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This paper reports fluorine plasma treatment enhancement-mode HEMTs (high electronic mobility transistors)

EHEMTs and conventional depletion-mode HEMTs DHEMTs fabricated on one wafer using separate litho-photography

technology. It finds that fluorine plasma etches the AlGaN at a slow rate by capacitance–voltage measurement. Using

capacitance–frequency measurement, it finds one type of trap in conventional DHEMTs with τT = (0.5 − 6) ms and

DT = (1 − 5)×1013 cm−2· eV−1. Two types of trap are found in fluorine plasma treatment EHEMTs, fast with

τT(f) = (0.2 − 2) µs and slow with τT(s) = (0.5 − 6) ms. The density of trap states evaluated on the EHEMTs is

DT(f) = (1− 3)× 1012 cm−2· eV−1 and DT(s) = (2− 6)× 1012 cm−2· eV−1 for the fast and slow traps, respectively.

The result shows that the fluorine plasma treatment reduces the slow trap density by about one order, but introduces

a new type of fast trap. The slow trap is suggested to be a surface trap, related to the gate leakage current.
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1. Introduction

Fluorine plasma treatment[1] is a robust approach
to controlling the threshold voltage of AlGaN/GaN
hige electron mobility transistors (HEMTs).[2−4] This
technique has been demonstrated to shift the thresh-
old voltage of AlGaN/GaN HEMTs toward positive
bias, thus enabling enhancement-mode operation.[5−8]

It has also been reported that exposure of Al-
GaN/GaN HEMTs to CF4 plasma prior to gate met-
allization can significantly suppress gate leakage.[9,10]

But the influence of fluorine plasma treatment on
AlGaN/GaN HEMTs is not very clear in the-
ory. This paper reports fluorine plasma treat-
ment enhancement-mode HEMTs (high electronic
mobility transistors) (EHEMTs) and conventional
depletion-mode HEMTs (DHEMTs) fabricated on one
wafer using separate litho-photography technology.
Capacitance–frequency measurement is used to calcu-
late the trap density of different devices. Using fluo-
rine plasma treatment, the slow surface trap is reduced
and a new fast trap is introduced.

2. Device and fabrication

An AlGaN/GaN HEMT layer was grown by metal
organic chemical vapour deposition (MOCVD) on a
sapphire substrate. The heterostructure consists of
a nucleation layer, a 1 µm-thick GaN buffer layer
and an un-doped 20 nm-thick AlGaN barrier layer.
The AlN mole fraction of the AlGaN was 30%. A
step-and-repeat system was used to open the gate
regions of AlGaN/GaN DHEMTs and AlGaN/GaN
EHEMTs separately on one wafer. These processes
were described in detail in our previous paper.[11]

The device fabrication started with mesa isolation
which was formed by ICP with the etch-depth of
200 nm. Ohmic contacts consisting of Ti/Al/Ni/Au
(22 nm/140 nm/55 nm/45 nm) were annealed in ni-
trogen ambient at 850 ◦C, yielding a contact resis-
tance typically around 1.0 Ω ·mm. The Schottky con-
tacts were formed by Ni/Au. Before the gate depo-
sition of the AlGaN/GaN EHEMTs, the wafer was
treated by CF4 plasma (150 W, 150 s) in a reactive ion
etching (RIE) system. Direct current characteristics
were measured by an Agilent 1500B semiconductor
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parameter analyser, Capacitance–voltage (C–V ) and
capacitance–frequency were measured by a Keythley
4200 instrument.

3. Measurement and discussion

The threshold voltages are typically 0.57 V
and –3.5 V for the AlGaN/GaN EHEMTs and Al-

GaN/GaN DHEMTs, respectively. The transcon-
ductance peak values of AlGaN/GaN EHEMTs
and AlGaN/GaN DHEMTs are 201 mS/mm and
234 mS/mm, respectively. The gate leakage current of
an AlGaN/GaN EHEMT is about one order of magni-
tude lower than that of a DHEMT (Fig. 1). The DC
characteristics obtained are consistent with previouse
reports.[5,6,12]

Fig. 1. (a) The DC I–V transfer characteristics of AlGaN/GaN DHEMT and EHEMT (full point is drain current and

open point is Gm); (b) Gate leakage characteristics of AlGaN/GaN Schottky gate diodes with and without fluorine plasma

treatment.

The C–V characteristics of AlGaN/GaN Schottky
gate diodes with and without fluorine plasma treat-
ment are shown in Fig. 2. It can be observed that
the accumulation capacitance of diodes with fluorine
plasma treatment is larger than that without. We
think that the gate-to-channel distance is decreased
by the fluorine plasma treatment. In order to prove
this, we constructed some graphs on a wafer by litho-
photography and then treated the wafer with CF4

(150 W, 150 s). The etch depth of 4 nm was measured
by an atomic force microscope (AFM) shown in Fig. 3.
So we conclude that fluorine plasma etches the AlGaN
at a slow rate. The reduction of the transconductance
peak value is probably due to etching damage.

Fig. 2. The C–V characteristics of AlGaN/GaN Schottky

gate diodes with and without fluorine plasma treatment.

Fig. 3. The AFM image showing 4 nm etching depth of

fluorine plasma treatment on the AlGaN layer.

Conductance measurements in the frequency
range from 10 kHz to 1 MHz were used to charac-
terize the trapping effects in the prepared DHEMTs
and EHEMTs. Assuming a continuum of trap levels,
we can express the equivalent parallel capacitance CP

and conductance GP as functions of frequency as[13]

Cp = Cb +
qDT

ωτT tan(ωτT)

and
Gp

ω
=

qDT

2ωτT
ln[1 + (ωτT)2],

where DT is the trap density, τT is the trap state
time constant, Cb is the barrier capacitance, and ω

is the radial frequency. The DT and τT quantities
can be extracted by fitting the experimental CP(ω) or
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GP(ω) data. The conductance data were used to cal-
culate the trap density and trap state time constant,
as in this case the barrier capacitance Cb is not re-
quired to be known. Typical GP/ω versus ω curves
for the DHEMT and EHEMT, measured at selected
biases near threshold voltage, are shown in Figs. 3
and 4. The data for the DHEMT show one peak,
which indicates that onlyt ‘slow’ traps exist in the

DHEMTs. The data for the EHEMT show two peaks.
This indicates that two different trap states, ‘fast’ and
‘slow’ with different densities and time constants, aree
present. So the conductance GP can be expressed as

Gp

ω
=

qDT(f)

2ωτT(f)
ln

[
1 + (ωτT(f))2

]

+
qDT(s)

2ωτT(s)
ln

[
1 + (ωτT(s))2

]
.

Fig. 4. Conductance as a function of frequency for (a) AlGaN/GaN DHEMT and (b) fluorine plasma treatment EHEMT

at the gate voltages near depletion (full lines are fitting curves).

An excellent agreement between the measured
data and fitted curves was obtained, assuming two dif-
ferent trap states in the EHEMT and one trap state in
the DHEMT. From the fitting resulting parameters of
the EHEMT were DT(s) = (2 − 6)×1012 cm−2· eV−1

and τT(s) = (0.5 − 6) ms for the slow trap states
and DT(f) = (1 − 3)×1012 cm−2· eV−1 and τT(f) =
(0.2−2) µs for the fast trap states. On the other hand,
fitting of GP/ω data for the DHEMT yielded the den-
sity of slow traps DT(f) = (1 − 5)×1013 cm−2· eV−1

with identical time constants as those for the EHEMT.
A comparison of GP/ω versus ω curves between the
DHEMT and EHEMT is shown in Fig. 5.

The density of slow traps in the EHEMT is
nearly one order of magnitude lower than that in
the DHEMT, and this shows that the fluorine plasma
treatment decreases the slow trap density. The slow
trap time constant of several ms is consistent with the
surface trap obtained in Ref. [13]. The trap assistant
tunneling is the dominant source of reverse gate leak-
age current. The decrease of the surface trap density
by fluorine plasma treatment should induce suppres-
sion of the reverse gate leakage current. So we con-
clude that the slow trap is located at the surface of Al-
GaN and influences the reverse gate leakage current.
A new type of trap was introduced into the devices by
the fluorine plasma treatment; this trap is ‘fast’ with a

small time constant. This is probably due to the etch-
ing damage caused by the fluorine ion treatment, and
the reduction of transconductance peak value may be
related to this new trap.

Fig. 5. Comparison of GP/ω versus ω curves between the

DHEMT and EHEMT.

The gate step-stress (Vd = 0 V, Vg; from −1 to
−39 V, step: −1 V, each bias for one minute) was ap-
plied on both the AlGaN/GaN DHEMT and EHEMT.
Figure 6 shows the degradation of the reverse gate
leakage currents of the devices with and without the
fluorine plasma treatment. The reverse gate leakage
currents of diodes without the fluorine plasma treat-
ment increase by nearly one order of magnitude after
the gate step-stress. The reverse gate leakage currents
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of diodes with the fluorine plasma treatment remain
constant during the gate step-stress. The reverse gate
leakage current reliability of the diodes with the fluo-
rine plasma treatment remains stable during the gate
step-stress while the F ions are unstable under elec-
trical stress,[14] so we can estimate that the reliability
of the reverse gate leakage current has no relationship

with the F ions in the device. We indicate that the
fluorine plasma treatment modifies the surface of the
device and decreases the surface state trap, thus im-
proving the reliability of the reverse gate leakage cur-
rent, and further proving our proposal that the surface
slow traps are decreased by the fluorine plasma treat-
ment.

Fig. 6. Degradation of the reverse gate leakage currents of AlGaN/GaN Schottky gate diodes after the gate step-stress for

(a) EHEMT and (b) DHEMT.

4. Conclusion

This paper reports fluorine plasma treatment EHEMTs and conventional DMEMTs fabricated on one wafer.
It was found that fluorine plasma etches the AlGaN at a slow rate by C–V measurement. Frequency dependent
capacitance and conductance analysis were performed on these devices in order to investigate the trapping
effects. The results show that one type of trap exists in conventional DHEMTs with τT = (0.5 − 6) ms and
density of (1− 5)× 1013 cm−2· eV−1, and two types of trap exist in fluorine plasma treatment EHEMTs, fast
with τT(f) = (0.2−2) µs and slow with τT(s) = (0.5−6) ms. The density of trap states evaluated on the EHEMTs
was DT(f) = (1− 3)× 1012 and DT(s) = (2− 6)× 1012 cm−2· eV−1 for the fast and slow traps, respectively. The
slow trap is decreased by the fluorine plasma treatment and located at the surface; this explains the suppression
of reverse gate leakage current and improved reliability of the reverse gate leakage current. A new trap was
introduced into the device by the fluorine plasma treatment; it was assumed to be related to etching damage.
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