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Enhancement-mode AlGaN/GaN HEMTs fabricated by fluorine plasma treatment∗
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Abstract: The fabrication of enhancement-mode AlGaN/GaN HEMTs by fluorine plasma treatment on sapphire
substrates is reported. A new method is used to fabricate devices with different fluorine plasma RF power treatments
on one wafer to avoid differences between different wafers. The plasma-treated gate regions of devices treated
with different fluorine plasma RF powers were separately opened by a step-and-repeat system. The properties of
these devices are compared and analyzed. The devices with 150 W fluorine plasma treatment power and with 0.6
µm gate-length exhibited a threshold voltage of 0.57 V, a maximum drain current of 501 mA/mm, a maximum
transconductance of 210 mS/mm, a current gain cutoff frequency of 19.4 GHz and a maximum oscillation frequency
of 26 GHz. An excessive fluorine plasma treatment power of 250 W results in a small maximum drain current, which
can be attributed to the implantation of fluorine plasma in the channel.
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1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs)
are excellent candidates for high power and high frequency ap-
plications at elevated temperatures owing to their superior ma-
terial properties[1−4]. A high-density two-dimensional electron
gas (2DEG) induced by spontaneous and piezoelectric polar-
ization effects[5] presents conventional AlGaN/GaN HEMTs
as depletion-mode (D-mode) transistors with a threshold volt-
age (Vth) typically around –4 V. However, the development
of AlGaN/GaN enhancement-mode HEMTs (E-HEMTs) will
greatly enhance the versatility of this device technology and
extend its applications to the domain of digital circuits. There-
fore, there is great interest in the realization of E-mode Al-
GaN/GaN HEMTs.

E-HEMTs have been fabricated by a variety of tech-
niques including the growth of a thin barrier layer[6], growth
of a pn junction barrier under the gate[7], a recessed-gate
structure by etching part of the AlGaN layer[8−10] and fluo-
rine plasma treatment[11−13]. The fluorine plasma treatment ap-
proach shows facile technology and good control of the thresh-
old voltage[13]. In this paper, we report the fabrication of 0.6
µm gate-length E-mode AlGaN/GaN HEMTs grown by metal
organic chemical vapour deposition (MOCVD) on sapphire
substrates, and compare and analyze the devices under differ-
ent fluorine plasma treatment conditions.

2. Device structure and fabrication

The AlGaN/GaN HEMT layer was grown by metal or-
ganic chemical vapour deposition 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%. From
Hall measurements we know that the 2DEG electron mobility
and concentration are 1267 cm2/(V·s) and 1.12 × 1013 cm−2 at
room temperature, respectively. Figure 1 shows the structure
of our E-mode HEMT.

The wafer was divided into four parts as shown in Fig. 2.
One part corresponds to one fluorine plasma treatment condi-
tion as shown in Table 1. The implanted region of each part
was opened by a step-and-repeat system separately and etched
by RIE separately. The device fabrication started with mesa
isolation which was formed by ICP with an etch-depth of 200
nm. Ohmic contacts consisting of Ti/Al/Ni/Au (22 nm/140
nm/55 nm/45 nm) were annealed in a nitrogen ambient at 850
◦C, yielding a contact resistance typically around 1.0 Ω·mm.
First, 60 nm-thick Si3N4 passivation film was deposited on the
sample by PECVD. The implanted region of part 1 was opened

Fig. 1. Cross section of enhancement-mode AlGaN/GaN HEMT.
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Fig. 2. Four parts divided on the wafer. Each part corresponds to one
fluorine plasma treatment condition.

Table 1. Corresponding relation between fluorine plasma treatment
condition and wafer part.

Part Fluorine plasma treatment condition

1 Without fluorine plasma treatment
2 55 W, 150 s
3 150 W, 150 s
4 250 W, 150 s

by the step-and-repeat system and the Si3N4 in the region was
etched by reactive ion etching (RIE). Then, the implanted re-
gion of part 2 was opened by the step-and-repeat system. Fol-
lowing etching of the Si3N4 under the gate, the wafer was
treated by CF4 plasma (55 W, 150 s) in a reactive ion etch-
ing system, and then parts 3 and 4 were opened separately by
the step-and-repeat system and etched separately by RIE as for
part 2, but with different fluorine plasma RF powers. Gate win-
dows with 0.9 µm gate length were opened by photolithogra-
phy. Finally, a Ni/Au Schottky gate was deposited by electron-
beam evaporation, and a second Si3N4 passivation film with
200 nm-thick was deposited. The direct current characteristics
and high frequency characteristics were measured by an Agi-
lent 1500B semiconductor parameter analyzer and an Agilent
E8363B network analyzer.

3. Results and discussion

The DC transfer and transconductance characteristics of
devices treated with different fluorine plasma powers are plot-
ted in Figs. 3(a) and 3(b), respectively. Taking conventional
HEMTs without fluorine plasma treatment as the baseline de-
vices, the threshold voltages of all the other fluorine plasma-
treated HEMTs are shifted to the positive direction. The higher
the plasma power is, the larger the shift in Vth is. When the
plasma power increases, on one hand, fluorine ions obtain a
higher energy, and on the other hand, fluorine ion density in-
creases due to the enhanced ionization rate of CF4. With a
higher energy, fluorine ions can reach a deeper depth closer
to the channel. According to Eq. (1)[12], the closer the fluorine
ions are to the channel and the more fluorine ions there

Fig. 3. (a) DC transfer characteristics and (b) transconductance char-
acteristics of devices treated with different fluorine plasma powers.

Fig. 4. Dependence of Vth on fluorine plasma treatment power.

are in the AlGaN barrier layer, the larger the threshold volt-
age is. Figure 4 shows the dependence of Vth on the fluorine
plasma treatment power. The peak transconductance of the de-
vice in part 3 is less than that of the device in part 1, while
the peak transconductance of the device in part 2 does not de-
crease compared with the device in part 1. This indicates that
the etching damage of 55 W fluorine plasma treatment does
not affect the electron mobility in the channel, but the etching
damage of 150 W fluorine plasma treatment has an effect on
the electron mobility in the channel.
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Equation (1) shows the factors that influence the thresh-
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Fig. 5. (a) DC output characteristic and (b) transfer characteristic of
the device with a fluorine plasma RF power of 150 W.

old voltage, where ΦB is the metal–semiconductor Schottky
barrier height, σ is the overall net (both spontaneous and
piezoelectric) polarization charge at the barrier—AlGaN/GaN
interface, d is the AlGaN barrier-layer thickness, NSi(x) is the
Si-doping concentration, ∆EC is the conduction-band offset at
the AlGaN/GaN heterojunction, Ef0 is the difference between
the intrinsic Fermi level and the conduction band edge of the
GaN channel, ε is the dielectric constant of AlGaN, Nst is the
net-charged surface traps per unit area, Nb is the effective net-
charged buffer traps per unit area, and Cb is the effective buffer-
to-channel capacitance per unit area.

However, as fluorine plasma treatment power increases,
as in the devices in part 4, fluorine ions reach the channel and
GaN buffer layer, and the electron in the channel is deeply
depleted by the F− ion. The 2DEG is scatted by the F− ion im-
planted in the channel, which leads to a rapid decrease in elec-
tron mobility. Therefore, the output current and transconduc-
tance are small when VGS = 4 V. The device in part 3 exhibits
enhancement-mode characteristics as shown in Fig. 5, with a
peak current density of 501 mA/mm, a peak transconductance
of 210 mS/mm and a threshold voltage of 0.57 V. The peak
transconductance is smaller than that of conventional HEMTs,
which can be attributed to the etching damage.

The gate currents of different fluorine plasma treatment
power devices are also compared, as shown in Fig. 6; in the
forward bias region, the gate current of fluorine-implanted
devices is comparable with that of conventional HEMTs. In
the reverse bias region, compared to the conventional HEMT
without fluorine plasma treatment, the gate-leakage current
of all the fluorine plasma-treated devices decreased. Because
tunneling is the dominant source of gate-leakage current, a

Fig. 6. Gate current of AlGaN/GaN HEMTs with different fluorine
plasma treatment powers.

Table 2. fT and fmax of devices treated with different fluorine plasma
powers.

Fluorine plasma treatment condition fT (GHz) fmax (GHz)

Without fluorine plasma treatment 20.9 31.6
55 W, 150 S 21.3 32.4
150 W, 150 S 19.4 26

decrease in reverse current and no change in forward cur-
rent indicate that the tunneling width is increased by fluorine
plasma treatment, while the barrier height is not changed by
fluorine plasma treatment.

RF small-signal characterizations were performed on de-
vices by measuring S -parameters. Table 2 shows the extrin-
sic cutoff frequency ( fT) and maximum oscillation frequency
( fmax) of devices treated under different conditions. The fT and
fmax of the device treated by condition 3 are 19.4 GHz and 26
GHz, which is slightly less than that of conventional HEMTs.

4. Conclusion

An AlGaN/GaN enhancement-mode high electron mo-
bility transistor on sapphire substrate has been fabricated by
fluorine plasma treatment. Devices treated by different fluo-
rine plasma treatment powers are compared and analyzed. The
higher the fluorine plasma RF power is, the larger the threshold
voltage is. The devices with 150 W and 150 s fluorine plasma
treatment exhibit enhancement-mode characteristics. The de-
vices with 250 W and 150 s fluorine plasma treatment exhibit
small output current and small transconductance, which can
be attributed to the implantation of a F ion in the channel.
Fluorine plasma treatment also results in an increase in the
tunneling width, which leads to a decrease in the reverse gate-
leakage current.
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