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ABSTRACT

We present a detailed model of the static and dynamic gate leakage current in lateral f-Ga,0; MOSFETs with an Al,O; gate insulator,
covering a wide temperature range. We demonstrate that (i) in the DC regime, current originates from Poole-Frenkel conduction (PFC) in
forward bias at high-temperature, while (ii) at low temperature the conduction is dominated by Fowler-Nordheim tunneling. Furthermore,
(iii) we modeled the gate current transient during a constant gate stress as effect of electron trapping in deep levels located in the oxide that
inhibits the PF conduction mechanism. This hypothesis was supported by a TCAD model that accurately reproduces the experimental results.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0154878

Monoclinic gallium oxide (f-Ga,Os) transistors and rectifiers are
promising devices with perspective application in high-power, high
frequency,”” and high efficiency conversion of energy.”* B-Ga,O;
transistors are mostly based on lateral or vertical MOS structures,””*
in which the gate insulator usually consists of aluminum oxide
(AL, 05).” " Currently, the development of gallium oxide technology
is mainly driven to the optimization of the breakdown voltage and
ON-resistance of the devices, to fully exploit the theoretical limitation
given by the high Baliga Figure of Merit."' A full understanding of the
gate leakage in Al,O5/f-Ga,Oj5 transistors is still missing in the litera-
ture; this is of paramount importance because it can be related to
many macroscopic effects, such as excess of power consumption, limi-
tation in the gate swing,'* an increase in the high-frequency noise in
RF transistors.'””'” Moreover, gate leakage was demonstrated to play a
fundamental role for the gate reliability in other wide bandgap transis-
tors, such as GaN MOS/MOSFETs,'*'” GaN HEMTs with p-GaN or
MIS gate,lg’20 and SiC MOSFETs.”!

The goal of this study is to model the static and dynamic behav-
ior of the gate leakage current in f/-Ga,O; MOSFETs with ALO;
dielectric. The results indicate that (i) the gate leakage is dominated
by Poole-Frenkel (PF) conduction in forward bias at room tempera-
tures and higher, whereas (ii) at cryogenic temperatures in forward
bias the dominant process is Fowler-Nordheim (FN) tunneling.

In addition, the gate current shows a decrease with thermally acti-
vated time constants, associated with the trapping of electrons that
inhibit the FN conduction process. Gate leakage dynamic model is
also supported by TCAD simulations capable of reproducing the
experimental data.

Devices under test consist of f-Ga,O3; MOSFETS, processed on
homoepitaxial Mg-doped (100) f}-Ga,O; wafers. After the epitaxial
growth of a 200nm thin Si-doped f-Ga,O; channel (1 =2.3
x 107 cm™) using metal-organic chemical vapor deposition
(MOCVD), a 100 nm-gate recess was formed by etching the semi-
conductor material with BCl; reactive ion etching. Then, a 25nm
thick AL, O; dielectric was deposited by thermal atomic layer deposi-
tion (ALD) at a temperature of 300 °C using a SENTECH system SI
PEALD. A saturation dose of trimethylaluminium and water vapor
with a total of 268 cycles were predetermined using a constant N,-
flow as carrier and purge gas to achieve the dielectric properties.
AL O; gate dielectric was preferred with respect to SiO, or others
because it is currently the most common choice for f-Ga,0; power
devices, because of the high dielectric constant’ and good interface
quality.”>”* Both Ohmic and gate contact consist of a Ti/Au metal
stack. Detailed information on the hepitaxial growth, processing, and
electrical characteristics can be found in the works of Tetzner
et al.”*" that reports on the same devices considered in this study.
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To evaluate the physical processes responsible for conduction, we
carried out temperature-dependent characterization between 120 and
350 K. Figure 1(b) reports the IV curves collected in this tempera-
ture range, whereas Fig. 1(c) shows the extracted I-T characteristic
for some relevant voltage levels. The measurements were performed
with an Agilent 4155C semiconductor parameter analyzer, by first
sweeping the devices in negative bias (from 0 to —20V) and then in
positive bias (from 0 to 5 V). The samples were enclosed in a cryogenic
probe station that provides temperature control and excellent shield-
ing from electrical noise. The negative bias sweep was proven to not
introduce any trapping effect that can impact the forward
characteristics.

To avoid possible effect of the electron trapping discussed in Ref.
25, before every measurement the devices were exposed to 15 min of

b I
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FIG. 1. (a) Schematic cross section of the devices. (b) Ig-Vg characteristics of the
devices under test detected from 120 to 350 K show a strong dependence on tem-
perature. (c) Gate current-temperature characteristics extrapolated from (b). Solid
lines are fitting of the experimental data according to the adopted models [Eq. (1)].
(d) Gate current transients recorded during a constant voltage experiment at differ-
ent temperatures and (e) at different bias levels. The current transient is composed
of a stretched exponential as presented in Eq. (3).
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UV illumination, which was proven to completely restore the prior
trapping state. A demonstration of the effectiveness of the UV-assisted
detrapping is reported in Fig. SM1 in the supplementary material.

Figure 1(b) shows that for high voltages (>3 V) at high tempera-
tures (>350 K), the Ig-V becomes flat and slightly decreases during
the measurements. By performing the same measurement with differ-
ent sweep rates (not shown here), we noticed a correlation with the
duration of the measurements, so it is possibly related to a dynamic
decrease in the gate current. To investigate the process, we analyzed
the gate leakage current transient during a constant voltage experi-
ment, at different temperatures and constant Vi = 5V [Fig. 1(d)], and
constant temperature (T = 300K) and different voltages [Fig. 1(e)].
The gate current shows a significant decrease over time, with a strongly
temperature-enhanced time constant at high temperature compatible
with the duration of the I~V measurements (~100 s).

As an initial step, we analyzed the DC Ig-Vg characteristics to
understand the static conduction model, which may provide informa-
tion on the physical properties of the dielectric layer.”®

Given the insufficient accuracy of the experimental setup at the
lowest current range, the reverse leakage current was analyzed qualita-
tively. To improve the signal to noise ratio, we considered the average
of the reverse leakage current reported in Fig. 1(b) for each temperature
and then extracted a tentative activation energy from the Arrhenius
Plot in Fig. 2(a) of 24 meV, by fitting the reasonable experimental data.

In strong forward bias regime (V > 4 V) at high temperatures
(>200K), results indicate that the current is compatible with a
Poole-Frenkel conduction mechanism (PFC), in which the electrons
are transported by a series of capture-emission process from shallow
deep levels™* [see Figs. 4(a) and 4(b)]:

(E/w /5\/?)

I=quN.Fe T 7 | (1)
where q is the electron charge, u is the electron mobility in the oxide,
N_ is the effective density of states of the conduction band, F is the
electric field, E4 ¢ is the ideal activation energy of the defect that assists
conduction (in the absence of electric field), k is the Boltzmann’s con-
stant, and T is the absolute temperature.

The term Ex o — fv/F 2 E, describes activation energy reduction
induced by the electric field by the Poole-Frenkel mechanism (PFM),

e =251 x 107"eV (V x cm)~# for aluminum oxide

where f§ =

[see Fig. 2(d) for a schematic view of the P-F model and the notation].

By fitting the I-T data in Fig. 1(c), we extracted the activation
energies that are reported in a Poole-Frenkel plot in Fig. 2(b). Electric
field values used in the calculations were extracted from a TCAD sim-
ulation of the structure. Effective activation energy E}, extracted from
the fit was found to decrease with increasing electric field, as expected
from the PF model, and the extracted value for f (i.e., the slope of the
Poole-Frenkel plot) is in good agreement with the theoretical value
reported above, thus confirming the validity of the model.”

At low temperature, most of the thermal processes are suppressed
and the conduction can be associated with tunneling processes. In pos-
itive bias condition, the bands of the oxide form a triangular potential
barrier, and so the current can be modeled by the Fowler-Nordheim
tunneling [Fig. 4(a)], in which

3F? —8m/2gm
q exp( n qu¢3/2

= 8nhdy 3hF BEN ) ' @)
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FIG. 2. Fitting of the data in Fig. 1 with the proposed conduction models. (a) Average reverse current exponentially depends on temperature with activation energy of 24 meV;
(b) low-temperature low-forward bias is dominated by Fowler-Nordheim tunneling. (c) Activation energy in high-temperature forward bias is strongly dependent on the electric
field, compatible with P-F effect. (d) Notation of activation energies according to the discussed model.
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FIG. 3. Temperature dependence of the time constants of the gate current collapse
and of the current at t = 0 extracted from Fig. 1(c).

where h is Plank’s constant, @p v is the barrier height, and m7, is the
effective tunneling mass. The F-N conduction model was verified by
considering the linearity of the F-N plot [Fig. 2(c)]*° for positive gate
voltage and low temperature range (120 K-150 K) defined as

In(J/F?*) = ln<

87'Ch¢31FN F 3h BFN

7 >+1 (—Sn\/qu’} 2 ) 3)

The fitting parameters reported in Fig. 2(b) identify a low barrier for
tunneling, thus suggesting that the electrons do not tunnel to the con-
duction band edge, but are more likely to be injected in deep levels
band in the oxide.

Then, we consider the time dependance of the gate current. First,
from the results in Fig. 1(d), we experimentally verified that the transient
is fitted by the sum of a stretched exponential and a constant term:

1(t) = To x ¢ @) + Ipg, 4

where I represents the DC, 7 is the time constant of the exponential
decay, and o is the stretching factor. The activation energy, obtained
by the fitted value of the time constants, is reported in Fig. 3(a). The
physical origin of this behavior is different from that reported for the
threshold voltage in recent reports,” and its origin will be discussed in
the following.

It is worth noting that the activation energy of the trapping pro-
cess is similar to the activation energy extracted for the Poole-Frenkel
conduction [see Fig. 3(a)]. In our model, we consider that the current
decrease is the results of a trapping mechanisms taking place at the
oxide, in which the trapping rate is proportional to the current flowing
through the oxide J (¢):*"

Forward bias t=0" ts o
DC model o o S T—ww
EA,O
€ EA o
' o FIG. 4, Schematized conduction model.
S S~—__E_ p_s Poole-Frenkel mechanism dominates in
'l P . .
» , Ga.0 -Ga.o (a) forward bias at_h|gh tgmp_eraturgs. (b)
V>0 (1% B-Ga,o, V.50 /," Eha:zne’] V.50 ’ fhaf.i,;. For t=0, conduction is in line with the
b’ channel g I K4 S E ALO, N\ E static process. (c) During the transient,
Em | ALO, N E, AlLO, v v electrons are trapped in the insulator
Eim Eim layer, thus modifying the bending of the
band diagram.
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dny _J(t)o
a  q

(Np —nr), (5)

where ¢ is the capture cross section of the defect and Ny is the defect
concentration. As a first order approximation, we can assume that the
electrons are trapped in a centroid at position t, [Fig. 4(c)], as already
proposed in the case of inhibition of TAT conduction by Oh and
Yeow in Ref. 31. This induces a reduction of the ideal electric field F,
proportional to the number of trapped electrons:

by
F(ny) = Fo — Ty, (6)

0X
where ny represents the volumetric trapped charge concentrated at
the centroid. As discussed in Eq. (1), P-F current is proportional to
the electric field. If we consider that the current is limited by the region
with the lowest electric field (i.e., the region subject to electron trap-
ping), we obtain

-
J(t) = quNce’qk_?(Fo —ﬂnT). (7)
BDX
By inserting Eq. (7) in Eq. (5), we obtain a rate equation in which the
trapping rate is function of the trapped charge itself,
4gE%,
%:%(NT—HT)GINNcefk_'?(Fo—%ﬂT) (8)
with the boundary condition n7(0) = 1 x 10" cm~2, which repre-
sents an estimation of the electrons already trapped in the oxide.”” We
proceeded then through numerical integration of Eqgs. (7) and (8); the
fitting parameters (u, E4, ) were obtained through a minimization
algorithm.

The results in Fig. 3(b) indicate that the equations well reproduce
the experimental data, with reasonable fitting parameters. The one
that deviates most from the ideal value is the PF coefficient f§ that
results ~1/3 of the value obtained in the DC characterization section.
However, the absolute value of the parameter is still reasonable, and
the difference can be associated with other effects not considered by
the simple model described above.

With respect to the constant component of the current I7 in Eq.
(4) (i.e., the residual current after the transient), we found that it is
thermally enhanced and can be attributed to a thermionic emission
term, due to the potential barrier associated with the depletion region
at the f-Ga,03/AL,0; interface. In the case of strong positive bias [Fig.
1(e)], the logarithmic trapping discussed in Ref. 25 induces a small
decrease for longer times of the Iy component that cannot be consid-
ered constant anymore.

The proposed gate leakage model was then validated by means of
TCAD simulations based on the Synopsys Sentaurus framework. The
device structure was first implemented following the cross section
reported in Fig. 1(a). Doping of the n-type channel was implemented
by introducing a shallow donor trap with concentration of n = 2.3
x10Y cm™3, to guarantee a realistic device physics. Drain and source
contacts were implemented as Ohmic, and the gate as Schottky with
work function y;; = 4.33 €V, to match the one of titanium.”* The sim-
ulation was then tuned in terms of fixed oxide charge, contact resistan-
ces, and interface states to match the Ip-V characteristics of the
physical devices in terms of threshold voltage, subthreshold slope,

ARTICLE pubs.aip.org/aip/apl

Experimental and simulated gate current transient
10710 . ; . ;

Fast measurement * Simulated Current
Experimental transient

)
-
o

-

Gate Current (A
3

1 0-1 4 " Device
10""F W = = = - Simulation -

20 15 10 -5 0 5 L]
VeV) , .

102 10" 10° 10" 102 10°
Transient Time (s)

FIG. 5. TCAD simulation of the gate current drop and comparison with the mea-
sured behavior. (inset) Matching between simulated and real Ip—-Vgs (prior to
stress).

saturation current to guarantee the same electrostatic behavior (Fig. 5,
inset). To simulate the gate leakage current, we included in the oxide
layer a deep level with activation energy of 0.12 eV coupled by tunnel-
ing to the channel to simulate the Poole-Frenkel conduction model.
The activation energy was chosen as fitting parameter. Finally, trap-
ping in the oxide was induced by adding a high concentration
(1 x 10'8 cm~?) ideally empty deep level distribution along the oxide
region (the activation energy does not influence trapping). Gate cur-
rent was then simulated in transient mode. To match the time con-
stants of the current transients, we adjusted the cross section and the
constant emission rate of the deep levels (that models self-detrapping
of electrons from the level by tunneling). The results of the simulations
were compared with the experimental gate current transients in Fig. 5.
The current transient from 10 ms to 1 s was obtained by exploiting the
fast current measurement of the Agilent 4155 that allows sampling
times below 1 ms. This mode cannot be used to sample the full tran-
sient because of the lower current sensibility and limited memory
buffer of the instrument. Simulations are in line with the experimental
data, especially in terms of the trapping time constant and value of the
initial gate current.

In conclusion, we discussed the gate leakage current model in the
static and the dynamic regime of f-Ga,Ojs lateral MOSFETs. We dem-
onstrated that the gate leakage is dominated by a Poole-Frenkel con-
duction mechanism at high-temperature/high-bias, whereas at low
temperatures and forward bias the gate leakage current can be ascribed
to Fowler-Nordheim tunneling. In addition, we modeled the time-
dependent drop of the gate leakage transient by considering the trap-
ping of electrons within the gate dielectric. A model based on rate
equations was proposed, whose effectiveness has been validated by
means of TCAD simulations, that showed excellent agreement with
the experimental results.

See the supplementary material for the details of the demonstra-
tion of the light-induced detrapping process in the $-Ga,Oj5 transistors
under test.
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