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In this paper, the interface states of the AlGaN/GaN metal-insulator—semiconductor (MIS) high electron mobility
transistors (HEMTs) with an Al,O3 gate dielectric are systematically evaluated. By frequency-dependent capacitance and
conductance measurements, trap density and time constant at Al,O3/AlGaN and AlGaN/GaN interface are determined.
The experimental results reveal that the density of trap states and the activation energy at the Al,O3/AlGaN interface are
much higher than at the AIGaN/GaN interface. The photo-assisted capacitance-voltage measurements are performed to
characterize the deep-level traps located near mid-gap at the Al,O3/AlGaN interface, which indicates that a density of
deep-level traps is lower than the density of the shallow-level states.

Keywords: AlGaN/GaN, HEMTs, interface traps, frequency-dependent C—V measurements, photo-assisted

C-V measurements
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1. Introduction

When the gate is driven with a forward bias,!'->) GaN-
based metal-insulator—semiconductor (MIS) high electron
mobility transistor (HEMT) can effectively suppress the gate
leakage current and enlarge the gate voltage swing and, there-
fore, it is attractive to high-voltage and high-power applica-
tions. Among all the commonly used dielectric materials such
as SizNy,*0! Si0,,["-%1 Al,03,10-131 HfO,,[14-16] 7r0,, 7]
and T21205,[18‘20J the Al,O3 is one of the leading candidates
for gate insulator in GaN-based devices due to its large band-
gap (7 eV=9 eV), high dielectric constant (8§—10), and high
breakdown field (10 MV/cm).[>!=23] In Table 1 the high-k
dielectric material properties are summarized, such as band-
gap, dielectric constant and breakdown field. Combined with
the gate recessed process, AloO3/AlGaN/GaN metal-oxide—
semiconductor (MOS) HEMTs with an output power den-
sity of 13 W/mm and the associated power added efficiency
(PAE) of 73% at 4-GHz frequency have been achieved in our
group.**! However, a large number of interface traps exist in
the present GaN-based MIS HEMTs!>~2"] and cause various
operational stability and reliability problems, particularly for
the threshold fluctuations.?-3% In order to realize the long-
term reliability and wide commercial deployment, the evalua-
tion of the interface states is of vital importance.

Frequency-dependent capacitance and conductance mea-
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surements have been widely implemented to analyze the
trap states in GaN-based HEMTs.131=33] Since the deep trap
states cannot respond to the AC signal during the C-V

1361 only shallow trap states can be detected by

measurements,
using this method. Recently, the photo-assisted C—V method
has been proved effective in activating deep trap states at
the insulator/AlGaN interface.>’-8] In this paper, trap states
near the conduction band edge at the Al,O3/AlGaN and
AlGaN/GaN interfaces are characterized by performing the
frequency-dependent C—V measurements, and the near mid-
gap trap states at the Al,O3/AlGaN interface are analyzed by
the photo-assisted C-V technique.

Table 1. Comparison of high-k dielectric material properties

High-k dielectric Band gap/eV  Dielectric constant Breakdown
field/(MV/cm)

SizN,[4-0] 4-6 5-7 5-7
Si0, 179 9 4 8-9

Al,03121-23] 7-9 8-10 10

HfO, [14-10] 4.5-6 20 6-8
Zr0, 171 5-6 17 7.4

Ta, Q5118201 4-5 20 4

2. Devices and experiments

The AlGaN/GaN epitaxial structure was grown by the
metal organic chemical vapor deposition (MOCVD) on a
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(0001) sapphire substrate. The epitaxial growth was initi-
ated with an AIN nuclear layer followed by a 1.3-um unin-
tentionally doped (UID) GaN layer. This was followed by
a l-nm-thick AIN interlayer and a 22-nm-thick Alg3Gag 7N
barrier layer. Finally, a 1-nm-thick GaN cap-layer was de-
posited on the surface of AlGaN barrier. The device fabrica-
tion started with mesa isolation, which was performed by re-
active ion etching (RIE) with an etch-depth of 200 nm. Ohmic
contacts consisting of Ti/Al/Ni/Au were annealed in a nitro-
gen ambient at 850 °C for 30 s, yielding a contact resistance of
0.5 Q-mm. Then a 15-nm-thick Al,O3 gate dielectric was de-
posited by an atomic layer deposition (ALD) system at 300 °C
with trimethylaluminum (TMA) and ozone (O3) serving as the
precursors. Afterwards, the gate contacts of Ni/Au/Ni were
evaporated on the Al,O3 layer.

Fat-HEMTs with a gate length of 50 um and gate width
of 100 um were fabricated. The gate-to-source and gate-to-
drain spacing of each device are both 3.0 pum. Figure 1 shows
the cross section and Schottky characteristics of the fabricated
Al,O3/A1GaN/GaN HEMT. The reverse leakage current was
below 1 nA and the forward bias can reach a value as high
as +8 V, demonstrating a low reverse leakage and a high for-
ward gate voltage withstanding. The C—V measurements were
performed by Keithley 4200SCS semiconductor analyzer with
a frequency range from 10 kHz to 10 MHz. For the photo-
assisted C—V measurement, light emitting diodes (LED) with
different wave lengths but the same light intensity were used.
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Fig. 1. (a) Cross-section and (b) Schottky characteristics of the fabricated
Al,03/AlGaN/GaN HEMT.

3. Results and discussion

In this section, trap states near the conduction band edge
at the Al,O3/AlGaN and AlGaN/GaN interface are investi-
gated by the frequency-dependent C—-V measurements. And,
the near mid-gap trap states at the Al,O3/AlGaN interface are
analyzed by the photo-assisted C-V technique.

3.1. Frequency-dependent C-V measurements

Figure 2 shows the typical capacitance—voltage
(Cn—V) and conductance—voltage (Gy—V) curves of the
Al,03/Al1GaN/GaN HEMTs at given frequencies from 50 kHz
to 1 MHz. The measurement equivalent circuit is modeled as

the parallel-connected capacitance Cp, and conductance G, as

indicated in the inset of Fig. 2. Two capacitance plateaus can
be clearly seen, featuring two sharp transitions from accumu-
lation to depletion at about 3.0 V and —3.4 V. The capacitance
plateau in the forward bias region represents the Al,O3 di-
electric capacitance (Ca1,0,), and the capacitance plateau in
the reverse bias region corresponds to the total capacitance
(Ciota) of the Al,O3 dielectric and the AlGaN barrier. The
significant frequency dispersion of the C, and Gy, at the two
step-like profiles can be observed in Fig. 2 due to a number
of interface traps at both the Al,O3/AlGaN and AlIGaN/GaN
interface.!'2?32%] When the gate is driven with a forward bias,
the AlGaN/GaN heterojunction interface traps are far below
the Fermi level, thus only the Al,O3/AlGaN interface traps
can respond to the ac signal. Similarly, in the reverse bias
region, only the AIGaN/GaN interface traps are able to make a
contribution to the frequency dispersion, whereas the response
of the Al,O3/AlGaN interface traps is excluded. Therefore,
the traps at the Al,O3/AlGaN and the AlGaN/GaN interface
can be characterized separately.
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Fig. 2. Typical C,—V and G-V characteristics of the Al,O03/AlGaN/GaN
HEMTS at given frequencies from 50 kHz to 1 MHz.

CaL0,

Fig. 3. (a) Equivalent circuit model used to extract trap parameters consid-
ering the Al,O3/AlGaN interface trap and (b) further simplified circuit.

The trapping and de-trapping process of Al,O3/AlGaN
interface trap states can be modeled as a combination of series-
connected trap-related resistance (Rj;) and capacitance (Cj;)
with a parallel-connected semiconductor capacitance (Cs).
With the response of AlIGaN/GaN interface traps excluded, the
equivalent circuit in the forward bias region can be plotted as
shown in Fig. 3(a). The semiconductor capacitance C repre-
sents the total capacitance of the AlGaN barrier layer and the
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GaN buffer layer. The capacitance of the GaN cap layer and
the AIN interlayer are neglected since they are very thin. Be-
sides, the parasitic resistance Ry is also included in the circuit.
This full equivalent circuit can be transformed into a simpli-
fied model as shown in Fig. 3(b). In the circuit, the electrical
behavior of Al,O3/AlGaN interface trap state is modeled by
parallel-connected conductance G, and capacitance Cp,.
Assuming that energy level, trap state time constant T,
and trap density Dt can be evaluated by fitting the paral-
lel conductance G,/® as a function of the radial frequency

(0 = 27 f) according to the following equation!3!]

GP q(D’CTDT
= - T )

® 1+ (o)

The parallel conductance G,/ ® can be obtained from the mea-
sured capacitance Cp, and conductance G, by from the follow-
ing relation (%

®GnC3y0,

B Gﬁq + w? (CA1203 *Cm)z .

Gp
o 2
For the AlGaN/GaN interface traps, the trap state time con-
stant 77 and trap density Dt can be obtained using the same
method, i.e., using Ciora) to replace Cay,0, in Fig. 3 and Eq. (2).
The value of Car,0, and Ciorar can be explicitly determined
from the plateaus in Cp,—V curve in Fig. 2.
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Fig. 4. Plots of parallel conductance versus radial frequency at selected
gate bias V, ranging (a) from 3.0 V to 5.0 V in steps of 0.2 V and (b)
from —3.4 V to —2.7 V in steps of 0.1 V. Solid line curves are fitting
curves to experimental data.

Based on the experimental results in Fig. 2, two ranges
of gate bias are selected in the vicinity of respective threshold
voltage (around 3.0 V and —3.4 V) to conduct the frequency-
dependent capacitance and conductance measurement, where
the frequency dispersion is obvious. Figure 4 shows the plots
of G,/ versus radial frequency at selected gate biases, ob-
tained according to Eq. (2). Each plot of G,/ versus @ gives
a peak for a corresponding gate bias, implying that the contri-
butions of interface traps near the conduction band edge pos-
sess different values of time constant (7r) and density (D).
The fitting curves based on Eq. (1) are shown as full lines in
Fig. 4, from which the trap state time constant 7 and trap den-
sity D at each gate bias can be extracted directly.

Figure 5(a) shows the plots of trap state time constant (Tt)
versus gate voltage evaluated from the G,/® measurement. It
can be seen from the figure that the values of time constant
(71) almost exponentially decrease with gate voltage increas-
ing from 12.36 ps to 1.77 us for the Al,O3/AlGaN interface
traps and from 0.73 us to 0.20 us for the AlIGaN/GaN inter-
face respectively. It should be noted that the trap states at the
Al>O3/AlGaN interface are mainly slow traps, and a time con-
stant is about one order of magnitude larger than that at the
AlGaN/GaN interface. The trap state density as a function of
the corresponding energy level below the conduction band is
plotted in Fig. 5(b). The trap state energy EtT is derived from
the following expression:

_ E
or = (orNevr) lexp (k;> , (3)

where capture cross section of trap state op = 3.4 x 10~15 cm?,

the density of states in the conduction band N, = 4.3 x 104 x
73/2 ¢cm™3, and the average thermal velocity of the carri-
ers vy = 2.6 x 107 cm/s have proved valid.*®! The trap den-
sity Dt apparently decreasing from 4.21 x 103 cm=2-eV~! to
1.17 x 10" cm=2.eV~! can be seen, when the trap energy Et
increases from 0.27 eV to 0.31 eV for the AlGaN/GaN inter-
face traps. The trap density Dt is dependent on trap energy
ET, and the lower the trap energy Et, the higher the trap den-
sity D is. It indicates that the trap with lower trap energy can
easily capture electrons. The traps at the Al,O3/AlGaN inter-
face are deeper, located in a range of 0.33 eV-0.38 eV below
the conduction band edge. Comparing with the AIGaN/GaN
interface, the trap density keeps a much higher value in the
whole trap energy range of about 5.39 cm 2.eV~1-5.49 x
103 em™2.eV~!. The trap density Dr is independent of trap
energy ET, indicating that the ability to capture electron is in-

dependent of trap energy Et.
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Fig. 5. (a) Plot of experimentally extracted trap state time constant
versus (a) gate voltage and (b) trap density versus derived trap energy
for Al,03/AlGaN and AlGaN/GaN interface traps.

3.2. Photo-assisted C-V measurements

Due to the limited frequency range (10 kHz to 10 MHz)
utilized in this paper, only the interface traps located in the
range from 0.21 eV to 0.39 eV can be detected according to
Eq. (3). In order to investigate the deeper interface states near
the mid-gap, photo-assisted C—V measurement is introduced.
Figure 6 shows the typical variation of capacitance with time
increasing from O s to 1100 s at 100 kHz under light illumi-
nation. During the measurement the gate voltage is kept at
a constant value of —4.5 V and the light source with a wave
length of 465 nm is turned on and off alternately. It can be
observed that the capacitance increases sharply right after the
light has been turned on and the enhancement in the capac-
itance can persist for a long period after the light has been
turned off, which is very similar to the persistent photoconduc-
tivity (PPC) effect.[*% Under the light illumination, the elec-
trons are photo-excited from the deep-level donors and cause
the capacitance to quickly increase. Since the recombination
of electrons and ionized deep-level donors is prevented from
happening by the local potential barrier, the capacitance ex-
hibits a slower decrease after the light excitation has ended.

~ 160}light on'light on light on 100 kHz
\
=
©
B o120f
~
)
O
=
<
= 80
Q
kS
&
O a0k light off light off light off
0 200 400 600 800 1000

Time/s

Fig. 6. Variation of capacitance with time from O s to 1100 s at 100 kHz
under light illumination. During measurement, gate voltage is kept con-
stant and light source with wave length of 465 nm is turned on and off
alternately.

Based on the capacitance transient properties, photo-
assisted C—V measurements are performed. Before the light
illumination the C-V hysteresis property of the device is mea-
sured from —8 V to 5 V in dark at a frequency of 100 kHz.
Then the sample is illuminated for 60 s while the bias is kept at
—8V, and the trapped electrons from deep-level trap states are
emitted as depicted in Fig. 7(a). Afterwards, the light is turned
off and the device is swept from —8 V towards 5 V immedi-
ately. In the present investigation, the C—V curves are recorded
under the wave length of incident light varying from 520 nm
to 400 nm. As shown in Fig. 7(b), the sharp transition at the
reverse bias region exhibits a clear parallel shift towards the
negative bias direction after light illumination, while the shift
in the forward bias region is less apparent. Since the light illu-
mination with the shorter wave length can cause the relatively
deeper states to ionize, the resulting gate voltage negative shift
is also larger. The amount of the voltage shift increases from
1.0 Vto 2.4V as the wave length of the incident light decreases
from 520 nm to 400 nm, which can be seen in Fig. 7(b).
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Fig. 7. Plots of (a) photo-assisted electron emission at the

Al,O3/AlGaN interface and (b) typical C—V characteristics before and
after light illumination.

The photon illumination with the higher energy causes
the interface states to ionize in a wider energy. This results
in a larger number of photo-ionized interface states, leading to
the larger voltage shift in C—V curves as shown in Fig. 7. The
state density of the near mid-gap traps can be estimated by
using the difference between two voltage shifts with different
wave lengths, AV, from the following equation 38!

_ Crotal - AV2

Dy(E = Exy) = —ou 2V2 4
i AV) YV 4)
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where Cioy i the series capacitance of Al;O3; and AlGaN,
Ahv is the difference between two photo energies (hv, — hvy),
and Eay is the average activation energy (hvy + Ahv /2). The
capacitance Cyy, can be obtained from Fig. 2, and the photo
energy can be calculated from v = hc/A. As shown in Fig. 8,
a trap density Dj varying from 1.83 x 10! cm™2.eV~! to
4.61 x 102 cm~2-eV~! located at Exv 0of 2.53eV-3.01 eV be-
low the conduction band edge is derived. It is considered that
the deep trap sites which are located at about 2.53 eV-3.01 eV
from the conduction band edge are attributed to the GaN oxi-
dation due to O3 plasma. According to previous studies,#!=43]
vacancy-type defects such as nitrogen vacancy (Vy) and gal-
lium vacancy (Vga) are located around 0.24 eV and 2.62 eV
from the conduction band edge, respectively. Furthermore,
oxygen at a nitrogen site (O ) and its complex with Vg, (VGa—
On) are located around 0.5 eV and 2.3 eV-3.3 eV from the
conduction band edge, respectively. Therefore, the deep trap
state due to GaN oxidation when using O3 plasmaare possibly
attributed to vacancy-type defects such as Vg, and Vg,—On.
Comparing with Fig. 5, it can be seen that the interface states’
density near mid-gap states is much lower than the interface
states’ density closer to conduction band edge. However, a
significant threshold voltage shift (in the reverse bias region)
can be induced by these near mid-gap interfaces as plotted in
Fig. 7(b).

| 3 shallow trap states in
% Al,O3/AlGaN interface
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>
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Fig. 8. Plots of experimentally extracted trap density versus trap energy
for Al;03/AlGaN interface traps, obtained by the photo-assisted C-V
measurements and frequency-dependent C—V method.

4. Conclusions

In this work, the interface states of the
Al,O3/Al1GaN/GaN MOS-HEMTs are

frequency-dependent conductance analysis,

evaluated by
in conjunc-
A distribu-
tion of the trap density from 4.21 x 10"} cm=2-.eV~! to

tion with photo-assisted C-V measurements.

1.17 x 103 cm™2.eV~! with the trap energy ranging from
0.27 eV to 0.31 eV is yielded at the AlGaN/GaN interface.
Nevertheless, the detected Al,O3/AlGaN interface states
are deeper and have a high density of 5.39 cm2.eV~!—-
5.49 x 10"3 cm2-eV~!, located at 0.33 €V-0.38 eV below

the conduction band edge. In order to detect the deeper
interface states at the Al,O3/AlGaN interface, the photo-
assisted C-V analysis is performed and a low trap density
of 1.83 x 10'2 cm™2.eV~! t0 4.61 x 10'> cm~2.eV~! located
at Eay of 2.53 eV-3.01 eV below the conduction band edge
is derived. Although the density of deeper interface states at
the Al,O3/AlGaN interface is much lower than the density of
shallower interface states, it can induce significant threshold
voltage instability.
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