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We report measurements on the nature of aluminum and gold contacts to GaN. The GaN films
were deposited onto the R-plane of sapphire substrates by molecular beam epitaxy and are
autodoped n-type. Metal contacts were deposited by evaporation: and were patterned
photolithographically. Current-voltage characterization shows that the as-deposited aluminum
contacts are ohmic while the as-deposited gold contacts are rectifying. The gold contacts become
ohmic after annealing at 575°C, a result attributed to gold diffusion. The specific contact
resistivity of the ohmic aluminum and gold contacts were found by transfer length
measurements to be of device quality (1077-10"% © m?). The results of these studies suggest a
direct correlation between barrier height and work function of the metal, consistent with the

strong ionic character of GaN.

Gallium nitride (GaN) is a direct, wide band-gap
semiconductor (E,~3.4 eV) whose conduction band
structure allows for a high saturation velocity (3X 107 cm/
s).'"2 Due to these unique properties GaN is expected to
find applications in optical devices (LEDs, lasers, detec-
tors) operating in the spectral region from the blue to
near-UV and in electronic devices such as high tempera-
ture, high power, and high frequency transistors.

GaN films are generally n-type3 with carrier concen-
trations between 10'® and 10%° cm™? and electron mobili-
ties of about 20 cm?/V s. The n-type autodoping is attrib-
uted to nitrogen vacancies. The most important recent
development is the discovery that AIN* and GaN*1° puff-
ers lead to lateral growth which significantly improves the
surface morphology and the electrical properties of the
films. '

In this letter, we report our initial investigation of
metal/GaN contacts. Metals investigated include Al and
Aun. Current-voltage (I-¥) measurements and transfer
length measurements (TLM) of the specific contact resis-
tivity are presented.

The GaN films used in this study were grown by the
ECR-MBE method without a GaN buffer layer.!"'? All
films were deposited on sapphire substrates with R-plane
orientation. X-ray diffraction studies show that the films
have the wurtzitic crystal structure with (1120) orienta-
tion, which leads to a faceted surface morphology.'? The
faceted surface makes these films unsuitable for planar de-
vices, however, the metal contact results presented in this
letter should be applicable to GaN films grown on other
substrates and orientations. The transport coefficients were
determined by Hall effect measurements using the Van der
Pauw configuration. The investigated films were n-type
with resistivities of about 10~ Q cm, carrier concentration
of 3% 10'® cm™* and Hall mobilities of about 20 cm?/V s.
The thickness of the films was 1.6 um.

The Au and Al contacts were deposited on the GaN
films by thermal evaporation and patterned using photoli-
thography and liftoff techniques.'® The base pressure of the
evaporation unit was 10~7 Torr and the system was cry-
opumped to keep the chamber oil-free. Tungsten evapora-
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tion boats were used to evaporate 99.999% pure Al and
Au. The substrates were kept at room temperature during
the evaporation. Prior to photolithography, the samples
were degreased. Following metal deposition, the metals
were patterned using liftoff techniques which consisted of
ultrasonic baths in acetone and methanol. The contacts
were patterned in TLM structures which consist of three
square contacts separated by known distances [see Fig.
1(a)]. The same contacts were also used in pairs to eval-
uate the rectifying nature of the metal/semiconductor in-
terface by I-¥ characterization. Because these pairs of con-
tacts were deposited on the surface of the GaN films, they
constituted back-to-back Schottky barrier systems.

I-V characterization was carried out by injecting up to
+20 mA with a current source and measuring the voltage
across the same contacts with an electrometer. I-V char-
acterization was performed on both as-deposited metal
contacts and metal contacts which had been annealed in a
reducing atmosphere for 10 min at 575 °C. All of the mea-
surements were made in atmosphere at room temperature.

Measurements of the specific contact resistivity were
made using the TLM method which is employed widely in
the characterization of ohmic contacts to semiconduc-
tors.!4"'¢ The technique requires the formation of contacts
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FIG. 1. (a) Sample configuration for /-¥ and TLM characterization. The
thin vertical stripe is a 10 pm wide area of exposed GaN. The three wide
rectangles are metal contacts separated by 20 and 15 pm. (b) Schematic
of current flow through planar contacts. Nearly all of the current flows
through one transfer length, L,, of the contacts’ front edges. (c) Plot of
the measured resistance against the contact separation.
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FIG. 2. I-V characteristics of as-deposited Al/n-GaN and Au/n-GaN
structures.

with controlled geometry and evaluates the difference in
resistance between equally sized pairs of contacts separated
by different distances. The specific contact resistivity (p)
is calculated from a measurement of the effective contact
resistance (R.), the contact width (W), and the transfer
length (L7):

pc= RL.WLT . ( I)
The effective contact resistance is given by:
Ryl — Ryl
c=—2—12 , (2)
Lh—1

where R, is the resistance measured between contacts
spaced /; apart and R, is the resistance measured between
contacts spaced /, apart. In a planar contact configuration,
nearly all of the current enters the semiconductor through
a small area at the edge of the contact.!” The parameter Ly
is the length of this area as indicated in Fig. 1(b). This
quantity is estimated by plotting the resistance of two pairs
of contacts against the distance separating the individual
contacts within each pair. The line connecting the points
R, and R, crosses the resistance axis at the 2R, point and
intersects the distance axis at the —2L, point [see Fig.
1(c)].

The TLM technique relies on the assumption that the
semiconductor material under the contact has not been
doped differently than the bulk material, and the accuracy
of the method depends on the ability to control the sepa-
ration between the contacts. Due to the faceted surface
morphology in our films, the determination of the contact
areas was difficult and limited the accuracy of the specific
contact resistivity to within an order of magnitude.

The I-V characteristics of the as-deposited Al and Au
contacts are shown in Fig. 2. For both metals the I-V
curves are symmetric about the origin as is expected for
back-to-back Schottky barriers where the characteristic is
that of a reverse-biased barrier irrespective of the current
polarity.!” The Al contact I-V characteristics are linear
indicating that the contact is ohmic with no apparent bar-
rier to current flow. In contrast, the I-¥ characteristics of
the Au contact exhibit curvature associated with the for-
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FIG. 3. I-V characteristics of annealed Al/n-GaN and Au/n-GaN
structures.

mation of a Schottky barrier. This Schottky barrier is leaky
due to tunneling effects arising from the high carrier con-
centration of the films and the possible existence of an
interfacial native oxide layer.'* These results indicate that
the barrier height depends on the metal used.

The I-V curves for the same contacts after annealing,
shown in Fig. 3, suggest that both the Al and Au contacts
have changed during annealing. The I-V curves of the Al
contacts acquired a slight curvature and the calculated re-
sistance increased by about 50%. These changes may be
attributable to the formation of an interfacial AIN layer
during the annealing process. No experimental work was
performed to confirm the existence of such a layer. The I-¥
curves of the Au contacts became practically linear. A
similar result has been observed in Au contacts to GaAs
and attributed to Au diffusion in GaAs.'® Analytic mea-
surements and electron microscopy have not been per-
formed to confirm Au diffusion. The GaN material, how-
ever, has 10'*-10" cm ? nitrogen vacancies which should
facilitate the Au diffusion even though the material is
tightly bonded.

The specific contact resistivities of Al and Au contacts
were measured by the TLM method after annealing. The
results in Table I show specific contact resistivities mea-
sured for a number of contact pairs on a single GaN sam-
ple. The variations in the contact resistivities can be attrib-
uted to the nonuniformity of the film. All of the contacts
measured have specific contact resistances in the 10~ -
10~% Q2 m? range. The lowest specific contact resistivities

TABLE I. Specific contact resistivities for Au/n-GaN and Al/n-GaN
after annealing. Measurements correspond to different TLM studies of a
single sample.

Specific Specific
contact contact
resistivity resistivity
Metal (107 O m?) Metal (107" m»
Au 1.6 Al 0.12
' 2.0 4.4
3.1 1.3
3.0 s
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FIG. 4. Dependence of S=d¢,/dy,, (change in barrier height over the
change in metal work function) on the electronegativity difference be-
tween the components of the compound (after Ref. 20).

reported for GaAs are =~10~° Q m® for high quality
AuGeNi contacts.'®

The simplest considerations of Schottky barrier forma-
tion between metals and semiconductors rely on the differ-
ence in work functions of the two materials to predict the
barrier height. For a large number of important semicon-
ductors, Si and GaAs included, the dependence of barrier
height on work function difference has not been observed,
a result attributed to the existence of surface states which
pin the Fermi level at the interface.!” The dependence of
the barrier height on the work function difference has been
correlated to the ionicity of the semiconductor by Kurtin
and co-workers? as shown in Fig. 4. In this figure, the
vertical axis is a parameter S which is defined as the change
in barrier height over the change in metal work function
(d¢y/dx,,) and the horizontal axis is the electronegativity
difference between the components of a compound which is
a measure of the compound’s ionicity. The direct depen-
dence of the barrier height on the work function for the
semiconductors with large electronegativity differences re-
sults from the bunching of surface states near the band
edges where they have less effect on the surface Fermi level
position.!”

The electronegativity difference for GaN is 1.87
¢V.2122 This puts GaN above the knee of the curve imply-
ing that Schottky barriers on GaN should have barrier
heights which depend directly on the work function differ-
ence between the metal and GaN. The work function of
'GaN has been measured to be 4.1 eV.?® Therefore, any
metal with a work function equal to or lower than that of
GaN should form essentially ohmic contacts to n-type
GaN and any metal with a work function higher should
form a rectifying contact to n-type GaN. The work func-
tion of Al is 4.08 eV (Ref. 22) putting Al in the ohmic
category. The work function of Au is 4.82 eV (Ref. 22)
which puts it in the rectifying category. Our results on Al
and Au contacts to #-GaN are in agreement with the pre-
dictions of this model.

Based on these findings a variety of metals can be cho-
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“sen to form either ohmic or Schottky barriers to #- or

p-type GaN. For example, Al can form chmic contacts to
n-type GaN and Au can form ohmic contacts to p-type
GaN. Other factors may also play a role in choosing the
proper metals for contacts to GaN. For example, Au ap-
pears to diffuse upon annealing in the GaN. Thus, the use
of Au as a contact to GaN requires a thin interlayer of Ti
or Cr as a diffusion barrier.!* Also, annealing of Al con-
tacts may result in the formation of a thin insulating AIN
interlayer, which will increase its contact resistance.

In conclusion, the nature of Al and Au contacts to
n-GaN were investigated. It was found that the as-
deposited Al- and Au-contacts are ohmic and rectifying,
respectively. This result is in direct agreement with data
indicating that ionic materials do not suffer from Fermi
level pinning at metal/semiconductor interfaces. The lack
of Fermi level pinning greatly reduces the complication of
creating ohmic contacts to GaN as it is only necessary to
determine metals with appropriate work functions. Mea-
surements of the specific contact resistivities of Al and Au
annealed contacts on GaN give values in the range of
10~7-10~% © m 2 which are of device quality.
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