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Ashwani Kumar,! and Maria Merlyne De Souza'®

1Department of Electronic and Electrical Engineering, University of Sheffield, George Porter Building, Broad Lane,

Sheffield, S3 7HQ, UK

Introduction of positive polarization charge by utilising an AWGzap layer between the g'ate_ oxide and channel is one of the
promising techniques to deplete a two-dimensional hole gas (2DHG) to achievg an .E—modeapethrM@ISHFET. Results

from TCAD simulations indicate that the off-state leakage inesehyg orders of ma_gh'itude for channel layers thicker than 20
nm in this structure. Biasing the two-dimensional electro(2f2aEG) beneath the 2DHG helps alleviate this limitation at the
cost of reducing on-currentc&ling the access regions and combining the two techniques allows maximum benefit in terms of

on-state current, negative threshold voltage and on/off current ratio.

The inherent 2DEG at an AIGaN/GaN interface of density in excdsﬁ‘}btrﬁ‘z and mobility in excess df700 cm? /Vs'?,
coupled with a high breakdown field strengith.(> 2 MV /cm), s currently facilitating the next electronic revolution in high
frequency and power applicatiofi8 When an addition_ql GalN Iayér is grown top of the AlGaN buffer in a conventional
HEMT structure, a polarisation induc2BHG is formed_ét its_u-p'per interfat®eported values of the mobility of holes in this
2DHG at room temperature has not exceetdm? /'V-s?.\'/vith an average of16 cm?/Vs 81% much lower than even the

80 cm?/V's at1 MV /cm in silicont! Nevertheless, a cmei'nation of both 2DHG as well as a 2DEG has significant potential

for GaN based complementary integrated ci_rd_éjitef power conversion in the Megahertz raftje.

Achieving p-type E-mode operation Wiﬂ;§ufficientiy large negative thresholditege requires depleting the 2DHG at zero
gate bias, bringing about conflicting requi.re'men'ts of the substrate for power davitespower management IC platform.
The commonly known approaches tdaphieve E-mode operatip-channel devices in GaN include a recessed'¢ate.
However, this leads to a sevére tfade-off' between the on-current, on/off ratio and threlshgédivahe device. Achieving a
[Vir| > |—2 V| (for example n f_ail-safe.épplications such as autoredtivia recessed gate alone, requires the thickness of the
oxide and GaN channéllayers tobe reduced3aum for an AlGaN barrier with Al mole fraction df8 %, leading to
challenges in manufacturing and reliability. In an alternapgageh, the polarization charge introduced by the AllnGaN (or
AlGaN) barrier Iaye.r cayl be reduced by adjusting the mole fraction of theooemt materialsThis approach has been shown

to yield a high‘en-off current ratio ef108. Despite this fact, the on-current density is seen to be~hB/mA/mm at aV,

of ~ — 1.5 /. Moreover,‘a reduction in the polarisation charge alssltad reduction in density of the 2DEG, thus affecting
the perforrh’ance of othér n-channel devices on the platform. In the approach fromdRalCkithe GaN layer beneath the
AlGaN ba'rrieflthat contains the 2DEG is etched away, and AlGaN/GaN layers regrown toegar#atG layer for p-type
cpndué’tiqp. On the other hand, A. Nakajietaal.!” use a bias voltage on the underlying 2DEG to modulate the threshold
vSItagé o.f\_\i a p-channel device. This helps to obtain satuifgted V,s, since non-saturatelys — V¢ characteristics are
observed with a floating 2DEG. We have earlier examinealtamative approach to eliminate the 2DHG under the it
utilises Fegrowth of an AlGaN céifor implementing a high performance normally-off p-channel MOSH¥EIn this work,
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e I:r-vau \ate the linkiomenyseniptyves swehted bichanh SEMCETLICIGkN wHensntherersidmifirgsonder devices for power

Merter on a chip. We use simulationatalyse the benefits of arabination of techniques to achieve an optimum device

PUb”ﬁ&hi(B‘rg] ince, despite limitations of the poor mobility of holes. A modified AlGaN cap devica hitised 2DEG is proposed
in this work, to aid the operation of the AlGaN cap in depietive 2DHG under the gate and thus extend the performance of
this technology.

Figure 1 (a) shows the schematic of the E-mode p-chAM@SHFET that utilises an additional AlGaN cap layesafm
thickness regrown between the oxide and GaN channel igateel region. The AlGaN cap layer introduces a positive
polarization charge,,, at its interface with the GaN channel thatrbalances“thewgegative polarization chargg
introduced by the AlGaN barrier at itsttmm interface with the GaN channel Iay@Lrap'c'an be centrolled by adjusting the Al
mole fraction in the AlGaN cap,,,, to deplete the 2DHG in the channel regi_onIUnder the gate, thereby enabling normally-
off operation. The positive polarization charge hasdaed benefit of incréasing the threshold voltidfg with increase in

oxide thickness. This is opposite to the behaviour in a conventional p—channel MOSHFET in GaN, where axidmier

required for more negative threshold voltage resulting from a reversal in the direction of the electric field insidextuedéte o

Figure 1 (b) shows the modified device examined in this work, which f_eétures an additional contact for applying a suitable bias
over the 2DEG. A biased 2DEG assists the AlGaN cap totiMﬁchuppress the 2DHG under the gate, thereby reducing the
off-state leakage in E-mode operation. In both structures we\consider a p-GaN/GaN/AlGaN/GaN stack as the baseline
heterostructure that, from top to bottom (an[rﬁg)Ol]) con5|sts of20 nm Mg-doped p-GaN_20 nm undoped GaN,

47 nm AlGaN barrier with Al mole fraction 3%, amsL a1.5 fm GaN buffer on a substratél, 0, is used as a gate oxide

with a thickness 020 nm, while the gate length;‘is kept fixad an.25 um. The lengths of the access regions between source

and gatd.g; and gate and draity,, are initially k_ept'all um, unless specified otherwise.

All the results are obtained from simufations impléménted in Silvaco T€AMR, a model as first introduced 1%, which
has been calibrated to match experitaérésults feported in Refereneln this model, the hole transport is modelled via
field dependence of the mobility with*a maximum valuel 6&m?/Vs.??> A charge density 02.8 X 10'2¢cm™~2 and a trap
density 0f2.5 x 10~12cm~2 at'the interfa&e of the oxide/GaN, and a contact resisjgno10~* Qcm? at the source and
drain contacts to p-GaN are‘agsimed, .This valpg @firees with the average contasistance reported for the ohmic contacts
to p-GaN?® |

The transfer charadferistics of .a p-channel device with grounded 2DEG (Figure 1 (a)), at different doknestés, ., are
displayed in Figlre 2 '('a). Here,,, is adjusted such that the threshold voltage remaing &t irrespective ot,,, as shown

in the inset‘l. An‘increase it;l:ap is required at highet,;, which reduces the density of 2DHG under the gate and leads to
reduction m thé on-state curreliiyy| (defined aglpg| at Vg = Vpg = —5V) from its maximum value 035 mA/mm, as
shownrin .thé'inset (Figure 2 (aNloreover, the off-state currefipzr| (|Ips| atVgs = 0, Vpg = =5 V) at zero gate bias in the

transfé_r_ charagteristics shows an incrdaserders of magnitude with increasetjp.

Thl'is-béhaviour can be understood by analysing the band diagrams at two different thicknessasebfagfer, as shown in
Figure'g (b). For a thinner channg#(nm), the band bending introduced dy,,, adequately maintains the valence band at the
interface of the GaN channel and AlGaN barrier layer sufficidrelgw the Fermi level, resulting in a depletion of holesglon

this interface. However, for a thicker channel an additien@dW develops at the top interface of the GaN channel where an
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S¢ inxmp| no [Bhigenanascriphmiaspactpiedibitiaplofferinketh€ ickenee th serithn wbrsiemafiresbrdhus |as the channel layer
A[}r@rane 5 thicker, the valence band at the GaN and AlGaldrtiaterface comes close to the Fermi level as observeg,fer
PUb“ﬁmn,g his leads to a finite density of holes at this interface, responsible for an increase in the off-state current. Osving to thi

mechanism, the device producas ideal on/off ratio ofil0! for thicknesses of the channel layerl8 nm. This channel
thickness sets a limit upon its manufacturability, arising from the difficulty in controlling the diffusion of M fiams the
doped p-GaN layer that is required to form the ohmic contath& teource and drain. The presence of the diffused Mg ions in
the GaN channel layer would contribute to an increase in leakage current and mobility degradation from Coulomb scattering
that are not accounted in these simulations, but would, in practise, make the deyice difficieoMeaeover, achieving
precise channel thickness via etching moatot preferable due to the difficultyn reliably“veproducing etching depth with
uniform surface2¢ '

Our modified device with an additional base contact to the 2(FiitEire 1 (b)).overeemes-the restrictions imposed by channel
thickness. In the modified device, an application of a suitable potentialto the undérlying%&ﬁ@,be used as an additional
handle in modulating the density of the 2DHG in the chaaoriss the"AlGaN«parrier. Since the technology to contact the
2DEG is already well established in commercial n-channel Galtate the present device is more favourable in terms of
manufacturability. It clearly avoids the problems associatiéd the manufacturing of undep GaN channel layers with
overlying Mg doped contact regions to problematically small vakiek3(nm). The transfer characteristics of this device as
plotted in Figure 3 reveal thillysr| can be suppressed Wwith an incréasléglreven with a thicker channet (30 nm) and a

lower x4, (10 %). An increase iz helps lower thé:‘threshold voltage below zero, driving the device towards E-mode.
However, the on-current of the device shows a sharp;dedreag@v\dhtmpping to~15 mA/mm, half of its original value, as

Vin, changes frond VV to —2 V, as shown in the inget.

The high sensitivity of the on-currentlitp arises f__rom 2} distinction in the way in ish the density of the hole gas is affected
by the biased 2DEG in comparison todthe AlGaN ce{b. Figures 4 (a) and (b) reveal thewedfabie density of the 2DHG
with respect toc.,,, andVy in different regi'bns of the device. Since the AlGaN cap layer only resides under the gategjea ch
in x.q;, only affects the density in thegate region, whereas thetglen the access regions ransmunaffected, as seen from
Figure 4 (a). A biased 2DEG fehaves ask secondary g#te RIDHG, which acts across the AlGaN barrier, thereby affecting
the density of 2DHG in both*¢hannel and access regions, as abseRigure 4 (b). This reduction in the density of the 2DHG

in the access region ingreases fhe r@scst of the source to drain path, which results in the observed decrgggewith V5.

One way to reduceésthe sensitivity [8fy| with Vz and lower the impact of resistancéraaluced by the access regions is to
minimise the leAgths, of the access regions. Figure 5 shows the transfer characteristiggiofuan device, where the lengths

of both the accessiegiofis between the scamdegate and gate and drain are keg0atnm.The inset shows a comparison

of the tran;sfer characteristics of this aevivith a change in trap charge density, v at the interface between the AlGaN

cap and GaN chann.el. Owing to a redutiinthe resistance of the access regions, the present device shows a maximum drain
current of28 mA/mm at aV,;, = —2 V, which is almost double that achievfor a device with longer access regiohg; (=

L(,«D = um) in Figure 3. Despite a thicker channeB6fnm, the on-off current ratio of the device is maintainetiodt(black

curve W|th square symbols in the inset), a 4 order of magnitude gain over a device utilising only an AlGaN ¢hmaed a
channel of20 nm (see Figure 2). A higher on-state current is also the result of a highesind a loweW in contrast with

the device in Figure 3, where ap,,, of 10 % andVj of 5.5V is used for the same threshold voltage. A highgy coupled

with smallerV; tends to favour the localised depletion of 2DHG undergtite rather than in tlemtire source to drain path.
3
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hovin in the insBhistmeatesTiseis aacapied G ARDL G alethEHnk hneddste the Yerpioatoftaghmtvat tHe variation in

Al

can OWINg to the presence of traps is maintained well below10cm™2 to not significantly affect the device

Publigfuiaderistics.

In conclusion, we have discussed potential solutions for achieving an E-mode p-daesioeeln GaN, necessary for a CMOS

based power convertor in a Power Management Integrated Circuit (PMIC). Our analyssstiatdahk technology employing

an A

gate

the problem of higher off-state curretiserved at a thicker channel layerile/still

This

IGaN cap is best suited for realising E-mode operation with highest on- current yet it suffers fromffaskadd curren

as the thickness of tlehannel is increased &0 nm. Introducing an additional cont w 2DEG acts as a secondary
the

for controlling the density of 2DHG in the channel. Tixhanism coupled cap effectively eliminates

smg a higher on-current.

work was partially funded by ENIAC-JU project E2SG under gran co&)trac umberl29613
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FIG. 1. Schematics of the p-channel E-mddeice with AlGaN N a GaNarimel, to deplete the 2DHG under the charingla)
the 2DEG is kept grounded along with the seuimarked 8) VM e 2DEG isbeéd via an additiohbase contact (maekl B).

ics with a variation in thickness of the GaN channel atesfiicielvibitage
ounded 2DEG.ifde shows the Al mole fraction in the AlGaN cap laygy,

required to maintain th¥,, at—2V for differen }q
thicknesses of GaN channel.

FIG. 3. Simulated transfer characteristics at diff t base to sourdéghiquplied to the 2DEG in the modified device in Figure 1 (b) for

30 nm of channel thickness arid % of A le fraction in the AlGaN cap. The insshows the corresponding on-current and threshold
voltage behaviour with respectlig.
HG

FIG. 2. (a) Comparison of the simulated transfer ¢

of —2 V for a p-channel AlGaN capped device with

e corresponding on-current. (b) Simulated Band diagrams at two different

FIG. 4. The simulated densi )izetgate and access regions with respectdeaage in (a) Al mie fraction in AlGaNcapx,q,

and (b) base voltagés. \
FIG. 5. The simulate tra@er characteristicarobptimum device with threshold voltage 6f2 V, featuring an AlGaN cap with Al mole

fraction of18 % a ial 08.45 V applied to the 2DEG. The inset shows the changamsfer characteristics due to a variation in trap

pote
charge at the int célbetye n the regrown AlGaN cap and GaN channel.
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