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Enormous progress has been made in low Al composition (<40 %) AlGaN/GaN HEMTs for high
power and high frequency applications [1]. For scaling down to deep sub-micrometer dimensions,
high Al composition AlGaN barrier can offer higher two-dimensional electron gas (2DEG) density
and lower sheet resistance than low Al composition AlGaN [2]. Pure AIN barriers cause high contact
resistance due to their wide band gap (6.2 eV) [3]. Compared to lattice-matched AlInN barriers, the
higher band gap and conduction band offset of high Al composition AlGaN barrier can result in lower
gate tunneling current [4]. In this work we report the device characteristics of novel high Al
composition Aly7,GagsN/AIN/GaN HEMTs. By combining ALD technology, threshold voltage
control by work-function engineering is demonstrated for the first time.

The heterostructures were grown by MBE. As shown in Fig.1, as-grown 72 % AlGaN/GaN
heterostructures exhibited deep hexagonal stripes, and low mobility. By inserting an ultrathin AIN
spacer, the surface morphology was dramatically improved, and the room temperature electron
mobility increased by one order of magnitude. HEMTs were fabricated on these high quality
heterostructures with an AIN spacer. A 4 nm ALD AL,Os gate dielectric was used in the gate stack
(Fig. 2). Device isolation mesas were formed by BCIs/Cl,-based reactive ion etching. Ti/Al/Ni/Au
metal stacks were deposited by electron-beam evaporation and then spike annealed to obtain ohmic
contacts. Gates with various lengths were defined by electron-beam lithography. Al/Au and Ni/Au
gate metals were deposited on adjacent devices on the same sample to investigate work-function
engineering. A schematic of device structures and a SEM image of a 0.5 um gate length device are
shown in Fig.2. Due to unoptimized ohmic metal stacks and annealing conditions, the contact
resistance (~2.4 Q - mm) was high. Fig.3 shows the scaling trend of drain current density with
decreasing Ni/Au gate lengths. All Ni/Au gate HEMTs exhibit weakly E-mode operation. For the 3-
um-long Ni/Au gate HEMTs with Vgs = 0 V, Ipg/Igs stays below 10/2.1 pA/mm at Vpg = +100 V,
indicating respectable breakdown characteristics. The transfer characteristics of 2-um-long Ni/Au
HEMTSs with varying temperature (80 K < T < 400 K) are shown in Fig.4. While maintaining high
on/off ratios, the subthreshold slope (SS) increases linearly with temperature and keeps consistently
16 mV/decade higher than the thermal limit. The corresponding extracted interface trap densities
decreased with temperature (Fig. 4). The knee voltages did not change appreciably with varying
temperature, indicating that device performance is currently limited by contact resistance. Room
temperature transfer characteristics of gate and drain currents and DC transfer characteristics of 1-um-
long Al/Au and Ni/Au gate HEMTs are shown in Fig. 5. The ~0.8 V threshold voltage shift by
different work function gate metals is clearly observed [Fig. 5(b)]. For 1-um-long Ni/Au gate
HEMTs, the drain induced barrier lowering (DIBL) factor was extracted to be ~20 mV/V with Vpg
ranging from 5 mV to 5 V, confirming long channel characteristic. The current gain cut-off frequency
and power gain cutoff frequency f7/f,,.. Was measured to be 6.8/4.9 GHz and 6/12 GHz for 1-um-long
Al/Au and Ni/Au gate HEMTs, respectively. At high gate overdrives, both 0.5-um-long Al/Au and
Ni/Au gate HEMTs show ~0.5 A/mm current drive.

In conclusion, device performance of high Al composition Alj7,Gag2sN/AIN/GaN HEMTs with
ALD AlLOs dielectric is reported. Employing different gate metals, the threshold voltages were
shifted by ~0.8 V in 0.5-um-long HEMTSs, which indicates an unpinned Fermi level at the ALD
AlLOs/ Aly72GagsN interface. With lower contact resistances, high Al AlGaN HEMTs are well suited
for further lateral and vertical scaling to push towards high frequency E/D-mode performance.
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Fig.1 Inserting AIN spacer removes hexagonal stripes
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Fig.2 (a) Schematic device structure; (b) SEM

shown in AFM images and improves 2DEG mobility.  image of a 500 nm gate length HEMT.
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Fig. 3 Output characteristics of Ni/Au gate HEMTs with decreasing gate length at T = 300 K. Vgs is

swept in 0.5 V steps and W, = 50 pum for all four devices. Lgs/Lsp =

1 pm/S pm, 1 pm/4 pm, 0.5 pm/2.1

m and 0.55 um/2.2 for L;=3,2,1and 0.5 pm, respectivel
K pum/2.2 pm um, respectively.
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Fig. 4 Transfer characteristics of 2-um-long Ni/Au HEMTs at different temperature. W, =

50 pm,

Lgs/Lsp = 1 pm/4 pm and Vpg = +3 V. Temperature dependence of subthreshold slopes shown and
corresponding interface trap densities are shown in (d).

10° . r 500 250 600 T —r—
—o— Iy (NvAu) /_’,:::* ] —o— g (NVAU) — — lys (Ni7AU)
. - 1 (NUAY) ] So- g (NilAu) S00F —o— I (AVAU) oo 1
E 10 j—— I (AVAU) A 400 - l'” . {200 //’ om0~ ~
£ o (MM) — s (AVAU) //~~><,7~\1 7
2 r 1 C - g (AVA J / 400t L ~0.5ym /
P A = a0l % 9 (AVAY) /N me e 9 Jiif
S0y —1E / ] £ E D
K] r 1 E / / / \ %J < )
8 quC S { € 200} // / 100‘,55 y=i
8 —= ““5~\\\# i{- 088V / a4 o _B200f VAT
E mo { 100} / Vi /—004\/ 50 o // 7
!(a) 106 mV/dec % mVidec 1 , (b) J //_‘ / // ‘ . © / //
o L B L Vs AT . . . N L
10 2 4 0 1 -3 2 Rl 0 1 T R e By Y e e Y
Veo(V) Ves(V) VesV)

Fig. 5 Transfer characteristics of gate and drain currents (a) and DC transfer characteristics (b) at 300 K

for 1-um-long Al/Au and Ni/Au gate HEMTs. W, = 50 um, Vpg = +3 V; Lgg/Lsp =

0.3 um/2.2 pum and

0.5 pm/2.1 pm for Al/Au and Ni/Au gate HEMTs respectively. ~0.8 V threshold voltage shift is shown
in (b). (c) Current drive can reach ~0.5 A/mm at high gate bias. W, = 50 pm, Vpg = +5 V; Lgs/Lsp = 0.74
um/2.3 pum and 0.55 um/2.2 um for Al/Au and Ni/Au gate HEMTs, respectively.
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