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ABSTRACT

The study of interface states and bulk traps and their connection to device instability is highly demanded to achieve reliable -Ga,0;
metal-oxide-semiconductor (MOS) devices. However, a comprehensive analysis of the capture/emission behavior of interface states and bulk

traps can be challenging due to widespread time constant distribution. In this study, using capacitance transient measurement tools, trap !
states of the ZrO,/B-Ga,0; MOS gate stack were explicitly investigated, particularly its bias- and temperature-dependent relaxation kinetics. ;

As forward bias is enlarged, it is observed that the interface state density (D;,) increases by 12.6%. Two bulk traps with discrete levels identified
as 0.43eV (E1) and 0.74eV (E2) below the conduction band minimum were extracted by deep-level transient spectroscopy. It is further
revealed that the emission processes of E1 and E2 are thermally enhanced, while the capture processes remain insensitive to temperature. The
electric-field dependence of El indicates that the dominant mechanism follows the rule of Poole-Frenkel emission. The capacitance-voltage
(C-V) hysteresis deteriorated at a higher forward bias due to the higher trap density and increased population of trapped charges. These find-
ings provide an important framework for future device optimization to improve the reliability and performance of -Ga,O; MOS devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185492

I. INTRODUCTION

Beta-gallium oxide (8-Ga,Os) has attracted considerable atten-
tion for high power and radiation-hard applications owing to its
large bandgap (4.9 eV), high critical breakdown field strength (Egg)
of 8 MV/cm, and high Baliga Figure-of-Merit (BFOM).'~ A variety
of dielectrics have been employed in fabricating Ga,0Os-based
metal-oxide-semiconductor field effect transistors (MOSFETS),
including Si0," and high-permittivity (k) dielectrics such as
ALO;,>° HfO,” ZrO,° and HfAIO’ by atomic layer deposition
(ALD). Recently, normally off Al,O3/3-Ga,O; MOSFETs with out-
standing kV-level breakdown voltage have also been demonstrated.'’

Despite the dramatic improvement seen in the electrical proper-
ties of S-Ga,O; MOS devices, some reliability issues still remain

open, including gate leakage, the capacitance-voltage (C-V) hysteresis
phenomenon, flatband voltage (Vgg) shift, DC-RF dispersion, and
premature breakdown.''~'* It is widely accepted that interfacial states
and bulk traps are crucial in determining the performance and stabil-
ity of Ga,0; MOS devices."” Several reports have studied the bias-
dependent threshold voltage instability in lateral [-Ga,O;
MOSFETs™'® and vertical Fin-MOSFETs."” This phenomenon has
been ascribed to the capturing/releasing processes of trap states upon
positive and negative bias. Therefore, it is demanding to deposit a
high-quality dielectric layer with minimum number of trap states and
to accurately evaluate the trap density and energy distribution.

Some reports have investigated the energy distribution of
defect state in MOS structures including both interface state
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continuum and discrete energy levels.'"* The density of interface
states (D;;) of SiO,, Al,O3, HfO,, HfAIO, and AlSiO on 3-Ga,03
MOS capacitors (MOSCAPs) have been previously analyzed by
quasi-static c-v,! photo-assisted C-V,>'! the Terman method,”'
the Hi-Lo method,” and deep-level transient spectroscopy
(DLTS).”>”* Most studies mainly focus on the density of state con-
tinuum, whereas the analysis of trap with discrete-level properties
is limited.”>** Meanwhile, the density and distribution of interface
states in ZrO,/B-Ga,0; are still lacking. ZrO, has emerged as a
promising gate dielectric material for Ga,O; MOS devices with a
conduction band offset (AEc) of 1.2 eV and a high dielectric cons-
tant,” resulting in its ability to achieve lower leakage current and a
lower effective oxide thickness, respectively.'**

Furthermore, it is demanding to comprehensively understand
the kinetics of releasing/capturing nonequilibrium carriers by trap
states in MOS-based device, which are fundamental to mitigation
of trap-induced degradation and time-dependent variability phe-
nomena.”® However, by the conventional conductance method,
identifying the bias- and temperature-dependent emission/capture
kinetics of interface states can be challenging due to the broad
energy distribution.”””® The conduction loss was not detected in
the measured frequency range (e.g, 1kHz-5MHz) due to the
extremely long time constant associated with the deep energy level,
leading to the inaccurate calculation of D;. Capacitance-based
DLTS™ ™" holds the advantage of identifying a wide range of time
constants for trap states by varying the temperature and pulse bias.
Thus, quantitative assessment of trapping/detrapping processes
associated with a specific trap state would be enabled. To the best
of our knowledge, bias-temperature instability (BTT) and C-V hys-
teresis of the -Ga,O3; MOS gate stack and related relaxation kinet-
ics of trap states remain to be clarified yet, particularly at low
temperatures. Without knowledge of these trap states, it is hard to
establish insights for improvement of the interfacial quality of the
dielectric/f-Ga,O; and device performances.

In this work, the properties of interface states and bulk
traps of ALD-deposited ZrO, on (201) oriented n-type B-Ga,Os
MOS capacitors were investigated by C-V methodologies and
capacitance-based deep-level transient spectroscopy (DLTS). The
influence of injection pulse bias and temperature on the distribu-
tion and transient response of interface states was demonstrated
with three-dimensional (3D) transient mapping. Two bulk traps E1
and E2 with a discrete energy level within Ga,O; were revealed by
temperature-scan DLTS and isothermal capacitance transient spec-
troscopy (ICTS) measurements, respectively. The possible origin of
these two trap levels was also discussed. The electrical signatures
including C-V stretch-out and hysteresis-related defect states of
B-Ga,03; MOS devices have been investigated. This study provides
a guideline for the analysis of relaxation kinetics of interface states
in a wide range of Ga,O; MOS structures, thereby enhancing
device reliability and performance.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Figure 1(a) illustrates a fabricated vertical device schematic of
an n-type (201) f-Ga,O3; MOS capacitor with a ZrO, gate dielec-
tric. The thickness of the ZrO, layer was measured as 30 nm using
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an ellipsometer. Square top contacts, with a side length of 150 um,
were formed by Ti/Au=30/100 nm. The backside Ohmic contact
was formed by Ti/Al/Ni/Au=15/80/20/60 nm. After deposition,
samples were processed by rapid thermal annealing (RTA) in N, at
700 °C for 40s.

B. Capacitance transient measurement

The waveform of gate bias for capacitance transient measure-
ment in MOSCAPs is plotted in Fig. 1(b). The rectangular pulse
bias (V,) with pulse durations (f,) was set to fill the trap states.
Subsequently, after the waiting time (f,), the applied bias was
turned to the measured bias (V,), resulting in the transient release
of trapped electrons within the measurement time window (T),) for
measurement. Consequently, the alteration of trapped charges
located in proximity to the MOS interface can be observed via a
capacitance transient, which was evaluated as a function of mea-
surement time. In Fig. 1(c), the time-dependent capacitance tran-
sient (AC —t) measurements were conducted to monitor the
emission processes of trap states in T, from # (10ms) to t,
(1000 ms) at 300 K. The transients were obtained by keeping the
pulse bias at 1V, but with varying pulse durations from 128 ns to
1s. Interface states exhibit a widespread effective response time
constant (z.5) due to their continuous energy distribution and can
be represented as the sum of » ideal exponential decays using the
extended-Debye model,”' =

B
t t
AC(t) = Z?:l AC; X exp(—a> ~ |ACO|CXP{— <G) } s
eji €]

1

where AC, is the total change of transient capacitance amplitude §
and AC; and 7.5 are the amplitude and time constants of each

process, respectively. B is the stretched-exponential factor
(0<B<1) of the response time. For each transient, the extracted
parameters by Eq. (1) have been summarized in Table I. The closer
B approaches zero, the more transient decay deviates from the
monoexponential, implying that the relaxation processes stem from
superposition of multiple exponential emissions.”””* As the pulse
duration was increased from 128 ns to 1, Teff shows a reduction
from 0.73 to 0.38 s. The corresponding increase in AC with elevat-
ing ¢, suggests the existence of more trapped charges by trap states.
However, when ¢, exceeded 10 ms, both 8 and AC exhibited negli-
gible changes, owing to complete occupation of trap states by
injected carries.

lll. RESULTS AND DISCUSSION

Figure 2(a) illustrates the bidirectional C-V characteristics at
1 MHz. This stretch-out phenomenon in C-V curves has been
observed in other f-Ga,O; MOSCAPs, suggesting the existence of
trap states, which may include interface states and bulk traps.”*”
The higher density of the interface state will result in a more pro-
nounced stretch-out phenomenon.”® The possible reason for rising
accumulation capacitance is the filling of the interface state or
border traps when the MOSCAP is in accumulation.'® As indicated
in Fig. 2(b), the 1/C*-V curve was plotted at 300 K. The frequency
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FIG. 1. (a) Schematic of ZrO,/5-Ga,05 (201) MOSCAPs. (b) The waveform of gate bias. (c) Schematic with various pulse durations (t,) and the inverted capacitance tran-

sient of the emission process with f,.

and AC amplitude of the C-V test were 1 MHz and 50 mV,
respectively. The doping concentration (N,) was calculated
as 9.0x10°cm™ from the slope of 1/C%-V, according to

— 2-d(V)
NS T gesg0A2d(C2)

permittivity, & is the relative dielectric constant of -Ga,03, and A
is the area of MOSCAPs.

Figure 2(c) illustrates the impact of forward bias stress on
MOSCAP stability by means of step-stress C-V measurements con-
ducted at room temperature."”” In the bidirectional C-V loop, the
bias was incrementally swept upward from —10 to 5V as a refer-
ence curve. Subsequently, the bias was immediately swept backward
from the maximum gate bias (V4.) to =10 V. V,, .0, Was varied

where g is the element charge, & is the vacuum

TABLE |. Extracted parameters from the capacitance transient upon applying
various pulse durations using the extended-Debye model.

from 1 to 5V by steps of 1V during the downward sweep. As V,
max increased, it is observed that the deviation from reference
upward C-V became more pronounced, and the hysteresis width
enlarged. The hysteresis width of C-V curves was determined from
the variation between the initial upward sweep and downward
sweep curves at different Vg ,qy, using 110 nF/cm? as the criterion.
Figure 2(d) illustrates that the value of hysteresis width ranged
from 0.20 to 2.01 V as Vg4 increased from 1 to 5V. This trend
suggests a significant enhancement of C-V hysteresis at larger posi-
tive bias, which is attributed to a higher trap density.

In Fig. 3(a), the continuum distribution of interface state
density was extracted from DLTS measurement by varying different
filling pulse bias from 0.1 to 1.2'V. This method can well reveal
temperature and bias dependency Dy at the ZrO,/Ga,O; interface.
Deep interface states with long time constants of several seconds or
above, which cannot respond to AC signal in conventional conduc-
tion method, can still be detected and calculated. The amplitude of

Pulse duration (t,) 128 ns 1.5us 10 us 10 ms 1s Dy is proportional to the DLTS signal amplitude (b,), and the rela-
tionship is as follows:*”>**
Teff (s) 0.73 0.53 0.51 0.42 0.38
o A b el
(& T kTG In(tk/t)’
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FIG. 2. (a) Bidirectional sweep C-V characteristics at 1 MHz. (b) The 1/C>--V curves of MOSCAPs. (c) Bidirectional C-V characteristics by upward sweep as the reference
curve and then downward sweep from various V max to —10 V. (d) Extracted C-V hysteresis width as a function of Vg max from (c).

where € = £,&, Cox is the capacitance of the oxide layer, Cy is
the capacitance at the measured voltage V,,, k is the Boltzmann
constant, T is the temperature, and t, and f; are the chosen mea-
surement and sampling times. The corresponding activation energy
depth Ec — Er could be written as

Ec — Er = kTIn(vsNco,7.), (3)

where N¢ is the effective density state of electrons, 7, is the emis-
sion time of the interface state, and o, is the capture cross section
of the interface state with a typical value of 1 x 10715 ¢cm?.”>*

The distribution of Dj covers a continuous energy
range from 0.1 to 0.7eV below the conduction band. Upon
applying a pulse bias of 1.2V, it can be observed that Dy, drops
from 2.63 x 102 cm™2eV~! at Ec-0.40eV to a minimum value
of 2.29 x 10 cm2eV~! at Ec-0.16eV. The value of Dj for
Zr0,/Ga,05 is comparable to or even lower than those reported
for other dielectrics such as SiO,, Al,O3, HfO,, and (Y¢Sco4)203
by ALD, implying that ALD ZrO, has a great potential in high-
performance MOS devices.””>***" The continuous interval of acti-
vation energy of interface states is consistent with observed
stretched-exponential transients in Fig. 1(c). In Fig. 3(b), the pulse

bias and the corresponding electrical-field-dependent activation
energy of peak signals have been evaluated. As V,, is elevated, the
peak position shifts to lower temperatures, and the activation
energy (Ec — Er) of the trap emission process decreased from
0.50eV at 0.1V (0.33 MV/cm) to 0.39¢eV at 1.2V (0.4 MV/cm),
suggesting that trapped carriers require less energy to overcome the
potential barrier and emit at higher fields. With an increase in
pulse bias, the maximum value of Dj; also increased by 12.6%, indi-
cating more injection of carriers induced by the forward bias. In
Fig. 3(c), the integration of Dy, with respect to E¢c — Er yields total
charge densities (Q;;) trapped by the interface state ranging from
2.99x 10" to 7.32 x 10" ¢/m” with elevating V), indicating that the
greater occupation level of interface states by carriers and the trap-
ping effect of electrons was enhanced by the forward bias. These
values were approximately one order of magnitude lower than
those reported Q;; of (1 — 4) x 10'2 C/cm? for SiO,/B-Ga,05”” and
ALO3/B-Ga,05.%

In Figs. 3(d)-3(f), the three-dimensional transient mapping of
the interface state emission process from 70 to 300K is demon-
strated with different Vp of 0.1, 1.0, and 1.2 V. The hump around
175-250K in the mapping indicated that the charging states are
changed by the bulk trap with the discrete level.'® During the
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FIG. 3. (a) Distribution of D; extracted from DLTS analysis with various pulse bias V,, over the activation energy. (b) Extracted electrical-field-dependent activation energy
of the peak signal from (a). Inset: V,-dependent energy depth of the peak signal. (c) Extracted bias-dependent trapped charge densities (Q) of the interface state. 3D
mapping of the capacitance transient of interface states at various Vj, of (d) 0.1, (e) 1.0, and (f) 1.2V with measured color map and projection of transient amplitude.

emission of carriers from interface states, the capacitance transients
follow a logarithmic-like decay composed of plenty of overlapping
exponential transients. Applying a higher forward bias increases
the integral transient amplitude, which is proportional to D;.
This augmentation is evident in the maximum value of transient
amplitude, which increases from nearly 80 fF at 0.1 V in Fig. 3(d)
to 113fF at 1.2V in Fig. 3(f). This phenomenon is likely due to
the enhanced trapping of interface states by the aid of a higher elec-
tric field.

Figure 4(a) displays the temperature scanning of DLTS spectra
measured with V, varying from 0.1 to 1.2V. Each temperature
sweep was carried out by interval steps of 2 K. The pulse duration
and V,, were set as 100 ms and —8 V, respectively. The lower tem-
perature part of the DLTS spectrum around 200 K shows a single
peak as shown in the shadow region, labeled as a bulk trap E1. This
peak is consistent with the distinct peak around 200 K, indicating
that the bulk traps originate from specific atomic bonding or
mobile charges.'®”* When a higher pulse bias is applied, the ampli-
tude of the bulk trap EI signal becomes enlarged, which is consis-
tent with the observed high-density signal peak in Fig. 3(a).

As shown in Fig. 4(b), the activation energy of E1 was
0.43 £0.03 eV with an average value of the capture cross section

(o,) of 1.35 x 107! cm? at V, of 1V extracted by Arrhenius anal-
P Y
ysis, as given by*’

In(z,T?) = % —In(yo,), (4)
where 7, is the electron emission time constant of trap, activation
energy (E,) is (Ec — Er), 0, is the capture cross section, and y is
a constant related to the effective electron mass. Additionally, a
similar level, denoted as Ec—0.46 eV with o, of 1.1 x 10™** cm?,
was observed in Czochralski-grown unintentionally doped (CZ
UID) bulk Ga,0; with the asymmetrically broadened DLTS
signal.”’ In the literature, the energy depth of E1 also is similar to
the Ec-0.4eV with o, of 1.5x107"*cm? calculated by the
Arrhenius relationship in metal organic chemical vapor deposi-
tion (MOCVD)-grown Si-doped 3-Ga, O3, which is possibly asso-
ciated with point defects in f-Ga,03.**"" Hence, it is suggested
that E1 may originate from the point defect located in the Ga,0O;
layer. Emission time constant and capture time constant (z.) of
trap can be extracted, as given by

L1 Lo (Ee—Er
= — = X 5
e, yo,T? b kT

(52)
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FIG. 4. (a) DLTS from 70 to 350 K with different pulse biases (V). (b) Arrhenius plot of discrete-level E1. (c) Temperature-dependent emission time constant (z¢) and

capture time constant (z;) of E1. (d) Electrical-field-dependent emission time of E1.

=, (5b)
Vth,nOnto

where e, is the reciprocal of 7., ny is the concentration of free
electrons at the insulator/Ga,0; interface, and vy, , is the thermal
velocity of an electron. Both 7, and 7, show a decreasing trend
with the increase of temperature as shown in Fig. 4(c). The
extracted temperature-dependent 7, of E1 was decreased from
1.55s at 209K to 27.4 ms at 244 K, indicating that the process of
trapped electrons emitting from bulk trap El1 is thermal-
accelerated. Assuming that the o, of E1 exhibits negligible tem-
perature dependence within a narrow temperature range, the
capture time constants of E1 show a slight decrease from 49.8 ps
at 209K to 459 ps at 244 K with increasing temperature. This
observation suggests that the trapping process of El is signifi-
cantly faster than its corresponding detrapping process.

Figure 4(d) illustrates the field dependence of the electron
emission rate (e,) of bulk trap El at temperatures, as indicated by
DLTS spectra. The electron emission rate of E1 was determined for
each fixed temperature ranging from 215 to 225 K. It is also observed
that the carrier emission rates are significantly enhanced with an
increased electric field at each temperature. Furthermore, the carrier
emission mechanism can be modeled as trap-assisted Poole-Frenkel

emission (PFE) by plotting the logarithm of the emission rate In(e,,)
against the square root of the electric field (E¥?).”* In the case of
the defect state with Coulomb or similar potentials for thermal emis-
sion, the existence of a robust E-field within the depletion region
leads to a reduction in the apparent thermal activation energy via
the PFE mechanism.

Figure 5(a) presents the results of the isothermal capacitance
transient spectroscopy (ICTS) measurement by varying T,,""
which was performed from 320 to 350 K to identify possible deeper
bulk traps. The contour map of the temperature-dependent emis-
sion time distribution with the spectral amplitude of level E2 was
also plotted. The primary signal peak denoting bulk trap E2 exhib-
its smaller emission time constants with increasing temperature. In
Fig. 5(b), 7, of E2 was extracted from the main peaks of the ICTS
signal, which was found to decrease from 5.57 to 0.47s with
increasing temperature from 320 to 350 K. The trapping process of
E2 was slightly accelerated from 320 to 350 K, with 7, decreasing
marginally from 793 to 758 ps.

In Fig. 5(c), the Arrhenius plot was constructed for E2 to
determine its activation energy level. The activation energy level of
E2 was found to be 0.74eV with a capture cross section of
6.60 x 107" cm?. It should be noted that the emission and capture
time constants of E2 are both smaller than E1 together with relative

1€:€2:20 ¥20T UoIeN G0

J. Appl. Phys. 135, 085702 (2024); doi: 10.1063/5.0185492
Published under an exclusive license by AIP Publishing

135, 085702-6


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

100

ICTS (fF)

N
o

o

W W W W W
W W A A O
o o1 o u1 O

Temperature(K)

(a)

10° 10
Measurement Time (s)

102 10"

ARTICLE pubs.aip.org/aip/jap
8 800
6 7’-C‘ 780
— m
(2]

—4 7602
[N l~)°
2t {740

T
E2 e
0350 330 340 350 20

G;

Temperature (K)

m E2 d‘
= = Linear fitting La’ I

-
w

4
R
4

L

€ E2=E_-0.74£0.02 eV
0,=6.60%x107'¢ cm?

33 34 35 36
(c) 1IKT (1/eV)

e

In(7,T?) (s-K?)

FIG. 5. (a) From 320 to 350K, (top) ICTS varying T, with fixed V, of 1V, V,,, of =8V, t, of 100 ms along with (bottom) contour map of the emission time constant distribu-
tion. (b) Temperature-dependent emission time constant (z.) and capture time constant (z) of E2. (c) Arrhenius plot of E2 extracted by ICTS.

larger activation energy of E2. This bulk trap E2 is similar to
the previously revealed deep-state at E, =0.71-0.75 eV with o, of
(1.1-17) x 107" cm? in the Ga,0; MOSFET.***’ In the literature,
one of the origins for the trap levels at Ec-0.73 eV with o, of
1x 107 cm? was attributed to the extrinsic defect iron impurity,
such as FeGa,.SO’31 However, in this study, due to the absence of iron
impurities,””*” the origin of E2 is likely attributed to an intrinsic
source, perhaps from Ga vacancies or related complexes in
Ga,05.""" These facts about relaxation kinetics of E2 also can
account for the drain current lag phenomenon and I;-V, hysteresis
induced by the trap state at 0.75eV in SiO,/Ga,O; MOSFETS, as
reported in a previous study.*’

IV. CONCLUSIONS

In summary, a comprehensive analysis of the relaxation
kinetic of interface states and bulk traps in a ZrO,/-Ga,O; MOS
capacitor was conducted in terms of bias and temperature depen-
dence. The investigation of the energy distribution of trap states
reveals the inclusion of continuum interface states and two bulk
traps with discrete energy levels within Ga,Os. The analysis of trap-
ping/detrapping relaxation kinetics for trap states in MOSCAPs has
been conducted in the time-domain by altering the gate bias,
revealing a stretched-exponential transient decay. The distribution
of interface states was obtained over a wide range of 0.1-0.7 eV
below the conduction band edge. From 3D mapping of capacitance
transient, at higher positive pulse bias, both the interface state
density and the population of trapped charges become increased.

The thermally stimulated capture and emission behavior of inter-
face states were quantitatively analyzed.
Two bulk traps E1 and E2 were identified with the discrete

activation energies of 0.43 and 0.74 eV, respectively. With increas- !
ing temperature, the emission process of bulk traps is accelerated,

while the trapping process exhibits minimal sensitivity to tempera-
ture changes. The detrapping process of carriers by E1 can be pro-
moted by an electric field and can be modeled as Poole-Frenkel
emission. An anomalous C-V hysteresis is observed, which varied
the applied gate bias. In a bidirectional C-V sweep, after upward
sweeping with a fast charging process, the carrier detrapping with a
longer emission time constant of trap states leads to a pronounced
C-V hysteresis instability.

These results pertaining to properties of interface states and
bulk traps hold significant implications for minimizing the trap
density, improving the interfacial properties and optimizing fabri-
cation processes, thereby enhancing the stability and performance
of G3203 MOSFETs.
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