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The shift of the threshold voltage Vth in Al2O3/InAlN/GaN metal–oxide–semiconductor high-electron-mobility transistors (MOSHEMTs) is
demonstrated by CF4 plasma treatments. The accompanying channel mobility degradation is monitored to understand the tradeoff design space.
The effective negative charge introduced by the F plasma treatments at the oxide interface is found to be as high as %0.73 ' 1013 cm%2

(mobility > 500 cm2V%1 s%1), sufficient to fully compensate for the net polarization charge in Al0.15GaN/GaN HEMTs. Although it is difficult to obtain
Vth C 0V owing to the high polarization charges in InAlN, these MOSHEMTs with 1µm gates show very low leakage (>1 ' 10%11 A/mm), low
hysteresis, and low dispersion. © 2014 The Japan Society of Applied Physics

G
aN high-electron-mobility transistors (HEMTs) with
a lattice-matched In0.17Al0.83N barrier have been
extensively studied for high-power and high-speed

applications in recent years. Compared with the low-Al-
composition AlGaN barrier, the In0.17Al0.83N barrier offers
higher two-dimensional electron gas (2DEG) densities
with lower barrier thicknesses, and InAlN HEMTs have
shown superior performance in terms of output current, on-
resistance, and current gain cutoff frequency.1–3) In principle,
enhancement mode (E-mode) operation is more challenging
for InAlN barrier HEMTs than AlGaN barrier HEMTs
because of the following aspects: (1) a high threshold voltage
Vth as well as precise control of the threshold voltage is harder
to achieve owing to the large polarization charge, and thus,
the 2DEG concentration; (2) the channel carrier mobility is
more prone to degradation owing to the thin barriers (<10 nm)
when scattering centers are introduced during device
fabrication;4,5) (3) gate leakage could be high owing to the
intrinsically large spontaneous polarization field and barrier
height fluctuation.6) As a means to reduce the gate leakage,
various gate dielectrics have been studied for metal–oxide–
semiconductor (MOS) HEMTs, among which Al2O3 seems
to provide a reasonable combination of decent band gap, di-
electric constant, breakdown electric field, and low interfacial
states with InAlN.7) Despite these advantages, it is often
observed that Al2O3 induces positive sheet charges at the
interface with (InAlGa)N barriers,8) which suggests that
E-mode operation is difficult to achieve by a pure gate recess
technique in MOSHEMTs. On the other hand, negative
charges can be introduced by fluorine-containing plasma
treatments;9–11) furthermore, if the F-induced negative charge
largely compensates for the interfacial positive charge, the
E-mode operation is expected, and Vth can increase with
increasing gate dielectric thickness.8) Recently, successful
demonstrations of E-mode MOSHEMTs using an AlGaN
barrier with high threshold voltages (Vth > 2V) have been
reported.12–14) However, for InAlN barrier MOSHEMTs, there
have been very few reports on the E-mode operation owing to
the challenges mentioned above. Moreover, a detailed study
on Vth control and electron transport properties is still lacking
for a comprehensive evaluation of this technique.

In this work, we investigated CF4 plasma treatments
of thin-InAlN-barrier (5 nm) GaN MOSHEMTs on their

effectiveness in compensating for the positive interface
charge. The MOSHEMTs demonstrated here show E-mode
operation with extremely low leakage currents and very small
hysteresis and dispersion. On the basis of the measured
current–voltage (I–V) and capacitance–voltage (C–V) char-
acteristics, the interface properties and electron mobility in
the channel are extracted. A tradeoff between Vth and carrier
peak mobility is observed.

The HEMT structure (Fig. 1) consists of a 5 nm In0.17-
Al0.83N top barrier, a 1 nm AlN interlayer, a GaN channel,
and a 1.8 µm semi-insulating GaN buffer on a SiC substrate
grown by metal organic chemical vapor deposition at IQE RF
LLC. Alloyed ohmic contacts and device isolation using ion
implantation were formed first, followed by a blanket SiNx

(25 nm) deposition. CF4 plasma at 40W in a reactive ion etch
(RIE) system was used to etch SiNx for 2.5min at an etch rate
of 30 nm/min for defining the gate foot region. F plasma
treatments were subsequently carried out using a similar CF4
plasma condition for 3min but at high power settings: 60,
80, and 100W. The etch rate of InAlN in CF4 plasma was
measured by atomic force microscopy (AFM); an etch rate of
<0.2 nm/min was extracted for the 40W CF4 plasma, and a
maximum etch rate of 0.5 nm/min was observed at the
highest plasma power of 100W. As a result, the remaining
InAlN barrier thickness is expected to be >3 nm in all the
MOSHEMTs in this study; devices that received the CF4
plasma etching of SiNx at 40W only are referred to as
MOSHEMTs with unintentional (UI) F plasma treatment.
Following the F plasma treatment, the HEMT samples
received low-power O2 plasma cleaning and rinsing in

Fig. 1. Cross-sectional schematic of Al2O3/InAlN/GaN MOSHEMTs.
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diluted HCl prior to the gate dielectric deposition of Al2O3

with different thicknesses by atomic layer deposition (ALD).
Amorphous Al2O3 is well known to etch in tetramethyl-
ammonium hydroxide (TMAH), which is commonly used in
photoresist developers. To prevent the accidental etching
of the ALD Al2O3 gate dielectric in the subsequent process-
ing steps, 20 nm SiNx was deposited by plasma-enhanced
chemical vapor deposition (PECVD) as a protective layer.
After gate lithography and prior to gate metallization, this
layer of SiNx was removed using CF4 plasma at 40W. The
gate metal extends 0.5 µm on both the source and drain sides
over the gate foot for a complete coverage of the treated gate
area. The devices were annealed at 400 °C for 5min after gate
metallization to reverse the ion damage caused by the CF4
plasma treatment15) as well as improve the oxide interfaces.
A cross-sectional schematic of finished devices is shown in
Fig. 1 along with the process flow.

Examples of DC I–V characteristics are plotted in Fig. 2
for MOSHEMTs with UI and intentional F plasma treat-
ments. Both devices have a gate length (Lg) of 1 µm, a
source–drain distance (Lsd) of 4 µm, and a gate oxide (Al2O3)
thickness of 16 nm. The device with intentional F plasma
treatment received CF4 plasma at 100W for 3min, thus
termed as F-100W in Fig. 2. A drain current of 0.9
A/mm is measured for the UI-MOSHEMT at Vgs = 2V and
0.6A/mm for the F-100W MOSHEMT at Vgs = 5V. Dual-
sweep transfer I–Vs at Vds = 6V [Figs. 2(b) and 2(c)] show
minimal hysteresis in both devices in both the on-state
and subthreshold region, which indicates negligible oxide

interface state density underneath the gate. The peak trans-
conductances gm are 180 and 150mS/mm for the UI and
F-100W MOSHEMTs, respectively. In Fig. 2(c), it is also
shown that the off-state leakage currents are as low as
1 © 10¹11 A/mm; therefore, a very high current on/off
ratio of ³1011 is observed. This low leakage current can be
ascribed to (1) high-quality gate dielectrics and (2) excellent
interdevice isolation using ion implantation.

The device threshold voltage is defined at Id = 10 µA/mm.
The hysteresis at Vth is as low as 0.01V for the device with
unintentional F plasma treatment and 0.06V for the device
with 100W F plasma treatment [Fig. 2(c)]. The same
criterion applies to all Vth and hysteresis extracted in this
work. By changing Vds from 0.1 to 10V, the values of the
drain-induced barrier lowering (DIBL) effect are measured to
be 57 and 44mV/V for the two types of device, which are
satisfactorily low for a total barrier thickness of ³20 nm and
Lg of 1 µm. It is observed that the MOSHEMT Vth is shifted
by 3.5V with the 100W CF4 plasma treatment and 16 nm
Al2O3. Pulsed I–V characteristics with a 300 ns pulse width
and a 0.5ms period are shown in Figs. 2(e) and 2(f ).
Negligible current collapse is observed under pulsed gate and
pulsed drain bias conditions for both UI-MOSHEMT and
F-100W-MOSHEMT, further confirming the low trap density
underneath the gate and the effective passivation in the access
region.

The device Vth values of MOSHEMTs with different
plasma powers and gate oxide thicknesses are summarized
in Fig. 3(a). Errors in Vth were estimated by comparing a
group of MOSHEMTs with nominally the same geometry
and treatments, which is found to be <0.1V. An example is
shown in Figs. 4(b) and 4(c): the dual-sweep transfer I–Vs
of 4 MOSHEMTs showing Vth at 10 µA/mm are reasonably
uniform, and the measurement error is well within 0.1V
considering both hysteresis and variation across different
devices. It is found that Vth of devices that received the
same plasma power decreases (becoming more negative)
with increasing oxide thickness in a nearly linear fashion.
Furthermore, the magnitude of the fitted slope decreases with
increasing plasma power, which in turn suggests that the
electric field in the gate oxide at Vth is reduced by the fluorine
plasma treatment.

To gain physical insight, we have modeled Vth of the
MOSHEMT shown in Fig. 1(a) as

Vth ¼ �b � ðQit þ QF � �GaNÞtox
"Al2O3

� �Ec,Al2O3=InAlN

e

� �InAlN=GaNtInAlN
"InAlN

� �AlN=GaNtAlN
"AlN

� �Ec,InAlN=GaN

e
þ �E0

e
þ�VF: ð1Þ

In Eq. (1), the constants include ºb— the barrier height
between gate metal and Al2O3, �Ec,Al2O3=InAlN

(�Ec,InAlN=GaN)— the conduction band offset between
Al2O3 and InAlN (InAlN and GaN), ¦E0— the energy
difference between the Fermi level and the conduction band
of the GaN channel, ·InAlN/GaN (·AlN/GaN)— the polarization
charge difference between InAlN and GaN (AlN and GaN),
and ·GaN— the spontaneous polarization charge in GaN.
The parameters include the following: Qit— the interface
sheet charge density at the Al2O3/InAlN interface, QF— the

(a)

(b)

(c)

(e)

(f)

(d)

Fig. 2. Example of device DC characteristics of MOSHEMTs with
unintentional and 100W F plasma treatments: (a) Id–Vds; dual sweep of
transfer characteristics at Vds = 6V (b) in linear scale and (c) in semilog
scale; (d) Vth (determined at Id = 10µA/mm) as a function of Vds; (e) and
(f ) pulsed I–V measurements with 300 ns pulse width and 0.5ms period. For
both devices, Lg = 1µm, Lsd = 4µm, and the Al2O3 thickness is 16 nm.
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equivalent interface charge introduced by CF4 plasma treat-
ment located at the Al2O3/InAlN interface, t— the thickness
of each layer of the MOSHEMT top barrier, and ¦VF that
captures the other effects due to F ion spatial distribution and
possible modification of band offset.

On the basis of the magnitude of the negative charges
introduced in the top barrier, the electric field in the gate
oxide at Vth can be either negative or positive. The energy
band diagrams of these two cases are shown in Figs. 3(d) and
3(e), where the equivalent sheet charge QF in Eq. (1) is
replaced by the spatially distributed Qimpl to reflect the
realistic F ion profile due to the plasma treatments. The case
of a positive electric field in the gate oxide [corresponding to

a positive slope of Vth vs tox in Fig. 3(a)] is depicted in
Fig. 3(e), which is the desired situation since Vth is positive
and increases with increasing gate oxide thickness [Situations
A–C in Figs. 3(a) and 3(e)]. Experimentally, we only
observed the situation depicted in Fig. 3(d), where Vth

decreases with increasing tox [Situations D–E in Figs. 3(a)
and 3(d)]. On the basis of this understanding and the linear
fitting of the measured Vth, it can be concluded that Qit + QF

is modified by treatments with different F plasma powers, but
it shows negligible dependence on the gate oxide thickness.
Qit can originate from two sources: fixed interface charge Qfix

and occupation of interface states qDit. Since all the devices
show negligible hysteresis and the Fermi level at the oxide/
InAlN interface at Vth for devices with the same InAlN barrier
is independent of the gate oxide thickness [see Figs. 3(d) and
3(e)], Qit should be the same for this group of MOSHEMTs.
As a result, we can infer that a high F plasma power leads to a
high equivalent fluorine negative charge QF.

According to Eq. (1), the shift of Vth can be divided into
three parts: (1) band bending in the gate oxide owing to
the presence of QF, thus modified electric field in the oxide
[the second term in Eq. (1) is extractable from the slopes in
Fig. 3(a)]; (2) thinning of the InAlN barrier owing to its finite
etch in CF4 plasma [the fourth term in Eq. (1) is computable
from the etch rate calibration]; (3) change in conduction band
offset and band bending arising from F ion distribution in
the oxide and InAlN. [the last term in Eq. (1)]. On the basis
of this understanding, the contribution breakdown of ¦Vth

is summarized in Fig. 4(a). The total equivalent interface
charge Qit + QF, extracted from the linear slopes in Fig. 3(a),
reduces from 2.84 © 1013 cm¹2 in UI-MOSHEMTs to 2.11 ©
1013 cm¹2 in F-100W MOSHEMTs, approaching the sponta-
neous polarization charge density of GaN ·GaN = 1.81 © 1013

cm¹2,16) when a zero electric field in the gate oxide at Vth

(a)

(b)

(c)

(d)

(e)

Fig. 3. (a) Threshold voltages of MOSHEMTs (Lg ³ 20µm) as functions
of gate oxide thickness and CF4 plasma power. Solid lines are for Vth

calculated according to the model. Examples of uniform Vth in MOSHEMTs
in this work: (b) transfer I–V and (c) zoomed-in transfer I–V plots of four
different devices with the same geometries and plasma treatment. Energy
band diagrams when (d) Qit + QF > ·GaN, thus, a negative electric field in the
oxide and a decreasing Vth with increasing tox, and (e) Qit + QF < ·GaN, thus,
a positive electric field in the oxide and an increasing Vth with increasing tox.
In (d) and (e), the sheet charge QF in Eq. (1) is represented by the spatially
distributed charges Qimpl implanted during the F plasma treatment.

(a)

(b)

Fig. 4. (a) Qit + QF and Vth shift due to barrier thinning and other effects
extracted using Eq. (1); (b) electron mobility in the channel extracted by the
split C–V method as a function of F plasma power and 2DEG density.
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is expected. The interface charge Qit + QF in the UI-
MOSHEMTs is found to be positive and very close to
·InAlN/GaN ³ 2.7 © 1013 cm¹2 despite the unintentional F
plasma treatment at 40W and the post-gate annealing. F
plasma treatments at a power higher than 40W clearly
introduced net negative charges in the barrier with an
effective sheet concentration of ³0.73 © 1013 cm¹2 at 100W.
This amount of negative charge could have led to a positive
slope in Vth as a function of tox [Situations A–C in Fig. 3(e)]
if AlGaN with 15% Al composition is used as the barrier
material, using the same assumption Qit ³ ·AlGaN/GaN.
Reversal of the electric field direction in the gate oxide is
not observed in this experiment, which is most probably due
to the large Qit (³ ·InAlN/GaN) at the Al2O3/InAlN barrier.
Subtracting the shift of Vth due to InAlN thinning from the
intercepts of the fitted lines on the Vth axis, we can obtain
¦Vth due to the aforementioned other effects. A drop in ¦Vth

due to other effects is observed at 100W, which needs further
investigation. Other than this anomalous point, it is observed
that the F plasma treatment helps in shifting Vth partially due
to the incorporation of negative charges and partially due
to the thinning of the barrier. This observation is so far
consistent with previous reports.12,17)

To evaluate the adverse effect of the F plasma treatment,
electron mobility in the channel is extracted by the split C–V
method.18) The MOSHEMT transfer characteristics were
measured at Vds = 0.1V, and the C–V characteristics of the
same MOSHEMT were measured at 1MHz. To minimize
errors in Lg owing to the gate extension over SiNx (see
Fig. 1), MOSHEMTs with a 20-µm-long gate are used. The
extracted mobility as a function of 2DEG density and F
plasma power is plotted in Fig. 4(b). The electron mobility
for the UI-MOSHEMT has a peak value of 1180 cm2V¹1 s¹1

near a 2DEG density of 7 © 1012 cm¹2 and decreases with
increasing 2DEG density largely owing to enhanced interface
roughness scattering.19) The fast decrease in mobility at low
2DEG densities is most likely a result of charged dislocation
scattering and remote ionized impurity scattering mecha-
nisms.5,20) The peak mobility decreases with increasing F
plasma power, which is expected owing to the escalated
charged impurity scattering. The peak mobility is ³540
cm2V¹1 s¹1 near 8 © 1012 cm¹2 for the F-100W MOSHEMT.
The reduced channel mobility, together with the higher
hysteresis in the F-100W MOSHEMT (see Fig. 2) than in
the UI-MOSHEMT, suggests that a further increase in F
plasma power might not be desirable for improving device
performance.

In summary, Al2O3/InAlN/GaN MOSHEMTs with a 5 nm
InAlN barrier fabricated in this work show encouraging
performance in terms of low leakage current (1 © 10¹11

A/mm), low hysteresis (60mV), and E-mode operation
(Vth ³ 0.5V defined at Id = 10 µA/mm). CF4 plasma treat-
ment is observed to introduce net negative charges in the
MOSHEMT gate barrier, thus leading to a positive shift in
Vth together with the barrier thinning. However, a further
increase in Vth without severe degradation of the channel
mobility is shown to be difficult owing to the large polariza-
tion charge of InAlN. Improvements in Id and gm can be
expected in F-plasma-treated AlGaN/GaN HEMTs (for
lower polarization charge under the gate) and capped with
InAlN in the access region (for lower access resistance).
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