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ABSTRACT

High-resolution transmission electron microscopy (TEM) coupled to energy dispersive X-ray spectroscopy (EDX) is used to clarify the exact
role of Ni-Au-Ga interdiffusion mechanisms taking place during rapid thermal annealing under an oxygen atmosphere of a Ni-Au/p-GaN
contact. It is shown that oxygen-assisted, Ni diffusion to the top surface of the metallic contact through the formation of a nickel oxide (NiO,)
is accompanied by Au diffusion down to the GaN surface and by Ga out-diffusion through the GaN/metal interface. Electrical
characterizations of the contact by a transmission line method show that an ohmic contact is obtained as soon as a thin, Au-Ga interfacial
layer is formed, even after complete diffusion of Ni or NiO, to the top surface of the contact. Our results clarify that the presence of Ni or
NiO, at the interface is not the main origin of the ohmic-like behavior in such contacts. Auto-cleaning of the interface during the
interdiffusion process may play a role, but TEM-EDX analysis evidences that the creation of Ga vacancies associated with the formation of a
Ga-Au interfacial layer is crucial for reducing the Schottky barrier height and maximizing the amount of current flowing through the contact.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0295857

1. INTRODUCTION

GaN and related group IIl-nitride semiconductors are now
widely used for the fabrication of opto-electronic devices, such as
transistors for high-power, high-temperature applications," semi-
conductor lasers, and light-emitting diodes (LEDs) in the
visible-to-UV spectral range.” In such devices, the main limiting
factor in performance is the poor quality of the ohmic contact on
the p-side of the diode.” Indeed, the implementation of a low-
resistive contact metallization scheme for p-GaN has represented a
challenge in the past decades due to the large activation energy of a
p-type dopant, such as Mg (~160-200 meV),* and hence low
density of ionized acceptors typically of at most ~10'8 cm?," but

also due to the lack of metals with a work function adapted to that
of p-GaN (~6.6¢eV),” required to minimize the barrier height
of the metal/semiconductor Schottky diode.”® A comprehensive
analysis of the behavior of metal/p-GaN contacts has also been
complicated by variations in the growth conditions and device fab-
rication methods, including the control of the GaN/metal interface,
leading to important variations in the Fermi level pinning effect,
impacting the electrical performance of the contact.”” Nevertheless,
high-work-function (~5eV) metals, such as Ni, Au, Pt, and Pd,
have been mostly studied in order to minimize the Schottky barrier
height and to achieve an ohmic behavior.**"'* Thermal annealing
of Ni-Au/p-GaN contact was first investigated to reduce the
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specific contact resistance,'” and a beneficial effect of annealing
under an oxygen-containing atmosphere was discovered,'*'” attrib-
uted to the formation of a NiO/p-GaN interface.'*'° However,
other works concluded that NiO was not the reason for the Ni-Au
metallization to yield ohmic behavior after thermal annealing in an
oxidizing atmosphere.”” Other effects were, thus, emphasized to
explain the ohmic-like behavior after annealing, namely, the
removal of surface contamination and native oxide during Ni/Au
layer reversal,”'®'” or the creation of Ga vacancies in p-GaN close
to the metal interface.”’™*” Some authors also pointed out the for-
mation of a (Ni-)Au-Ga alloy in contact with p-GaN,'**"~** possi-
bly involved in the reduction of the Schottky barrier height.
However, the exact role and relative importance of the different
mechanisms have not been clarified yet. In a recent experimental
study, using TEM coupled with energy dispersive X-ray spectro-
scopy (EDX) analysis, it was again supposed that the creation of Ga
vacancies may play a role, but the presence of a NiO/p-GaN inter-
face was inferred to have a major importance in the formation of
an ohmic contact.”” This latter conclusion differs from a previous
qualitative TEM-EDX analysis by Greco et al,”** showing that the
formation of NiO, cannot explain the reduction of the contact
resistance after O,-annealing. On the other hand, Greco et al. evi-
denced Au-Ni interdiffusion, but did not investigate Ga
diffusion.”

We have conducted a detailed TEM-EDX study attempting to
elucidate the exact role of Ni/NiO,, Au, or (Ni-)Au-Ga alloy in
contact with p-GaN in the formation of an ohmic-like p-GaN
contact, and to clarify the importance of the different diffusion pro-
cesses assisted by thermal annealing under an oxygen atmosphere.
Using the same epitaxial structure, we have compared the electrical
performance of the p-GaN/Ni-Au contact for different annealing
conditions and metal evaporation conditions. We systematically
correlated the electrical results with high-resolution TEM coupled
to EDX analysis. We conclude that, in our processing conditions,
the creation of Ga vacancies during Ni-Au/Ga interdiffusion pro-
cesses plays the major role in the reduction of the Schottky barrier
height.

Il. EXPERIMENTAL CONDITIONS AND METHODS

Briefly, the InGaN/GaN blue LED MQW heterostructure used
for the study is grown by MOCVD and schematically depicted in
Fig. 1. The p-GaN top surface is terminated by a 12nm thick
pT-GaN surface layer with an active dopant concentration up to
3 x 107 em™.

TLM patterns used for the electrical characterization of the
p-GaN/metal contacts” are defined by optical lithography and a
standard metal lift-off process. A chemical cleaning step is first
carried out prior to the photolithography step. An ex situ deoxida-
tion sequence based on HCI and HF is then applied prior to metal
evaporation. It was observed separately from ex situ XPS analysis
that this chemical deoxidation sequence minimized the amount of
native gallium oxide (GaO,) at the GaN surface, for which residual
thickness was estimated to be lower than ~0.3 nm within 10 min
following the deoxidation. The sample is then immediately installed
into the loadlock of the electron-beam vacuum evaporator, and a
20 nm thick Ni layer and a 200 nm thick Au top layer are deposited

ARTICLE
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FIG. 1. Schematics of the epitaxial structure used for the study and geometry
of the transmission line method (TLM) pads used for the electrical characteriza-
tion of the contact. Pad dimensions (W and L) and spacing (L;) can be found in
the supplementary material.

at a constant evaporation rate of 0.5nm/s, regulated by a quartz
oscillator.

Rapid thermal annealing (RTA) of the contacts is always per-
formed at atmospheric pressure under pure oxygen ambient, unless
explicitly specified in the following. The annealing temperature is
generally fixed to 450°C, for annealing times varied from 2 to
10 min in the experiments, except for tests performed at 350°C
and up to 650 °C.

Two-probe measurements are performed in the [—5V; +5 V]
voltage range to retrieve the I-V characteristic between two succes-
sive TLM pads, depicted in Fig. 1. From these measurements, the
specific contact resistance r. is deduced by following the TLM
method.”” An estimate of the Schottky barrier height, ®p, is
obtained according to the method used by Mori et al.”® or Wahid
et al.” The current I,,,, flowing between two TLM pads separated
by distance L; = 20 um, at a voltage difference set to 5V, is given
as a complementary figure of merit, practically considered the most
relevant parameter for LED or laser diode applications.”” The
values of 7;, I, and @p are listed in Table I for each sample of
this study. For comparison purposes, the TLM I-V characteristics
of the different samples are exemplified for fixed distance
L; = 20um in the following.

After electrical characterization, a TEM slice with a typical
width of 15um and a height of 3 um is taken from a TLM pad by
Ga-Focused-Ion-Beam (FIB) etching for further physico-chemical
and structural analyses of the GaN-metal stack and GaN/metal
interfacial layer. Thin windows in the TEM slice are preferentially
used for high-resolution TEM (HR-TEM) observations, while
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TABLE I. Summary of electrical results for samples with different Ni/Au thickness and annealing conditions.

Sample Ni/Au thickness (nm/nm)* Annealing conditions (°C, @, min) Inax (MA) Dz (eV) r. (Qcm?)
A 20/200 No annealing 0.27 0.68 14x107"
B 20/200 450°C, O,, 2 min 0.78 0.53 12x1072
C 20/200 450°C, O,, 10 min 0.98 0.49 6.6x107°
D 3/3 No annealing 0.60 0.56 1.3x1072
E 3/3 450°C, Oy, 2 min 0.99 0.47° 1.0x1072
F 3/3 + 20/50° 650 °C, O,, 2 min 0.85 0.50 1.9% 1072
G 3/3 350°C, O,, 2 min 0.70 0.51 2.3x1072
H 3/3 350°C, O,, 10 min 0.88 0.47° 3.0 x 1072

*The evaporation rates for the thick (Ni/Au 20/200 nm) and thin (Ni/Au 3/3 nm) metal layers are 0.5 and 0.1 nm/s, respectively.

b Assuming the applicability of the thermoionic emission carrier transport model.

A second Ni-Au evaporation on the TLM pads subsequent to thermal annealing has been carried out on sample F to allow for the electrical measurements.

thicker ones are preferentially used for TEM-EDX analysis. EDX
coupled with TEM allows for the estimation of the atomic compo-
sition of the analyzed area in different ways. First, 2D cartographies
of the relative distribution of the different atoms present in the ana-
lyzed area can be reconstructed, referred to as an EDX map in the
following. Second, a quantitative estimation of the local composi-
tion in atomic percentage can be estimated from the EDX spectra:
the relative compositional profile can be calculated, at several
points along a linescan defined perpendicular to the layer inter-
faces, leading to a compositional profile. For the third alternative,
several rectangular zones can be manually selected in homogeneous
regions of the analyzed area, and the quantitative, average composi-
tion in atomic percentage can be calculated in each zone
independently.

Detailed information regarding the epitaxial structure, process-
ing steps, electrical characterization, FIB etching, and TEM-EDX

1.0} — No annealing (A)
—— 450°C 2 min (B)
—— 450°C 10 min (C)

Current (mA)
& o o
ul o Ul

|
=
o
T

0
Voltage (V)

FIG. 2. TLM |-V characteristics measured for a distance between pads
L; = 20um without annealing (blue), after annealing for 2 min (red), and after
annealing for 10 min (green). Labels A-C refer to Table |.

analysis, including a discussion about precision and uncertainties in
the material composition, can be found in the supplementary
material.

lll. RESULTS AND ANALYSIS

Figure 2 shows the TLM I-V curve of the non-annealed sample
(A), for a distance between TLM pads L; =20um. A Schottky
barrier is clearly apparent, estimated to be of ~0.70 eV in height as
reported in Table I, and a rather low I, value of 0.27 mA is
reached at 5V. The sEeciﬁc contact resistance value is found to be
e~ 1.5x 1071 Qcm”. The I-V curve presents a more ohmic-like
profile after RTA for 2min at 450°C under an O, atmosphere
(sample B). The I,y value is notably increased (to ~0.80 mA), asso-
ciated with the reduction of Schottky barrier height, and the specific
contact resistance is decreased down to 1.2 x 1072 Qcm?. A longer
annealing time of 10 min slightly improves the results; however, I
tends to saturate to ~1mA, and r. is only moderately reduced
(down to 6.6 x 1073 Qcm?, sample C).

TEM-EDX analyses have been carried out for the non-
annealed sample as well as after annealing for 2 and 10 min, respec-
tively. Figure 3(a) shows a High-Angle Annular Dark-Field
(HAADF) HR-STEM image of the GaN/Ni/Au stack for the non-
annealed sample A. The thickness of the Ni/Au layers is measured
to be approximately equal to the nominal thickness of 20/200 nm.
It is observed that the starting of Ni deposition on the GaN surface
is not completely uniform, with nano-grains formed in the Ni
layer, leading to a rms surface roughness of ~1.4 nm, estimated
from the analysis of the HAADF image Z-contrast, assuming a
Gaussian distribution.

The 200-nm thick gold layer also shows some larger nano-
grains, leading to an estimated top surface rms roughness of ~2 nm
in the image. The GaN/Ni interface shows a lower intensity on the
HAADF-STEM image, which may be interpreted either as nano-
voids embedded in the TEM slice thickness or as the presence of a
lighter material, presumably an oxide. The average thickness of this
interfacial region is estimated to be 2.9 nm, from the analysis of the
average Z-contrast in the HAADF-STEM image of Fig. 3(a). A quan-
titative analysis of the average atomic composition of the interfacial
layer is performed in the selected zone labeled as 2 in Fig. 3(b). Ga,
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FIG. 3. Sample A (thick metal layers, non-annealed): (a) HAADF-STEM image of the GaN-Ni-Au stack and (b) an image of the region marked with a red square in (a).
The three white rectangles in (b) correspond to the zones used to quantify the average composition in Table II.

N, Ni, and O can be detected in the average EDX spectrum, while
Au is not detected. The atomic composition of the interface is com-
pared to that of zones labeled as 1 and 3 in the GaN (~15 nm below
the GaN/Ni interface) and Ni (~8 nm above the interface) layers,
respectively. The results are listed in Table II. A 50/50 GaN stoichi-
ometry is reasonably retrieved in zone 1, with the presence of a low
amount of oxygen, close to the noise level (~1-3%); as discussed in
the supplementary material, this signal probably originates from the
native gallium oxide at the TEM slice facets. Ni oxidation is much
less pronounced in zone 3, with the oxygen signal close to the noise
level in the corresponding average EDX spectrum, not shown. Again,

TABLE Il Average composition for sample A—Thick metal layers, non-annealed
(HAADF TEM image: Fig. 3).

Average atomic % in each zone®

Elements 1 (GaN) 2 (interfacial) 3 (Ni)
Ga 50.6 474 1.7
N 479 3.9 0°
Ni 0.3° 40.2 94.3
0 1.3¢ 8.5 4.0

*The TEM slice thickness is fixed to 200nm and the average material
density to 5 (1), 6 (2), and 8 g/cm3 (3).

“Ni is only present as traces and close to the spectrum background level.

40 percentage may vary from ~1% to ~3% depending on the selected area
in the GaN bulk.

“Calculated value, no N signal in the EDX spectrum.

this oxygen level may originate from Ga oxidation (from FIB) and
also easy Ni oxidation at the TEM slice facets. Almost no trace of
Au, nor of Ga, can be found in the 20 nm thick Ni layer, which acts
as a diffusion barrier. The Ga atomic percentage of 1.7% is very
close to the ~2% value retrieved and attributed to Ga FIB pollution
at the slice facets.

In contrast with zones 1 and 3, a more important oxidation
can be measured in the interfacial layer (zone 2), with an oxygen
percentage of 8.5% =+ 1%. The interfacial layer, therefore, corre-
sponds to a presumably discontinuous, GaNiO, layer. It may
explain the presence of the Schottky barrier observed in Fig. 2 and
Table I, but may also induce some Fermi level pinning effect
impacting the effective Schottky barrier height.”*”

Figure 4(a) shows a large-view, Bright-Field (BF) HR-STEM
image of the GaN/Ni/Au layers after RTA for 2 min at 450°C in
O, ambient (sample B). The structure of the initial Ni layer is
strongly modified by the annealing, with the creation of polycrys-
talline nano-domains of high and low intensity, to be interpreted as
low-density and high-density materials, respectively. Figure 4(b)
corresponds to the EDX map of a high-intensity area marked with
a green dashed square in Fig. 4(a). Ni is still present; however, Au
interdiffusion in Ni is taking place through channels that may be
related to the nano-grain boundaries in the initial Ni layer.
Moreover, some Au accumulation is apparent within ~2-3 nm
right above the GaN surface. Figure 4(c) corresponds to the EDX
map of a low-intensity area marked with a blue dashed square in
Fig. 4(a). Au interdiffusion is much more pronounced in this area,
which is consistent with a higher-density metallic alloy. Traces of
Ga (signal above the Ga K-line noise level in the EDX spectrum)

uer 0

c
D
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FIG. 4. Sample B (thick metal layers, annealed 2 min at 450 °C}—HR-STEM images and EDX mapping showing the relative distribution of Au and Ga atoms. (a)
Large-view, Bright-Field (BF) STEM image of the p-GaN/Ni/Au stack. (b) EDX map in a region where Au interdiffusion is moderate. (c) EDX map in a region where Au
interdiffusion is strong. (d) HAADF HR-STEM image at high magnification of the GaN/Ni/Au layers. () HAADF HR-STEM image at high magnification of the Au/NiO top
surface. The cyan vertical lines in (b) and (c) are guides to the eye to locate the position of the as-evaporated Ni layer.
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are also detectable in the initial Ni layer, as well as in the initial
Au layer, on the EDX maps; however, quantitative analysis of
the atomic composition is required to evaluate more precisely
the importance of Ga diffusion. Figure 4(d) shows a high-
magnification, HAADF HR-STEM image of the GaN/Ni/Au stack.
The Z-contrast evidences that the low-density GaNiO, interfacial
region detected before annealing is still present, but restricted to
some discontinuous areas (dark areas) at the nano-scale. The chan-
nels of Au diffusion into the initial Ni layer can also be identified
in the Z-contrast HAADF image, as brighter zones in the layer. As
a first conclusion, the reduction of the Schottky barrier height
observed in Fig. 2 after annealing for 2 min may be associated with
the diffusion processes taking place in Fig. 4. As previously intro-
duced, three physical effects may be involved: first, a reconstruction
or “auto-cleaning” of the GaN/metal interface occurring during the
interdiffusion”'®'* removing impurities and reducing the thickness
of the native GaO, oxide; second, the presence of Au close to the
GaN surface, and presumably of a (Ni-)Ga-Au alloy formed with
the observed Ga diffusion in the metallic layer,'>*"** leaving Ga
vacancies at the GaN surface;”">* and third, the presence of a
NiO, layer in contact with the GaN surface. 1%

Figure 4(e) shows a HAADF HR-STEM image of the top
surface at high magnification. A NiO, layer has been formed
almost everywhere on top of Au, as deduced from the EDX map
and analysis shown in Table III. The average composition in
atomic percentage can be calculated with the same approach as that
used in Fig. 3(b). Table III summarizes the results obtained for
several rectangular zones selected in the EDX maps associated with

ARTICLE pubs.aip.org/aip/jap

Figs. 4(b), 4(c), and 4(e), corresponding to the GaN/Ni/Au stack
with moderate Au interdiffusion, the GaN/Ni/Au stack with strong
Au interdiffusion, and the top Au/NiO, layer, respectively. The
quantitative analysis shows that the top amorphous NiO, layer is
oxygen-rich with a retrieved Ni/O ratio close to 40/60. The top
part of the initial Au layer remains mainly composed of gold (95%
in atomic percentage), and Ni is almost not present, consistent
with fast Ni out-diffusion and accumulation at the surface after oxi-
dation. The Ga traces in these zones can be attributed to Ga FIB
pollution at the slice facets. The quantitative analysis in zones 4
and 8 in the EDX maps shows that the bottom part of the Au layer
close to the initial Ni/Au interface also contains a moderate
amount of Ni (6%), while traces of Ga may be attributed to FIB
pollution.

The main effect of the thermal annealing can be observed in
the initial Ni layer; its composition is non-uniform, as already evi-
denced by the Z-contrast HAADF-STEM images and EDX maps in
Figs. 4(a)-4(c). In regions, such as that of Fig. 4(b), where Au diffu-
sion into the Ni initial layer is moderate, an Au atomic percentage
of around 1% is calculated outside of diffusion channels (zone 2,
located ~10 nm above the GaN/Ni interface), and up to 7% locally,
in such channels (zone 3). The situation is different closer to the
GaN/Ni interface, where Au incorporation reaches 17% on average
(zone 1, 0.7 nm wide, located ~1.4 nm above the GaN surface),
confirming the Au accumulation at the GaN interface, qualitatively
deduced from the relative distribution of Au in the EDX map.

The most striking result is the Ga out-diffusion detected in
zones 5, 6, and 7. Au diffusion into the Ni initial layer is strong in

TABLE Ill. Average composition for sample B—Thick metal layers, annealed for 2 min at 450 °C in O, ambient (HAADF TEM image: Fig. 4).

Corresponding figure 4(b)

4(c)

Box positions located
in the EDX map

Average atomic percentage (%) in each box"

Elements 1 2 3 4 5 6 7 8 9 10a + 10b
Ni 51.5 91.3 90.5 6.3 72.5 413 54.5 6.8 3.9 37.5
Au 174 1.2 6.9 92.1 20.8 452 42.0 91.3 94.9 0.1°
Ga 16.9 1.6 2.1 1.6 6.7 13.5 3.5 1.9 1.2 1.1
0 14.2° 5.9 0.4 x4 x4 x4 x4 x x4 61.3

*The TEM slice thickness is fixed to 200 nm, and the value of the material density fixed in each zone is of 19 g/cm® for an Au-rich zone, 9 g/cm’ in Ni-rich

zones, and 6 g/cm’ in the NiO, top layer.
PAu is only present as traces and close to the spectrum background level.

“This value is overestimated by more than 2%-3%. See the supplementary material.
4Oxygen percentage calculation from EDX is impossible in Au-rich regions. See the supplementary material.
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this region, with Au incorporation up to 40% in zone 7 located )
~12 nm above the GaN/Ni. At this distance, the Ga incorporation 2 25
(3.5%) is slightly larger than that expected from Ga FIB pollution @
at the slice facets, but still at a low level. In contrast, Ga incorpora- o 00 .

tion is larger than 6% and up to 14% in zones 5 and 6 closer to the 20 40 Positi 60( ) 80 100

GaN/metal interface (at ~3nm from the interface). Considering ostion {nm

the spatial resolution of the EDX analysis estimated to be ~1-

2 nm, this level of Ga incorporation implies Ga out-diffusion from

the GaN starting during annealing, especially in regions where Au

accumulation is strong. (b)
Relative compositional profiles (EDX linescan) for Ga, Au, and

Ni are reported in Figs. 5 and 6 for the non-annealed sample A and FIG. 6. Sample B (thick metal layers, annealed 2min at 450 °C)—Relative

annealed (2 min—450 °C) sample B, respectively. Figure 6(a) corre- compositional profile for Ga, Au, and Ni retrieved from EDX spectra fitting along
sponds to a region where Au diffusion is weak (Ni-rich), while the linescan highlighted as a green line in the bottom HAADF-STEM image. (a)

Fig. 6(b) corresponds to a zone showing stronger Au diffusion. Au glfgigl;llizi(cct;].region [equivalent of Fig. 4(b)] and (b) in a Au-rich region [equivalent
accumulation in the initial Ni layer and close to the GaN interface
after annealing is confirmed from the profiles. Ga—Au mixing may
be identified in Fig. 6(b). The direct comparison with Fig. 5 is diffi-
cult since a ~2.9 nm thick oxide is present at the GaN/Ni interface
before annealing, creating an intermediate Ga-Ni-O layer.

It can be concluded that annealing under O, ambient activates
Ni diffusion up to the surface, where it is instantaneously oxidized.
The Ni diffusion process takes place through the 200 nm thick Au
layer for annealing times as short as 2 min. Ni constant oxidation
at the surface seems to be crucial in promoting the diffusion
process; indeed, the same thermal annealing procedure at 450°C
repeated under pure N, ambient for annealing times from 2 to
10 min does not improve the I-V characteristics of the contact, and
Ni diffusion has not been detected on EDX maps and HR-STEM - . : - ?
images (Fig. S1 in the supplementary material). Ni diffusion is 0 20 40 60 80 100
accompanied by Au diffusion into the initial Ni layer down to the Position (nm)
GaN surface, thereby possibly reconstructing or “auto-cleaning” the
GaN/metal interface. More importantly, Ga out-diffusion from GaN
is clearly ignited after 2 min of annealing and seems to be more .
pronounced in regions where Au accumulation is strong. Such an
out-diffusion process may create Ga vacancies in the p-GaN.

Figure 7 shows an EDX linescan performed on sample C, after
RTA for 10 min at 450°C under O, ambient. Ni has completely
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FIG. 7. Sample C (thick metal layers, annealed 10 min at 450 °C)—Relative
compositional profile for Ga, Au, and Ni retrieved from EDX spectra fitting along
the linescan highlighted as a green line in the bottom HAADF-STEM image.
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disappeared from the GaN surface and fully diffused to the top
surface. EDX analysis shows that it is fully oxidized. This is con-
firmed by the Z-contrast HAADF-STEM image in the bottom of
Fig. 7: only a weak trace of the initial Ni/Au interface position
before annealing is still visible. On the other hand, Au has fully dif-
fused down to the GaN surface. Moreover, Ga out-diffusion is also
detected with a Ga-signal in the metal layers, larger than the back-
ground level by comparison with Fig. 5. The TLM data of Fig. 2
and Table T show that the electrical results obtained after 10 min
RTA are slightly improved, but close to that obtained after 2 min
RTA. It is concluded that the absence of Ni, or of NiO, at the
GaN/metal interface, does not modify the ohmic behavior of the
contact. Therefore, the presence of Ni/NiO, at the GaN/metal
interface is not the main origin of the contact improvement, in our
case, contrary to what was supposed in previous reports.”’16 Our
results, rather, confirm that an auto-cleaning effect during interdif-
fusion™®'? and/or the creation of Ga vacancies close to the
interface are the most probable origins of the contact improve-
ment. It should, however, be noted that the metal adhesion to the
GaN surface has been degraded after 10 min RTA, compared to the
2 min RTA for which no adhesion issue has been detected. A weak
adhesion after important Au interdiffusion has already been
reported by Smith et al”® Practically, a not-too-long annealing
time, typically of 2-5 min in our case, seems preferable.

In order to clarify the importance of Ga out-diffusion into
Au/Ni and hence the creation of Ga vacancies in the GaN layer,
experiments have been repeated with thinner Ni and Au layers in
order to improve the resolution of the analysis. A 3 nm thick Ni
layer topped by a 3 nm thick Au layer have been evaporated onto
three additional samples. The experimental protocol is identical to
that presented in the beginning, except for the evaporation rate. It

20-22

1.0} — No annealing (D)
—— 450°C 2 min (E)
--- 650°C 2 min (F)
0.5F

350°C 2 min (G)
- 350°C 10 min (H)

Current (mA)
S o
Ul o

|
=
o
T

2 0
Voltage (V)

FIG. 8. TLM |-V characteristics measured for a distance between pads
L; = 20 um without annealing (blue), after annealing for 2 min at 450 °C (red),
after annealing for 2 min at 650 °C (red dashed), after annealing at 350 °C for
2 min (green), and for 10 min (green dashed). Labels D-H refer to Table |.
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is reduced to 0.1 nm/s for both Ni and Au in order to get better
thickness control.

Figure 8 compares the TLM I-V curves for a distance between
TLM pads L; = 20 um before annealing (sample D), after annealing
at 450°C for 2 min (E), at 650°C for 2 min (F), and at 350 °C for
2 min (G), and 10 min (H). The calculated values of r., I, and
@ are listed in Table I for each sample.

Comparing the TLM curves of Figs. 2 and 8 and the results of
Table I for the non-annealed samples (A and D) with thick and
thin evaporated metal layers, respectively, it is first noted that the
ohmic behavior is notably improved with the thin layers. ®p is
decreased by 130 meV, while I is increased by a factor of two,
and the resulting value of r, is reduced by a factor of 10. This
improvement is attributed to the lower evaporation rate, rather
than to the thinner Ni and Au layers, as will be evidenced later
from the HR-STEM images and EDX analysis. RTA under O,
ambient at 450°C for 2 min leads to a reduced Schottky barrier
height and a higher I,,x value as shown in Fig. 8. Considering ®p
and I values, the results after annealing are close to the ones of
Fig. 2 obtained for thick metal layers under same annealing condi-
tions. The Schottky barrier has been apparently completely sup-
pressed in the I-V curve of Fig. 8 after annealing at 450°C for
2min, leading to the smallest value in Table I. Although not
shown, intermediate annealing tests for 2 min at 500 °C and 550 °C
do not modify significantly the TLM characteristics and TLM
results. RTA for 2 min at a high temperature of 650 °C starts to sig-
nificantly degrade the contact. The contact between the metal
surface and the electrical probes has been found to be highly
resistive and non-reproducible after such annealing; a second,
non-annealed, Ni-Au recharge onto the TLM pads should be evap-
orated for reproducible and uniform TLM measurements. The
results after recharge evaporation are shown in Fig. 8.

Considering the good results already obtained after RTA for
2min at 450°C, it is practically more interesting to verify if a
similar improvement can be obtained at a lower thermal budget.
Indeed, as illustrated in Fig. 8 and in Table I, a low Schottky
barrier height and a high I, value can be obtained at an anneal-
ing temperature of 350°C for an annealing time of 10min.
Generally, it can be observed from the results of Table I that the
specific contact resistance is larger for the thin Ni/Au layers than
for the thick Ni/Au layer. We attribute this result, rather, to the
more difficult contacting with the electrical probes in the case of
thin layers than to the GaN/metal contact resistance itself. A metal
recharge may improve the retrieved r. value. As a practical conclu-
sion from the electrical characterizations, a thin Ni layer completed
by an Au layer, annealed at a moderate temperature (~350°C)
under O, ambient, is sufficient to optimize the p-GaN/metal
contact, and a low evaporation rate promotes the mechanisms
in-play to form the ohmic contact, even without annealing, a result
that has not been reported yet for non-alloyed Ni-Au contacts to
the best of our knowledge.

Figure 9 shows a HAADF HR-STEM image of the GaN/Ni/
Au stack before annealing and the corresponding EDX maps
showing the relative distributions of Ga, Au, and Ni atoms. The
EDX map combining Ga, Ni, and Au relative distributions is given
as an insert in Table IV. From the Z-contrast of Fig. 9(a), the mea-
sured average thickness of the two metal layers is of 2.7 + 0.1 and
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FIG. 9. Sample D (thin metal layers, non-annealed): (a) HR-STEM image and (b) EDX maps showing the relative distribution of Ga, Ni, and Au atoms. The inset in (a) is
a higher-magnification HAADF-STEM image of the GaN/Ni/Au interfaces. The interval between the horizontal red dashed lines in the HAADF image corresponds to the

same analyzed area in the EDX maps, vertically spaced.

2.8 + 0.1 nm, close to the nominal value of 3 nm. Although not
shown, the GaN/Ni interface is found to be uniform at a
larger-scale, and the Ni layer is nano-crystallized as evidenced in
the inset of Fig. 9(a). A very thin (<0.5nm) layer of lower density
(appearing as dark in the HAADF image), presumably an oxide, is
only present in localized and discontinuous regions of the GaN/Ni
interface.

It could, therefore, be inferred that this sample is close to the
ideal p-GaN/Ni diode for which a moderate Schottky barrier height
is theoretically expected,””” which might explain the better electri-
cal results obtained in comparison with the non-annealed sample
with thicker metal layers evaporated at a high rate. On the other
hand, despite the absence of annealing, Fig. 9(b) evidences that a
diffusion process has already started to take place. An overlap
between the Au and Ni signals is visible when comparing the top
and middle EDX maps. The most striking result deals with the Ga
atom distribution, which spreads over the initial Ni and Au layers
where its relative intensity is much higher than that typically attrib-
uted to Ga FIB pollution. A more quantitative analysis of the com-
position in atomic percentage for sample D has been carried out in
three rectangular areas selected in the initial Ni layer, the Au layer,
and the top of the Au layer, following the same approach as in
Fig. 3(b). The positions of the rectangular areas are shown in the
inset image of Table IV, summarizing the obtained results. Ni is
predominant in zone 1, but Au and Ga are also present. The
oxygen concentration is overestimated in this relatively dense layer
for the reason explained in the supplementary material; the situa-
tion is at the limit case where oxygen concentration can be
retrieved in a reliable manner from the TEM-EDX technique. The

J. Appl. Phys. 139, 025102 (2026); doi: 10.1063/5.0295857
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diffusion of Ga into Ni and Au corresponds to an average Ga com-
position in atomic percentage in the selected zones 1 and 2 above
14%, and Ga accumulation is evidenced on the top part of the Au
layer in zone 3, where an average Ga composition of 30% is

TABLE IV. Average composition for sample D—Thin metal layers, non-annealed
(HAADF TEM image: Fig. 9).

Box positions located in the EDX Average atomic %

map Element in each zone"
1 2 3
Ni 673" 167 12
Au 53 651 88
Ga 144° 182 303

0 132° x% 597

“The TEM slice thickness is fixed to 200 nm, and the average material
density is fixed to 8 g/cm’ for zone 1 and 15 g/cm® for zones 2 and 3.

"The at. % calculated in the limit case where oxygen is discarded from the
volume is Ni% = 77.3%, Au% = 6.1%, and Ga% = 16.6%.

“This value is overestimated by more than 2%-3%. See the supplementary
material.

4Oxygen percentage calculation from EDX is impossible in Au-rich regions.
See the supplementary material.
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FIG. 10. Sample E (thin metal layers, annealed 2 min at 450 °C): (a) Large-scale HAADF HR-STEM image, (b) higher-magnification HAADF-STEM image, and (c) the
corresponding EDX map showing the superimposed relative distributions of Ni (blue), Ga (red), and Au (yellow) atoms.

calculated. Considering the spatial resolution of our EDX analysis,
estimated to be of at most 2nm (mostly due to some possible
image drift during the acquisition), such percentages cannot be
only inferred to an artifact in the EDX analysis due to the too
closely spaced interfaces.

At this extreme surface, gallium is oxidized as deduced from
the oxygen percentage. Although not shown, average Ga composi-
tion in atomic percentage up to 25% and 30% has been calculated
at a different position of the TEM slice in the Ni layer and the Au
layer, respectively. This level is much higher than the one due to
possible Ga-pollution. Moreover, in crystallized, Ga-rich, interdif-
fused Au-Ga zones, the inter-planar spacing (0.333 nm) retrieved
from the fast Fourier transform of TEM images is significantly dif-
ferent from inter-planar spacing values expected for a pure fcc gold
crystal (smaller than 0.240 nm) confirming the presence of Ga in
the volume and not only at the slice facets.

The main origin for the onset of the Ni, Au, and Ga diffusion
process without any thermal annealing still needs clarification. Ga
diffusion up to the Au layer might have started in situ during metal
evaporation, considering the low evaporation rate and the very thin
Ni layer, which does not act as an efficient diffusion barrier. It may
also have been ignited in ambient air, after deposition, facilitated
by the small thickness (<3 nm) of the metal layers and assisted by
the presence of oxygen. As an important conclusion of these exper-
imental observations, whatever its origin, the Ga diffusion process
must have created Ga vacancies in GaN close to the GaN/metal
interface. It is, therefore, likely that the Ga vacancies play a crucial
role in the improved electrical behavior of the TLM contacts in
Fig. 8 even before annealing. Our assumption is consistent with the
results of Jang et al,”’ showing that the modifications of the GaN
surface subsequent to thermal annealing of the Ni/Au contact and
exo-diffusion of Ga into Au are a crucial mechanism to obtain an
ohmic-like p-GaN contact.

Figure 10(a) shows a large-scale, HR-STEM image of the
GaN/Ni/Au stack at a higher magnification, after RTA under an O,

atmosphere at 450 °C for 2 min. As reported in Fig. 8 and Table I,
the electrical contact is improved after such annealing. The Ni-Au
region appears non-uniform at the nano-scale, with some bright
and dark areas in the Z-contrast HAADF image. Dark areas may
be attributed to intergranular nano-voids embedded in the TEM
slice thickness, formed during the annealing at 450 °C. Figure 10(b)
shows a higher-magnification HAADF HR-STEM image at a fron-
tier between dark/light areas, marked with a green square in
Fig. 10(a), and the corresponding EDX map with the superimposed
relative distributions of Ga, Ni, and Au atoms, used for quantitative
analyses of the atomic composition, is shown in Fig. 10(c). The
EDX map with the superimposed relative distributions of Ni and O
atoms, showing the three zones selected for the analysis, is reported
as an inset in Table V, summarizing the calculated atomic percent-
ages in the different zones.

It can be concluded from the results of Table V that, as for the
case of 20/200 nm Ni/Au layers, annealing in an O, atmosphere
has promoted the diffusion of Ni on top of the Au layer, where it is
fully oxidized with a Ni/O ratio close to 1, while Au has diffused
down to the GaN surface replacing Ni, and almost no trace of Au
is detected anymore at the top surface. The Ni-Au inter-diffusion
process is almost complete after 2 min at 450 °C, to be related to
the small metal layer thicknesses. Moreover, TEM observations at
the highest magnification show that the thin layers are mostly crys-
tallized at the nano-scale, including the NiO, top layer. In parallel,
Ga atoms’ out-diffusion into the Au layer has been strongly rein-
forced during RTA, with more than 60% of Ga (in atomic percent-
age) now incorporated, forming an Au-Ga alloy with Ni
nano-crystallites, probably creating more Ga vacancies in the GaN
layer. Detecting vacancies in a GaN crystal is beyond the resolution
of our TEM-EDX analysis, as illustrated by a line profile in Fig. S2
of the supplementary material. Further investigation and different
physico-chemical analysis are required to this aim. Finally, it can
be noted that the average compositions in atomic percentages
retrieved for zone 1 (selected in a bright region of the Z-contrast
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TABLE V. Average composition for sample E—Thin metal layers, annealed for
2min at 450°C in O, ambient (HAADF TEM image: Fig. 10).

Box positions located in the Average atomic % in

EDX map Element each zone"
. 1 2 3
: Ni 90 162 466
Au 220 160 0"
' Ga 690 678 5.1
: (0] x© x© 48.4

'
v
'
8.
©
=
o
N
'
<
o'
'

*The TEM slice thickness is fixed to 100 nm, and the average material
density is fixed to 10 g/cm® for zones 1 and 2 and 7 g/cm” for zone 3.
“Calculated value, no Au signal in the EDX spectrum.

“Oxygen percentage calculation from EDX is impossible in Au-rich regions.
See the supplementary material.

HAADF image) and for zone 2 (selected in a dark region of the
Z-contrast HAADF image) are similar, indicating that the change
in the intensity is rather due to some nano-domains and nano-
voids formed during the annealing at 450 °C in the thin alloy and
embedded in the thickness of the TEM slice, rather than to a
change in composition.

TEM observations and EDX analysis after annealing at 650 °C
for 2 min showed the same composition; however, it was observed
that the Au-Ga layer on top of the GaN surface is discontinuous,
with large voids clearly apparent on the HAADF images, as can be
seen in Fig. S3 of the supplementary material. This may explain the
difficulty in contacting the TLM pad surface with the electrical
probes reported above. Our STEM-EDX experimental observations,
combined with the results of Figs. 2 and 8 and of Table I, confirm
that the creation of Ga vacancies should play a crucial role in
forming an ohmic-like p-GaN/metal contact in our processing con-
ditions. It is also clearly evidenced that neither Ni nor NiO, is nec-
essarily in contact with p-GaN to obtain such a result. Rather, a
p-GaN/Ga-Au layer seems beneficial to the improvement of the
electrical characteristics. We, therefore, support the conclusion that
creating Ga vacancies represents the key-mechanism to obtain a
ohmic contact on p-doped GaN. Our STEM-EDX analysis also
explains why removing chemically the NiO, layer after the RTA
step, as proposed by Mengzhe et al.,”” does not degrade the electri-
cal properties of p-GaN/metal contact.

IV. CONCLUSION

We have investigated in detail the formation of an ohmic
contact on p-GaN using a Ni-Au metal layer. We confirm that an
O, atmosphere during post-deposition thermal annealing is deter-
minant to decrease the Schottky barrier height and to improve the
contact ohmicity since oxygen assists the Ni-Au inter-diffusion
process during annealing, with Ni being immediately oxidized
when reaching the top surface. More interestingly, our results

ARTICLE pubs.aip.org/aip/jap

demonstrate that the presence of NiO, in contact with GaN is not
required to improve the ohmic behavior of the contact, in contrast
with a recent report. A GaN/Au-Ga interface leads to better electri-
cal results than a GaN/NiO, interface. We evidence that Ga out-
diffusion accompanying the Au-Ni interdiffusion process to form a
Ga-rich, Au-Ga alloy plays a key-role to create Ga vacancies in the
p-GaN. The best electrical results are obtained in such conditions,
and we presume that the creation of Ga vacancies in the top p-GaN
surface is the most crucial mechanism in order to obtain an ohmic
contact.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information
regarding the epitaxial structure, processing steps, electrical charac-
terization, FIB etching, and TEM-EDX analysis.
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