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Abstract— The effects of total-ionizing-dose irradiation
are investigated in HfO2/InGaAs quantum-well MOSFETs.
Radiation-induced hole trapping is higher for irradiation under
positive gate bias than under negative gate bias. Electrical stress-
induced electron trapping compensates radiation-induced hole
trapping during positive gate-bias irradiation. Stress-induced
hole trapping adds to the effects of radiation-induced hole
trapping under negative gate bias. Radiation-induced charge
trapping increases with the channel length.

Index Terms— III-V, InGaAs, MOSFETs, positive bias
temperature instability (PBTI), total ionizing dose (TID).

I. INTRODUCTION

SEVERAL III-V materials, due to their high electron
mobility and high injection velocity, are promising chan-

nel candidates for future logic applications [1]. In partic-
ular, the InGaAs MOSFET is considered to be a leading
candidate for the n-channel device for sub-10 nm CMOS
technology nodes [2]. In addition to higher carrier mobility, the
quantum-well architecture in these devices is advantageous for
scalability [3], [4] and the favorable band alignment avoids
carrier bottlenecks that limit the ability to realize the full ben-
efits of the material in many other III-V based structures [5].
To operate in space environments, InGaAs MOSFETs must be
able to withstand ionizing radiation.

Similar to III-V MESFETs/HEMTs, III-V MOSFETs are
sensitive to single event effects due to charge enhancement
effects [6], [7]. However, in contrast with the resistance against
total-ionizing-dose (TID) effects of III-V MESFETs/HEMTs,
III-V MOSFETs are vulnerable to TID effects [8], [9], [10].
Preliminary TID effects have been reported in InGaAs pla-
nar MOSFETs [8], gate-all-around MOSFETs [9], as well
as AlGaN/GaN MOS-HEMTs [10]. All of these devices,
though, use a thick Al2O3 oxide with an effective oxide

Manuscript received July 8, 2016; revised October 7, 2016; accepted
October 27, 2016. Date of publication October 31, 2016; date of current
version February 28, 2017. This work was supported by the Defense Threat
Reduction Agency through its fundamental research program.

K. Ni, E. X. Zhang, R. D. Schrimpf, D. M. Fleetwood, R. A. Reed,
and M. L. Alles are with the Department of Electrical Engineering and
Computer Science, Vanderbilt University, Nashville, TN 37235 USA (e-mail:
kni@nd.edu).

J. Lin and J. A. del Alamo are with the Microsystems Technology Labora-
tories, Massachusetts Institute of Technology, Cambridge, MA 02139 USA.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNS.2016.2623492

thickness (EOT) of approximately 5 nm, which is too thick
to be applied in the sub-10 nm node. In this paper, we inves-
tigate total-ionizing-dose (TID) effects in InGaAs quantum-
well MOSFETs with a thin (physical thickness of 2.5 nm)
HfO2 gate dielectric, which is more relevant for future CMOS
applications.

High densities of defect states at the high κ /semiconductor
interface and in the high κ layer also can cause positive bias
temperature instability, especially in InGaAs MOSFETs [11],
[12], [13]. Hence, it is important to separate the TID response
from effects produced by electrical bias in these structures.
In this work, we evaluate the gate bias and geometry
dependence of TID and bias-stress effects for InGaAs
quantum-well MOSFETs with thin HfO2 gate dielectrics.
Irradiation and stress effects on threshold voltage are additive
or partially offsetting, depending on gate bias. The magnitude
of the changes in threshold voltage increases with channel
length.

II. EXPERIMENTAL SETUP

The devices considered here are self-aligned InGaAs
quantum-well MOSFETs. The detailed fabrication process is
described in [14]. Fig. 1(a) shows a schematic cross sec-
tion of the device (not drawn to scale). A 0.4 μm thick
In0.52Al0.48As buffer layer is grown on a 600 μm thick semi-
insulating InP substrate. A 5 nm thick In0.7Ga0.3As channel
is grown on top of the buffer layer, which is capped by an
InP barrier layer [14]. A silicon delta doping layer (n-type)
in the buffer just below the channel is incorporated during
epitaxial growth to enhance the channel electron density.
2.5 nm HfO2 (effective oxide thickness of ∼ 0.5 nm) is
deposited by atomic layer deposition on top of the channel.
The device is mesa isolated instead of using oxide isolation,
which means that there should not be a leakage current
increase caused by hole trapping in the field oxide. The vertical
energy band alignment through the gate at VG = VD = VS =
0 V is described in Fig. 1(b). The channel, the buffer, and
the gate dielectric form a type-I heterostructure. Fig. 1(c)
shows the measured capacitance from 300 kHz to 5 MHz.
The capacitance equivalent thickness (CET) in these devices
is approximately 1.7 nm. The dispersion in the capacitance-
voltage characteristics in the sub-threshold region is due to
interface traps [15].
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Fig. 1. (a) Schematic cross section of the device under test (not drawn
to scale); (b) band diagram along a vertical cut line through the gate;
(c) measured capacitance as a function of frequency from 300 kHz to 5 MHz.
The arrow indicates the direction of increasing frequency. The tested device
has a dimension of W/L = 10 μm/2 μm.

The irradiation is performed in a 10-keV ARACOR
X-ray source at a dose rate of 31.5 krad(SiO2)/min at room
temperature. Irradiations and stresses were performed with
gate voltages (VGS) of +1.0 V or −1.0 V, with all the
other terminals grounded. All the tested devices have an
initial threshold voltage of approximately 0.1 V. There is a
relatively high density of pre-existing traps in the gate oxide
of these devices, which cause charge trapping due to elec-
trical stress. To account for this, the electrical stress-induced
degradation without irradiation is also measured at biases and
times comparable to those used in the irradiation experiments.
Current-voltage (I-V) characteristics are measured using an
Agilent 4156 parameter analyzer. Devices with three different
channel lengths are studied. At least three devices of each
channel length are tested for each bias condition with and
without exposure to X-ray irradiation. After irradiation, the

Fig. 2. ID versus VG S (left) and gm versus VG S (right) at different irradiation
doses for a device with dimensions of W/L = 10 μm/2 μm at (a) VG S =
+1.0 V and (b) VG S = −1.0 V during irradiation. Measurements are made
with VDS = 50 mV. The red arrow indicates the direction of increasing
dose. The initial interface trap density inferred from the subthreshold swing
is ∼ 8 × 1012 cm−2eV−1.

devices are annealed with all terminals grounded at room tem-
perature and I-V characteristics are re-measured after different
annealing times.

III. RESULTS AND DISCUSSION

Figs. 2 (a) and (b) show ID (drain current) vs. VGS and
gm (transconductance) vs. VGS measured with VDS = 50 mV
as a function of dose for devices biased at VGS = +1.0 V
and VGS = −1.0 V, respectively, during irradiation. The
threshold voltage shifts positively for VGS = +1.0 V, indicat-
ing net electron trapping during positive-bias irradiation. But
for VGS = −1.0 V, the threshold voltage shifts negatively,
suggesting net hole trapping. For both conditions, the devices
have an excellent ON/OFF ratio, above 104 after a total dose
of 2 Mrad(SiO2), indicating excellent gate control. Due to
variations among devices, the leakage currents are at different
levels for different devices. The leakage current mechanisms
are illustrated in [16].

Fig. 3 shows the subthreshold swing (SS) and normalized
peak transconductance, extracted from Fig. 2, as a function
of total dose and anneal time for VGS = +1.0 V and
VGS = −1.0 V irradiation bias. The average SS increases
approximately 40 mV/decade at VGS = +1.0 V, corresponding
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Fig. 3. Subthreshold swing (left) and normalized peak transconductance
(right) as a function of irradiation dose and annealing time. The normaliza-
tion is based on the pre-irradiation peak transconductance. The error bars
represent standard deviations among different devices tested. Measurements
are made with VDS = 50 mV. All the tested devices have dimensions of
W/L = 10 μm/2 μm. The red squares correspond to subthreshold swing,
and the blue circles represent the peak transconductance.

to the generation of 8.3 × 1012 cm−2eV−1 interface traps,
if interface traps distributed uniformly in energy are solely
responsible for the change in SS [17]. The SS increase at
VGS = −1.0 V is half that of positive-bias irradiation.
Similarly, peak-gm degradation at VGS = −1.0 V (10%) is less
than half of VGS = +1.0 V (30%). That the peak-gm degra-
dation correlates well with the increase in subthreshold swing
increase suggests there are interface and/or near interface oxide
(border) traps generated during irradiation [11], [12]. The
partial recovery in SS and peak-gm during annealing is likely
related to electron/hole detrapping from border traps [18].
Some of the remaining degradation may be due to interface
traps, but a significant percentage may also be due to border
traps.

The degradation under the two bias conditions in Figs. 2 is
quite different. At VGS = +1.0 V, the ON current (at VGS -
VT H = 0.5 V) decreases by 26% after 2 Mrad(SiO2) exposure,
and the subthreshold current increases 6% (at VGS = −0.2 V).
However, for VGS = −1.0 V, the ON current decreases 4%
and the subthreshold current increases by 2x. These differ-
ences occur because more radiation-induced interface traps
are created in devices irradiated under positive bias in these
HfO2 dielectric devices than for ones irradiated under negative
bias, as typically observed also for SiO2 dielectrics [19]. The
resulting charge scatters carriers efficiently [20]–[23].

To separate the pure TID response from the combined
response, the bias-induced degradation was separately mea-
sured at biases and times comparable to those used during
irradiation. Fig. 4 (a) and (b) show the threshold voltage
shift as a function of equivalent dose for (1) TID irradiation,
(2) bias only, and (3) the pure TID response, adjusted for
charge trapping due to the simultaneous bias-stress at VGS =
+1.0 V and VGS = −1.0 V, respectively. The adjustment is
made by subtracting (2) bias only results from (1) TID irra-
diation results. For the bias-only condition at VGS = +1.0 V,
there is a positive threshold-voltage shift of about 200 mV,
indicating an areal density of 2.5 × 1012 cm−2 trapped

Fig. 4. Threshold voltage as a function of irradiation dose and annealing
time for irradiation, bias only, and bias-stress-adjusted irradiation conditions
for (a) VG S = +1.0 V and (b) VG S = −1.0 V during irradiation;
(c) threshold voltage shift as a function of dose and annealing time for
bias-stress-adjusted irradiation at two bias conditions. The adjusted curves
reflect the biased X-ray response, after subtracting the stress-alone induced
shifts. Results for 0 V irradiation are also shown in (c), and show smaller
shifts. The error bars represent the standard deviations among different devices
tested. Measurements are made with VDS = 50 mV. All tested devices have
dimensions of W/L = 10 μm/2 μm.

electrons when projected to the interface. These trapped
charges cause Coulomb scattering to channel carriers and
decrease the carrier mobility, as discussed above. However, for
VGS = −1.0 V, there is a negligible negative threshold voltage
shift (less than -10 mV) due to bias only. This suggests that
InGaAs MOSFETs are more sensitive to positive bias stress
than negative bias stress.
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After subtracting the bias-alone induced threshold-voltage
shift from the biased-irradiation induced threshold-voltage
shift in Fig. 4(a), there is a negative threshold voltage shift of
about 100 mV at VGS = +1.0 V, which corresponds to an areal
density of 1.3×1012 cm−2 trapped holes when projected to the
interface. That net electron trapping is observed shows that less
TID-induced hole trapping occurs than bias-induced electron
trapping under the selected irradiation and bias conditions,
consistent with the response of some Si-gate devices with
HfO2 gate dielectrics [24]. Hence, the combined positive-bias
response of the devices biased at VGS = +1.0 V during
irradiation is dominated by electron trapping due to the applied
bias alone, i.e., positive-bias instability [11]. Similar analysis
shows that the threshold voltage shift is approximately -60 mV
for the VGS = −1.0 V gate-bias irradiation in Fig. 4(b),
corresponding to 7.5 × 1011 cm−2 hole trapping in the HfO2.
The threshold voltage shifts under both bias conditions are
larger than silicon devices with similar gate dielectric [24].
This is related to the high density of interface defects between
the high κ dielectric and InGaAs, such as Ga or As dangling
bonds, as well as Ga-Ga or As-As like-atom bonds, which
leads to enhanced hole and electron trapping [25].

Fig. 4(c) shows the pure TID-induced threshold-voltage
shift at irradiation bias of VGS = +1.0 V, VGS = −1.0 V,
and VGS = 0 V. These results show that the threshold voltage
shift due to irradiation, after correcting for bias-stress effects,
is greater under positive gate bias during irradiation than
negative gate bias. This result is similar to what is observed in
Si MOSFETs with HfO2 gate oxides [26], and contrary to that
in InGaAs gate-all-around MOSFETs [9]. Radiation-induced
threshold voltage shifts under positive and negative bias are
larger than under zero bias. This is due to the smaller electric
field in the gate oxide under zero bias, which leads to smaller
hole yield [19].

TCAD simulations show that the electric fields in the
HfO2 at VGS = +1.0 V and VGS = −1.0 V are approx-
imately 0.8 MV/cm and -0.8 MV/cm, respectively. Hence,
the charge yield in both bias conditions should be approx-
imately equal, which suggests that the charge yield can-
not explain this bias dependence. One plausible explanation
for the difference in threshold voltage shift under the two
bias conditions is that the trapped hole centroid at VGS =
+1.0 V is closer to the HfO2/InGaAs interface than at
VGS = −1.0 V, due to the electric field polarity difference
between the two bias conditions, as illustrated in Fig. 5. The
closer to the interface the charge centroid, the charge would
cause larger threshold voltage shift. This bias dependence
is similar to what is typically observed for charge trapping
in SiO2, when trapped-oxide charge densities are similarly
high [19].

Fig. 6 (a) shows the transfer characteristics before
irradiation and after 2 Mrad(SiO2) exposure for devices with
different gate lengths. The device is biased with VGS =
+1.0 V during irradiation. Devices with different gate lengths
have similar irradiation response, namely positive threshold-
voltage shift, negligible leakage-current increase, and
ON-current degradation. After 2 Mrad(SiO2) exposure,
the devices still have ON/OFF ratios over 105, even for

Fig. 5. Schematic illustration of charge trapping during biased irradiation at
(a) VG S = +1.0 V and (b) VG S = −1.0 V. The blue open circle represents
electrical stress-induced electron trapping; the red solid circle represents radi-
ation induced hole trapping; and the dark solid red circle represents electrical
stress-induced hole trapping. The red dashed line in the figure represents the
trapped-hole centroid. The labels dh+ and dh− represents the distance between
the trapped-hole centroid and the HfO2/InGaAs interface at VG S = +1.0 V
and VG S = −1.0 V, respectively. dh− > dh+.

the devices with LG = 80 nm. The bias-stress-adjusted
TID response as a function of dose and annealing time for
different gate lengths are shown in Fig. 6(b) and (c) under
irradiation bias of VGS = +1.0 V and VGS = −1.0 V,
respectively. The results indicate that larger threshold-voltage
shifts are observed for devices with longer channels, for
both positive and negative gate bias during irradiation. This
suggests there is more hole trapping for the longer devices
than the shorter devices. No significant effects of channel
length are observed for the bias-induced shifts.

A typical cause of length and width variation in
TID response is electric field variation in the gate dielectric as
a function of channel length, which can strongly influence
the amount of hole trapping [27], [28]. However, TCAD
simulations show that the electric field in the HfO2 differs
by less than 1% among all these devices and gate lengths.
Therefore, electric field variations cannot explain the large
TID-induced threshold voltage shift difference at different gate
lengths.

Another possibility is that the mechanical strain in the gate
oxide may vary with gate length, which in turn can impact
the hole trapping in the oxide significantly. This has been
evaluated for SiO2/Si devices [29]–[32], but not for devices
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Fig. 6. (a) ID versus VG S before and after 2 Mrad(SiO2) irradiation for
devices with different gate lengths. During irradiation, VG S = +1.0 V. The
bias-stress-adjusted TID-induced threshold voltage shift is shown as a function
of dose and anneal time for different gate lengths for bias at (b) VG S =
+1.0 V, and (c) VG S = −1.0 V. The error bars represent standard deviations
among different devices tested. Measurements are made with VDS = 50 mV.

with high-K gate stacks. In previous work, it has been shown
that radiation-induced hole trapping tends to decrease if the
interfacial Si tensile stress decreases. As a result, the radiation-
induced hole trapping is larger for narrow width [27], [29] and
thick gate metal devices [30], due to more compressive stress.
This is consistent with the trends we observe, but more work
is required to evaluate the effects of stress on charge trapping
in devices with high-κ gate stacks.

IV. CONCLUSIONS

The gate bias and geometry dependence of TID effects on
InGaAs quantum-well MOSFETs with thin HfO2 gate oxide
have been evaluated. Positive gate bias during irradiation leads
primarily to bias-stress-induced electron trapping that exceeds
radiation-induced hole trapping, leading to a net positive
threshold-voltage shift under the conditions of this study.
Negative gate bias during irradiation results in additive hole
trapping from irradiation and bias-stress. The shift produced
by the irradiation alone is negative and larger with positive
gate bias than that observed under negative gate bias. In addi-
tion, the bias-stress-adjusted radiation-induced hole trapping
increases with the channel length for both positive and neg-
ative bias irradiation. These results provide early insight into
the mechanisms and magnitude of the combined bias-stress
and TID responses of InGaAs quantum-well MOSFETs with
thin HfO2 gate oxides. Improvements to oxide/semiconductor
interface quality are required before these devices are suitable
for insertion into commercial-grade CMOS technologies.
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