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Frequency dependent conductance measurements are implemented to investigate the interface states in
Al;03/A1GaN/GaN metal-oxide-semiconductor (MOS) structures. Two types of device structures, namely, the recessed
gate structure (RGS) and the normal gate structure (NGS), are studied in the experiment. Interface trap parameters includ-
ing trap density Dy, trap time constant T, and trap state energy Et in both devices have been determined. Furthermore,
the obtained results demonstrate that the gate recess process can induce extra traps with shallower energy levels at the
Al;O3/AlGaN interface due to the damage on the surface of the AlGaN barrier layer resulting from reactive ion etching

(RIE).
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1. Introduction

GaN based high-electron-mobility transistors (HEMTs)
have been widely applied in the areas of high power, high
frequency, and high temperature due to their large band gap,
high breakdown field, and high thermal conductivity. How-
ever, poor reliability induced by excess gate leakage is an issue
that limits the commercial application of these devices. Var-
ious kinds of gate insulators have been used in AlGaN/GaN
metal-insulator-semiconductor (MIS) HEMTs!!=®1 to suppress
the gate leakage and thus to improve the long-term reliablity.
Among them, Al,O3 dielectric seems to be attractive due to its
large bandgap and relatively high dielectric constant. Never-
theless, these gate insulators are mostly deposited ex-situ, pos-
sibly introducing additional defects related to material growth
and device processes. Furthermore, the quality of the inter-
face between the insulator and semiconductor remains the crit-
ical factor which affects the fulfillment of the expected perfor-
mance of the structure. A poor interface can lead to the thresh-
old voltage instability by changing charging conditions of trap
states and the increased leakage current by trap-assisted tun-
neling. On the other hand, the gate recessing process has been
frequently utilized as a method of increasing the transconduc-
tance, which is reduced by the inclusion of gate insulators.
However, to date, there has been a lack of adequate informa-
tion about the trap characterization of devices subjected to gate
recessing. Therefore, it is greatly worthwhile to investigate
quantitatively the interface trap states between the insulator
and the semiconductor before and after gate recessing.

Nowadays, many techniques are widely used for the
characterization of trap states in GaN-based HEMTs such
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as deep-level transient spectroscopy (DLTS),!”! gate-drain
conductance!®!
temperature (C—f-T) mapping.'” In this paper, a frequency

dependent conductance method has been implemented to an-

measurement, and capacitance—frequency—

alyze the Al,O3/AlGaN interface trap states in two types of
MOS diodes.

2. Experimental details

The AlGaN/GaN epitaxial layer was grown by metal-
organic chemical vapor deposition (MOCVD) on SiC sub-
strates. From the top down, the epitaxial structure consists
of a 16 nm to 18 nm Al 3Gag 7N barrier layer, a 1-nm AIN
interlayer, a 1.5-um GaN buffer layer, and a 100 nm to 140
nm AIN nucleation layer. A 5-nm Al,O3 oxide layer was de-
posited by atomic layer deposition (ALD) as the gate insulator
to reduce the gate leakage current. Two types of MOS diodes
are investigated in this article, as shown in Fig. 1. Both were
fabricated in the same process except that the barrier layer un-
der the gate electrode of one type was recessed about 5 nm
by Cl-based reactive ion etching (RIE) in order to increase
transconductance. For simplicity, we herein call them the
recessed gate structure (RGS) and the normal gate structure
(NGS), respectively. Circular shaped MOS diodes are utilized
for conductance and capacitance measurements with a circu-
lar gate contact whose diameter is 130 um. The gate contact is
surrounded by ohmic contact with an Ohmic—Schottky sepa-
ration of 30 um (see Fig. 1(c)). Electrical characterizations of
these MOS Schottky diodes were carried out using a Keithley
4200SCS semiconductor parameter analyzer.
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Fig. 1. (color online) Cross sectional view of (a) RGS and (b) NGS. (c) Planform of Al,O03/A1GaN/GaN MOS-diodes.

The reverse gate leakage current of the two structures are
measured to be 1.45 x 1070 A and 3.01 x 10~ A respectively,
at a voltage across Schottky—Ohmic contact Vso = —20V, as
plotted in Fig. 2. Obviously, the leakage current of the RGS is
two orders of magnitude higher than that of the NGS, which
suggests the possible existence of relatively higher trap densi-
ties at the Al,O3/AlGaN interface in RGS.
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Fig. 2. (color online) Schottky characteristics of

Al,03/AlGaN/GaN MOS diodes.

The capacitance—conductance experiments were per-
formed in the voltage range from —5 V to 1.6 V and in the
frequency range from 10 kHz to 1 MHz at room temperature
to evaluate trap time constant (7)) and trap state density (Dj).
Interface trap states between Al,O3 and AlGaN can be explic-
itly studied by biasing diodes at voltages above 0 V. The equiv-
alent circuit of the MOS diodes at forward biases is illustrated
in Fig. 3(a), where Cox is oxide capacitance, and CajgaN 1S
the capacitance of the AIGaN barrier layer. Here, the electri-
cal behavior of Al,O3/AlGaN interface trap states is modeled
by a parallel combination of the interface state capacitance Cj
and the interface state conductance Gj., whereas the possible
contribution from interface trap states at the AIGaN/GaN het-
erostructure is not included because the trapping/de-trapping
processes of AlGaN/GaN interface states do not take place at
forward biases.!!!]

From the simplified circuit model (see Fig. 3(b)), equiv-
alent parallel conductance (G,/®) values can be expressed

aS[12]

G, oC2, G,
- = 2 2 2 (1)
0  0*(Chn—Cx)*+ G2

where Cy, and Gy, are the capacitance and conductance mea-
sured at different frequencies and gate biases, respectively, Cox
is given by

_ Agg

COX d ’

(@)

where the area of oxide layer A is 1.33 x 10~ cm?, the thick-
ness d is 5 nm, and the dielectric constant & is estimated to be
8.9. Thus, Cox can be calculated to be 209 pF.

Fig. 3. (a) Equivalent circuit for the conductance method at forward
biases. (b) Diagram of the simplified circuit model.

The characterization of trap states deduced from the ca-
pacitance and parallel conductance curves is made by assum-
ing that traps are localized either in a single energy level or in
continuum states.[!?!

For a single energy level, G, /o is given by

Gp _ qDu0T 3)
o 1+t
For a continuum of states, G,/ @ is given by
Gp qDit 2
— = ——1In[l + (07)7]. 4

With resultant G, from Eq. (1), parameters Dj; and T are ex-
tracted by fitting the experimental G,/ values according to
Eq. (3) or (4). Then, G, /@ values are plotted against @ at
selected forward Schottky—Ohmic biases (Vsp) to investigate
trap states with different energy levels.
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3. Results and discussion

Typical C-V curves for RGS and NGS are depicted
in Fig. 4 at frequencies of 10 kHz and 50 kHz, respec-
tively. As can be seen, the threshold voltage of the RGS
is about 0.3 V higher than that of the NGS, resulting from
the shorter gate-to-channel distance due to gate recessing.
At the same time, we find that capacitance dispersions in
the vicinity of respective threshold voltage are almost un-
observable, reflecting that trap states at the AlGaN/GaN
heterostructure are negligible. Nevertheless, the frequency
dispersion becomes significant for positive voltages from
1 V to 1.6 V for both structures. This is caused by the re-

sponse of interface trap states at the Al,O3/AlGaN interface to
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Fig. 4. (color online) The Cp-V characteristics of
Al,O03/A1GaN/GaN MOS diodes.
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Fig. 5. (color online) Measured capacitance Cy, versus frequency
at several biases Vy, for (a) RGS and (b) NGS.

the measurement signal. Furthermore, capacitance as a func-
tion of frequency (C—f) at different voltages is measured as
shown in Fig. 5. Large capacitance fluctuations in the low fre-
quency range from 10 kHz to 100 kHz are obvious, whereas
capacitance becomes nearly constant at higher frequencies. At
low frequencies, electrons trapped at the Al,O3/AlGaN in-
terface can follow the signal, resulting in a high capacitance
value. As the frequency increases, less trapped electrons are
capable of tracing the high frequency signal and, as a con-
sequence, the measured capacitance starts to decrease and
reaches an almost constant value at | MHz.

Figure 6 shows fitting results obtained according to
Eq. (3) or (4).
specifically, good agreement with experimental data can be

Taking a single energy level into account

achieved, indicating the validity of the model used. The trap
density Dj; at the Al,O3/AlGaN interface of the RGS is ex-
tracted to be about 1.17 x 1013-1.41 x 103 eV~!-cm~2 with
a corresponding T;; of 5.5-0.125 us, while Dj; of the NGS is
about 0.32 x 1013-1.37 x 10'3 eV~!.cm~2 with a correspond-
ing Ty of 75.6-1.34 ps.
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Fig. 6. (color online) Frequency dependent parallel conductance
at the Al,O3/AlGaN interface at selected biases Vsg (from 1 V to
1.6 V, step = 0.1 V) for (a) RGS and (b) NGS. Solid lines are fitting

results.
The trap state energies are estimated using the
expression!!?]
E
—1 T
7= (orNc W) exp<ﬁ>7 )
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where the capture cross section of trap states or = 3.4 x
10~15 cm?, the density of states in the conduction band N, =
2.2 x 10" ¢cm™3 and the average thermal velocity of carriers
vy = 2.6 x 107 cm/s.['*] The resulting relationships between
trap state densities and their energy levels are illustrated in
Fig. 7(a). Trap state energies in the RGS are in the range from
0.361 eV to 0.263 eV, which appear to be lower than those
in the NGS as a whole. The detailed data are shown in Ta-
ble 1. From the figure, it can be concluded that a higher den-
sity of interface trap states with shallower energy levels exists
in the RGS when compared with the NGS. Thus, we assume
that the gate recessing process induces extra trap states at the
Al,O3/AlGaN interface due to the damage on the surface of
the AlGaN barrier layer introduced by RIE. The unfavorable
effect should be responsible for the increased leakage current
exhibited in Fig. 2. Additionally, figure 7(b) shows the result-
ing Ty as a function of the applied voltage. Exponential 7j—
Vso dependencies obtained for both devices are obvious. This
can be ascribed to be the good interface uniformity between
Al,O3 and AlGaN in our experiment. Besides, this also indi-
cates that the gate recessing process used here does not bring
about interface nonuniformity. As revealed in Eq. (5), the trap
time constant depends exponentially on the trap energy, which
varies linearly with the applied voltage. That means, for a
uniform insulator/semiconductor interface, the time constant
should be an exponential function of the voltage. No deviation
from the expected exponential function suggests the absence
of the surface potential fluctuation due to nonuniformities in
interface traps. As a comparison, recently, excess traps at deep
energy levels of 0.52 eV below the conduction band with Dj; of
4 % 102 eV—!.cm™2 were reported for thin 2-nm-AIN based
AlGaN/GaN MIS structures.!>! Kordos er al. identified two
dominant trap states, fast and slow, at Al,O3/AlGaN/GaN/Si
MISHEMTSs by temperature dependent conductance measure-
ments. Fast traps had a density of 1.4 x 10'? eV~!l.cm™2
at an energy level of 0.27 eV, while the density of the slow
traps increased with the increase of the temperature up to

8 x 10'3 eV~!.cm™2.1'61 Compared with these published data,
Al,O3/AlGaN interface trap density shows nearly one order
of magnitude higher. In general, trap density and its energy
levels can vary with insulators. We estimate that oxygen re-
lated bonding at the Al,O3/AlGaN interface is an important
resource for the higher trap density. The exact physical origin
of this, however, needs to be further studied in the future. On
the other hand, traps located in the mid gap cannot be probed
since they cannot sufficiently respond to AC signals during
the present C—V measurements, limiting the Dj; characteri-
zation near the conduction band edge. Therefore, frequency
dependent conductance measurements at higher temperatures
and ultra violet irradiation are necessary to obtain the distribu-
tion of deeper trap states in the band gap.
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Fig. 7. (color online) (a) Trap states density as a function of their
energies. (b) Trap time constant as a function of gate voltages.

Table 1. Details about trap states at the Al,03/AlGaN interface.

RGS MOS structure

NGS MOS structure

Voltage Trap density Time constant Energy level Trap density Time constant Energy level
Vso/V Dy /eV~l.cm™2 Ty /s /eV Dy /eV~l.cm™2 Ty /U /eV
1.0 1.399 x 103 5.5 0.361 3.247 x 10'2 75.6 0.429
1.1 1.396 x 1013 2.97 0.345 1.391 x 1013 56.8 0.422
1.2 1.406 x 1013 1.49 0.327 1.367 x 10'3 16.8 0.39
1.3 1.398 x 1013 0.74 0.309 1.361 x 103 8.55 0.372
14 1.363 x 103 0.38 0.291 1.36 x 1013 4.86 0.358
15 1.293 x 103 0.2 0.275 1.362 x 1013 2.57 0.341
1.6 1.172 x 1013 0.13 0.263 1.37 x 1013 1.34 0.324
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4. Conclusions

In summary, trap states at the Al,O3/AlGaN interface in
Al,O3/A1GaN/GaN MOS structures have been investigated by
frequency dependent conductance measurements. Trap char-
acteristics in RGS and NGS structures are compared. Accord-
ing to the results, a conclusion can be achieved that the gate
recessing process can induce excess trap states with shallower
energy levels at the Al,O3/AlGaN interface since RIE can
damage the surface of the AlGaN barrier layer. Aggravated
Schottky leakage characteristics after gate recessing can be a
result of increased trap states at the Al,O3/AlGaN interface.
Therefore, the impact of various processes on Al,O3/AlGaN
interface trap states, such as pretreatment before Al,O3 de-
position and high temperature annealing after gate formation,
need to be investigated further to reduce trap density and elim-

inate the damage by gate recessing.
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