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This paper demonstrates the effect of fluoride-based 
plasma treatment on the performance of Al2O3/AlGaN/ 
GaN metal-insulator-semiconductor heterostructure field 
effect transistors (MISHFETs) with a T-shaped gate length 
of 0.20 μm. For the fabrication of the MISHFET, an Al2O3 
layer as a gate dielectric was deposited using atomic layer 
deposition, which greatly decreases the gate leakage 
current, followed by the deposition of the silicon nitride 
layer. The silicon nitride layer on the gate foot region was 
then selectively removed through a reactive ion etching 
technique using CF4 plasma. The etching process was 
continued for a longer period of time even after the 
complete removal of the silicon nitride layer to expose the 
Al2O3 gate dielectric layer to the plasma environment. The 
thickness of the Al2O3 gate dielectric layer was slowly 
reduced during the plasma exposure. Through this plasma 
treatment, the device exhibited a threshold voltage shift of 
3.1 V in the positive direction, an increase of 50 mS/mm in 
trans conductance, a degraded off-state performance and 
a larger gate leakage current compared with that of the 
reference device without a plasma treatment. 
 

Keywords: AlGaN, GaN, MISHFET, CF4 plasma, Al2O3, 
gate leakage current. 

                                                               

Manuscript received Aug. 15, 2015; revised Mar. 8, 2016; accepted Apr. 5, 2016. 
Ho-Kyun Ahn (corresponding author, hkahn@etri.re.kr), Hae-Cheon Kim (khc@etri.re.kr), 

Dong-Min Kang (kdm1597@etri.re.kr), Sung-Il Kim (sikim@etri.re.kr), Jong-Min Lee 
(leejongmin@etri.re.kr), Sang-Heung Lee (shl@etri.re.kr), Byoung-Gue Min (minbg@etri.re.kr), 
Hyoung-Sup Yoon (hsyoon@etri.re.kr), Dong-Young Kim (kimdyey@etri.re.kr), Jong-Won Lim 
(jwlim@etri.re.kr), Yong-Hwan Kwon (yhkwon@etri.re.kr), and Eun-Soo Nam (esnam 
@etri.re.kr) are with the ICT Materials & Components Research Laboratory, ETRI, Daejeon, Rep. 
of Korea.   

Hyoung-Moo Park (parkhm@dongguk.edu) is with the Electronics and Electrical Engineering 
Division, Dongguk University, Seoul, Rep. of Korea. 

Jung-Hee Lee (jlee@ee.knu.ac.kr) is with the School of Electrical Engineering and Computer, 
Kyoungpook National University, Daegu, Rep. of Korea. 

I. Introduction 

Wide bandgap semiconductors like GaN have been regarded 
as key candidate materials for electronic applications owing to 
their superior inherent material properties such as a high critical 
electric field and a high saturation velocity. In particular, a 
AlGaN/GaN heterostructure field effect transistor (HFET) with 
a high two-dimensional electron gas carrier concentration has 
exhibited a high operation voltage and high output power 
density at high frequency, enabling the chip size to be reduced. 
Ever since the device fabrication and characteristics of an 
HFET based on an AlGaN/GaN heterojunction were first 
reported [1]–[8], an AlGaN/GaN HFET has been a promising 
device for high-frequency applications in commercial and 
military fields. In general, two different types of gate electrodes, 
Schottky contact or metal-insulator-semiconductor structured 
electrodes, have been investigated for an AlGaN/GaN HFET 
[9], [10]. During the device fabrication process, the gate region 
is usually exposed to various plasma steps, which leads to 
significant changes in the device characteristics including the 
threshold voltage shift [11]–[13]. In this work, we 
demonstrated the effect of fluoride-based plasma treatment 
through a reactive ion etching technique using CF4 plasma on 
the performance of an AlGaN/GaN metal-insulator-
semiconductor HFET (MISHFET). Most of this work is 
focused on a comparison of the device characteristics between 
the devices with and without plasma treatment.  

II. Experiment 

The AlGaN/GaN heterostructure was grown on a 4-in 

Effect of Fluoride-based Plasma Treatment on  
the Performance of AlGaN/GaN MISHFET 

 Ho-Kyun Ahn, Hae-Cheon Kim, Dong-Min Kang, Sung-Il Kim, Jong-Min Lee, Sang-Heung Lee,   
Byoung-Gue Min, Hyoung-Sup Yoon, Dong-Young Kim, Jong-Won Lim, Yong-Hwan Kwon,   

Eun-Soo Nam, Hyoung-Moo Park, Jung-Hee Lee 



676   Ho-Kyun Ahn et al. ETRI Journal, Volume 38, Number 4, August 2016 
http://dx.doi.org/10.4218/etrij.16.0015.0040 

sapphire substrate using metal-organic chemical vapor 
deposition, which consists of a low-temperature initial 
nucleation layer, 2-μm thick semi-insulating GaN buffer layer, 
and 25-nm thick undoped AlGaN barrier layer in the growth 
sequence. AlGaN/GaN MISHFETs with a T-shaped gate 
electrode were fabricated as follows. For the source and drain 
ohmic contact, a Ti/Al/Ni/Au metal stack was evaporated using 
e-beam evaporation and annealed at 900 C for 30 s in N2 
ambient conditions. The isolation process was carried out 
through an ion implantation of phosphor ions, which has been 
regarded as a planar isolation to ensure a low gate leakage 
current and enhance the blocking voltage compared with a 
mesa-etching method [14]. An 18-nm thick Al2O3 layer as a 
gate dielectric was then deposited at a deposition rate of   
0.71 Å/cycle using a plasma-enhanced atomic layer deposition 
(PEALD) technique. A single cycle consists of four steps: 
introduction of trimethylaluminum (TMAl), Ar purge, O2 
reaction, and Ar purge. TMAl was supplied into the reaction 
chamber through an Ar carrier gas at a flow rate of 30 sccm. 
The oxygen reactant gas was supplied into the chamber at a 
flow rate of 60 sccm and a pressure of 5 Torr. The substrate 
temperature was kept at 150 C during the deposition process. 
To fabricate the plasma-treated device, a 35-nm thick silicon 
nitride layer was deposited using a plasma-enhanced chemical 
vapor deposition (PECVD) method, where silane (SiH4) and 
ammonia (NH3) were used as the precursor gases. The flow 
rates of SiH4 and NH3 were 80 sccm and 10 sccm, respectively. 
The substrate temperature was controlled at 260 C during the 
deposition process. After the deposition of the dielectric layers, 
the gate foot pattern was defined through an e-beam 
lithography process with an accelerating voltage of 100 kV. A 
length of 0.2 μm for the gate foot was formed using a 0.25-μm 
thick PMMA resist. The gate foot pattern was used as a mask 
for the silicon nitride etching and transferred to the silicon 
nitride layer to define the gate length of the device through the 
plasma etching process. The silicon nitride layer was etched 
using fluoride-based plasma with a pressure of 20 mTorr and 
microwave power of 30 W at a CF4 flow of 60 sccm in a 
reactive ion etching system. After the selective removal of the 
silicon nitride in the gate foot region, the Al2O3 layer was 
intentionally exposed to the CF4 plasma for 8 min. A T-shaped 
gate electrode was patterned through the e-beam lithography 
process using a PMMA/Co-polymer/PMMA tri-layer resist 
system [8]–[10]. Finally, the gate electrodes were formed by 
depositing Ni/Au metals. For the fabrication of the reference 
device without exposing the Al2O3 layer to the CF4 plasma, a 
silicon nitride layer with a thickness of 35 nm was deposited 
using PECVD after the gate metal deposition on the Al2O3 gate 
dielectric layer. Therefore, the Al2O3 layer under the gate metal 
was not exposed to the CF4 plasma. The chemical properties 

 

Fig. 1. Cross-sectional images of (a) plasma-treated device and 
(b) reference device without exposure to the CF4 plasma.
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of the Al2O3 layer exposed to the CF4 plasma were analyzed 
through x-ray photoelectron spectroscopy (XPS) using a VG 
Scientific ESCALAB 200R with a concentric hemispherical 
analyzer and an Al K x-ray source (hυ= 1,486.6 eV). The 
depth profile of the Al2O3 layer was analyzed through Auger 
emission spectroscopy (AES) using a Thermo Electron 
Corporation MICROLAB 350 with a concentric hemispherical 
analyzer and a field emission gun. 

Figure 1 shows schematic cross-sectional images for both 
devices fabricated with and without plasma treatment. The gate 
length and width for the devices were 0.2 μm and 200 μm  
(100 μm × 2 fingers), respectively. The device fabricated using 
CF4 plasma treatment had a SiN-assisted double deck T-shaped 
gate structure with a foot length of 0.2 μm, head length of   
1.0 μm, and intermediate gate metal length of 0.35 μm between 
the foot and head, as shown in Fig. 1(a). The reference device, 
shown in Fig. 1(b), had a conventional single-deck T-shaped 
gate geometry with a foot length of 0.2 μm and head length of   
1.0 μm. The height of the gate electrode in both devices was 
0.6 μm. The distance between the source electrode and the 
source-end of the gate head, and the distance between the drain 
electrode and the drain-end of the gate head, were 0.95 μm  
and 3.05 μm, respectively. The device characteristics of the 
fabricated AlGaN/GaN MISHFET were measured using an 
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Fig. 2. Planar image of the fabricated device including the gate
foot region of the control gate. 
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HP4156B and an HP8510C [7]–[10]. Figure 2 shows a 
schematic planar image of the fabricated device including the 
gate foot region. 

III. Results and Discussion 

1. Analysis 

The Al2O3 layer exposed to CF4 plasma was analyzed using 
XPS and AES. As shown in Fig. 3, the thickness of the Al2O3 
layer also slowly decreased after exposure to the CF4 plasma 
even though the etch rate of the Al2O3 layer, as low as      
0.6 nm/min, was much lower than that of the silicon nitride 
layer. This low etch rate is due to the low volatility of the 
etching product AlFx under the fluoride-based plasma [15]–
[18]. Therefore, the Al2O3 layer is usually etched under 
chloride-based plasma rather than under the fluoride plasma 
[15], [16]. In our conventional process, the etch rate of the 
Al2O3 layer under chloride-based plasma is about 6 nm/s. 
Figure 4 shows the XPS spectra at the surface of the plasma-
exposed Al2O3 layer, which indicates that the F-ions were 
introduced into the Al2O3 layer during the CF4 plasma 
exposure, and the F-Al bonding ratio was increased to 1.36 
when the exposure time was longer than 8 min. The Al 2p 
spectra were analyzed to clarify the binding state of the F-ions.  
Figure 5(a) shows the XPS spectra of Al 2p at the surface of the 
Al2O3 layer unexposed to CF4 plasma. Figures 5(b) and 5(c) 
represent the corresponding spectra at the surface of the Al2O3 
layer exposed to plasma for 8 and 20 min, respectively. The Al 
2p spectra of the unexposed Al2O3 layer exhibited only an Al-O 
peak at 74.3 eV. However, the spectra of the plasma-exposed 
Al2O3 layer became broader as the exposure time increased. As 
shown in Figs. 5(b) and 5(c), the Al 2p spectra for the plasma- 

 

Fig. 3. Residual thickness of the Al2O3 layer as a function of 
exposure time to CF4 plasma. 
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Fig. 4. F/Al and O/Al ratios of the XPS spectra at the surface of 
the Al2O3 layer treated by CF4 plasma as a function of the 
plasma exposure time. 
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exposed sample (black curve) demonstrates that the curves 
correspond to a linear combination of two Gaussian functions 
associated with an Al-O peak at 74.3 eV (blue curve) and an 
Al-F peak at 75.46 eV (red curve), respectively [19]. It should 
be noted that the measured Al 2p spectra (solid circle) agree 
well with the fitted curves. For the Al2O3 layer exposed to 
plasma for 8 min, the peak height of the Al-F bond was lower 
than that of the Al-O bond, but the peak became higher when 
the exposure time increased to 20 min. This result indicates that 
the incorporation of the F-ions increases as the exposure time 
increases. The incorporation of the F-ions tends to generate 
many defect sites inside the Al2O3 layer by forming aluminium 
fluoride (AlFx) or aluminium oxyfluoride (AlOFx), which is 
responsible for the increase in Poole-Frenkel (PF) emissions 
owing to the degradation of the gate oxide exposed to the CF4 
plasma, which is discussed later. Figure 6 shows the AES 
spectra of the Al2O3 layer exposed to the CF4 plasma for 8 min, 
which indicates that the F-ions penetrate to a depth of 
approximate 3 nm from the surface of the Al2O3 gate dielectric.   
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Fig. 5. XPS spectra of Al 2p at (a) untreated surface, (b) surface 
of an Al2O3 layer treated by CF4 plasma for 8 min and (c) 
surface of an Al2O3 layer treated by CF4 plasma for 
20 min. 

70 72 74 76 78 80

10,000

20,000

30,000

40,000

50,000

 Measured count

C
ou

nt
s/

s 

Binding energy (eV) 

 Al 2p 

(a) 

70 72 74 76 78 80

10,000

20,000

30,000

40,000

C
ou

nt
s/

s 

Binding energy (eV) 

 Measured count
 Al 2p 
 Al-O binding
 Al-F binding

70 72 74 76 78 80

10,000 

20,000 

30,000 

40,000 

C
ou

nt
s/

s 

Binding energy (eV) 

(b) 

 Measured count
 Al 2p 
 Al-O binding
 Al-F binding

(c) 

 

2. Device Performance 

The performances of the fabricated devices were correlated 
with the previous analyses for the Al2O3 layer exposed to   
CF4 plasma. Figures 7(a) and 7(b) show the extrinsic 
transconductance (gm) at Vds = 10 V and Vgs = –5.2 V, and the 
logarithmic transfer Ids – Vgs characteristics for the reference 
MISHFET unexposed to CF4 plasma, respectively. The device 
exhibited a threshold voltage of –6.6 V, maximum gm of  

 

Fig. 6. AES depth profile of the Al2O3 layer after CF4 plasma 
treatment for 8 min. 
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Fig. 7. (a) Transfer curve of the fabricated MISHFET device 
without exposure to CF4 plasma, and (b) logarithmic scale 
of the drain current at Vds = 10 V as a function of the gate-
to-source voltage for the device without exposure to CF4

plasma. Inset shows the logarithmic scale of the gate 
leakage current as a function of the gate-to-source voltage 
for the device without exposure to CF4 plasma. 
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140 mS/mm, and drain current of 364 mA/mm at Vgs = –3 V. 
The device also exhibited negligible hysteresis in the transfer 
curve, and an off-state leakage current of as low as 1.5 ×    
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10– 8 mA/mm at Vgs = –8 V with a high ION/IOFF ratio of 1.5 × 
108 and subthreshold slope (SS) of as low as 89 mV/dec. These 
negligible hysteresis and reasonably low SS were because the 
interface state density at the AlGaN/GaN interface was 
negligible, and the quality of the ALD Al2O3 used as a gate 
dielectric was sufficiently high. In addition, it is believed that 
the dynamic effect of the interface states at the Al2O3/AlGaN 
interface contributes in decreasing the SS [20], [21]. The device 
exhibited a low gate leakage current of less than          
2.3 × 10–8 A/mm, as shown in the inset of Fig. 7(b), which also 
shows that the quality of the Al2O3 layer is sufficiently high to 
be used as a gate dielectric. 

Figures 8(a) and 8(b) show the extrinsic gm at a drain-to-source 
voltage of Vds = 10 V, and logarithmic transfer Ids – Vgs 
characteristic for the fabricated MISHFET exposed to CF4 
plasma, respectively. The MISHFET exhibited improved on-
state performances such as a maximum gm of 190 mS/mm   
(50 mS/mm increase) and drain current of 416 mA/mm at Vgs = 
–0.5 V, although the threshold voltage of the device was shifted 
to –3.5 V (positive shift of 3.1 V). The threshold voltage shift in 
the positive direction and the increase in gm were due to the 
decreased thickness of the Al2O3 layer after exposure to CF4 
plasma, as shown in Fig. 3 [22]. The introduction of the negative 
charges of F-ions into the gate dielectric layer with plasma 
exposure is also partly related to the positive threshold voltage 
shift, enabling a normally off operation of MISHFETs realized 
using fluorinated Al2O3 thin films as the gate dielectrics [23], [24]. 
However, the device exhibited a hysteresis of 0.15 V in the 
transfer curve and significantly degraded off-state performances 
such as an off-state leakage current of 3 × 10–6 mA/mm at Vgs =  
–5 V with a reduced ION/IOFF ratio of 3 × 106, and increased SS of 
119 mV/dec. The hysteresis of 0.15 V in the transfer curve and 
the degraded off-state performance were mainly due to the 
incorporation of F-ions into the Al2O3 gate dielectric when the 
layer was exposed to CF4 plasma, which degrades the quality of 
the gate dielectric, as described above. The degraded quality of 
the gate dielectric is also related to the increase in the gate 
leakage current of 2.35 × 10–7 A/mm, as shown in the inset of  
Fig. 8(b), which is approximately one-order higher than that of 
the reference device. 

As shown in Fig. 9, a further characterization was conducted 
for the fabricated devices, based on two models of PF emission, 
ln(I/V)  (V)–1/2, and Fowler-Nordheim (FN) tunneling, 
ln(I/V2 )  – (1/V) [25]–[27]. The FN tunneling current was 
dominant at a gate bias of around –2.8 V to –3.7 V for the 
reference device, whereas the current was dominated at 
relatively lower voltages ranging from –2.5 V to –2.8 V for the 
plasma-exposed device. PF emission was observed at a 
relatively lower voltage with a wider voltage range of –0.6 V to  
–3 V for the plasma-exposed device, whereas the emissions 

 

Fig. 8. (a) Transfer curve of a fabricated MISHFET device with 
CF4 plasma treatment, and (b) logarithmic scale of the 
drain current at Vds = 10 V as a function of the gate-to-
source voltage for the device with CF4 plasma treatment. 
Inset shows the logarithmic scale of the gate leakage 
current as a function of the gate-to-source voltage for the 
device with CF4 plasma treatment. 
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were observed at a higher voltage with a narrow voltage range 
of –2.7 V to –3.6 V for the reference device. This figure clearly 
demonstrates that the device exposed to CF4 plasma exhibited 
lower gate voltages for the FN tunneling and PF emission than 
those of the reference device. This was because the thickness of 
the Al2O3 layer was reduced after exposure to the plasma, and 
the introduction of F-ions generated many F-ion-related traps 
in the Al2O3 layer. 

The RF performances of the fabricated devices including the 
S-parameters were measured from DC to 40 GHz using      
a HP8510C. As shown in Fig. 10, the measured cut-off 
frequency (fT) and the maximum oscillation frequency (fmax) for 
the reference device were 24 GHz and 73 GHz, respectively. 
On the other hand, the corresponding fT and fmax for the device 
exposed to plasma were 26 GHz and 100 GHz, respectively. It 
should be noted that the fT values for both devices are almost 
the same, although the gm of the plasma-exposed device is 
significantly higher than that of the reference device. This is 
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Fig. 9. (a) Fowler-Nordheim plots and (b) Poole-Frenkel emission
plots of the fabricated AlGaN/GaN MISHFET with and
without exposure to CF4 plasma. 
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unexpected when considering (1) for fT below, and the reason 
for the negligible increase in fT for the plasma-exposed device 
is believed to be due to the increase in the gate-to-source 
capacitance (Cgs) owing to the reduced thickness of the gate 
dielectric, as well as the parasitic overlap capacitances 
associated with the double -deck gate geometry. 

m
T

gs

 .
2π

g
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However, the plasma-exposed device exhibted a 
considerably higer fmax. This is mainly due to the smaller gate 
resistance (Rg) of the double-deck gate geometry for the 
plasma-exposed device compared to that of the conventional 
single-deck gate geometry [28]–[30]. The equation for fmax is in 
(2) below, which clearly indicates that the main factor for 
governing fmax is Rg rather than the associated capacitances. 
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Fig. 10. RF performance of the fabricated 200-nm AlGaN/GaN 
MISHFETs (a) without exposure to CF4 plasma and (b) 
with CF4 plasma treatment. 
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where Cgd is the gate-drain capacitance, and Ri, Rs, and Rds 
represent the gate-charging resistance, source resistance, and 
drain-source resistance, respectively.  

IV. Conclusion 

Prior to gate metallization, the surface of the Al2O3 gate 
dielectric of AlGaN/GaN MISHFET was exposed to CF4 
plasma. AES spectra showed that the F-ions penetrate to a 
depth of ~3 nm from the surface of the Al2O3 gate dielectric. It 
is believed that the F-ions in the region affected by the plasma 
create many defective compounds such as aluminium fluoride 
(AlFx) or aluminium oxyfluoride (AlOFx), which significantly 
degrades the quality of the gate dielectric, and hence increases 
the SS of the device. The incorporation of F-ions into the gate 
dielectric also enhances the FN tunneling current and PF 
emission at relatively lower gate voltages, leading to an 
increase in the gate leakage current. During the exposure, the 
thickness of the Al2O3 layer is reduced, although the etch rate 
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of the Al2O3 layer is very low, 0.6 nm/min, in the CF4 plasma, 
which is responsible for the increase in gm and the maximum 
drain current of the device. The plasma-exposed device also 
exhibited a threshold voltage shift in the positive direction 
owing to the incorporation of F-ions and the thickness 
reduction of the gate dielectric. The plasma-exposed device 
exhibited an insignificant increase in fT, even though the device 
has a higher gm because the device also has a higher parasitic 
Cgs owing to the reduced thickness of the gate dielectric. 
However, the device exhibited a considerably higher fmax 
because fmax is mainly controlled by Rg, rather than by the 
associated capacitances including the parasitic terms. 
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