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In this paper the trapping effects in AlpO3/Ing 17Alg g3N/GaN MOS-HEMT (here, HEMT stands for high electron
mobility transistor) are investigated by frequency-dependent capacitance and conductance analysis. The trap states are
found at both the Al,O3/InAIN and InAIN/GaN interface. Trap states in InAIN/GaN heterostructure are determined to have
mixed de-trapping mechanisms, emission, and tunneling. Part of the electrons captured in the trap states are likely to tunnel
into the two-dimensional electron gas (2DEG) channel under serious band bending and stronger electric field peak caused
by high Al content in the InAIN barrier, which explains the opposite voltage dependence of time constant and relation

between the time constant and energy of the trap states.
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1. Introduction

III-nitride metal-oxide—semiconductor HEMTs (MOS-
HEMTs) (here, HEMT stands for high electron mobility tran-
sistor) are highly preferable to the Schottky-gate HEMTs due
to their ability to effectively suppress gate leakage current
and enhance the breakdown voltage.!'-3! However, trap states
at the interface introduced by gate dielectrics cause relia-
bility problems, such as drain saturation current decreasing
and threshold voltage drifting. So it is required to study the
trap states in Schottky AlGaN/GaN and AlGaN/GaN MOS-
HEMTs.[*7] Recently, attention has shifted to trap states in
high Al barrier AIGaN/GaN heterostructure.®-191 High Al
content is an effective method to enhance the breakdown per-
formance due to the wider band-gap and higher critical break-
down field, yet the immature material growth would introduce
trap states into the surface, interface, or bulk material. 'l A
comparison of the trap state between the two kinds of HEMTs
reveals the inherent mechanism of the trapping/detrapping
process. Meanwhile, lattice-matched InAIN/GaN, as another
high Al barrier heterostructure, has always been a reason-
able substitute for AlIGaN/GaN HEMTs because its strong
spontaneous polarization and strain-free in heterostructure are
necessary qualities for high frequency and power electronics
applications.['>141 However, the trap analysis of InAIN/GaN
HEMT with high Al content is still a comparatively less ex-
plored area.

In this work, the trapping effect of a thin barrier
Ing.17Alp.g3N/GaN lattice matched HEMT is investigated us-
ing frequency-dependent conductance measurements. To sup-
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press the large off-state leakage current, a Al;O3 gate insula-
tor grown by atomic layer deposition (ALD) is fabricated on
the semiconductor interface. Three trap states are observed at
two interfaces, which shows the complicity of the high-Al and
gate-oxide of the interfaces of the GaN HEMT.

2. Experimental method

The InAIN/GaN heterostructure was grown on a sapphire
substrate by the PMOCVD method at Xidian University.[!3]
The epitaxial layer shown in Fig. 1 contains a 12-nm lattice-
matched Ing 17Alg g3N barrier layer, a 1.2-nm AIN interlayer,
and a 1.6-um GaN buffer layer. Hall effect measurements
at room temperature show that the sheet carrier density is
1.7x10'3 cm~2, the two-dimensional electron gas (2DEG)
mobility is 1180 cm?/V s, and the sheet resistance is 306 Q/sq.
The epitaxial layer was first fabricated by Cl, plasma mesa
isolation using reactive ion etching (RIE). Ohmic contacts
consisting of Ti/Al/Ni/Au were annealed in N, ambient
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Fig. 1. (color online) Cross-section of the Al,O3/InAIN/AIN/GaN
MOS-HEMT.
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at 830 °C for 30 s at second step. The Ohmic contact resistance
was confirmed to be 0.8 Q-mm. Then, a 12-nm Al, O3 film was
deposited at 300 °C by the ALD method, which acts as a gate
dielectric. Finally, Si;N3 was deposited on the whole active
area as a passivation layer by the plasma enhanced chemical
vapor deposition (PECVD) method.

3. Results and discussion

Figure 2 shows the variations of the representative
capacitance—voltage (C,—V) with swept voltage, which were
obtained with a Keithley 4200SCS semiconductor analyzer at
room temperature. Two kinds of capacitance dispersions ap-
pear as the frequency varies from 10 kHz to 1 MHz, one tran-
sition happens around —5 V, which corresponds to the strong
accumulation of 2DEG in the GaN channel, and the other hap-
pens around —1 V, which corresponds to the capacitance tran-
sition of the MOS structure, indicating that the trap states exist
at both the InAIN/GaN interface and the Al,O3/InAIN inter-

face.
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Fig. 2. (color online) C;,—V characteristics at given frequencies.

In order to analyze the dynamic capacitance dispersion,
the variations of parallel trap conductance with frequency
at different voltages are measured. The trap conductance
Gurf/ @ is calculated based on measured conductance Gy, and
capacitance Cy, (the measurement circuit is shown in the inset
of Fig. 2) through the following relation:
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where @ = 27z f is the radial frequency and Cp = 50 pF rep-
resents the static-state capacitance of the MOS-HEMT. The
voltage range is set to be —1.4 V-0.8 V according to the ca-
pacitance dispersion region in Fig. 2.

Figure 3 shows the trap conductance dispersions with the
Given that the
2DEG channel is saturated under high voltage and no electrons

devices biased in the accumulation region.

are captured at the InAIN/GaN interface, only the traps at the
Al,O3/InAlN interface can be released and detected by the ac

signal. The density of trap states (D) and the time constant
(tT) can be evaluated by fitting the experimental G,/ to a
function of ® according to equation in the inset of Fig. 3. The
measured data (symbols) and fitted curves (lines) are obtained
to be in good agreement with each other under the assumption
of a continuum of trap levels.
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Fig. 3. (color online) Experimental (symbols) and fitting (lines) G,/
versus radial frequency near the accumulation region. The inset shows
the equation that is used to evaluate the trap density and time constant.
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Fig. 4. (color online) (a) Time constant of trap states as a function of
gate voltages. (b) Trap state density as a function of energy E;.

Figure 4(a) shows that the time constant of trap at
Al,O3/InAlN interface decreases exponentially from 2.83 ps
to 0.16 us with the increase of voltage. As the voltage in-
creases, the Fermi level rises, so that more fast (shallow) traps
can be detected by the measurement. The trap density at
Al,O3/InAlN interface changes with Tt according to a linear

law from 0.60 x 103 eV—1.cm 2 to 1.89 x 103 eV—l.cm 2.
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E; (equals E.—Eq,s) representing the trap level below con-
duction band (CB) is estimated to be within a range from
0.44 eV to 0.51 eV according to the equation in the inset of
Fig. 4(b). Room temperature 7 = 300 K, capture cross section
or = 4 x 10713 cm~2, effective density of states in the con-
duction band N, = 2.2 x 10'8 T3/ 2.cm—3, and average thermal
velocity of the carriers v = 2.6 x 107 cm/s for GaN are used
for the calculation.!*! There are no deep traps compared with
the results from other AlGaN/GaN articles in which E; is up
to 0.5 eV. This is partially due to the Al,O3/InAIN interface
(no GaN cap layer) without Ga, because the easy formation of
Ga—O bonds gives rise to massive interface traps.[!%]
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Fig. 5. (color online) Experimental (symbols) and fitting (lines) G,/ ®
versus radial frequency near the threshold voltage.
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Fig. 6. (color online) Time constants of trap states as a function of gate
voltage in both trap states.

Figure 5 gives the trap conductance dispersions near the
threshold voltage. The trap states at InAIN/GaN interface are

mainly responsible for the conductance dispersion as the het-
erostructure is charged by the capacitance transition. We as-
sume that part of the density of trap states is introduced by
the subsequent high temperature annealing process due to the
lack of a GaN cap layer.[!”) Meanwhile, in Fig. 6, the time con-
stants of the two kinds of traps show opposite features. In other
reports involving with the trap states of low Al content struc-
tures, time constant decreases with increasing voltage. How-
ever, in this work, where the Al content is up to 83% in the
InAIN barrier layer, the time constant of trap B decreases from
2.8 us to 1.4 us as the voltage increases, while the time con-
stant of trap A increases from 2.37 us to 22.4 us. We believe
that there are mixed de-trapping mechanisms in trap A and that
the electron tunneling is the main reason for the dependence
of the time constant on the abnormal voltage.

The electron tunneling effect can be explained by using
the one-dimensional simulation of the band diagram and polar-
ization electric field shown in Fig. 7, which is derived from the
self-consistent solutions of Schrédinger and Poisson’s equa-
tions. Another structure with 12-nm Alg 30Gag 70N barrier is
also simulated for comparison. Commonly, the electron emis-
sion from trap states to the conduction band level is considered
to be the cause of the dynamic capacitance dispersion. As volt-
age increases, Ef at interface approaches to CB and the shal-
lower trap states exhibit decreased emission time Tg (equal to
trap time constant). (!
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Fig. 7. (color online) Simulated band diagram and polarization elec-
tric field of Ing 17Alg g3N/AIN/GaN and Alg 30Gag 70N/AIN/GaN struc-
tures.

However, in a high Al content barrier, more serious band
bending and stronger electric field peak exist at the interface
and barrier, so electrons captured in trap states could possibly
tunnel into the 2DEG channel, making the de-trapping pro-
cess different. The time constant is mainly determined by the
tunneling of electrons other than the emission to CB."] Thus,
the rising of voltage reduces the electric field in the barrier
layer, resulting in a longer tunneling time, which leads to an
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increased time constant of trap A. Moreover, the T7—E; rela-
tions of the two traps show a strong correlation in Fig. 8. The
E; of trap B, varying from 0.441 eV to 0.458 €V, is just be-
low the E; of trap A. Since trap B is closer to the conduction
band than trap A, the de-trapping process of trap B is possibly
caused by voltage changing, and the electrons in the deeper
trap A may be de-trapped by the tunneling effect, which proves
to be a different de-trapping mechanism of two kinds of traps.
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Fig. 8. (color online) Time constants as a function of energy in both
trap states.

4. Conclusions

In this paper, we report on a detailed analysis of trap
states in ALD Al,O3/Ing 17Alp g3N/GaN MOS-HEMT. Trap
densities, trap energies, and time constants are determined by
frequency-dependent capacitance and conductance measure-
ments. The trap states are found at both Al,O3/InAIN and
InAIN/GaN interfaces, and the trap states in InAIN/GaN het-
erostructure are determined to have two different de-trapping
mechanisms. The electrons captured in the trap states are
likely to tunnel into the 2DEG channel under serious band
bending and stronger electric field peak caused by high Al con-
tent in the Ing 17Alp g3N barrier, which explains the opposite

voltage dependence of the time constant. Furthermore, strong
correlations in Tr—FE; of both traps can also be explained as the
transition from normal electron emission to electron tunneling
of the de-trapping process. More experimental data that can
reveal the inherent mechanism of the traps states process are
necessary for further research.
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