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Abstract— In this article, we report on the single
pulse charge pumping (SPCP) measurements as a
method to extract the interface trap density (N it) on the
GaN metal–oxide–semiconductor high-electron-mobility
transistors (MOS–HEMTs). The electron capture and
emission processes are monitored in the time domain and
studied during the rising and falling edges of a gate voltage
pulse. Two different gate stacks are studied by SPCP
including epitaxial Mg0.25 Ca0.75O (MgCaO) and amorphous
Al2O3. The signature charge pumping (CP) current peaks
are observed enabling a direct extraction of Nit as low as
1.4 × 1011 cm-2 with gate voltage sweeping from OFF-state
to ON-state in the GaN MOS-HEMT with epitaxial MgCaO
gate stack. A significant reduction of Nit by the MgCaO
gate stack compared to Al2O3 only gate stack is also
confirmed by the SPCP method. SPCP realizes a direct N it
measurement on GaN transistors and confirms the high
quality interface between the single crystalline epitaxial
MgCaO and GaN. It is verified as a fast and reliable interface
characterization method on III–V HEMTs, gate-all-around
nanowire transistors, and 2-D transistors, which do not
exhibit body contacts as the conventional Si transistors
needed for conventional CP measurements.

Index Terms— Charge pumping (CP), GaN, interface
trap density, metal–oxide–semiconductor high-electron-
mobility transistors (MOS-HEMT), single pulse.

I. INTRODUCTION

GaN has been a leading material in high-frequency and
high-power electronic devices for its superior properties

such as a wide energy bandgap, high saturation velocity,
high electron mobility, and an ability to form 2-D elec-
tron gas (2-DEG) in AlGaN/GaN heterostructure in high-
electron-mobility transistor (HEMT) [1]–[15]. It has been
reported that an epitaxial single crystalline magnesium calcium

Manuscript received August 21, 2019; revised October 24, 2019 and
December 13, 2019; accepted December 17, 2019. Date of publication
January 13, 2020; date of current version January 27, 2020. This
work was supported by the Air Force Office of Scientific Research
(AFOSR). The review of this article was arranged by Editor B. Kaczer.
(Corresponding author: Peide D. Ye.)

Sami Alghamdi is with the School of Electrical and Computer
Engineering, Purdue University, West Lafayette, IN 47907 USA, with
the Birck Nanotechnology Center, Purdue University, West Lafayette,
IN 47907 USA, and also with the Department of Electrical and Computer
Engineering, King Abdulaziz University, Jeddah 21589, Saudi Arabia.

Mengwei Si, Hagyoul Bae, Hong Zhou, and Peide D. Ye are with
the School of Electrical and Computer Engineering, Purdue Univer-
sity, West Lafayette, IN 47907 USA, and also with the Birck Nan-
otechnology Center, Purdue University, West Lafayette, IN 47907 USA
(e-mail: yep@purdue.edu).

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

Digital Object Identifier 10.1109/TED.2019.2961090

oxide (MgCaO) insulator, which is lattice-matched to GaN
and grown by atomic layer deposition (ALD), would achieve
a very high quality interface and subsequently low interface
trap density (Dit with a dimension of cm−2 · eV−1 or Nit
with a dimension of cm−2) on top of GaN heterostructures
[16]–[18]. However, these low Dit were generally measured
using capacitance–voltage (C–V ) and conductance methods
and mostly on bulk GaN metal–oxide–semiconductor (MOS)
capacitors and not directly on the transistors because the
conventional methods including the Terman, ac conductance,
and charge pumping (CP) methods [19]–[22] require an ade-
quate body contact. Capacitance- and conductance-based Dit
extraction methods on scaled MOSFETs are also used but is
considered to be less accurate than that on large-area MOS
capacitors. The subthreshold method using the subthreshold
swing (SS) is an estimation of average Dit in the subthreshold
region and does not consider the depletion capacitance. The
state-of-the-art GaN transistors have a 2-DEG on insulating
substrate, similar to Si ultrathin-body devices with floating
body channels. Thus, an interface trap density extraction
method with a high accuracy and direct measurement on GaN
HEMTs is highly demanded and this methodology can also
be extended to other emerging device research such as gate-
all-around nanowire transistors and ultrathin-body transistors
based on 2-D materials, where the channels are floating [23].

The single pulse CP (SPCP) method provides real-time
monitoring of the capture and emission process of electrons
from the interface traps, enabling us to investigate the interac-
tion between electrons and interface defects and consequently
obtain an accurate extraction of the interface trap density [24].
In the SPCP measurements, the signature characteristic in the
CP current peaks is used for the direct extraction of Nit .
In this article, for the first time, we apply the SPCP approach
to quantitatively study the Nit on GaN MOS-HEMTs. Nit is
determined to be as low as 1.4 ×1011 cm−2 with gate voltage
sweeping from OFF-state to ON-state in a GaN MOS-HEMT
with epitaxial MgCaO gate stack. A significant Nit reduction
is achieved compared to GaN MOS-HEMT with Al2O3 only
gate stack, being consistent with our previous reports using
MOS capacitors by the conductance method and UV-assisted
C–V measurements [17], [18].

II. EXPERIMENT

Fig. 1(a) shows a cross-sectional schematic of an
AlGaN/GaN MOS-HEMT with 4-nm MgCaO and 2-nm
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Fig. 1. (a) Schematic of an AlGaN/GaN MOS-HEMT with epitaxial
MgCaO gate stack. (b) Microscope top-view image of fabricated devices,
showing a channel length of 20 µm and channel width of 100 µm.

Al2O3 gate stack. Fig. 1(b) shows a microscopic image of
two fabricated devices (GSG structure) with 20-µm channel
length (Lch) and 100-µm channel width (Wch) each. The
detailed fabrication process of the experimental devices is
described in [16]. An important fact is that epitaxial MgCaO,
grown by ALD, is lattice-matched on the GaN material sys-
tem and offers an unprecedented high-quality interface for
the device. Keysight B1500A Semiconductor Device Ana-
lyzer, Keysight B1530A waveform generator/fast measure-
ments unit (WGFMU) along with remote-sense and switch
unit (RSU), and high precision Agilent E4980A LCR meter
were used for dc, SPCP, and C–V measurements, respectively,
and all measurements are done at room temperature in a N2
environment. Fast I–V measurements were carried out using
the shortest cabling possible to minimize parasitic effects, and
the floating system’s time delay was found to be near 5 ns,
less than the B1530A’s minimum effective current sampling
interval of 10 ns.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the ID–VGS characteristics at a
drain-to-source voltage (VDS) of 0.1 V. A small hysteresis
of 6.7 mV is extracted from Fig. 2(a) at 1 µA/mm, suggesting
a high-quality interface. Fig. 2(b) shows the transconductance
(gm) characteristics. A threshold voltage (Vth) of −5 V is
extracted by linear extrapolation method at low VDS. Except
for the negligible hysteresis in a transfer curve, the maximum
gm shows a slight difference. Note that the gate voltage at the
maximum gm point is not changing as shown in Fig. 2(b),
indicating the threshold voltage difference between forward
and reverse gate voltage sweeps is rather small, which is
consistent with the extracted 6.7 mV hysteresis. Therefore,
the difference in the gm values is the result of carrier mobility
difference between forward and reverse gate voltage sweeps.

Fig. 2. (a) Transfer and (b) transconductance (gm) characteristics of
a representative AlGaN/GaN MOS-HEMT with epitaxial MgCaO gate
stack, measured at VDS = 0.1 V. The device has a channel length of
20 µm and channel width of 100 µm.

The mobility difference may be due to the different amounts
of charge-induced mobility degradation.

In an SPCP measurement, a single voltage pulse is applied
in the gate terminal (VG), while the source and drain (S/D)
are connected and grounded as the S/D terminal. The current
flow from the gate terminal to S/D terminal is measured as the
transient CP current (Itcp). The electron transport processes
in the SPCP measurement are illustrated in Fig. 3. SPCP
measurement begins by an application of a sufficiently high
gate voltage pulse at a sufficiently low base voltage (VBASE)
to switch the channel from depletion to accumulation. During
the rising edge of the pulse, electrons from source and drain
are pumped into the conduction band of the channel [from
(a) initial state to (b) channel electron accumulation] and
then captured by interface states [(c) electron capture], while
channel electron depletion to source and drain takes place
during the falling edge as described (d), where EC is the
conduction band, EV is the valence band, and EF is the Fermi
level. The electron trapping process in the interface trap states
is much slower than channel electron accumulation, where the
mobile carriers come from source and drain. As a result, at the
beginning of the falling edge, only the accumulating electrons
in the conduction band are fast enough to go back to the source
and drain. The current response difference between the rising
edge and falling edge is the interface trap response, originated
from the charge-trapping process. The electron emission from
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Fig. 3. Sequence of electron transport process in the rising and
falling edges of the SPCP measurements, and the corresponding band
diagrams: (a) initial state, (b) channel electron accumulation, (c) electron
capture, (d) channel electron depletion, and (e) electron emission.

interface trap states as described in (e) is slow and leads to a
broad tail at the end of transient CP current. Fig. 4 shows an
example of SPCP measurement and the corresponding electron
transport processes are highlighted. Note that deep traps with
very long capture and emission time are not probed and not
responsible for the transient CP current. The estimation of
trap energy level by SPCP still needs further exploration.
The accumulation electron charge is defined as Qacc and the
total charge of trapped electrons is defined as Qit , where
Qit is qNit and q is the elementary charge. Note that the
CP current response is the superposition of traps responses
from dielectric/AlGaN interface, AlGaN/GaN interface and
also bulk traps in dielectric/AlGaN/GaN structure. Therefore,
the Nit measured in this article is an effective 2-D trap
density considering all these trap origins. In this article,
the Nit extracted from GaN MOS-HEMT with the MgCaO
gate stack is much smaller than the Nit extracted from GaN
MOS-HEMT with Al2O3 only gate stack, indicating that the
dielectric/AlGaN interface has an essential impact on the CP
current response.

The rise time (tRISE) and fall time (tFALL) of the gate voltage
pulse, as well as pulse width interval (tINT) are varied, and the
response of transient CP current, Itcp, is then monitored. Sharp
current peaks (as the trap response) during capture process
and broad tails during emission were observed, as shown in
Fig. 4. These two signature behaviors in Itcp are attributed to
the interface traps [23]–[29], which are utilized in SPCP to
estimate the Nit of GaN MOS-HEMT.

The integration of the transient CP current during rise time
(Itcp,RISE) is the total charge including Qacc and Qit, as shown

Fig. 4. Illustration of the applied gate pulse with the resulting transient
CP current as a function of time. (a) Initial state, (b) channel electron
accumulation, (c) electron capture, (d) channel electron depletion, and
(e) electron emission.

in (1). The integration of the transient CP current during fall
time (Itcp,FALL) is the total charge of Qacc only, as shown in
(2)

Qacc + Qit =
∫

Itcp,RISE dt (1)

Qacc =
∫

Itcp,FALL dt . (2)

Qit can be calculated, according to (1) and (2), to subtract
the impact of Qacc. Equation (3) is then used to calculate the
Qit. In detail, Qit is extracted by the curves of the two CP
currents as follows: the rising edge current is flipped vertically,
falling edge current is flipped horizontally, and then both are
superimposed in order to determine charge difference as the
interface charge Qit from the area under the superimposed
curves, as shown in Fig. 5(a). Note that in Fig. 5(a) inside the
red square, the transient CP current in response to the rising
edge (Itcp,RISE) has a peak above the transient CP current in
response to the falling edge (Itcp,FALL) due to the electron
capture in the trap state. The trap emission process is slow
and behaves like a tail in the Itcp,FALL as shown by the blue
square in Fig. 5(a). Therefore, to extract Nit , only the capture
process is considered, as shown by the shaded area in Fig. 5(b)

Qit =
∫

(Itcp,RISE − Itcp,FALL)dt . (3)

Nit is then estimated using Qit = qNit. Repeated mea-
surements on the same device at different time periods are
performed as shown in Fig. 5. The CP current responses almost
overlap with each other at two subsequent measurements,
as shown in Fig. 5(a). The extracted Nit value on these two
measurements is very similar, as shown in Fig. 5(b). Therefore,
the SPCP measurements are repeatable and reliable.

The electron capture and emission processes from interface
states are examined with various characteristic ramping times
(tR) of the gate pulse where tR = tRISE = tFALL. The measured
interface trap density is similar using different tR from 10 µs
to 1 ms. In our measurements, tINT is always chosen as 2tR to
ensure a full recovery between both edges. Fig. 6 shows the

Authorized licensed use limited to: Purdue University. Downloaded on August 20,2020 at 22:09:53 UTC from IEEE Xplore.  Restrictions apply. 



ALGHAMDI et al.: SPCP MEASUREMENTS ON GaN MOS-HEMTs: FAST AND RELIABLE EXTRACTION 447

Fig. 5. (a) Comparison of CP current responses to rising edge and falling
edge for multiple measurements. (b) Extraction of Nit by the integration
of CP current difference between rising edge and falling edge.

microscopic response of Itcp with VBASE = −7 V, multiple
pulse voltages (VON) from −4 to −1 V, with tR = 10 µs and
tINT = 20 µs, for both GaN-MOSHEMT with MgCaO gate
stack and Al2O3 only gate stack. A sweeping gate voltage
from depletion to accumulation and keeping VBASE constant
at −7 V (well below Vth) effectively changes the surface
potential at the interface, thus, different trap energy levels (Et )
are accessed. SPCP measurements on GaN MOS-HEMTs with
different gate dielectrics are studied and compared. Fig. 6(a)
shows the SPCP measurements on GaN MOS-HEMT with
epitaxial MgCaO gate stack, and Fig. 6(b) shows the SPCP
measurements on GaN MOS-HEMT with Al2O3 only gate
stack. A significant larger trap response (Itcp peaks in response
to rising edge of VG) is observed on GaN MOS-HEMTs with
Al2O3 only gate stack, suggesting a much lower interface trap
density with epitaxial MgCaO/AlGaN interface.

Fig. 7 shows both Itcp,RISE and Itcp,FALL in the same
timescale of the same measurement as in Fig. 6(a) for GaN
MOS-HEMT with epitaxial MgCaO gate stack. The difference
between Itcp,RISE and Itcp,FALL reflects the interface trap
response as illustrated in Fig. 3(c) and (e). The Nit is evaluated
according to (3) and the procedure shown in Fig. 5. Such Nit
extraction is done on both GaN MOS-HEMT with MgCaO
gate stack and Al2O3 only gate stack.

Fig. 8 shows a comparison of the extracted Nit as a
function of VON with two different gate stacks: epitaxial

Fig. 6. Measured Itcp versus time for multiple gate voltages VON for
device with (a) epitaxial MgCaO gate stack and (b) Al2O3 only gate stack.
Both rising and falling edges are shown as measured directly by SPCP.
VBASE is fixed at −7 V.

Fig. 7. Measured Itcp in rising and falling edges as a function of
time at different VON. VBASE is fixed at −7 V. The current differences
between rising edge and falling edge are compared for the purpose of
Nit estimation.

MgCaO and Al2O3 only. The Nit in devices with MgCaO
gate stack is found to be significantly smaller than the Nit
in devices with Al2O3 only gate stack, suggesting a high
quality MgCaO/AlGaN interface. This experimental data also
indicate that the dielectric/AlGaN interface has a significant
contribution to the overall trap response reflected in the CP
current. Note that at ON-state the EF change by VON is small,
so that the extracted Nit does not have a significant change
with respect to VON.
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Fig. 8. Comparison of Nit versus VON using SPCP method on GaN
MOS-HEMT with MgCaO gate stack and Al2O3 only gate stack.

IV. CONCLUSION

In summary, we report on the use of the SPCP measure-
ments as a reliable method to directly monitor the capture and
emission processes of the interface traps. As an accurate and
fast technique to estimate Nit of the novel GaN MOS-HEMT,
SPCP shows how electrons are captured by the interface states
during the rising edge of the gate pulse and how it gets emitted
in a slower way during the falling edge of the same pulse.
Nit extracted via SPCP technique is significantly low down to
1.4 × 1011 cm−2, suggesting a high-quality interface of epitax-
ial MgCaO on GaN devices. SPCP is verified as a promising
technique for direct Nit estimation for state-of-the-art devices
with floating body channels.
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