The transient output current was mneasby a
current probe (LeCroy CP030). Fig. 2 shows measured
time-dependent waveforms of the drain current dreddrain
voltage (insert) of devices with and without FRegkistant R of
15 KQ was used at M=200 V. Although the drain current
waveform exhibited an oscillatory response in thdyestage
(up to 200 ns), our setup was able to stably meatha drain
current response with a time constant of more 8t#hns. The
measurement accuracy of on-state current was &fodB mA
and that of voltage was less than +0.1 V. The dewithout FP
exhibited seriously degraded drain current respuaiitsea long
time constant (more than 1 ms), while the draimentrrecovery
was much faster for the FP device. The dynargieieasured at
tor=1 s was asarge as 222@mm for the device without FP,
while that for the FP device £=5 um) was only 45Qmm.
More interestingly, the drain current recovery beedaster as
Lrp was increased, indicating that the gate-FP streciith
reasonably long ¢ is effective to reduce dynamig,R

To represent the magnitude of current collapsetifatively,
we have defined the normalized dynamig, Rvhere the R
value measured a§t1 us was normalized by its static value.
For devices without FP, the normalized dynamig, Ras
gradually increased from 190 to 320 with increasiggfrom 5
to 20 um. Fig. 3 (a) shows the normalized dynamig Bs a
function of off-state Ws with Vg<=1 V. It is obvious that the
dynamic R, increases with increasingpy Note that the
normalized dynamic & for the FP device is lowered by 1 or 2
orders of magnitude as compared to the device witld,
indicating that only reducing the exposed-accestadce (i.e.,
Leo-Lep) is not enough for significant current collapseéuetion.
These results demonstrate a primary advantage oftoFP
suppress current collapse. To our knowledge, thithe first

from off-state (\e=-5 V, below the threshold voltage of -3.7 V) report showing experimental evidence of currentlapsie

to on-state (<=1 V), while applying a drain bias voltag¥ ps)

suppression by using gate FP, where the dynargicwas
compared among devices with essentially the sasskdown
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Ves=1V (On-state)  Vpe(=0V) Ves=1V (On-state) more positive on-state gate bias voltage, pronalimeeovery
1 I | in the dynamic on-resistance was observed for thelévice,
whereas no significant gate-bias effects were ofksefor the
device without FP. The mechanism responsible foe th
improved current collapse was proposed, where -Béfiect

charge control by FP resulted in the quick recovdrpartial

Vos (zV)

Trapped Electrons Trspped Electrons

N
Depleted 2DEG

Fig. 4. Schematic diagrams of on-state device ojpardor AlGaN/GaN
HEMTSs (a) without FP and (b) with FP.

voltages. Fig. 3 (b) shows normalized dynamjgd® a function
of Vps with different \is For the device without FP, the
normalized dynamic & was increased with increasingyy

channel depletion in the gate-to-drain access negio
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almost independent of the on-statgsYetween -1 and +1 V. On
the other hand, for the FP devicess\lependence was clearly
observed, where normalized dynamig, Rvas significantly
reduced by increasing on-statgMrom negative to positive
values due to generation of capacitively-induceditamhal
channel charge (on the order of 16n1”) in the early stage of [
on states (up tg=1 us). Note that the normalized dynamig,R
of the FP device with ¥<=-1 V is approaching to that for the
device without FP, indicating that FP electrodedoees less
effective on dynamic g when on-state ¥swas set at negative
values under high y conditions.

Fig. 4 shows the schematic diagram of device oerander
on states for AIGaN/GaN HEMTs with and without [ERwring
off state with \6s=-5 V, both devices are considered essentially
the same, where channel 2DEG electrons are fulpletied
under the gate. Due to strong reverse electriddidletween (5]
gate and drain during off states, electrons aextap from the
gate edge as leakage currents and are assumedrapped at
the AIGaN/SiN interface. Hence, higher drain biakages lead
to enhancement of trapped electrons [12]. Thosppé&d
electrons contribute to partly deplete the chan2BIEG
electrons near the gate edge in the drain sidet Mexgate
voltage is switched to on state {1 V), resulting in quick
generation of electron accumulation under the ddtavever,
emission of captured electrons does not occur mithishort
period of time (i.e., less thanuk). Hence it takes rather a long
time before steady-state condition is reached fier device
without FP (see Fig. 4 (a)). This is the main rea®s causing
the current collapse. On the other hand, the situdior the FP
device is quite different, as shown in Fig. 4 @ijpce the AlGaN
surface near the gate is covered with FP, thegbaldipletion of
2DEG electrons can be instantly recovered by #id &ffect of
the positively-biased FP electrode. Therefore,rdoovery of
channel electrons is much faster for the FP devéling to
more enhanced improvements in dynamic performancag
on states with more positive gate biases, as showig. 3 (b).
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IV. CONCLUSION

We have studied the effect of gate FP on curreldse for
a series of AlIGaN/GaN HEMTs having essentially aene
breakdown voltage but with different FP lengths.a&plying a
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