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Abstract—We investigated the effect of forming gas (5%
H2/95% N2) annealing on surface-channel In0.53Ga0.47As
MOSFETs with atomic-layer-deposited Al2O3 as the gate dielec-
tric. We found that a forming gas anneal (FGA) at 300 ◦C for
30 min was efficient at removing or passivating positive fixed
charges in Al2O3, resulting in a shift of the threshold voltage from
−0.63 to 0.43 V and in an increase in the Ion/Ioff ratio of three
orders of magnitude. Following FGA, the MOSFETs exhibited a
subthreshold swing of 150 mV/dec, and the peak transconduc-
tance, drive current, and peak effective mobility increased by
29%, 25%, and 15%, respectively. FGA significantly improved the
source- or drain-to-substrate junction isolation, with a reduction
of two orders of magnitude in the reverse bias leakage exhibited
by the Si-implanted In0.53Ga0.47As n+/p junctions, which is
consistent with passivation of midgap defects in In0.53Ga0.47As
by the FGA process.

Index Terms—Forming gas anneal (FGA), high-k, InGaAs,
metal–oxide–semiconductor field-effect transistor (MOSFET),
surface channel.

I. INTRODUCTION

IN RECENT years, surface-channel In0.53Ga0.47As metal–
oxide–semiconductor field-effect transistors (MOSFETs)

have attracted considerable research attention as silicon tech-
nology is gradually reaching the limits of dimensional scaling
[1]–[4]. One major obstacle to the development of these devices
is the integration of high-k gate oxides on the In0.53Ga0.47As
surface with sufficiently low density of interface states (Dit)
and fixed oxide charges. Various methods such as (NH4)2S
passivation [5]–[8], silicon interlayer [9], [10], interface con-
trol layer [11], [12], and InP capping [13] have been ex-
plored to reduce Dit. Forming gas (H2/N2) annealing, which
is well known for passivating Pb-like defects in SiO2/Si
and high-k/SiOx/Si systems [14], [15], represents an alter-
native or complimentary approach for reducing defects in
high-k/In0.53Ga0.47As structures subsequent to the gate oxide
deposition.
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Fig. 1. Schematic cross-sectional diagram of a surface-channel
In0.53Ga0.47As MOSFET with a 10-nm-thick ALD Al2O3 gate dielectric.
The gate overlap is 1.5 μm, and the separation between the gate contact and
the source or drain contact is 4 μm.

Recent studies using metal–oxide–semiconductor capacitors
(MOSCAPs) have shown that a forming gas anneal (FGA) can
reduce the fixed oxide charge density in Al2O3/In0.53Ga0.47As
systems [16], [17] and reduce Dit near the In0.53Ga0.47As con-
duction band in HfO2/n-In0.53Ga0.47As systems [18]. How-
ever, results reported to date do not indicate any significant
influence of FGA on the prominent donor-like defects near
midgap [5].

In this paper, we extend on the work reported to date on the
effect of FGA on In0.53Ga0.47As MOSCAPs [16], [17] to inves-
tigate the impact of FGA on surface-channel In0.53Ga0.47As
MOSFETs. The availability of Al2O3/In0.53Ga0.47As
MOSFETs allows not only to study the impact of FGA on
the Al2O3/In0.53Ga0.47As gate stack but also to investigate
its effect on carrier transport at the Al2O3/In0.53Ga0.47As
interface and on the Si-implanted In0.53Ga0.47As n+/p
junctions.

II. DEVICE FABRICATION

Surface-channel MOSFETs (see Fig. 1) and MOSCAPs
were fabricated on a 2-μm-thick Zn-doped (4 × 1017 /cm3)
p-In0.53Ga0.47As layer grown on a 2-in p+ InP wafer by
metal–organic vapor phase epitaxy. The In0.53Ga0.47As surface
passivation prior to gate oxide deposition was an immersion
in 10% (NH4)2S at room temperature for 20 min, which was
found to be an optimum in terms of Dit reduction and native
oxide suppression [5], [6]. The transfer time to the atomic layer
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Fig. 2. Cross-sectional TEM images (a) through the gate stack region of the
MOSFET confirming the 10-nm Al2O3 gate oxide thickness and (b) through
the gate overlap region, showing the implant defects in the Si-implanted n+

region.

deposition (ALD) reactor after surface passivation was less
than 5 min. A 10-nm-thick Al2O3 gate oxide film was formed
by ALD using alternating pulses of Al(CH3)3 (TMA) and
H2O precursors at 250 ◦C. The source and drain (S/D) regions
were selectively implanted with a Si dose of 1 × 1014 /cm2 at
80 keV and 1 × 1014 /cm2 at 30 keV. Implant activation was
achieved by rapid thermal annealing at 600 ◦C for 15 s in a
N2 atmosphere. A 140-nm-thick SiO2 field oxide was formed
by electron-beam evaporation and liftoff to minimize the gate
pad capacitance. Nonself-aligned ohmic contacts were defined
by lithography, selective wet etching of Al2O3 in dilute HF,
and electron-beam evaporation of a Au (14 nm)/Ge (14 nm)/Au
(14 nm)/Ni (11 nm)/Au (200 nm) metal stack [19]. A 200-nm-
thick Pd gate was defined by electron-beam evaporation and
liftoff. Forming gas (5% H2/95% N2) annealing was carried out
at 300 ◦C for 30 min in an open tube furnace. Tests confirmed
the absence of delamination of the Pd metal following FGA.

The finished devices had a nominal gate length (L) of 1, 2,
3, 5, 10, 20, and 40 μm with a 1.5-μm gate metal overlap on
the Si-implanted S/D regions, a 4-μm gate-contact-to-source-
or drain-contact separation, and a 50-μm gate width. Relatively
long-channel-length MOSFETs were intentionally selected to
allow the effect of the FGA process on the electrical properties
to be examined in the absence of short-channel effects.

III. RESULTS AND DISCUSSION

A. TEM Analysis of Gate Stack and Si-Implanted Regions

Cross-sectional transmission electron microscopy (TEM)
images through the gate stack region and through the gate
overlap region at the end of the MOSFET fabrication are
shown in Fig. 2(a) and (b), respectively. Fig. 2(a) confirms the
10-nm Al2O3 film thickness, which corresponds to the nominal
value from the ALD process and a growth rate per cycle of
1 Å/cycle. There is no evidence of an interface oxide between
the In0.53Ga0.47As surface and the Al2O3 film, consistent with
previous reports for the optimized (NH4)2S process and subse-
quent ALD Al2O3 formation [5], and with the reported “self-
cleaning” effect of Al2O3 formed by ALD on GaAs [20] and
In0.15Ga0.85As [21] surfaces. Fig. 2(b) shows the remaining
implant defects in the gate overlap region after activation anneal
and FGA, indicating that these two anneals are not sufficient to
fully remove the defects caused by the Si implantation process.

Fig. 3. (a) Id–Vgs obtained on 20-μm-gate-length and 50-μm-gate-width
MOSFETs at Vds = 50 mV before and after FGA. The MOSFETs feature a Vt

of −0.63 and 0.43 V before and after FGA, respectively. (b) Quasi-static C–V
simulation of the Pd/Al2O3/p-In0.53Ga0.47As gate stack obtained using a
Poisson–Schrödinger simulator [22]. The ideal Vt of 0.7 V was obtained based
on a Pd work function of 4.7 eV [24], a 10-nm-thick Al2O3 film with a k-value
of 8.6, and a p-In0.53Ga0.47As doping level of 4 × 1017 /cm3.

B. Fixed Oxide Charge Passivation, Threshold Voltage Shift,
OFF-State Leakage, and Subthreshold Swing Reduction

Fig. 3(a) shows the Id–Vgs characteristics at Vds =
50 mV obtained on 20-μm-gate-length and 50-μm-gate-width
MOSFETs before and after FGA. The threshold voltage (Vt)
shifts from −0.63 V before FGA to 0.43 V after FGA. The
negative Vt before FGA indicates the presence of fixed pos-
itive charges within the Al2O3. Fig. 3(b) shows the quasi-
static capacitance versus voltage (C–V ) simulation of the
Pd/Al2O3/p-In0.53Ga0.47As gate stack obtained using a self-
consistent Poisson–Schrödinger simulator [22]. The asymmet-
ric shape of the simulated quasi-static C–V response, due
to the very low density of states of the In0.53Ga0.47As con-
duction band, is not experimentally observed. This absence
of asymmetry has been attributed to the presence of addi-
tional interface defect states in the In0.53Ga0.47As conduc-
tion band [23]. In the simulation, the work function (Wf )
of Pd on Al2O3, the thickness (tox) and k-value of the
Al2O3 film, and the p-In0.53Ga0.47As doping level were set
to 4.7 eV [24], 10 nm, 8.6,1 and 4 × 1017 /cm3, respec-
tively. Considering an ideal Vt of 0.7 V [see Fig. 3(b)] and
an oxide capacitance (Cox) of 7.6 × 10−7 F/cm2, we calcu-
lated an equivalent density of fixed positive oxide charge at
the Al2O3/p-In0.53Ga0.47As interface before and after FGA
of 6.3 × 1012 /cm2 and 1.3 × 1012 /cm2, respectively. Re-
cent studies of Al2O3/In0.53Ga0.47As MOSCAPs over n- and
p-In0.53Ga0.47As prior to FGA reported fixed positive oxide
charge densities of ∼ 1 × 1019 /cm3 distributed throughout
the Al2O3 layer [16]. A density of ∼ 1 × 1019 /cm3 through-
out a 10-nm-thick Al2O3 film corresponds to an equivalent
surface density at the Al2O3/In0.53Ga0.47As interface of ∼
1 × 1013 /cm2, which is in close agreement with our pre-FGA
value of 6.3 × 1012 /cm2. The reduction in the fixed positive
oxide charge after FGA is also in agreement with [16] and [17].

1The k-value of 8.6 for Al2O3 was obtained from the slope of the ca-
pacitance equivalent thickness in accumulation versus the oxide thickness for
Al2O3/In0.53Ga0.47As MOS structures with Al2O3 thicknesses ranging from
5 to 20 nm.
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Fig. 4. Comparison of the 20 ◦C and −50 ◦C log Id–Vgs measured at Vds =
50 mV on 20-μm-gate-length and 50-μm-gate-width MOSFETs (a) before and
(b) after FGA. The log Id–Vgs values are shown with matched gate overdrive
(Vgs − Vt).

The origin of the fixed positive charge has been assigned
to Al dangling bonds based on theoretical modeling [17],
and its reduction following FGA is consistent with hydrogen
passivation of the dangling bond sites in Al2O3.

The fixed charge within the Al2O3 gate oxide can have a sig-
nificant impact on the MOSFET behavior. We calculated that,
for a 4 × 1017 /cm3 p-type In0.53Ga0.47As doping, fixed posi-
tive charge densities in excess of 2 × 1012 /cm2 are sufficient
to create an inversion layer at the Al2O3/p-In0.53Ga0.47As
interface.2 This indicates that the fixed positive oxide charge
density of 6.3 × 1012 /cm2 before FGA is sufficient to invert
the p-In0.53Ga0.47As surface, whereas the fixed positive oxide
charge density of 1.3 × 1012 /cm2 after FGA is not. The
strong inversion layer before FGA can be modulated in the
region under the Pd gate. However, this inversion charge is
also present in the region outside the area defined by the gate
and is subsequently referred to as the “peripheral inversion
region.” We suggest that the high OFF-state leakage and poor
subthreshold swing (SS) of the MOSFET before FGA [see
Fig. 4(a)] are due to the presence of a peripheral inversion
region that cannot be controlled by the gate voltage. The log
Id–Vgs characteristics measured at 20 ◦C and −50 ◦C before
FGA [see Fig. 4(a)] reveals that the OFF-state leakage (Id at
Vgs − Vt < 0 V) is only weakly temperature dependent, which
further indicates that the OFF-state leakage before FGA is due
to the peripheral inversion region. It is noted that the formation
of a peripheral inversion depends on the substrate doping
concentration, the oxide capacitance, and the density and sign
of the fixed oxide charge. Moreover, a high leakage current due
to a peripheral inversion region will not be observed on a “ring-
gate” MOSFET, where the gate encircles the drain and obviates
the need for isolation [26]. Fig. 4(b) shows an OFF-state leakage
reduction of three orders of magnitude (Ion/Ioff ∼ 104) due
to the removal of the peripheral inversion region following

2For a doping concentration of 4 × 1017 /cm3, the maximum depletion
width for In0.53Ga0.47As is 50 nm (where the intrinsic carrier concentration
for In0.53Ga0.47As is taken as 6.3 × 1011 /cm3 [25]). Hence, the total
density of charge resulting from the ionized acceptor at the onset of inversion
is 2 × 1012 /cm2. Positive oxide charge densities in Al2O3 in excess of
2 × 1012 /cm2 will result in inversion of the p-In0.53Ga0.47As surface.

Fig. 5. Multifrequency C–V characteristics of Pd/Al2O3/p-In0.53Ga0.47As
MOSCAPs measured from 100 Hz to 100 kHz (a) before and (b) after FGA. The
Vt of the corresponding MOSFETs is highlighted on the C–V characteristics.

FGA. The temperature dependence of the OFF-state leakage
after FGA is evident, and the Ion/Ioff ratio at −50 ◦C is ∼ 106.

Following FGA, a reasonable SS of 150 mV/dec is obtained.
This SS yields a midgap Dit value of ∼ 5.8 × 1012 /cm2 · eV,
which is consistent with our previous work on In0.53Ga0.47As
MOSCAPs fabricated with the same surface passivation, trans-
fer time to the ALD reactor after surface passivation, and
Al2O3 gate oxide [5]. Moreover, the midgap Dit value of
∼ 5.8 × 1012 /cm2 · eV is in the range typically reported for
high-k/In0.53Ga0.47As MOSCAPs [27] and MOSFETs [28]. It
is noted that, for the pre-FGA case, the SS is dominated by the
peripheral leakage current and cannot be used for interface state
density determination.

C. MOSCAPs Behavior and Density of Interface States

Fig. 5(a) and (b) shows the multifrequency C–V character-
istics of Pd/Al2O3/p-In0.53Ga0.47As MOSCAPs before and
after FGA. The MOSCAPs are adjacent to the MOSFETs. The
passivation of fixed positive charges within the Al2O3 after
FGA results in a voltage shift of the C–V characteristics,
consistent with the voltage shift observed on the Id–Vgs char-
acteristics shown in Fig. 3(a). The comparison of the 100-Hz
C–V responses at the onset of inversion shows a steeper slope
after FGA, indicating a Dit reduction near the p-In0.53Ga0.47As
conduction band, consistent with [18].

There has been debate over the expected C–V response
of In0.53Ga0.47As MOSCAPs in inversion and the method to
identify genuine surface inversion [27]. The availability of the
MOSCAPs and adjacent MOSFETs on the same wafer allows
the Vt obtained from the MOSFETs to be identified on the
multifrequency C–V response of the MOSCAPs. Fig. 5(a) and
(b) show that, beyond inversion (Vg > Vt), the capacitance as
a function of applied voltage increases and then acquires an
approximately constant value. The value of the capacitance in
inversion increases with decreasing ac signal frequency up to a
maximum value set by the oxide capacitance. This frequency-
dependent C–V behavior has been also obtained following an
optimized (NH4)2S treatment of n- and p-In0.53Ga0.47As prior
to ALD Al2O3 deposition [7].
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Fig. 6. Normalized parallel conductance (Gp/ω) versus ac signal frequency
(f ) obtained with the conductance method for a 10-nm-thick Al2O3 film with
a k-value of 8.6 and considering the nonzero deviation in the semiconductor
band bending [29], [30]. The midgap Dit before and after FGA is ∼ 4.0 ×
1012 /cm2 · eV.

Fig. 6 shows the normalized parallel conductance (Gp/ω)
versus ac signal frequency (f ) for a selected gate voltage giving
the peak Gp/ω, before and after FGA. The peak Gp/ω was
observed for a Vg of −1.9 V before FGA and −0.8 V after
FGA, corresponding to a Vg − Vt of ∼ −1.25 V before and
after FGA. The conductance method accounting for the nonzero
deviation in the semiconductor band bending [29], [30] was
applied for the extraction of the values of midgap Dit and
trap response time (τ ). FGA did not reduce the midgap Dit as
values of ∼ 4.0 × 1012 /cm2 · eV were extracted before and
after FGA. Moreover, the midgap Dit value obtained from
the conductance method is in reasonable agreement with the
midgap Dit value of ∼ 5.8 × 1012 /cm2 · eV extracted from the
SS of the MOSFETs post FGA. FGA did not have a significant
impact on τ as values of ∼ 48.5 and ∼ 43.8 μs were obtained
before and after FGA, respectively.

D. Transconductance, Drive Current, and Effective Mobility
Improvement

Fig. 7(a) compares the transconductance (gm) versus gate
overdrive (Vgs − Vt) obtained on 20-μm-gate-length and
50-μm-gate-width MOSFETs before and after FGA. Whereas
the peak gm increases by 29% after FGA, the higher field values
of gm only slightly improve with FGA.

Fig. 7(b) compares the Id–Vds output characteristics of
20-μm-gate-length and 50-μm-gate-width MOSFETs before
and after FGA. The MOSFETs exhibit well-behaved output
characteristics with drain current saturation for Vds > Vgs −
Vt. The drive current at a 2-V gate overdrive was 14.8 mA/mm
before FGA and 18.5 mA/mm after FGA, representing a 25%
improvement with FGA. These drive current values are compa-
rable with, or slightly higher than, other published values for
surface-channel In0.53Ga0.47As MOSFETs [9], [31], assuming
drive current scaling with 1/L.

Fig. 8 shows the effective mobility (μeff ) as a function
of the inversion charge density (Ninv) extracted using the
Id–Vgs characteristics [see Fig. 3(a)] and the 2-MHz gate-to-
channel split C−V characteristics (see the inset in Fig. 8).
The parasitic overlap capacitances were removed from the

Fig. 7. (a) Transconductance (gm) versus gate overdrive (Vgs − Vt) and
(b) Id–Vds characteristics obtained on 20-μm-gate-length and 50-μm-gate-
width MOSFETs before and after FGA. After FGA, the peak gm and drive
current increase by 29% and 25%, respectively.

Fig. 8. Effective mobility (μeff ) versus inversion charge density (Ninv) be-
fore and after FGA. The peak μeff increases by 15% after FGA. (Inset) 2-MHz
gate-to-channel Cgc split C–V characteristics before and after FGA.

measured gate-to-channel capacitance (Cgc) using the method
reported in [32]. MOSFETs with L ranging from 1 to 40 μm
were used to extract the S/D resistance (Rsd) values used in
the mobility correction. Rsd values were evaluated at Vds =
50 mV to ensure device operation in the linear region. The
MOSFETs featured a Rsd of 235 and 103 Ω before and
after FGA, respectively. The peak μeff increased from 650
to 750 cm2/V · s with FGA. This 15% improvement in the
peak μeff after FGA is consistent with a reduction of the
positive fixed charge density in the Al2O3 gate oxide along
with a reduction of Dit at the Al2O3/In0.53Ga0.47As interface
near the In0.53Ga0.47As conduction band. The peak μeff after
FGA is comparable with other published values for Al2O3-gate
surface-channel In0.53Ga0.47As MOSFETs, where the follow-
ing peak μeff values are reported: 725 cm2/V · s for a 10-nm-
thick Al2O3 gate oxide and 1 × 1017 /cm3 p-type doping in
the In0.53Ga0.47As channel region [9], 847 cm2/V · s for a
9-nm-thick Al2O3 gate oxide and 2 × 1016 /cm3 p-type doping
in the In0.53Ga0.47As channel region [31], and 1100 cm2/V · s
for a 8-nm-thick Al2O3 gate oxide and 1 × 1017 /cm3 p-type
doping in the In0.53Ga0.47As channel region [33]. It is
noted that, for the comparative publications cited above, the
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Fig. 9. (a) I–V characteristics of the n+/p In0.53Ga0.47As junction mea-
sured at 293 K before and after FGA. (b) Arrhenius plot from 223 to 293 K for
reverse bias going from 0.1 to 0.5 V applied to implanted n+/p junctions before
and after FGA. The area of the n+/p junction diodes is 104 μm2. The activation
energy (Ea) values are 0.37 and 0.40 eV before and after FGA, respectively.

In0.53Ga0.47As channel doping was 4–20 times lower than the
value of 4 × 1017 /cm3 used in this paper.

The published experimental values for the peak μeff in
surface-channel inversion-mode In0.53Ga0.47As MOSFETs re-
main well below the theoretical values expected for reasonable
values of fixed oxide charge, interface states, and surface rough-
ness, where peak values of ∼ 4000 cm2/V · s are calculated
[34]. This discrepancy could relate to the approach typically
employed to determine μeff . Indeed, for the calculation of
Ninv on the x-axis in Fig. 8, it is assumed that the integral
of Cgc above the threshold voltage yields Ninv and is unaf-
fected by trapped charges in interface states or in bulk oxide
traps. A number of recent publications have provided evi-
dence that interface states exist with energies aligned with the
In0.53Ga0.47As conduction band [18], [23], [35]. In this case,
the integral of Cgc will contain contributions from both trapped
and free charges, which will result in an overestimation of Ninv

and a corresponding underestimation of μeff . No corrections for
the effect of bulk oxide charge trapping or interface states with
energies aligned with the In0.53Ga0.47As conduction band have
been applied in this paper, in line with the majority of literature
to date [9], [31], [33].

E. Junction Leakage Reduction

FGA also improves the current–voltage behavior of the
source- or drain-to-substrate In0.53Ga0.47As n+/p junctions.
Fig. 9(a) shows the current density versus voltage (I–V ) char-
acteristics for the n+/p junctions before and after FGA. The
saturation current in reverse bias is reduced by more than two
orders of magnitude as a result of FGA. The measurement tem-
perature (223–293 K) and applied bias (0.1–0.5 V) dependence
of the n+/p junction characteristics before and after FGA is
shown in Fig. 9(b). The activation energy (Ea) extrapolated
to zero bias from Fig. 9(b) yields values of 0.37 and 0.40 eV
before and after FGA, respectively. The extracted Ea indicates
thermal generation of electron–hole pairs through midgap states
in the In0.53Ga0.47As depletion region as the mechanism of the
reverse bias leakage both before and after FGA. The reduction
of leakage current density is consistent with the passivation of

midgap states by FGA. Both before and after FGA, Ea de-
creases with increasing reverse bias, which is characteristic of
a field-enhanced (Poole–Frenkel)-type emission process [36].

IV. CONCLUSION

We have demonstrated that a FGA (5%H2/95%N2) at 300 ◦C
for 30 min dramatically improved the performance of surface-
channel In0.53Ga0.47As MOSFETs with Al2O3 as the gate
dielectric. The FGA process reduced the density of fixed pos-
itive charges in Al2O3, which removed a parasitic peripheral
inversion region and resulted in an increase in Ion/Ioff by three
orders of magnitude. FGA improved the peak gm, drive current,
and peak μeff by 29%, 25%, and 15%, respectively. Multifre-
quency C–V measurements of MOSCAPs revealed that FGA
reduced the Dit value near the In0.53Ga0.47As conduction band
but did not reduce the midgap Dit value. The reduction of
the fixed positive charge in the gate oxide combined with the
reduction of Dit near the In0.53Ga0.47As conduction band is
consistent with the peak μeff improvement. A reduction of two
orders of magnitude was observed in the reverse bias leak-
age current density in the Si-implanted In0.53Ga0.47As n+/p
junctions in the S/D regions of the MOSFETs, consistent with
the passivation of near midgap defects in the In0.53Ga0.47As
by FGA.
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