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ABSTRACT

The localization of deep traps in normally-off AIGaN/GaN metal-oxide-semiconductor channel high-electron mobility transis-
tors has been established by means of capacitance and current deep level transient spectroscopies (DLTS). Electrical simulations
of the total current density between the drain and source contacts, the electron density, and the equipotential line distribution
helped to understand the transport mechanisms into the device and to determine the zone probed by DLTS measurements. By
changing the drain-source voltage in current DLTS or the reverse bias in capacitance DLTS, we demonstrated that we can
choose to probe either the region below the gate or the region between the gate and drain electrodes. We could then see that
defects related to reactive ion etching induced surface damage, expected to be formed during the gate recess process, were
located only under the gate contact whereas native defects were found everywhere in the GaN layer. Thanks to this method of
localization, we assigned a trap with an Ec - 0.5 eV to ion etching induced damage.

Published under license by AIP Publishing. https://doi.org /10.1063 /1.5055926

I. INTRODUCTION

Thanks to its high electric breakdown field, high electron
mobility, and high saturated electron velocity, GaN material
has been employed for converters at higher frequencies and
efficiencies than those achievable with conventional Si
devices.! For AlGaN/GaN, several architectures have been
proposed, including normally-off metal-oxide-semiconductor
channel high-electron mobility transistors (MOSC-HEMTS)
whose positive threshold voltage satisfies the requirement to
be fail-safe.”

Despite numerous improvements of GaN power compo-
nents during the last few decades, charge trapping effects at
deep levels still prevent the reduction of the dynamic
on-resistance and switching losses.*”™® To detect these deep
traps and determine in which part of the device structure they

are located, capacitance deep level transient spectroscopy
(C-DLTS) was applied to GaN Schottky barrier diodes.”'” In
devices with small gate dimensions, where the capacitance is
too weak to allow C-DLTS measurements, current-mode DLTS
(I-DLTS) has been used.""”

In this work, we made a comparative study of deep traps
using C-DLTS and I-DLTS applied to an AlGaN/GaN MOSC-
HEMT. The two modes of transient spectroscopy allowed
localization of certain defects in the device, and the simula-
tions of the total current density, the electron density, and the
equipotential line distribution enabled clearer interpretation.

Il. EXPERIMENTAL METHODS

MOSC-HEMTs were fabricated on structures grown by
metalorganic chemical vapor deposition (MOCVD) on 200 mm
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diameter Si(111) substrates. The epitaxial structure consists of
an AIN nucleation layer, followed by AlGaN based buffer
layers, then a 1.8 um thick semi-insulating carbon doped GaN
buffer layer, a p-type GaN back barrier used to confine carri-
ers into the channel, an unintentionally doped (UID) GaN
layer acting as the channel, a 1nm unintentionally doped AIN
layer, and a 214nm unintentionally doped Alp20GaggoN
barrier layer. SisN4s was used for the top passivation. More
details on the epitaxial layer stack can be found elsewhere.”
Interdigitated comb-like transistor structures were used, with
fingers 1000 um long and 11um wide for both source and drain
contacts. The gate electrode was formed by 100 fingers which
were 1000um long and 1um wide, giving a surface area of
100 x10°um?® The gate metal was formed using TiN/W, and
the source and drain ohmic contacts were Ti/Al. The recessed
gate electrodes were produced by etching the SisN4 passiv-
ation and 35nm of the AlGaN/GaN bilayer using a low bias
chlorine (Cl,/BCls) Inductively Coupled Plasma (ICP) -
Reactive Ion Etching (RIE) etching process. To form the gate
oxide, 30nm of Al,O3 was deposited at 300 °C using atomic
layer deposition with Al(CHs)s/H,O precursors. The gate-
to-drain and gate-to-source distances were Lgg=15um and
Lgs = 2 um, respectively.

Deep level transient spectroscopy data were acquired
with a Fourier transform deep level transient spectroscopy
system from PhysTech (FT 1030) using a Boonton 72B capaci-
tance meter with a 100 mV test signal at 1 MHz. Capacitance
and current transients were recorded between 80K and
450 K in the warm up mode.

Drift-diffusion electrical simulations of MOSC-HEMTs
were performed using the Synopsys S-Device module.”* The
simulated structure was composed of a 1nm AIN with a
214nm thick AlGaN barrier containing 20% aluminum, a
30 nm of Al,O5 gate insulator, a 40 nm thick SisN,4 passivation
layer, and a p-type GaN back barrier. The piezoelectric polar-
ization strain model with Vurgaftman values” was used to
calculate the piezo-polarization effect. A mobility model
including phonon scattering [with gmax =1500 cm? (V's)~ for
electron in GaN] and a doping dependent mobility degrada-
tion was assumed.

Ill. CAPACITANCE DLTS AND SIMULATIONS

Voltage pulses were applied to the gate contact, and
capacitance transients were recorded between the gate and
drain electrodes. In Fig. 1, the C-DLTS spectrum of a
MOSC-HEMT is reported with a reverse bias Vg =0V, a filling
pulse height Vp=2V, a filling pulse width tp=1ms, and a
period width Tw =200ms. A capacitance-voltage measure-
ment carried out at 300 K between the gate and drain elec-
trodes exhibits a pinch-off voltage of 0V. According to this
value, the probed zone related to C-DLTS data depicted in
Fig. 1 is located in the unintentionally doped GaN channel
layer where the two-dimensional electron gas (2DEG) forms.
Three electron traps clearly appear in the spectrum, labeled
E2, E4, and E5. A fourth electron trap, called E6, appears as a
high-temperature shoulder on E5. These labels are the same

ARTICLE scitation.org/journall/jap

as those used in a previous work where an identification of
traps was proposed.” E2 has an activation enthalpy Er = 0.31
eV and capture cross section oy = 3.9 x 10~ cm? and is related
to reactive ion etching induced surface damage.'®" This trap
appears during the ion-assisted gate recess process'® and so
is coherent with this interpretation. E4 has an activation
enthalpy Er=0.5eV and capture cross section op=8x107*
cm? and has not been clearly identified. It could be related to
carbon according to certain work in the literature.”””’ The
presence of a low density of carbon atoms in the unintention-
ally doped GaN layer could be due to an intrinsic carbon
incorporation occurring during MOCVD growth since the
gallium precursor (trimethylgallium) contains methyl groups.
However, a trap with Er = 0.5 eV has also been associated with
GaN HEMT degradation during stress experiments.”'~** Thus,
trap E4 could also be linked to dry etching induced surface
damage because defects formed during electron, proton, or
ion irradiation are assumed to be jointly associated with nitro-
gen vacancies.” Trap E5 has an activation enthalpy Er = 0.64 eV
and capture cross section op=12x10"*cm? and trap E6 has
an activation enthalpy Er=0.79 eV and capture cross section
or=5x10""cm? These are native defects related to gallium
vacancies*”™*’ and interstitial nitrogen,’” respectively.

In Fig. 1, we see that trap E5 dominates the spectrum
with a maximum amplitude of 0.21pF. By changing the
reverse bias to Vg =-10V, the probed zone is changed (Fig. 2)
and trap E6 becomes dominant despite an increase of the
amplitude for trap E5 to 0.8 pF.

Electrical simulations of the electron density and the
equipotential line distribution in a MOSC-HEMT at VR=0V
and Vg =-10V are shown in Fig. 3. We see that the depleted
region is centered below the gate electrode in the uninten-
tionally doped GaN layer for Vx =0V but extends below the
field plates for Vi = =10 V. Moreover, with Vg =-10V no equi-
potential lines appear beneath the gate electrode between
the interface with Al,O3 and the carbon doped GaN buffer

0.25 T T T T T T

0.20+
0.151
0.10

0.05+

ng-DLTS signal (pF)

0.00-— . r r T r
100 150 200 250 300 350 400

T (K)

FIG. 1. C-DLTS spectrum of a MOSC-HEMT recorded between the gate and
drain electrodes with a reverse bias Vg =0V.
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FIG. 2. C-DLTS spectrum of a MOSC-HEMT recorded between the gate and
drain electrodes with a reverse bias Vg =—10 V.

layer. This means that the GaN conduction band minimum is
constant in the region covered by the unintentionally doped
GaN layer and the p-GaN back barrier. Consequently, we
believe that electrons released by the thermal energy in this
region are not deported due to the absence of electric field,
and hence they do not participate in transients which give a
C-DLTS signal.

Ve=0V  ALO, SisN,

AlGaN/AIN

Field Plate

— [ 1.000e+18
QE -2.154eno UID-GaN
1L ds6a2e+14
a!lmoeu: p-GaN
] g 2.154e+11 GaN:C
) 4.642e+09 -
o .lmouoa

3 3.5 4
Length (um)

FIG. 3. Electrical simulations of the electron density and the equipotential line
distribution in a MOSC-HEMT at Vg =0V and Vg =—10V.
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For a reverse bias Vg =0V (Fig. 1), the region investigated
by C-DLTS is centered beneath the gate and we see traps E2,
E4, E5, and E6. When the reverse bias is Vg = —10 V (Fig. 2), the
probed region is mainly located below the field plates and
extends deeper into the unintentionally doped GaN layer.
Traps E5 and E6 increase in intensity compared to traps E2
and E4, suggesting that traps E2 and E4 are localized under
the gate. As the GaN region without etching induced damage
is favored with Vi = —=10V, native defects should dominate the
spectrum. Consequently, trap E4 which seems not homoge-
nously distributed in the unintentionally doped GaN layer
cannot be associated with a native defect or a contamination
by an impurity like carbon. Since the MOSC-HEMT used for
this study did not undergo a stress, an association of trap E4
with stress-induced degradation is not expected.

IV. CURRENT DLTS AND SIMULATIONS

Figure 4 reports I-DLTS spectra of a MOSC-HEMT
recorded between the source and drain electrodes with Vgs=1
V, 3V, and 5V. For each measurement, the reverse bias and the
filling pulse height applied to the gate contact were Vg=0.5V
and Vp=3YV, respectively. A filling pulse width tp=1ms and
a period width Tw=200ms were used for all spectra. With
Vas =1V, traps E2 and E4 dominate while trap ES is just emerg-
ing. When Vg increases all traps grow but not in the same
proportion, as can be seen in Fig. 5. The ratio between the
amplitudes of traps E5 and E2 or E4 is around 20% at Vgs=1V
and stabilizes close to 70% as Vg raises. The correspondence
between traps determined by C-DLTS and I-DLTS has been
confirmed by Arrhenius plots shown in Fig. 6.

Simulations of the total current density in a MOSC-
HEMT with Vg =0.5V and various Vg are reported in Fig. 7.
For V45 =1V, we observe that the total current density is mainly

10
-20-
-30-

I-DLTS signal (pA)

401 EsvR=o.5v ]
-50 V,=3V ]
-60- E2 E4 t,=1ms |
70' TW=200ms

100 150 200 250 300 350 400

T (K)

FIG. 4. |-DLTS spectra of a MOSC-HEMT recorded between the source and
drain electrodes with a reverse bias Vg = 0.5V applied to the gate contact. The
drain-source electric potential differences (1V, 3V, and 5 V) are written down for
each spectrum.
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FIG. 5. Trap amplitude ratio between traps E5 and E2, and traps E5 and E4 as
a function of V. Data are extracted from I-DLTS spectra in Fig. 4.

located close to the AIN/GaN heterojunction and is nearly
homogeneously distributed beneath the gate electrode. As
soon as Vg reaches 3V, the total current density increases at
the vicinity of the edges of the gate and extends below the
field plates. This extension is favored toward the drain side and
the total current density remains concentrated in the uninten-
tionally doped GaN layer.

The one-dimensional distribution of the simulated total
current density along a line located 40 nm below the AIN/
GaN interface can be seen in Fig. 8. Since the recessed gate
was formed by etching to a depth of 12.6 nm into the GaN,
this line is 27.4 nm under the gate. It is clear that the total
current density is higher below the gate with two peaks
of larger values close to the edges. By increasing V4s from 1V

14 E4 E2
121 E6 E5 . ]
% 10 ]
< ]
£ 5 '
£ 4 .

5] ., C-DLTS |

o] " I-DLTS

2 3 4 5 6 7 8
1000/T (K")

FIG. 6. Arrhenius plots extracted from C-DLTS and I-DLTS data for traps E2,
E4, E5, and E6.
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FIG. 7. Two-dimensional simulation of the total current density below the gate
of a MOSC-HEMT for Vg =0.5V and different Vgs. The source and drain elec-
trodes are at the left and the right side of this schematic, respectively.

to 3V or 5V, the total current density raises everywhere along
the line. It is important to notice from Fig. 9 that for Vg = 0.5V,
the simulated drain current is in the increasing part of the
characteristic with 5.8x1072Acm™ at Vg4=1V, whereas
it reaches the saturation regime with 6.9x107°Acm™ and
71x10°Acem™ at V=3V and Vg=5V, respectively.
Moreover, we remark in Fig. 8 that for Vgs=3V or 5V, the
amplitude of the peak at the drain side is much higher than
that at the source side.

In Fig. 10, the evolution of the simulated total current
density along two cross sections (white vertical dashed lines

s 10° ; ;

£ Jv,=05V —V, =5V
S 1074 vV =3V!
s 5 ds

z 107 —V,=1V1
g 10, 1
(m] 10'71 E
8 10101

© 10- T T

"g 2 3 4 5
[t

Length (um)

FIG. 8. One-dimensional distribution of the simulated total current density along
a line (white horizontal dashed line in Fig. 7) located 40 nm below the AIN layer
of a MOSC-HEMT for different Vgs.
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FIG. 9. Simulated drain current versus drain voltage for Vs =0.5V.

in Fig. 7) located below the middle of the gate and below the
field plate at the drain side confirms the previous conclusions.
The simulations of the total current density demonstrate that
with Vg4=1V, the region investigated by I-DLTS measure-
ments is mainly localized below the gate. By increasing Vs,
the probed zone is extended into the unintentionally doped
GaN layer. This extension occurs further beneath the field
plates and is more significant at the drain side. Consequently,
at V45 =1V it is expected that defects located below the gate
dominate the I-DLTS spectra whereas for larger Vg, defects
located under the field plates should significantly compete
with defects which lie just below the gate. In addition, the
integrated total current density as a function of the depth is

—
R
£ 5 1
Q i< E
< S R
~— ® E v 1
‘a. é’s 0] _ | 1
=t |
= . 1
g’ e 10 20 30 40 50 607
q, Depth (nm) 1
(] ]
'E 1
o ~_ 1
b -7
=3 L
O 1
© v
5 80 100
[

Depth (nm)

FIG. 10. One-dimensional distribution of the simulated total current density
along two cross sections (white vertical dashed lines in Fig. 7) located below
the middle of the gate (dashed curves) and below the field plate at the drain
side (solid curves) for different V4s. The inset depicts the integrated total current
density versus the depth along the two vertical cross sections.

ARTICLE scitation.org/journall/jap

depicted in the inset of Fig. 10. For each Vg, the convergence
of the dashed and solid curves to the same value when the
depth is larger than 20nm demonstrates that the total
current density remains constant throughout the channel.

In Fig. 4, we clearly see that traps E2 and E4 are present
on all spectra, while trap E5S is nearly unobservable at Vgs=1V
and increases for larger V4 with an amplitude which follows
that of traps E2 and E4. Therefore, we conclude that traps E2
and E4 are located beneath the gate, whereas trap ES, which
is a native defect, is uniformly distributed in the GaN layer.
This conclusion is consistent with the nature of trap E2. Being
related to the ion-assisted gate recess process, this defect is
expected to be localized only under the etched GaN region.
Furthermore, in view of these findings, we can assume that
trap E4 is also associated with a defect related to etching
induced damage.

The same origin and location of traps E2 and E4 could
explain the similar behavior of these traps in Fig. 5. Additionally,
we note in Fig. 9 that the drain current saturates above
Vas =3 V. This means that the quantity of charge collected by
the drain electrode shows no further change above Vgs=3V. In
Fig. 8, the total current density does not significantly change
between Vg =3V and Vgs =5V, which results in a weak exten-
sion of the probed region above V4s =3 V. The saturation of the
drain current and the low modification of the investigated zone
for Vgs larger than 3V are responsible for the saturation of the
trap amplitude ratio in Fig. 5.

V. CONCLUSION

Capacitance and current DLTS measurements assisted
by electrical simulations were applied to MOSC-HEMT struc-
tures. The simulations of the total current density have dem-
onstrated that the region investigated by I-DLTS can be
changed depending on Vg values. Furthermore, we found
that the probed zone is also modified by changing the reverse
bias in C-DLTS measurements. Consequently, two traps E2
and E4 have been localized below the gate. E2 is related to
etching induced damage and is believed to be formed during
the ion-assisted gate recess process. E4, with an activation
enthalpy of 0.5¢€V, is also assumed to be associated with a
defect related to etching induced damage. Two other traps
E5 and E6, associated with native defects, have been found
everywhere in the unintentionally doped GaN channel layer.
The combination of the electrical simulations and DLTS char-
acterizations proves that the tuning of the measurement
parameters allows us to find the position of defects within
the channel of MOSC-HEMT. This method is powerful to
discriminate between native defects and traps formed by
technological steps.
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