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A high-performance enhancement-mode AlGaN/GaN HEMT�
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Abstract: An enhancement-mode AlGaN/GaN HEMT with a threshold voltage of 0.35 V was fabricated by fluorine
plasma treatment. The enhancement-mode device demonstrates high-performance DC characteristics with a saturation
current density of 667 mA/mm at a gate bias of 4 V and a peak transconductance of 201 mS/mm at a gate bias of 0.8 V.
The current-gain cut-off frequency and the maximum oscillation frequency of the enhancement-mode device with a
gate length of 1 �m are 10.3 GHz and 12.5 GHz, respectively, which is comparable with the depletion-mode device. A
numerical simulation supported by SIMS results was employed to give a reasonable explanation that the fluorine ions
act as an acceptor trap center in the barrier layer.
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1. Introduction

High electron mobility transistors (HEMTs) based on
AlGaN/GaN heterostructures present excellent candidates
for high-power, high-voltage and high-temperature applica-
tionsŒ1�. The performance of conventional depletion-mode (D-
mode) HEMTs has significantly improved in the last decade,
while for digital IC applications and also for RFIC or MMIC
design, enhancement-mode (E-mode) devices will play a more
important role in the future. For digital IC applications, the
simplest circuit configuration can be achieved by using direct-
coupled FET logic (DCFL) which features integration of D-
mode and E-mode HEMTsŒ2�. At the same time, for large
scale IC design, E-mode devices which do not need a nega-
tive voltage supply can greatly reduce the circuit design com-
plexity. Herein, the study of enhancement-mode devices based
on the AlGaN/GaN material system is becoming a hot topic
nowadays.

Recently, there have been several reports on E-mode GaN
HEMTs. Wang et al.Œ3� used a recessed gate with a gate length
of 1.2 �m to fabricate enhancement-mode devices with a
threshold voltage of 0.57 V, a saturation drain current density
of 332 mA/mm at a gate bias of 3 V, and a current-gain cutoff
frequency (ft/ of 5.2 GHz. Cai et al.Œ4� used a fluorine-based
plasma treatment to fabricate enhancement-mode devices with
a saturation drain current density of 310 mA/mm and a peak
transconductance of 148 mS/mm.

In this work, a high-performance E-mode AlGaN/GaN
HEMT with a threshold voltage of 0.35 V was fabricated
by fluorine plasma treatment. Numerical simulation was em-
ployed to give a reasonable explanation for the role of fluorine
ions in the barrier layer.

2. Experiment
The AlGaN/GaN heterostructure used in this work was

grown on n-type SiC substrate by metal organic chemical va-
por deposition (MOCVD). The epitaxial structure consisted of
a 1.8-�m-thick S.I.-GaN buffer layer, a thin AlN interlayer and
a 20-nm-thick AlGaN barrier layer with an Al composition of
approximately 21%. Finally, the structural surface was termi-
nated by a 2-nm-thick GaN cap layer.

Device isolation was carried out by mesa etching with
chlorine-based plasma in an ICP-RIE system. Source and
drain ohmic contacts were prepared using e-beam evaporated
Ti/Al/Ni/Au metallization, followed by rapid thermal anneal-
ing at 850 ıC for 30 s. Using on-wafer transfer length method
patterns, the ohmic contact resistance was typically measured
to be around 0.7 ��mm. After the 1 � 100 �m gate windows
were opened, the sample was treated by CF4 plasma in an RIE
system with an RF plasma power of 150 W for 150 s. Subse-
quently, the Ni/Au gate was formed by electron-beam evap-
oration and the lift-off process. Subsequently, PECVD Si3N4

dielectric film with a thickness of 200 nm was employed for
surface passivation, and then rapid thermal annealing (RTA)
was conducted at 400 ıC for 10 min.

3. Results and discussion
The current–voltage output characteristics of AlGaN/GaN

HEMTs with and without fluorine plasma treatment are shown
in Figs. 1(a) and 1(b). As shown in Fig. 1(b), the drain current
when Vgs D 0 V is comparable to that of the D-mode HEMT
just when Vgs D �4 V. That is to say, the device shown in
Fig. 1(b) can be regarded as pinched-off when the gate voltage
is set as 0 V. That means that the device treated by fluorine
plasma can be operated at enhancement mode. Compared with
the D-mode HEMT, the E-mode device presents a nearly iden-
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Fig. 1. (a) DC I–V characteristic of a depletion-mode AlGaN/GaN
HEMT. (b) DC and pulsed I–V characteristic of an enhancement-
mode AlGaN/GaN HEMT.

tical current handling ability. The enhancement-mode device
exhibits a saturation output current density of 667 mA/mm at
Vgs = 4 V. The pulsed current–voltage (I–V ) characteristics of
the E-mode GaN HFET are also plotted in Fig. 1(b). The pulse
length and separation time are 0.2 �s and 1 ms with an initial
bias point at Vds = 20 V and Vgs = –3 V. A low level of current
collapse is observed, suggesting no adverse effects associated
with the fluorine plasma induced traps.

The transfer curves of D-mode and E-mode devices are
shown in Fig. 2. A distinct parallel shift of the transfer curves
combined with a threshold voltage is present. Here, the thresh-
old voltage is defined as the gate bias voltage intercept of the
linear extrapolation of the drain current. It is obviously that
the threshold voltage is approximately 0.35 V for the E-mode
device, corresponding to the threshold voltage of –4 V for the
D-mode device. As shown in Fig. 2, considering the same non-
recessed-gate structure, the transconductance (gm/ of the E-
mode device fabricated by fluorine plasma treatment presents
a high performance of 201 mS/mm.

The RF characteristics of the D-mode and E-mode devices
are characterized at a drain bias of 8 V, as shown in Fig. 3.
The current gain (jh21j/ and the maximum available/stable

Fig. 2. Transfer and transconductance characteristics of the depletion-
mode and enhancement-mode AlGaN/GaN HEMTs.

Fig. 3. Small-signal characteristics of the depletion-mode and
enhancement-mode AlGaN/GaN HEMTs.

power gain (MAG/MSG) are extracted from the measured S-
parameters and plotted against frequency. The current gain cut-
off frequency (ft/ and maximum oscillation frequency (fmax/
are about 10.3 GHz and 12.5 GHz without de-embedding.
Also, it does not show any regression compared with that of
the depletion-mode device. The low performance of the maxi-
mum oscillation frequency should be due to the high parasitic
capacitance from the n-type SiC substrate.

4. Numerical simulation

Li et al.Œ5� have reported that the fluorine-related centers
could recapture electrons with an energy barrier of 0.624 meV
for AlGaN/GaN heterostructure treated by fluorine plasma.
Also, Cai et al.Œ6� observed that fluorine ions incorporated in an
AlGaN barrier introduced a negatively charged acceptor-like
deep level which was at least 1.8 eV below the conduction-
band. Here, the effect of F-related centers is simulated by nu-
merical simulation tools and the F-related centers are treated as
acceptor trap centers. The number of F-related centers is sim-
ply identified by SIMS results.

The simulation structure is the same as that of samples
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Fig. 4. Comparisons of the simulation and experiment results before
and after fluorine plasma treatment of AlGaN/GaNHEMTs. The inset
is the SIMS result for the sample treated by fluorine plasma.

treated by fluorine plasma in the previous experiment. The
fixed charge concentration of 9.25 � 1012 cm�2 is modeled
as the 2DEG channel concentration along the AlGaN/GaN in-
terface. The F-related centers are treated as an acceptor trap
with an energy barrier of 1.8 eV below the conduction-band.

Figure 4 shows the simulation results. Compared with the
transfer characteristic of samples treated by fluorine plasma
and simulated by SMIS experiments, the simulation results
show a good consistence with that of experiments. In other

words, it is a feasibility treatment that the fluorine ions can be
treated as acceptor traps in the AlGaN barrier layer.

5. Conclusion

A high-performance enhancement-mode AlGaN/GaN
HEMT was fabricated by fluorine plasma treatment. The
enhancement-mode device exhibits a saturation current den-
sity of 667 mA/mm, a peak transconductance of 201 mS/mm,
and a current gain cut-off frequency (ft/ of 10.3 GHz with a
gate length of 1 �m, respectively. The numerical simulation
results give a reasonable verification that fluorine ions can be
treated as acceptor trap centers in the AlGaN barrier layer.
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