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AlGaN/GaN high-electron-mobility transistors (HEMT)
have been grown by radio frequency molecular beam epi-
taxy (RF-MBE) on 3” Si substrates. A record low contact
resistance R, ~ 0.11 Q.mm has been achieved for GaN
HEMTs on Si by using non alloyed ohmic contacts re-
grown by MBE. Owing to the low contact resistance a
75-nm gate length unpassivated HEMT shows intrinsic
current gain cut-off frequency f7=153 GHz, a high satura-

1 Introduction Large-area and low-cost Si wafers
have proven attractive as substrates for GaN power elec-
tronics [1]. Due to their desirable power handling capabil-
ity low-Al-composition (<40%) AlGaN/GaN-based
HEMTs are finding many high-power and high-frequency
applications [2]. The large lattice and thermal mismatch
makes the epitaxy of AlGaN/GaN HEMTs on Si substrates
challenging. Nevertheless, high performance devices were
reported recently where fr and f,,.. exceeded 140 GHz with
a DC output current density > 1.0 A/mm [3, 4]. To im-
prove the device performance further with ultra-scaled ge-
ometries, it is highly desirable to minimize the contact re-
sistance since it generally dominates the total parasitic re-
sistance. Molecular Beam Epitaxy (MBE) regrown con-
tacts [5] have been employed recently in GaN HEMTs, re-
sulting in a performance boost in metal- and N-polar
HEMTs on SiC [6, 7]. For GaN HEMTs on Si a contact re-
sistance R. ~ 0.27 Q mm by MOCVD was recently re-
ported [8], which is higher than those achieved by MBE,
presumably due to the choice of different growth regime.

In this work we demonstrate the lowest R.~0.11 Q mm
for GaN HEMTs on Si reported yet by using the MBE re-
growth technique. The scaled HEMT with L,~75 nm fabri-
cated from AlGaN/GaN HEMTs grown on 3” high resis-
tivity (HR)-Si wafer using RF-MBE results in an
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tion drain current density> 1.3 A/mm and a low Rpy of 1
Q.mm, among the best reported for HEMTs on Si. With
further scaling GaN HEMTs on Si can compete in the
high-performance RF arena with similar devices on SiC,
while exploiting the many advantages of integration with
Si.
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Roy ~1 Q mm and [, > 1.3 A/mm, a record performance
for AlGaN family of HEMTs on Si. Owing to the record
low contact resistance, AlGaN/GaN HEMTs with barrier
thickness as high as ~22 nm, is able to deliver a current
gain cut-off frequency fr~ 153 GHz. Such speeds for GaN
HEMTs on Si were achieved with much thinner barriers
earlier [3, 9]. The thicker barrier used here enables a higher
current on/off ratio because of low gate leakage currents.
The low on-resistance enabled by MBE regrown contacts
is expected to reduce unwanted power losses for both high
power and high-speed devices for GaN HEMTs on Si.

2 Device structure and fabrication The het-
erostructures were grown on HR (>10* Q c¢m) 3" 525 um
Si (111) substrates by MBE in a Veeco Gen 930 system.
The MBE growth of AlGaN HEMTs on Si initiates with an
AIN nucleation layer to prevent the ‘melt back etching’
problem [10] and to reduce the thermally induced tensile
stress to avoid cracking. The growth conditions of the met-
al-polar 2 nm GaN cap/20 nm  Aly;,GagegN/
1.5 pm GaN/100 nm AIN/Si (111) samples were tuned to
ensure smooth 2D layers with a ~0.6 nm rms roughness
measured over 2 um x 2 um scans. A schematic epilayer
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STEM image

Figure 1 (a) Schematic of the layer structure and the correspond-
ing STEM image showing the barrier layer thickness along with
the GaN buffer layer; (b) TLM (regrown contact on AlGaN

HEMTs channel) fitting for the HEMTs structure measured at RT.

Schematic of the MBE regrown contact TLM pattern on the het-
erostructure is shown in the inset.

structure and a corresponding scanning transmission elec-
tron microscopy (STEM) image of the as grown HEMT ac-
tive regions are shown in Fig. 1(a). Hall-effect measure-
ments at RT showed a u~1006 cm’/Vs 2DEG mobility of
density n,~1.44 x 10" cm™. The details of epitaxial growth
and material characterization will be presented elsewhere.

The device fabrication initiated with patterning of a
Si0, mask for the n+ GaN ohmic regrowth by MBE. Using
BCl; (30 sccm) gas at a 40 V DC voltage the S/D regions
were etched ~50 nm removing the AlGaN barrier, and a
100 nm heavily doped nt GaN was regrown by MBE in a
metal rich growth condition. A substrate thermocouple
temperature of 660 °C was used for the regrowth. The Si
doping density in the regrown contact region was
~10% cm™ calibrated by transport and SIMs data. The S/D
regrown regions were separated by ~1 pm. Following re-
growth the poly-GaN deposited on top of SiO, was lifted
off by BHF. Non-alloyed Ti/Au (20/100 nm) stack was de-
posited, followed by mesa isolation using Cl, based plasma
etching. Although there are lower work function metals
available, Ti is chosen here since it is known to reduce the
native oxide on the GaN surface, thus leaving no insulating
oxide at the interface and promoting a more intimate con-
tact. Finally, 75-nm Ni/Au (20/70 nm) rectangular gates
were defined by electron-beam lithography and deposition
without recess or any additional dielectrics. The resulting
device reported here thus has W = 2x50 um, L, = 75 nm,
Lye=175nm, Lyg =750 nm and Ly;= 1 pm.

3 Results and discussion Transmission line meth-
od (TLM) measurements were used to investigate the re-
grown n+GaN electrical characteristics on the processed
samples. The TLM gaps between regrown n+ GaN wells
were measured by scanning electron microscopy (SEM).
Fig. 1(b) shows the results. The schematic of the structure
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and the contacts are shown in the inset of Fig. 1(b). From
the TLM patterns with the HEMT channel and regrown
contacts, R. ~ 0.11 Q mm and Ry, ~ 481 Q/sq were extract-
ed. From TLM patterns on the regrown n+ GaN regions,
R.;~ 0.05 Q mm and R,; ~ 42 Q/sq were obtained. For a
L1 ~ 400 nm distance between the regrown region and the
metal edge the resistance between the regrown n+ GaN and
the 2DEG channel is thus extracted to be ~0.05 Q mm,
similar to our prior reports for InAIN HEMTs on SiC [11].
This R, value is the lowest reported for GaN HEMTs on
Si- which is ~2X lower than the previous best report [12]
of 0.18 Q mm. Figure 2(a) shows the DC common source
characteristics of the device. A saturation drain current
density /; > 1.3 A/mm is obtained for Ve, =1V and V,, =
6 V. The output conductance observed is possibly due to
the less-than ideal Ly/#, < 4 ratio.

1.6 1.6

W/Lg=50/0.075m L Vgs=0V
1.4} Vgs=+1V, Step:-1V 1.4 500ns pulse width e
1.2} sl , s
E ! o~
E L /_/ ,/
e Bl L0k
E e E |
E 0.8 u‘o,-' E 0.8k Bias Point
g -' < -
= y = I /"— DC
i 061 Jf (v o Vge) =(OV, OV)
L gs “ds’ ~ '
“““ (Ve Vo) =(-8V, OV)
0.4 - L gs ‘ds
0.4 _ eV e V o) =(-8Y., 6V)
D:2 0.2
s (b)
-0 e 0.0 P T R S
0 1 2 3 4 5 6 0 1 5 3 7 E s
Vis(V) VW)

Figure 2 (a) DC common source family of I-V’s showing R,, =
1 Qmm. (b) Pulsed I-V measurement at V,=0, with a 500-ns
pulse width and a 0.5-ms period of the same device shown in (a).
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Figure 3 Transfer characteristics of the AlGaN/GaN HEMTs
are plotted indicating g, .., = 290 mS/mm.
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The device Rpy is extracted to be 1 Q mm, the best report-
ed for the HEMTs on Si, owing to the very low MBE-
regrown contact resistance. This Rpyvalue is slightly high-
er than the sum of the source, drain and channel resistances
(0.7 Q mm) calculated based on the four-probe TLM
measurement data. Pulsed I-V measurements were per-
formed in air using a 500-ns pulse width and a 0.5-ms pe-
riod, as shown in Fig. 2(b). Even without conventional SiN
passivation, little dispersion was observed in the pulsed
[-V measurement, thanks to the non-alloyed regrown oh-
mic contacts that allow the free surface of the GaN
HEMTs to be similar to the as-grown surface with minimal
exposure to high temperature process.

The DC transfer characteristics of the device are shown
in Fig. 3. A peak extrinsic transconductance of g,, ...= 290
mS/mm was measured at V=3 V. In spite of short chan-
nel effects, an IoyJorr ~ 10° is obtained at V=3 V. For
submicron gate length devices the tree terminal breakdown
voltage (not shown here) was measured to be ~22V, where
I/~1 mA/mm is set as the breakdown limit.

On-wafer RF measurements were taken from 250 MHz
to 30 GHz at the peak frbias condition. The network ana-
lyzer was calibrated using an off-wafer impedance stan-
dard. The on-wafer open and short structures were used to
de-embed the pad parasitics from the measured S-
parameters. Figure 4 shows the current gain |/,;* and pow-
er gain U of the HEMT as a function of the frequency at
the peak f7 bias condition, Vy, =4.5 V, and Vo =-525 V.
The extrapolation of |/, 1|2 and U with a -20 dB/dec roll off
yields fr= 153 GHz and f,,,, = 22 GHz after de-embedding.
The high gate resistance of the rectangular gate causes a
lower f,,,, than what is attractive for high power millimeter-
wave applications. This issue will be addressed using T-
shape gates in the future. The top view SEM image indicat-
ing the device dimensions is shown in the inset of Fig.4.
The fr reported here is among the best for GaN HEMTs on
Si [3] but with higher on/off ratio, lower contact resistance,
and lower on-resistance as a consequence of the first inte-
gration of MBE-regrown contacts with GaN HEMTs on Si.

4 Conclusions In conclusion, in this work we have
demonstrated 75-nm gate length AlGaN/GaN HEMTs
grown on (111) high-resistivity Si substrates by RF MBE
with peak current gain cutoff frequency fr = 153 GHz, sat-
uration drain current density in excess of 1.3 A/mm and
Roy as low as 1 Q.mm. By employing MBE regrown con-
tacts, record low R, ~ 0.11 Q.mm has been obtained for
GaN HEMTs on Si. The attractive DC and RF perform-
ances are attributed to the low-resistance ohmic contacts.
The low on-resistance is attractive for reducing losses in
high power and high frequency microwave applications,
and mitigating the problem of the low- thermal conductiv-
ity of Si compared to SiC. With thinner barriers and further
device scaling, integration of MBE regrown contacts with
GaN on Si HEMT platform thus offers pathways to boost
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Figure 4 Small signal RF characteristics of the AlGaN/GaN
HEMTs showing fr = 153 GHz and f,,,,= 22 GHz. The top view
SEM image indicating the device dimensions is shown in the in-
set.

the performance and efficiency of high-power and high-
speed devices while harvesting the many advantages of be-
ing on a Si platform.
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