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The performance of a novel Ge/Cu/Ti metallization scheme on n-type GaN has
been investigated for obtaining thermally and electrically stable low-resist-
ance ohmic contacts. Isochronal (2 min.) anneals in the 600–740°C temper-
ature range and isothermal (690°C) anneals for 2–10 min. duration were
performed in inert atmosphere. For the 690°C isothermal schedule, ohmic
behavior was observed after annealing for 3 min. or longer with a lowest
contact resistivity of 9.1 3 10�5 V cm2 after the 10 min. anneal for a net donor
doping concentration of 9.2 3 1017 cm�3. Mean roughness (Ra) for anneals at
690°C was almost constant at around 5 nm, up to an annealing duration of
10 min., which indicates a good thermal stability of the contact scheme.
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INTRODUCTION

Gallium nitride is the subject of extensive re-
search for making commercial ultraviolet (UV)-blue
light sources,1,2 high-power microwave devices,3

and high-temperature electronics.4 Realization of
low-resistivity (rc), thermally stable ohmic contacts
is vital for high performance device applications.5

Because the Fermi level on the GaN surface is
unpinned,6 ohmic contacts for n-type GaN can be
formed by selecting a metal whose work function
is less than the electron affinity of GaN, or by
increasing donor concentration at the GaN surface
to invoke tunneling. There are numerous reports7–26

on developing and optimizing ohmic contacts to
n-type GaN. Traditionally, contact schemes with
titanium metal as the first layer have been most
widely used.8–11,15,22 Ti is selected as the first con-
tact layer to n-type GaN because its work function,
4.33 eV, is close to that of n-GaN (electron affinity 5
4.1 eV). Ohmic behavior of a GaN/Ti system has
been attributed to the out-diffusion of nitrogen from
the GaN into the Ti, creating N vacancies, which act
as donors at the GaN surface.8,10,11,22 The introduc-
tion of excess donors at the metal/n-GaN interface
causes carrier tunneling through the thin metal/
semiconductor barrier, which results in an ohmic
behavior to the contact system. Ti is also known to
reduce native oxide on the GaN surface, thus pro-
moting more intimate metal-to-GaN contact. Hence,

a Ti layer at the metal-contact/GaN interface has
proved beneficial and is currently used in most of
the contact schemes.

In this work, we investigated the Cu-based
scheme as an alternative to commonly used Au,
Al-containing metallization (e.g., Au/Al/Ti) for form-
ing ohmic contacts to n-GaN. To our knowledge,
there has been only one report24 on copper-based
ohmic contacts to n-type GaN, with annealing per-
formed at 400°C for a prolonged time, and one
report25 on forming Cu3Ge-based Schottky contact to
n-type GaN at a much higher annealing temperature.
This ambiguity in metallization composition,
annealing temperature, and time needs to be inves-
tigated. Also, there have been a few reports26,27 on
copper-based ohmic contacts to p-type GaN. If Cu-
based low-resistivity contacts can also be developed
for n-type GaN, then ohmic contacts to both n- and
p-type regions in GaN-based device structures can
be formed concurrently in the same process.
Because the work function of copper is greater than
the electron affinity of GaN (4.65 eV and 4.1 eV,
respectively), Cu should not produce an ohmic con-
tact due to the barrier at the Cu/n-GaN interface. To
create ohmic contacts to n-GaN, a metal with a
lower work function, such as Ti, needs to be used
as the first layer. Germanium, which is predomi-
nantly a donor impurity in III-V compounds, can
be added to the ohmic contact metal system to
invoke tunneling at the metal/n-GaN contact. In
this work, we have selected the Ge/Cu/Ti metal
scheme with the thickness of Ge and Cu layers(Received February 13, 2006; accepted May 25, 2006)
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corresponding to 1:3 Ge/Cu atomic ratio. The ration-
ale for choosing 1:3 ratio was due to desired forma-
tion of e1-intermetallic Cu3Ge phase, which has
advantages such as low temperature of formation,
low electrical resistivity, high oxidation resistance,
and high thermal stability.28–30

EXPERIMENTAL PROCEDURE

The 7 mm thick n-GaN epilayers, grown by
hydride-vapor phase epitaxy (HVPE) on a 2 in. sap-
phire (0001) substrate, were obtained commercially.
Hall measurements yielded a mobility of 197
cm2 V�1 s�1 at 300 K, and a net donor concentration
of 9.2 3 1017 cm�3. The wafer surface preparation
was performed using a standard RCA procedure.
Circular transmission line model (c-TLM) patterns
with an inner diameter of 120 mm and variable
outer diameters of 122–184 mm were formed using
standard e-beam deposition and lift-off photolithog-
raphy. Three metallization schemes were fabri-
cated. Their compositions and annealing schedules
are summarized in Table I. Contact annealing was
performed in commercial rapid thermal annealing
(RTA) system in ultra-high purity (UHP)-grade
argon, which was additionally gettered to remove
residual oxygen and moisture. Selection of three
annealing temperatures—600°C, 690°C, and
740°C—was guided by the thermal stability ranges
of the Cu3Ge phase, which exists in three structural
modifications, e1, e2, and e3,

31 and was expected to
form in all proposed metallization schemes from
Table I. The annealing temperature of 600°C was
chosen just to be below the 636°C peritectoid decom-
position of e1-Cu3Ge compound; 690°C was chosen to
be below the 698°C peritectic decomposition of e2-
Cu3Ge compound; and 740°C was selected to be
below the 747°C melting temperature of the e-
Cu3Ge phase (see phase diagram in Ref. 31).

Current-voltage (I-V) and specific contact resistiv-
ity measurements were made using a four-point
probe arrangement for the circular TLM patterns,
as described in Marlow and Das.32 Contact surface
morphology was investigated by field emission scan-
ning electron microscopy (FESEM) using a Hitachi-
4700 system. The surface morphology was also
assessed by atomic force microscopy (AFM) on 5
mm 3 5 mm and 50 mm 3 50 mm areas using a Veeco
AFM system. Auger electron spectroscopy (AES)

was performed commercially to obtain the composi-
tional depth profile. Phase analysis was conducted
by x-ray diffraction on Bruker-AXS D8 general area
detector diffraction system (GADDS) with Cu Ka

radiation.

RESULTS AND DISCUSSION

I-V Characteristics

The first two metallization schemes (Cu/Ge/Ti)
from Table I yielded nonohmic contacts even for
alloying temperatures as high as 740°C. Nonlinear-
ity had somewhat decreased for a metallization
scheme with a thicker (25 nm) Ti layer compared
to a 10 nm Ti layer. Nonlinear behavior could be
due to unintentional oxidation of the Cu surface
layer (greenish discoloration of the contact surface
was observed for the annealed samples) that
occurred prior to Cu and Ge intermixing. Ohmic
behavior was observed for the third metallization
scheme in Table I, Ge (40 nm)/Cu (70 nm)/Ti (25
nm), in which the order of Cu and Ge layers was
switched. The I-V curves for the isothermal anneals
at 690°C and for 600°C / 2 min. anneal are shown in
Fig. 1a for a 32 mm contact separation in the TLM
pattern. The contacts showed a highly rectifying
behavior for 600°C / 2 min. annealing. For an anneal
at 690°C for 2 min., the rectifying behavior
decreased notably. For the 3 min. annealing at
690°C the contacts turned ohmic. The contacts
remained ohmic for longer annealing times with
decreasing specific contact resistivity, rc. Figure 1b
shows the specific contact resistivities for annealing
times �3 min. at 690°C. The rc decreased with
increasing annealing time reaching a value of
9.1 3 10�5 V-cm2 for 10 min. annealing. The surface
morphology of contacts annealed at 690pC remained
smooth with a roughness of ;5 nm and did not dete-
riorate with increasing annealing time, as illus-
trated later by the AFM surface roughness data.
The anneal performed at 740°C yielded very poor
surface morphology (shown later in Fig. 5c) for per-
forming any reliable electrical measurements. The
TLM patterns often shorted due to partial melting
of the contact (evident from the inset of Fig. 5c),
which resulted in unreliable I-V characteristics. In
fact, partial melting of the contact at 740°C was
anticipated from the Cu-Ge phase diagram, since
this temperature is inside of the 698–747°C inter-
val, in which e-Cu3Ge coexists with a liquid phase.31

In other words, 698°C is an upper limit of thermal
stability of any Cu3Ge-based metallization; above
this temperature, partial (�747°C) or complete
(.747°C) melting is expected.

AES Depth Profiles

The AES depth profiles of the Ge/Cu/Ti/GaN sys-
tem (Fig. 2) depict the intermixing of the various
metals for different annealing conditions. The
GaN/Ti interface reaction occurred with the anneal-
ing at 690°C for 2–10 min. Ti profiles in Fig. 2b–d

Table I. Annealing Schemes Used for the Metals
Deposited on n-GaN Epilayers under Continuous

Ultra-High Purity Argon Purging

Metallization scheme
Annealing

(Temperature/Time)

1 Cu (70 nm)/Ge (40 nm)/Ti
(10 nm)

600°C/2 min, 740°C/1 min

2 Cu (70 nm)/Ge (40 nm)/Ti
(25 nm)

600°C/2 min, 740°C/1 min

3 Ge (40 nm)/Cu (70 nm)/Ti
(25 nm)

600°C/2 min, 690°C/2,3,
5,10 min, 740°C/2 min
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shows that part of the Ti remained at the GaN inter-
face while another part out-diffused to the surface.
Overlap of Ti and N concentration profiles in the
vicinity of the GaN interface indicates their inter-

mixing and possible formation of the titanium
nitride phase. It is believed that formation of a thin
TiNx layer at the metal/GaN interface results in
N vacancy (a donor in GaN) creation at the GaN

Fig. 1. (a) I-V curves of the Ge/Cu/Ti metal system for the 32 mm contact separation for different annealing temperatures and times. (b) Variation
of specific contact resistivity with annealing time at 690°C annealing temperature.

Fig. 2. AES depth profiles of the Ge (40 nm)/Cu (70 nm)/Ti (25 nm)/GaN system for as-deposited and annealed samples: (a) as deposited, (b)
690°C / 2 min., (c) 690°C / 10 min., and (d) 740°C / 2 min.
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surface, which enhances the ohmic behavior of the
contact.

In the metal layers, Ge intermixed with Cu even
after the shortest (2 min.) annealing at 690°C (Fig.
2b). The Ge and Cu profiles in Figs. 2b–2d match
with roughly 3:1 Cu to Ge atomic ratio indicating
formation of the e1-Cu3Ge phase. The Ge and Cu did
not undergo any prominent reaction with the other
elements present in the system, which shows the
stability of the Cu3Ge phase. At higher tempera-
tures (740°C), a significant intermixing between
all the elements is observed because of partial or
complete melting of the e-Cu3Ge phase.31 Potential
diffusion of small a amount of Ge into GaN may
have also contributed to ohmic behavior because of
predominantly donor behavior of amphoteric Ge in
III-V compounds.28

In addition, a high level of oxygen can be clearly
seen at the surface of annealed samples (Figs. 2b–
2d), which was not observed in the as-deposited
sample (Fig. 2a). An increase in the level and thick-
ness of penetration of the O is observed at the metal
surface with increasing annealing time or temper-
ature. The oxygen is believed to have entered the
metal system from the annealing ambient in which
its concentration is in the parts-per-million range.
The O and Ti profiles on the surface roughly fol-
lowed the same shape with a higher O concentration
than the Ti, which is indicative of titanium oxide
formation. The presence of titanium oxide on the
surface may possibly lead to a slight increase in
rc and Ra.

The AES depth profiles did not show any evidence
of copper or germanium oxide formation on the sur-
face of the contacts, which indicates a resistance of
the Cu3Ge phase to oxidation.

X-ray

Figure 3 shows the x-ray data for as-deposited
(Fig. 3a) and annealed (Figs. 3b–3d) samples. The
as-deposited sample contains Ti and Cu phases with
strong (0002) and (111) preferred orientation,
respectively. Germanium peaks were not detected,
possibly due to the germanium layer being thin and/
or having no texture. After annealing at 600°C and
above, the Ti and Cu peaks disappeared, indicating
complete reaction of the metals, which agrees with
AES results in Fig. 2b–2d. New peaks on XRD scans
in Fig. 3b–3d correspond to the e1-Cu3Ge ortho-
rhombic phase. Its lattice parameters varied with
annealing temperature/time due to possible change
of the Cu3�xGe composition. From the scan in Fig. 3,
the e1-Cu3Ge lattice parameters were determined as
follows: sample (b) a 5 5.163(6) Å, b 5 4.177(4) Å, c
5 4.446(4) Å; sample (c) a 5 5.175(3) Å, b 5 4.179(2)
Å, c5 4.455(2) Å; and sample (d) a 5 5.223(3) Å, b 5
4.185(2) Å, c 5 4.489(2) Å. For comparison, values
for the e1-Cu3Ge polycrystalline phase from Ref. 33
are slightly larger, a 5 5.29 Å, b 5 4.20 Å, c 5 4.55
Å, which could be attributed to the compositional
difference between thin films from the present work

and bulk sample from Ref. 33. A noteworthy feature
of Fig. 3 is a drastic increase in the intensity of the
211 peak for sample (d) (740°C/2 min. anneal) as
compared to samples annealed at lower tempera-
tures. Strong (211) preferred orientation in sample
(d) could be associated with recrystallization from
the melt, which was likely present at 740°C (as dis-
cussed in the I-V Characteristics section above), as
opposed to solid-type transformations at 600°C and
690°C annealing conditions.

No TiN peaks were detected for the annealed sam-
ples even though the formation of this phase was
inferred from the Auger analysis (see Figs. 2b–2d).
The absence of TiN peaks on XRD scans could be
explained by the fact that TiN is likely to be very
thin and is buried under a thick e1-Cu3Ge layer.

AFM Results

AFM scans were taken for the Ge/Cu/Ti metalli-
zations for the 2 min. duration isochronal anneals at
600–740°C, and for the same metallization for the
690°C isothermal anneals of 2–10 min. duration.
The root-mean-square (rms) roughness (Ra) is
shown in Fig. 4 for both isochronal (Fig. 4a) and
isothermal (Fig. 4b) anneals. Drastic increase of Ra

after annealing at 740°C (Fig. 4a) is likely associ-
ated with partial melting of the e-Cu3Ge phase.
Mean roughness values of 4–6 nm remained
unchanged after anneals at 600°C and 690°C, even
after prolonged (10 min.) annealing time, which
indicates thermal stability of the e1-Cu3Ge phase
and of the metal contact as a whole.

FESEM Images

FESEM images for the 690°C isothermal anneals
and 740°C/2 min. anneals are shown in Fig. 5a–c.

Fig. 3. XRD spectra for (a) as deposited, (b) 600°C / 2 min., (c)
690°C / 2 min., and (d) 740°C / 2 min. anneals. The e1-Cu3Ge
(Pearson symbol oP8) phase was formed in samples (b), (c), and
(d); peaks for this phase are marked with dotted lines for eye-guiding
purpose only.
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The surface of the sample annealed at 600°C was
smooth (not shown) and did not show any sign of
surface deterioration. The contact surfaces after iso-
thermal 690°C anneals were also smooth with slight
increase in roughness with increased annealing
time (Figs. 5a–5b). The sample annealed at 740°C
for 2 min. (Fig. 5c) showed prominent degradation of
the contact surface, which correlates with AFM
observations. As indicated above, this deterioration
is likely associated with partial melting of the con-
tact at the 740°C annealing temperature.

CONCLUSIONS

In this work, a novel thermally stable low resis-
tive Ge/Cu/Ti ohmic contact to n-type GaN has been
fabricated. The minimum rc was found to be 9.1 3
10�5 V-cm2 after a 690°C/10 min. anneal for a GaN
layer doped with a net donor concentration of 9.2 3
1017 cm�3. The contact surface remained smooth
after 690°C anneals, practically independent of the
annealing time with mean roughness of 5 6 1 nm.
The anneal at a lower temperature of 600°C was
rendered nonohmic. The anneal at a higher temper-

ature of 740°C produced a morphologically degraded
metallic film with high (Ra 5 29 nm) surface rough-
ness, which can be attributed to partial melting in
the Cu-Ge system. The e1-Cu3Ge phase formed as a
result of RTA was found to be oxidation resistant
and thermally stable even after prolonged (10
min.) annealing time at 690°C. Comparison of our
results with recently reported34,35 values indicates
that the surface roughness of the metal contact
from this study is superior to those reported in the
literature. This is believed to be due to the lower
annealing temperature required to realize the
ohmic behavior for the metallization used in this
study and good thermal stability of the e1-Cu3Ge
phase. However, our contact resistance values are
higher due to a lower doping concentration of GaN
used in the current study, which plays an important
role in the value of contact resistance.
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