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Abstract: Many kinds of defects are present in AlGaN/GaN-on-Si based power electronics devices.
Their identification is the first step to understand and improve device performance. Electron traps
are investigated in AlIGaN/GaN-on-Si power diodes using deep level transient Fourier spectroscopy
(DLTFS) at different bias conditions for two Schottky contact’s etching recipes. This study reveals
seven different traps corresponding to point defects. Their energy level Et ranged from 0.4 eV to
0.57 eV below the conduction band. Among them, two new traps are reported and are etching-related:
D3 (Er = 0.47-0.48 eV; 0 ~ 10715 cm?) and D7 (Er = 0.57 eV; ¢ = 4.45 x 10712 cm?). The possible
origin of the other traps are discussed with respect to the GaN literature. They are proposed to be
related to carbon and nitrogen vacancies or to carbon, such as Cy-Cg,. Some others are likely due to
crystal surface recombination, native defects or a related complex, or to the nitrogen antisite: Ng,.

Keywords: power electronics; wide bandgap; gallium nitride; DLTS; reactive ion etching; traps

1. Introduction

The AlGaN/GaN heterostructure is attractive for making power devices such as
Schottky barrier diodes (SBD) and normally-off heterostructure field effect transistors for
medium voltage (100 V-1000 V) [1] and high frequency applications [2,3]. This is achievable
because of the transport properties in the two-dimensional electron gas (2DEG) [4] and
high breakdown field of 3.3 MV/cm of bulk GaN [5]. However, the presence of traps
either restricts the performance of the device, as demonstrated for the leakage current
of diodes [6], or at least degrades its electrical characteristics, as in the case of current
collapse [7,8].

One of the best-adapted techniques for trap identification is deep level transient
spectroscopy (DLTS). With this technique, unintentionally doped and n-GaN samples
fabricated using an inductively coupled plasma-reactive induced etching (ICP-RIE) step
were investigated [9-12]. Traps related to nitrogen vacancies were found: Vy at ET = 0.23 to
0.25 eV below the conduction band [10,11] and traps near the surface of the epitaxial
layers [12]. AIGaN/GaN devices were also studied [12-21]. Traps related to native defects
were found [13] in addition to interface traps [14,15], buffer traps [14] and etching-related
traps [12,20]. The distinction between the GaN buffer and the AlGaN barrier location
in diodes was unclear [16], while applying polarization to a non-recessed high electron
mobility transistor gave another degree of freedom to clarify this [17].

In this study, the presence of electron traps in two 650 V/6 A AlGaN/GaN-on-Si
fully-recessed SBDs having different ICP-RIE recipes for the Schottky contact formation
was investigated by DLTFS measurements. Indeed, the recipes were found to affect the
current characteristics. The obtained traps spectra are analyzed and discussed with respect
to the traps reported in the literature.
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2. Materials and Methods

The device used in this study is a 650 V/6 A AlGaN/GaN fully-recessed Schottky bar-
rier diode fabricated at CEA LETL It was manufactured on 3.5 um of epitaxial layers grown
by metal organic vapor phase epitaxy (MOVPE) in an AIXTRON® G5+® tool (AIXTRON
SE, Herzogenrath, Germany). The epitaxial structure was composed of six different parts
(Figure 1a): an AIN nucleation layer, AlyGaj_4N Strain Relief Layers (SRL), a thick GaN:C
layer, active unintentionally doped (UID) GaN/AIN/AlGaN layers (similar to [22]), and
finally, an in situ Si3sNy layer to protect the heterojunction. They were grown on a 1 mm
thick, 200 mm diameter (111)-silicon substrates with a resistivity between 3 and 20 ().cm.
On top of the structure, Si3Ny and SiO; passivation layers were deposited. The ohmic
contacts were obtained by etching the passivation and barrier layers directly in contact with
the 2DEG, then depositing a Ti/ Al bilayer. Later, the anode recess was created by etching
the passivation layers and the AlyGa;_xN, using ICP-RIE with BCl3/Cl; as the reactive
gases for the Al,Ga;_yN etch. The two etching conditions studied here, named LV 90 V
and LV 237 V, are summarized in Table 1. A dry photoresist stripping was performed with
0O,/Nj plasma. After that, a wet clean with EKC265 (DuPont® EKC Technology, Hayward,
CA, United-States) was applied followed by rinsing. Subsequently, titanium nitride (TiN)
and tungsten (W) were successively deposited before some back end of line steps to form
electrical contact pads.

The characterized device is an inter-digitated comb-like diode with a 60 mm width,
with the cross-section illustrated in Figure 1a. The distance between the anode and the
cathode (Lac) is 16 pm, the anode field plates: (FPGO to FPG3) are 1 um long, and the
cathode field plate (FPD) is 0.5 um. Figure 1b,c show scanning transmission electron
microscopy (STEM) in high-angle annular dark field (HAADF). These observations confirm
that there is no significant difference in the etching morphology between the two devices.

However, as it can be observed in Figure 2a,b, the electrical characteristics (forward
and reverse current, respectively) of the Schottky diode are influenced by the etching recipe.

Table 1. ICP-RIE etching split table.

Experimental Split ICP Source (W) RF Bias (V) BCl3/Cl, Ratio
LVooV 500 90 1
LV 237V 300 237 4

. (a) | (b) 100 nm (c)

FPG3

FPD Passivation layers F.PG.Z

11-V buffer

Silicon substrate

FPG1

Figure 1. (a) Detailed cross-section of the structure; (b) STEM observation of the LV 90 V Schottky
interface; (c) STEM observation of the LV 237 V Schottky interface.
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Figure 2. (a) Typical low voltage forward characteristics; (b) Typical reverse characteristics of the

two experimental splits.

For the forward regime, it can be seen in Figure 2a that the LV 237 V characteristic
is slightly shifted to the left with respect to the LV 90 V. This was explained by a small
decrease in the barrier height (from 0.68 = 0.01 to 0.64 = 0.04), revealed by a temperature
dependency analysis (not shown here). In addition, the ideality factor of the diode (defined
in [23]) are very similar (=1.16 £ 0.05) in both experimental splits.

The leakage current temperature dependence in the reverse regime is also changed
with the etching conditions. Indeed, the leakage values are similar at 150 °C, whereas at
25 °C, the leakage is reduced for the LV 237 V split.

These changes may be due to the traps that will be probed in this article by DLTFS.

The experimental splits were tested on a DLTS test setup: FT-1030 HERA-DLTS® (High
energy resolution analysis deep level transient spectroscopy) system (PhysTech® GmbH,
Moosburg an der Isar, Germany) [24,25]. Measurements were performed from 50 K to 425 K
and, in this article, only capacitance DLTFS (C-DLTFS) results measured with a Boonton
7200 capacitance meter are presented. Samples were kept in the dark during all of the
experiments. The first order Fourier sine (resp. cos) coefficient b1 (resp. al) [24,26] were
chosen to represent the DLTFS signal.

3. Results

For this study, the DLTFS spectrum was recorded for both samples at different reverse
biases: —10 V; =20 V; =50 V; =70 V and —90 V, to probe different regions of the heterojunc-
tion device. An example of the obtained spectra is shown in Figure 3. This was obtained
with a positive voltage bias: Vp equal to 0 V or —0.1V, a reverse bias Vg equal to —50V, a
filling pulse time: tp of 100 ps, and a time window: Ty equal to 2.048 ms. On this graph,
two peaks can be seen: E1 and Ej, and correspond to two different kinds of traps.

For all of the chosen biases and the different samples, Arrhenius plots were calculated
and trap properties were extracted, as illustrated in Figure 4. The trap energy level ET and
the electron trap capture cross-section: o,- have been extracted from the Arrhenius plot
using the following formula [27]:

)

T2 h3

en  AV6rmim*, Kglo,- <—ET)
exp

- KgT
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The parameter ¢, is the electron emission rate, T is the temperature, Kj is the Boltz-
mann constant, & is the Planck constant and m* - is the electron effective mass equal to
0.2 x mq [28]. Note that Et is measured from the conduction band.

[ ® LV237V @E

0.30

(pF)

& 0.15

0.00

100 200 300 400
Temperature (K)

Figure 3. A typical DLTFS temperature scan of the LV 237 V diode recorded at Vg = =50 V; Vp = 0.0 V;
tp =100 ps, and Ty = 2.048 ms.

1000/T (K1)

Figure 4. DLTFS Arrhenius plot of the LV 237 V diode recorded at Vg = =50 V; Vp =0V and tp = 100 ps.

e L
: en\ _ 4.V6.m'5.K3.m*e-. 0e —-Er 1000 .
fitIn(5) = ln( = )+1000.K3' T
— Er=048eVv
Oe- =5.90x1071¢ c¢m?
R?=1.00
e L
, en\ _ 4.V6.115.K2. m* . - —-Er 1000 .
fitIn(z3) = ’”( 3 )+1000.K3' F
—— Er=0.51ev
' , Oc- = 1.56x10713 ¢m?
4 5 R?=1.00

From Figure 4, the trap properties of the two peaks identified in Figure 3 can be
extracted. The peak E; which has the maximum amplitude in Figure 3, corresponds to
an electron trap with an energy level at 0.48 eV below the conduction band and a cross-
section 0, of 5.9 x 1071¢ cm?, whereas the second peak E; is related to an energy level
Ec — Er=051eV witho,- =1.56 x 10713 cm?.

This analysis was conducted for all of the voltage biases and for both samples except
for the sample LV 237 V at —90 V bias. Two peaks overlapped, which required the use
of high energy resolution analysis by Laplace and deconvolution using a Provencher’s
CONTIN algorithm [29,30] to distinguish one peak from the other.

The data extracted from the measurements are summarized in Table 2. In this table,
the different traps reported are gathered in different groups, named D; withi € [|1,7]].
The groups were constructed by gathering traps that have similar properties: energy level
(range not exceeding 20 meV) and cross-section (range within one and a half decades). It
must be known that the range values are empirical but the different groups were confirmed
especially with their qualitative common Fourier coefficient dependency as a function of
the filling pulse time (tp).
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Table 2. Energies and cross-sections extracted from Arrhenius plots for the different samples and at different bias conditions gathered in category D;, with the

proposed hypothesis for each category.

D1 D2 D3 D4 D5 D6 D7
Er o (cm?) Er o (cm?) Er o (cm?) Er o (cm?) Er o (cm?) Er o (cm?) Er o (cm?)
(eV) (eV) (eV) (eV) (eV) (eV) (eV)
U 01V LV 237 V 0.53 1.55 x 10~ 13
p=—U
Ur=—-10V LV 12
90V 0.57 4.45 X 10
Up=_01y V&7V 0.50 | 1.73 x 10713
Ur=-—-20V LV
90V 0.49 7.58 x 10~15 0.54 2.85 x 10713
Us =0V LV 237 V 0.48 5.90 x 1016 0.51 1.56 x 10~13
P =
Ur=-50V 9%)‘2/ 0.46 2.56 x 10~13 0.52 1.49 x 10~ 14
U =0V LV 237V 0.47 7.14 x 1016 0.55 433 x 10715
p=
Ur=-70V 916\21 0.55 | 1.39 x 1014
Uo =0V LV 237V 0.40 7.98 x 10718 0.47 1.13 X 10~15 0.55 421 x 10~15
P =
Ur=—-90V 9]6\21 0.56 | 1.59 x 10~
Proposed Surface . Native defects or .
Hypothesis Cea-Vn recombination Etching-related related complex Cn-Caa Nca Etching-related
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Figure 5. DLTFS normalized peak amplitude versus the filling pulse width: ¢, for the trap levels observed
in both samples (a) D1; (b) D2; (c) D3; (d) D4; (e) D5; (f) D6; (g) D7. Note: Some signals are not available
for the entire tp range because the peaks were out of the measured range or were too small.

The signature of every trap group as a function of the filling pulse time (tp) is shown in
Figure 5. The signatures were represented independently of the chosen coefficient (b1 or al),
since both give the same signature for a given trap. All traps correspond to point defects,
since their characteristics are not entirely linear in the whole tp range as should be the case
for an extended defect, such as dislocation [31]. The observed trends can be separated into
two different categories. Category A is constituted of D1, D2 and D5 because their peak
amplitude is proportional to the filling pulse width logarithm in a single part of the plot,
as shown in Figure 5a,b,e. This trend has already been observed in the literature [32,33].
Category B is characterized by a linear increase, with the logarithm of the filling pulse
width along two subsequent slopes, as for D3, D4, D6 and D7 (Figure 5¢,d,f,g). A decrease
in the DLTFS peak amplitude signal at high pulse width can be observed for Groups D1,
D3, D4 and D6. This was already reported in the study by Soh et al. [33] and would
correspond to an emission process in the main capturing section. It must be understood
that the emission section is analysed in DLTS (as explained with Equation (1)); thus, the
hypothesis of a capture process within the emission section is more coherent. According
to the same author, the linear increase with the logarithm of the filling pulse width in a
given part of the signature involves the proximity of the point defects with a dislocation.
Polenta et al. in [34] agrees with this assertion, however, the consensus is not currently
established, thus requiring further investigation.
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4. Discussion

Having grouped the electron traps by energy levels and cross-sections, they could
be compared with the reported traps between 0.36 eV and 0.61 eV in the experimental
literature [9,12-14,16-20,27,32-52], as shown in Figure 6, and with the theoretical study made
by Jenkins et al. [53] and Gorczyca et al. [54], but also with trap energy levels that were not
reported with cross-sections. The trap presence at a specific bias or voltage range is not
included in the discussion, since a peak related to a given trap can be hidden by another.

Firstly, Group D1 corresponds to an energy of 0.40 eV and a cross-section of
7.98 x 10718 cm?. In Figure 6, the nearest traps were reported in [19,33]. However, the trap
reported in [33], was present only in silicon doped samples, so the author suggested that
the trap was due to Sig,. Since no silicon is present in the studied samples, this hypothesis
is thus put aside. The C-related hypothesis of [19] comes from the ab-initio computations of
Matsubara et al. [55]. The Cg,-VN was found to have the (3+/2+) thermodynamic transition
at 0.40 eV. This hypothesis is coherent with the point nature of the defect shown in Figure 5a
as well as finding them in Pd/Au [33] and TiN (studied samples) Schottky contacts. In
addition, it was only found in the LV 237 V, which has a higher RF bias during etching
than LV 90 V, and this increased RF bias is likely to create more nitrogen vacancies [56].
By contrast, Tanaka et al. in [57] and Arehart et al. [58] found a trap at 0.4 eV (without
a reported cross-section). This energy level was present in GaN-on-SiC samples but not
in GaN-on-GaN, leading to a trap hypothesis of a crystal mismatch defect [57], and was
present in ammonia-molecular beam epitaxy grown samples with a high NH3/Ga flux
ratio [58]. By assuming that a high NH3/Ga flux leads to a lower concentration of nitrogen
vacancies, this means that the traps reported may be different from the ones reported in
this study. These reported traps (with an unknown cross-section) could be associated with
higher cross-section traps; however, having the same energy in Figure 6 as reported by
Honda et al. in [42] (C-related trap), Ferrandis et al. [12] (damage induced defect), and
Polyakov et al. [17] (bulk defect). This would mean that Group D1 can be related to Cg,-Vn,
whereas traps with a higher cross-section may have a different physical origin.

Group D2 is placed in the vicinity of the trap reported by [17,40,45,46] in Figure 6 and
has the same energy level of traps reported in [15,50,59]. This trap level is present only for
titanium based contacts, not for the tantalum or indium based ones in Boturchuk et al. [40],
and for nickel and gold based contacts [17,45,46], which means that the trap is located near the
surface but not related to surface contamination. This is further confirmed with the increase in
its concentration after electron or neutron bombardment [15,46], and its disappearance with
proton irradiation [45]. The bias dependent experiment of Polyakov et al. [17], performed on a
lateral transistor, and the presence in n-GaN samples suggest that the point defect is not device
specific. No additional comments can be made with the presence or not of a 0.45 eV defect in
AlGaN/GaN superlattice as reported in [50], since there is no cross-section evaluation. It can
be noted that it is only present in the LV 90 V sample, which means that the etching conditions
play a role in its presence. The most probable hypothesis following the previous statements
would be surface recombination.

As for Group D3, it is reported only in the LV 237 V sample. Thus, it is related to the
etched surface, similarly to D2, but enhanced in different etching conditions. Its novelty
is proven by the distance of its properties, which are far from the other points in Figure 6.
Further study, separating the different etching parameters, could be performed to further
investigate its origin.

Groups D4 and D5 have similar cross-sections that present a high dispersion. It is
important to remember that the grouping was confirmed with the trap filling pulse width
signature (not shown here). However, this specific shape has not been investigated in the
present study. It could be the subject of a future study.
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Figure 6. Extracted cross-section as a function of the trap energy from DLTS measurements from this
study and the literature corresponding to point defects with an energy level between 0.36 eV and 0.61 eV
(Authors references: (1994) Hacke et al. [37]; (1995) Lee et al. [51]; (1999) Auret et al. [45]; (1999)
Fang et al. [52]; (2000) Chung et al. [41]; (2000) Delucca et al. [44]; (2001) Cho et al. [36]; (2002)
Fang et al. [48]; (2003) Cho et al. [35]; (2003) Choi et al. [9]; (2003) Polyakov et al. [50]; (2004)
Soh et al. [33]; (2007) Yastrubchak et al. [32]; (2007) Polenta et al. [34]; (2008) Umana-Membreno et al. [38];
(2008) Ito et al. [47]; (2009) Kind]l et al. [27]; (2010) Stuchlikova et al. [13]; (2010) Chikhaoui et al. [14];
(2011) Lee et al. [46]; (2012) Honda et al. [42]; (2012) Chen et al. [43]; (2013) Duc et al. [39]; (2013; 1)
Polyakov et al. [17]; (2013) Arehart et al. [16]; (2013; 2) Polyakov et al. [18]; (2014) Lee et al. [49]; (2017; 1)
Ferrandis et al. [19]; (2017; 2) Ferrandis et al. [12]; (2018) Boturchuk et al. [40]; (2019) Ferrandis et al. [20]).

Focusing our attention on D4, these values are close to the traps reported in [14,20,40,52]
in Figure 6. They depend neither on the growth technique, because a reactive molecular
beam epitaxy is used in [52] and metal organic chemical vapor deposition in [14,20,40],
nor on Schottky contact, because it was observed in molybdenum and gold [14], gold [40]
based Schottky contact, and also in metal oxide semiconductor high electron mobility [20].
The etching-related trap hypothesis by Ferrandis et al. [20] can be rejected in the present
study because the trap is present in samples that were not etched [52]. The extended defect
hypothesis of [40] can be rejected in the present study as well, since the filling pulse width
dependence has not been provided. A 0.49 eV energy level reported by Gotz et al. in [60]
could have brought further information if cross-sections were extracted. In addition, the
presence of these traps in both of the studied samples does not give additional information.
Thus, despite the lack of clues on their origin, these traps correspond either to native defects
or related complexes since they neither depend on the growth technique nor on the deposited
Schottky metal.

Focusing our attention now on Group D5, especially on the point of this group that
has the smallest reported cross-section in Figure 6, it is close to two reported traps in the
literature [27,36]. The hypothesis proposed by those authors can be questioned since, for
instance, the comparison of trap energy levels of 0.52 £ 0.01 eV in [27] with 0.598 & 0.01 eV
traps in [61] is inaccurate. However, traps were reported in MOVPE [27,36] with very
specific growth conditions (Trimethylgallium (TMGa) flux and growth rate) [36]. Moreover,
the ab-initio computations of Matsubara et al. [55] revealed that the (+/0) thermodynamic
transition of Cn-Cg, is located at 0.52 eV. The presence of carbon in the epitaxy due to the
methyl group present in the precursor TMGa is coherent with this hypothesis. Furthermore,
this is coherent with its presence in samples having a different Schottky contact metal
(titanium or aluminum [27], and gold [36]). Thus, D5 could be related to CN-Cg,.

As for Group D6, they are tightly grouped together in Figure 6 and found near the trap
reported in [9], and the traps reported at a slightly higher energy [16,49]. A comparison
cannot be performed with the lower cross-section reported in the study of Yastrubchak et al.
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in [32] since they do not have the same filling pulse width dependence. In addition, a trap
level at 0.55 eV was reported to increase with the electron bombardment in the study of
Hwang et al. [15]; however, the lack of a reported cross-section prevents the comparison
with Group D6. To begin with, the discussion on the origin of this group, Choi et al. [9],
states that the defect level is unrelated to the etching. This is coherent with the fact that
it is detected in both of the studied samples here. Moreover, it is present in samples
having a platinum ([9]) and TiN (studied samples) based Schottky contact, which puts the
surface contaminant hypothesis aside. In addition, it is present in an as-grown GaN sample,
meaning that the hypothesis of a trap in the AlGaN barrier or at the AlGaN/passivation
interface can be discarded in the present study. Nevertheless, the hypothesis of native
GaN defects is coherent with its presence in an n-GaN [9] system and an AlGaN/GaN
system [16,49,50]. The theoretical study of Jenkins et al. [53] and Gorczyca et al. [54]
calculates the position (energy level) associated with nitrogen on the Ga-site (antisite):
NG, in the band gap. The most recent study [54], based on ab-initio calculations using a
supercell approach in connection with the full potential-linear muffin-tin orbital method,
reports an energy of 0.55 eV for Ng,, which perfectly corresponds to the level found in
both studied samples. This is, therefore, the chosen hypothesis for Group D6. It must be
noted that many authors used this as a hypothesis, as it can be seen in Figure 6.

Finally, Group D7 has no reported traps in its vicinity in Figure 6. It was detected only
in the sample LV 90 V, meaning that it is related to the etching conditions. Further studies,
with a variation in individual etching parameters, could be performed to understand the
origin of the observed difference.

To conclude the discussion on other spectroscopies that could confirm the findings,
current collapse measurements were performed on the same kind of Schottky diode in the
article of Lorin et al. [22]. Group D1 and D6 were potentially also detected (the uncertainty
lies in the lack of extracted cross-sections), which is coherent with our findings. The
difference in the traps found (present in one study and not in the other) lies in the voltage
stress difference that would change the probed area and traps’ concentration. Furthermore,
optical-DLTS could not have been performed on the studied sample because the metallic
field plate would have screened the optical beam near the Schottky contact region.

5. Conclusions

In this study, the electron traps of two 650 V/6 A fully-recessed AlGaN/GaN-on-5i
Schottky barrier diodes having two different Schottky contact etching recipes were studied.
Indeed, the current characteristics in the forward and reverse regimes are significantly changed
in contrast with the contact morphology. This study was performed using C-DLTFS and
HERA-DLTFS techniques between 50 K to 425 K and by biasing the device between a positive
bias of 0 V and a reverse bias ranging from —10 V to —90 V. Seven different trap groups were
gathered according to their similar energy level, and the cross-section and filling pulse width
dependence were reported. Their energies’ Et range lay between 0.4 eV and 0.57 eV, and since
no linear dependence as a function of the filling pulse width logarithm was observed across
their entire range, they were associated with point defects.

By making an exhaustive comparison with the GaN trap literature, new traps were
reported to be etching-related: D3 (Et = 0.47-0.48 eV; o ~ 101> cm?) due to its unique
presence in the LV 237 V sample, and D7 (Et = 0.57 eV; 0 = 4.45 x 10712 cm?) due to
its unique presence in the LV 90 V sample. Concerning the other traps, Group D1 was
proposed to be related to carbon and nitrogen vacancies. Group D2 is likely to be a surface
crystal recombination trap. As for Group D4, it is probably related to native defects or
related complexes. Concerning Group D5, it is perhaps related to carbon with a CN-Cg,
hypothesis suggested by comparison with theoretical calculations from the literature, and
finally, Group D6 could be related to the nitrogen antisite, Ng,.
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