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Undoped AIN/GaN heterostructures, grown on sapphire by molecular beam epitaxy, exhibit very
low sheet resistances, ~ 150 Ohm/sq, resulting from the 2-dimensional electron gas situated
underneath a 4 nm thin AIN barrier. This extraordinarily low sheet resistance is a result of high
carrier mobility and concentration (~ 1200 cm*/Vs and ~ 3.5x10" cm™ at room temperature), which
is ~ 3 x smaller than that of the conventional AlIGaN/GaN heterojunction field effect transistor
(HFET) structures. Using a 5 nm SiNy deposited by plasma enhanced chemical vapor deposition as
gate-dielectric, HFETs were fabricated using these all binary AIN/GaN heterostructures and the gate
tunneling current was found to be efficiently suppressed. Output current densities of 1.7 A/mm and
2.1 A/mm, intrinsic transconductance of 455 mS/mm and 785 mS/mm, were achieved for 2 pm and
250 nm gate-length devices, respectively. Current gain cut-off frequency fr of 3.5 GHz and 60 GHz
were measured on 2 wm and 250 nm gate-length devices, limited by the high ohmic contact
resistance as well as the relatively long gate length in comparison to the electron mean free path
under high electric fields.

1. Introduction

Aggressive downscaling of gate-lengths into the deep sub-micrometer range for high-
frequency power-devices demands very thin barrier heterojunction field effect transistors
(HFET) structures with a high 2-dimensional electron gas (2DEG) density.] To this end,
we have explored all binary AIN/GaN heterostructures with a 2.3 nm - 4.0 nm thin AIN
barrier grown by plasma-assisted molecular beam epitaxy (PAMBE).>** Due to the
strong polarization effects in the III-V nitride material system,” a 2DEG forms near the
AIN/GaN interface with a sheet carrier density as high as 3.5x10"* ¢cm™ and mobility as
high as 1200 cm*/Vs.® The resultant sheet-resistance is as low as 150 Q/sq, among the
lowest ever reported and ~ 3X smaller than that of the conventional AlIGaN/GaN HFETs.
Recently we have demonstrated the highest reported output current density of 2.3 A/mm
and the highest intrinsic transconductance of 1 S/mm simultaneously,7 based on similar
AIN/GaN all binary heterostructures with, however, a rather poor Al,O; gate dielectric
deposited by electron beam evaporation. In this work we have employed a 5.0 nm thin
SiN, as the gate dielectric (Fig. 1) deposited by plasma-enhanced chemical vapor
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deposition (PECVD). This SiN, film was found to be uniform and dense thus gate
leakage in these HFETS is successfully suppressed.

5 nm SiN,

2DEG
GaN buffer

Fig. 1. Schematic cross-section of an AIN/GaN HFET with a 5.0 nm thin SiN, gate-dielectric on top of a
4.0 nm thin AIN barrier.
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Fig. 2. (Left) SEM images showing smooth annealed ohmic contacts. Gate is the middle line. (Right) TLM

measurements showing that the annealed ohmic contact resistance increased to 1.5 ohm-mm after SiNj
deposition.

2. Experiments

The AIN/GaN heterostructures, consisting of a 4.0 nm undoped AIN barrier and a ~ 200
nm thick unintentionally doped (UID) GaN buffer layer, were grown on semi-insulating
GaN-on-sapphire substrate in a Veeco 930 PAMBE system. The Hall effect
measurements showed a 2DEG density of 3.5x10" cm™ with an electron mobility of
1185 cm?/Vs at room temperature. As a result, a very low sheet resistance of about 150
Q/square was achieved, among the lowest ever reported for a single heterostructure. The
details of the material growth and transport study have been reported elsewhere.® The
device mesa (~ 110 nm) was first formed by a Cl,/BCl; based reactive ion etch (RIE).
The Ti/Al-based ohmic metal stack was then deposited by electron beam evaporation,
followed by a rapid thermal annealing at 570°C resulting in contact resistances of 0.9
Qmm. The more detailed study on ohmic contact formation to the ultrathin AIN/GaN
structures can be found elsewhere.” Subsequently a 5 nm thin PECVD-SiN, layer was
deposited and smooth surface morphology and complete coverage of SiNy was confirmed
by atomic force microscopy with a rms-roughness of 0.446 nm. After a second deep mesa
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etch (~ 250 nm) and a field-oxide deposition, Ni/Au gate metals were deposited on top of
the SiN,/AIN/GaN structure. Finally Ti/Au pads were deposited. Secondary electron
microscopy (SEM) images (Fig. 2) show the ultrasmooth ohmic contacts, which in turn
allows us to place the gate as close as possible to the source contacts. The transmission
line method (TLM) measurements after the device completion showed an increase of
contact resistances to be ~ 1.5 Qmm (Fig. 2), which is currently ascribed to the plasma
damage to the 2DEG during SiN, deposition.

3. Results and Discussion

A good rectifying behavior of the SiN-insulated gate-diode for all measured gate-lengths
was observed and the current levels were in the range of LA/mm at an applied voltage in
excess of 15 V. Thus, the gate-tunnel-current due to the thin AIN barrier was effectively
suppressed by introducing the 5 nm SiN; layer. Fig. 3 shows the transfer curve of the
drain output current and gate leakage current measured simultaneously on a 2 um long
device. A subthreshold slope of ~ 0.65 V/dec was also extracted (Fig. 3 inset), which is
clearly limited by the relatively high buffer leakage current. The carrier concentration
profile was extracted by C-V measurements, shown in the right of Fig. 3. A 2DEG is
clearly observed at the AIN/GaN interface and a rather large number of charges can also
be seen near the GaN regrowth interface, confirming the source of the high buffer
leakage current observed in these devices.
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Fig. 3. (Left) Logarithmic plot of drain-output current and gate-leakage current vs. the gate-source voltage of a
2 um gate-length FET device indicates the pinch-off current level is not limited by gate-leakage current. A high
subthreshold slope of 0.65 V/dec and the low gate-leakage current point toward some parasitic contribution by
the buffer (inset). (Right) Carrier concentration versus depth determined by CV measurements. A rather large
number of charge was observed near the GaN regrowth interface.

Owing to the finite parallel conduction at the regrowth interface, a deep mesa etch was
introduced to fully isolate devices from each other. Fig. 4 shows the family I-Vs of the
2 um long gate HFET and the gate leakage current simultaneously measured. A
maximum DC output current density of 1.7 A/mm was achieved. The contribution of the
gate leakage current to the output current density is negligible since it is about three
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orders of magnitude smaller than the output current.
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Furthermore, it can be seen from

Fig. 3 that the contribution from the buffer leakage to the output current is about 100X
smaller than the contribution from the 2DEG. Therefore, we can conclude that the output
current of these devices indeed stem from the 2DEG at the AIN/GaN heterojunctions.
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Fig. 4. (Left) DC output characteristics of a 2 pm gate-length HFET with a maximum output current density of
1.7 A/mm. (Right) The measured gate current leakage is three orders of magnitude smaller than the output

current and does not contribute substantially to the output current level.

The same 2 um gate-length device shows an extrinsic transconductance g . of 270
mS/mm at Vps=4V and the transfer-curve indicates a threshold voltage of -5.5 V (Fig. 5).
Since the ohmic contact resistance R, is high in these devices, it is interesting to extract
the intrinsic transconductance thus understanding the potential of these devices when the
ohmic contact resistance can be sufficiently low. Using R.=1.5 ohm-mm, g, ;,, of 455
mS/mm is extracted, which is among the highest reported in AlGaN/GaN based HFETSs

with 2 um gate length.
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Fig. 5. Transfer-characteristic and transconductance of a 2 pm gate-length HFET showing a maximum g, ¢x of

270 mS/mm (corresponding to gm in Of 455 mS/mm).
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HFETs with gate-length of 250 nm were also characterized, showing a DC output current
of ~ 2.1 A/mm and an extrinsic transconductance of ~ 360 mS/mm (corresponding to
Zmine = 785 mS/mm), comparable to what we have reported previously [Ref.7]. Shown in
Fig.6 are the small signal characteristics of 250 nm gate devices, measured using an
Agilent 8722D network analyzer. A maximal current cutoff frequency fr of 46 GHz and a
power cutoff frequency f.xaac) of 50 GHz were determined. After de-embedding to
remove the influence of the parasitic pad capacitances, a marginal increase in the cutoff
frequency was observed, e.g. fr increased to 60 GHz.
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Fig. 6. (Left) Current cutoff frequency fr of 46 GHz and power cutoff frequency fy,.x of 50 GHz were measured
for a 250 nm gate-length FFET with g, of 360 mS/mm. (Right) After de-embedding fr of 60 GHz was
extracted.
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Fig. 7. (Left) As-measured and de-embedded values of fr versus HFET gate-length (250 nm — 3 pm). (Right)
An average electron velocity of ~ 0.78 x 10" cm/s extracted from the deembedded fr values assuming the
parasitic delay is the same for all devices.

The as-measured and de-embedded current cutoff frequency values are summarized in
Fig. 7 with respect to the gate length. Assuming the contribution of parasitic elements to
the total time delay is the same for all HFETs with various gate lengths, it is found that



158 T. Zimmermann et al.

the average electron velocity is ~ 0.78 x 10 cm/s. This assumption is a reasonable one
since all fr’s were measured under a similar bias condition. Jessen'’ et al. analyzed a
variety of AlGaN/GaN HEMTs without back barriers and proposed a minimal aspect
ratio Ly/ty,: of 15 to mitigate the short channel effects, with L, being the metallurgical
gate length and ty,, the barrier thickness. For the devices investigated in this study, this
aspect ratio value ranges from 27 to 222. Since it is much larger than 15, short channel
effects are not considered here. The relatively low average electron velocity stems from
the same roots why it is low in majority of the GaN-based HFETs. The high ohmic
contact resistances in these devices substantially lowered the current gain, resulting in
low cutoff frequencies. It has been long argued that the optical phonon emission rate is
very high in GaN, e.g. ~ 10X higher than that in GaAs, while the optical phonon decay
time or lifetime is comparable in GaN and GaAs."' As a result, it is very difficult to
achieve the velocity overshoot in GaN that is commonly observed in GaAs or InP based
devices. For instance, the simulation results have indicated that a gate length of ~ 25 nm
is necessary to obtain velocity overshoot in GaN.'> In order to take the full advantage of
the ultrathin AIN barrier HFETS, it is necessary to fabricate devices with gate length < 50
nm with access resistance < 0.5 ohm-mm. Furthermore, a recent study'” on SiN, gate
dielectric in AlIGaN/GaN HFETs showed that SiN, deposited by catalytic CVD resulted
in the lowest gate leakage in comparison to that deposited by metalorganic CVD as well
as PECVD, thanks for the low substrate temperature with no plasma employed in
catalytic CVD technique; and that a thin layer of SiN, deposited by all techniques show
the similar amount of surface barrier lowering. Atomic layer deposition HfO, has also
been reported to be promising as gate dielectric in GaN-based FETs. The future
ultrascaled FETs critically depend on the development of robust gate stack, short-channel
effect minimization and surface passivation schemes, so do GaN-based ones.

4. Conclusion

HFETSs based on undoped AIN/GaN heterostructures with a 4 nm thin AIN barrier were
fabricated using a 5 nm SiN, deposited by PECVD as gate dielectric. The extraordinarily
high concentration and mobility of the 2-dimensional electron gas led to record low sheet
resistances. As a result, output current densities of 1.7 A/mm and 2.1 A/mm, intrinsic
transconductance of 455 mS/mm and 785 mS/mm, were achieved for 2 um and 250 nm
gate-length devices, respectively. Current gain cut-off frequency fr of 3.5 GHz and
60 GHz were measured on 2 um and 250 nm gate-length devices, limited by the high
ohmic contact resistance as well as the relatively long gate length in comparison to the
electron mean free path under high electric fields.
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