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Abstract. The growth of cubic group lll-nitrides is a diragay to eliminate polarization effects, which inhaie limit
the fabrication of normally-off hetero-junction lfieeffect transistors (HFETS) in GaN technology.BEAFstructures were
fabricated of non-polar cubic AlGaN/GaN hetero taygrown by plasma assisted molecular beam epitaxyree
standing 3C-SiC (001). The electrical insulation3@-SiC was realized by Arimplantation before c-AlGaN/GaN
growth. HFETs with normally-off and normally-on chateristics were fabricated of cubic AIGaN/GaN. &aance-
voltage characteristics of the gate contact weréopaed to detect the electron channel at the ca&aN hetero-
interface.
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INTRODUCTION

AlGaN/GaN hetero-junction field-effect transist@r$FETS) are presently of major interest for uselgctronic
devices, in particular for high-power and high-tneqcy amplifiers. This is motivated by their potahtin
commercial and military applications, e. g. in coamitation systems, radar, wireless stations, héghperature
electronics and high-power solid-state switchingrréntly, state of the art HFETs are fabricatedhaf c-plane
surface of wurzite (hexagonal) AlGaN/GaN heterowsiires. Their inherent spontaneous and piezowlectr
polarization fields produce extraordinary large ethearrier concentrations at the AlGaN/GaN heteaterface.
Therefore, conventional AlIGaN/GaN HFETs are of tieemally-on type (depletion mode) with thresholdtage
(Vi) typically between -10 V and -4 V [1]-[3].

However, for switching devices and digital electosn field-effect transistors (FET) with normallyfof
(enhancement mode) characteristics are desirab&relore, several researcher groups strive foizagan of GaN
based enhancement mode devices using diverse geesniHFETs oft-plane AlGaN/GaN with normally-off
operations have been fabricated by growing a thigéh@aN barrier layer with low Al mole fraction [4jmplanting
fluorine into the barrier under the gate [5], resmebgate structure [6] and growing a thin InGaN leger [7], [8].
Some groups used non-pokplane AlGaN/GaN to fabricate HFETs [9], [10] anelhtbnstrated that the electrical
output characteristics of these devices are difteii@ different gate finger orientations arplane layers. However,
no field-effect transistors have been realized witin-polar cubic group lll-nitrides to date, altigbuit was
discussed recently by Abe et al. [11] that they ldooffer to fabricate HFETs without undesirable gsitic
piezoelectric and spontaneous polarization fieldd aith equal electrical properties for all gatdentations.
Furthermore, the cubic nitrides would allow usihg same technology for normally-on and normallyezf¥ices.

In this paper we summarize results of cubic AIGadNEc-AlGaN/GaN) hetero-junction field-effect trasters
(HFETSs) and introduce their output and transferatizristics with both normally-on and normally-bfhavior.
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EXPERIMENTS

Cubic AlGaN/GaN hetero-structures for HFETs werevwgr by plasma-assisted molecular beam epitaxy (MBE)
In order to minimize hexagonal inclusions in owdes and to obtain optimum interface roughnessvaerege of
one monolayer Ga was established during growth. [IB¢ substrate growth temperature was 720 °C.groeth
rate of the samples was 115-120 nm/h. As substmatesised free standing 3C-SiC (001). The surfac¢hef
substrates was treated by"Amplantation to form a damage layer near the setfén a previous study we showed
that this damage acts as insulation layer [13].

Two different cubic AlIGaN/GaN hetero structures BHFA and HFET B) with similar crystalline propesie
were investigated. The surface morphology of theptas was characterized by atomic force microsddéM).
The quality of the hetero-structures and the Alteohin the c-AlGaN top layer was analyzed usirghkiesolution
X-ray diffraction (HRXRD).

For the source and drain of the devices 10 nm efctth\IGaN top layer were removed by reactive iachigtg
(RIE) with SiCl, following by thermal evaporation of Ti/Al/Ni/Auls nm/50 nm/15 nm/50 nm) and annealing at
850 °C for 30 s in nitrogen atmosphere to form aotg with ohmic characteristics. Then c-AlGaN/Gabkas were
formed by SiCJ] RIE in order to separate single devices. Gateefiogvere fabricated by evaporation of Pd/Ni/Au
(15 nm/15 nm/50 nm) and subsequent annealing at@G0r 10 min. This procedure decreased the reveusrent
density of our contacts more than one order of ritade. This is in good agreement with earlier firgh where it
was found that annealing of metal contacts on-aitlides reduces the leakage current significafitfyj, [15]. Our
devices have a gate length of 2 pm, a gate widt?bgim and a source-to-drain spacing of 8 um. Finebntact
pads were thermally evaporated onto a 250 nm t8i€k layer which was deposited around the FET devioes f
isolation.

HFET with Normally-on Characteristics

HFET A with normally-on characteristics consistsaocd0 nm unintentional doped (UID) c-GaN nucleateyer

followed by 580 nm carbon doped c-GaN:C used tdmiie the shunt current through the c-GaN buffgetd13].

For carbon doping a self-made GBsource was used. A 34 nm thick homogeneously osilidoped c-

Al 3Ga 6N:Si cap layer with carrier concentration f1.5x10° cm® was grown on top of the sample. The full
width at half maximum (FWHM) of the cubic GaN (00&)cking curve was 25 arcmin. The root-mean square
(RMS) roughness of the c-AlGay s/N/GaN surface measured in a 5><52Lm:an was 5 nm.

Due to the silicon doping of the c-AlGaN:Si barriayer gate contact deposited directly on sampleface
offers high reverse conductivity. Thus, for the HFE the sample was thermally annealed at 600 °@iiirfor
10 min to form a thin oxide film on AlGaN:Si surtafor decreasing of the gate conductivity. Thiscpss step was
introduced after the source/drain contact metdlbraprevious to the gate contact metallizationr @westigations
showed that the resistance of ohmic contacts ie&sed by more than one order of magnitude byathigaling
process. Thus, the output characteristics of thécdeare significantly limited by source and draiontact
resistance.

The room temperature output characteristics of HREAFe depicted in Figure 1 (a). The gate voltags waried
betweenVs=-10 V andV; =4 V. Apart from the shunt current (red curve)sediby gate leakage in reverse direction
and buffer leakage, a clear field effect with noltyaan characteristics was measured in this saniite. threshold
voltage of this device i¥,=-8.6 V measured atp,s=10 V by extrapolation of the drain currdpt-Vg curve atVpg
=10 V shown in Figure 1 (b) indicating normally-behavior of the device. The measurements of thececand
drain contact resistance show a slight non-ohmitabier which limited the absolute current throupke device.
Therefore, the source-to-drain current differenetwieenVg=-10 V andVs=4 V was only 80 pA/mm. At high
positive gate voltages, an additional gate leakeag observed at low source-to-drain voltages. l8odtain current
atVs=4V is reduced by the gate leakage in forwarddtiba. Additionally, the transconductangg of HFET A is
depicted in Figure 1 (b).

Capacitance-voltage (C-V) measurements were peefdtrom HFET A at 2 MHz to detect the electron chhaahe
the c-Ab:dGay s/N/GaN interface. For this purpose, the gate wasdtiaand the source and drain were connected in
parallel and grounded. Figure 2 (a) shows the nredstoom temperature C-V profile of HFET A (bluetg)o The
typical shape was observed where the capacitansdouad to be roughly constant50..-1 V) when the electron
channel was present, falling to smaller values dheeslectron channel had been depleted. The defttiscale is the
measured capacity which has been corrected fopdhasitic parallel capacity of the SiGyer under the contact
pads C,=19.8 pF). The resulting gate capacity is plottedha right hand-scale. The red dashed curve depict
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FIGURE 1. (a) Static output characteristics of c-AIGaN/GaNEAFA. (b) Transfer characteristics of HFET A atidrto-
source voltage d¥p<=10 V (blue squares). Also shown is the transcotahoe as function of the gate voltage (red solides).

calculated C-V data of the HFET A using a Poissohr&dinger model [16]. For this model calculatiosaample
structure of 600 nm c-GaN buffer layer with a domoncentration oNp=1x10"" cm?® followed by a 34 nm c-
Al 3Ga s barrier layer withiNp=1.5x103° cmi® was used. The assumed Schottky barrier of the gateact was
0.8 eV.

The C-V data were used to calculate the appareriecadensityNcy in the sample using the following equations
[17]:

Cc® dv
__ 1
< ge M dC @
EA
w, == 2
b~ o 2)

whereWp is equal to the distance from the surface And the contact area. The calculatdgl, profiles of the
measured (blue dots) and simulated (red dashedQivedata are depicted in Figure 2 (b). An elec@monumulation
was observed in the c-GaN layer near the &z8a /N /GaN hetero interface with a maximum sheet carrie
concentration ofngec=1.1x13° cm? at the c-AbzGaedN /GaN interface calculated by the integration loé t
measuredNcy curve.
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FIGURE 2. (a) Measured (blue dots) and calculated (red daléhedC-V characteristics of HFET @onfirming the presence
an electron channel at the c-AlGaN/GaN interfabgMeasured (blue dots) and calculated (red dakhegdcarrier density
profile Noy of HFET A.
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HFET with Nor mally-off Characteristics

HEFT B with normally-off characteristics consisfs200 nm UID c-GaN on Arimplanted 3C-SiC followed by
4 nm UID c-Ab:Gay ¢ spacer layer, 6 nm thick c-AGa ¢N:Si doped withNp =4x10® cm?® Si and 10 nm UID
c-Alg3GayeN. In this sample, a thinner c-GaN buffer layer wasd to minimize the interface roughness between
the c-GaN and c-Ak{Gays~. Our model calculations show that a buffer leakdgeugh UID c-GaN of 200 nm
thickness is insignificant. Thus, a carbon dopifig-&aN for buffer insulation was not necessarye@u the small
c-GaN buffer thickness the RMS roughness of thepsaimsurface measured by AFM was 3 nm which wasfo
than that of HFET A. FWHM of the cubic GaN (002¢king curve was 36 arcmin.

Figure 3 (a) shows the room temperature DC drainukes of HFET B. A clear field-effect was measiwéth
this device when the gate voltage was varied figm1 V to V=2 V. The negative source-drain currentg&0 V
andVg>1V is induced by gate leakage in forward diractid parasitic shunt current of 0.34 mA/mm\a=10 V
was observed (red curve) which is caused by revgate leakage and an insufficient isolation betwidsendevice
and high conductive 3C-SiC. The source-to-draimentrdifference betweevi;=-1 V andVs=2 V was 0.5 mA/mm.

The transfer characteristics of HFET B are showrfigure 3 (b). The threshold voltage of the dewess
Vixn=0.6 V obtained from the intersection of the extdaped drain current data and the gate leakage line
(0.34 mA/mm) revealing that this device is of nolijraff type [18]. We had previously reported a @ub
AlGaN/GaN HFET in which the electron channel wastoalled by positive gate voltage [19]. Howevéiistdevice
offered high parallel conductivity through the 6@ thick c-GaN buffer layer. With HFET B we demaag (i)
decreasing of buffer leakage by thinner c-GaN buéfger and (ii) reproducibility of the normally{fdfehavior in c-
AlGaN/GaN HFETs with similar c-AlGaN barrier layer.

The electron concentration at the g/Ga sAN/GaN interface was obtained from C-V measuremaritish
were performed on the gate contact of the devi@MHz. Figure 4 (a) shows measured (blue dots)cahcllated
(red dashed line) C-V characteristics of HFET B foaning the presence of an electron channel at ¢he
Alo3GaysN/GaN interface. The model calculation was perfatnising a Poisson-Schrédinger model [16]. The
parameters used in the simulation are a 200 nmNtGsfer layer with a donor concentration l§=4x10° cm?®
followed by a 4 nm c-Al;Ga N spacer layer wittNo=4x10"" cm?, a 6 nm layer wittNp=4x10® cm?, and a
10 nm cap layer witiN,=4x10"" cm®. The measured capacity has been corrected fqatesitic parallel capacity
of the SiQ layer under the contact padS,£20.6 pF) and is plotted at the right-hand scatecdntrast to the
HFET A the C-V curve of HFET B increases at V>-1a¥d depletes at positive voltage around 0.3 V. Thia
typical C-V behavior of a normally-off HFET. Figuek (b) shows the apparent carrier dendity, of HFET B
calculated from the measured C-V characteristiasguSquations 1 and 2 (blue dots). The resultingfilgr shows a
carrier accumulation at the c- AlGa, sN/GaN interface building an electron channel. Tég dashed curve is the
carrier density calculated from the simulated C-¥tad of HFET B. The sheet carrier density at the c-
Al 3Ga 6N/GaN interface of the HFET B is withyec=3.4%1032 cm? lower than that of HFET A.
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FIGURE 3. (a) Static output characteristics of c-AlGaN/GdRET B. (b) Transfer characteristics of HFET B afithta-source
voltage ofVp<=10 V (blue squares). Also shown is the transcotahee as function of the gate voltage (red solides).
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FIGURE 4. (a) Measured (blue dots) and calculated (red dakshedC-V characteristics of HFET.Bb) Calculated (red dash
line) and measured (blue dots) electron conceotraig, of HFET B vs. distance from surface.

COMPARISON OF POLAR, SEMI-POLAR, AND NONPOLAR ALGAN/GAN

HFETS

In Table 1 the experimental data of cubic AIGaN/GdRETs A and B are compared with hexagonal polar
plane HFETs and semi-polafplane HFETSs. Due to spontaneous and piezoelquitarization fields state-of-the-
artc-plane AlGaN/GaN HFETSs are of normally-on charastms [20]. The maximum source-to-drain currbfatmax
of these devices is in the order of some hundredhmA Therefore conventional AlIGaN/GaN HFETs areliapple
for high-power switching systems. In [21] it wa®slm that it is possible to fabricate normally-offHTs ofc-plane
AlGaN/GaN with a thin InGaN cap layer. The polatiaa-induced field in the InGaN cap layer is expgekto raise
the conduction band of the AIGaN/GaN interface,alileads to a threshold voltage shift to the pasidiirection.

However, one way to avoid undesirable polarizafiefds in HFET devices is the use of semi-polar and-
polar AlGaN/GaN. The first semi-polar HFET afplane AlGaN/GaN was published in [9]. Compared{aane
HFET the transconductance afplane devices is lower by a factor of 20-30. Tisisaused by the still inferior
material quality ofa-plane nitrides and high dislocation density, whieuces the carrier mobility and therefore
the transconductanag,. The crystalline quality of non-polar cubic AIG&¥N is comparable with that of semi-
polar a-plane hetero-structures. From the output chariatites of our devices we can estimate the fieldeshglent
electron mobility at the c-AlGaN/GaN interface [2® find a mobility of about 5 cfVs in the normally-off
HFET B. Field-dependent mobility is proportionalth® drain current which is limited by high soudrein contact
resistance of our devices. Thus, we believe thatréal mobility of the electron channel is higheart 5 criyVs.
However, the measured value is similar to the Hualbility of a-plane AIGaN/GaN where a maximum mobility of

TABLE 1. Comparison of device performance of palgslane, semi-polaa-plane and non-polar cubic AIGaN/GaN HFETSs.

Le Lse Lpc Vin | DS max Om, mayx
norkrvsléy{_-[c;r(l)]c-plane 2 um 2 um 5um -3.5V 460Vr:=Al/r{1/m at 125 mS/mm
w?tor: Tnaggl'\?fga‘;‘fg: EE]ET 1.9pm  15um  2.4pm 0.4V 11;@:’;2@ 85 mS/mm
normallix-?ifdg]la[lg]eHFET 1um 2 um 2 um 05V ;?\E/’Gnl'i‘/g]\r? 6.7 mS/mm
”Orma”?’r;?gog'ﬁ'f‘;]e”FET lym  2um  2um 05V ﬁiE?Q& 3.6 mS/mm
cubic normally-on HFET A 2um 3um 3um -8.6V :tZ\ZAf;C 6.5 uS/mm
cubic nor mally-off HFET B 2 um 3 um 3um 0.6V altz\ll(;nﬁrgr?/ 0.4 mS/mm
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46 cnf/Vs was measured [9]. A positive threshold volt¥geof 0.6 V was measured on HFET B, whereas for the
a-planedevices only a “nearly positiveVy,=-0.5 V was observed. In contrast to hexagonal H&ETbic devices
show no dependence on the orientation of the gatebaerved ira-plane HFET in [1-100] and [0001] direction.
However, the contact fabrication of cubic AIGaN/GBIRET devices is not yet optimized. Therefore, dgput
characteristics of cubic AlIGaN/GaN HFET devices stitt one order of magnitude lower than thoseha&fd-plane
HFETs due to high source/drain contact resistafidditionally, the devices exhibit high off-statenttuctivity due

to high reverse gate conductivity and an insuffitiasulation between device and conductive sutestra

CONCLUSIONS

Hetero-junction field-effect transistors were faltied of non-polar cubic AlGaN/GaN. These first HEEhow
a clear field-effect. However, due to gate and druféakage the devices exhibit a residual off-stateductivity.
Although the crystalline properties of cubic AIG&&N are comparable with the propertiesgilane AlGaN/GaN,
the output characteristics of cubic HFETs are stilé order of magnitude lower than those of sentafmpdevices
due to the high source and drain contact resistanuss, the contact technology of cubic AIGaN/GaNE's has to
be improved. The electron channel at the cubic All&aN interface of both devices was detected byacitgnce-
voltage measurements and also verified by calanatusing a self consistent Poisson-Schrédingerem@litput
and transfer characteristics of cubic AlIGaN/GaN HEEvere compared with characteristics of palgane und
semi-polara-plane devices. Our results demonstrate clearly abhbic AIGaN/GaN can be used for fabrication of
HFETs with normally-on and normally-off charactéds.
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