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Ru/GaN(0001) Interface Properties
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We report the results of our studies of ruthenium layer structures adsorbed on GaN(0001). Ruthenium
was evaporated at room temperature under ultrahigh vacuum conditions onto n-type GaN substrates epitaxially
grown on sapphire. When X-ray photoelectron spectroscopy confirmed the presence of Ru bonds in the deposited
adlayer, the ultraviolet photoelectron spectroscopy shown a peak at the Fermi level as well as lines originating from
ruthenium. The height of the Schottky barrier was calculated based on the data measured by X-ray photoelectron
spectroscopy and ultraviolet photoelectron spectroscopy and amounts to 1.5 eV. The work function of Ru adlayer
is 4.4 eV, while the electron affinity of n-GaN(0001) substrate equals 3.4 eV.
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1. Introduction

Gallium nitride (GaN) and related compounds are very
interesting because of their wide applications as ultravi-
olet light emitting devices as well as high temperature,
high frequency and high power electronic devices. The in-
terest in these materials is due to the fact that they have
unique properties such as the direct band gap, high phy-
sicochemical resistance, a relatively high melting point
and good thermal conductivity [1]. Ruthenium and its
compounds are widely used in the electronic industry i.e.
for lead-free thick-film resistor production [2] or as a ma-
terial for fabrication of reliable contact to semiconduc-
tors [3, 4].

Metal/GaN interface is the essential part of the elec-
tronic device; on the one hand as ohmic, and the ot-
her as the Schottky contact, thus the characterization
and understanding of the properties of the interface is
very important. Electrical properties of ruthenium based
contacts to n-GaN were investigated by measurement of
I−V curves and the metal was found to be a good candi-
date for the high temperature applications [4–7]. Despite
the above, there has still been a deficit of basic research
on pure Ru layers on GaN substrates reported thus far.

Herein we report the results of the studies of
Ru/GaN(0001) interface by surface sensitive techniques.

2. Experimental

The n-type GaN(0001) used in this study was grown
on an Al2O3(0001) substrate. An atomically flat, 10 µm
thick epitaxial GaN layer was Si-doped (n = 1−3 ×
1018 cm−3). The sample around 5 × 8 mm2 in size
was degreased in isopropanol, then rinsed in distilled wa-
ter and mounted with tantalum strips onto a molybde-
num plate. The GaN surface was prepared by annea-
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ling up to 750 ◦C in an ultrahigh vacuum (UHV) con-
dition. Ru thin film was deposited at room tempera-
ture (RT) on n-GaN substrates in UHV. Ruthenium was
evaporated from a water-cooled electron beam evapora-
tor. An ion current of the molecular beam (400 nA)
was applied to control the growth rate equal to about
5 nm/min. Surface chemical analysis was performed
by X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), and low energy elec-
tron diffraction (LEED).

3. Results and discussion

XPS wide spectrum of fresh GaN(0001) samples pla-
ced into the UHV analytic system showed contaminants
of oxides and carbon. To obtain the surface free of car-
bon and with a small oxygen impurity, the substrate was
degassed at 500 ◦C and then annealed at 750 ◦C for 30 s
several times. The LEED diffraction patterns for that
prepared sample exhibited a (1×1)-GaN(0001) structure
with sharp and bright spots.

Ruthenium layers were grown on a cleaned GaN(0001)
surface gradually, their thickness increased with evapo-
ration time (the stability of the source had been checked
by controlling the ion current of the evaporated Ru mo-
lecular beam). The XPS signal of the substrate lines was
decreased with increasing evaporation time, while that
of the Ru adsorber increased. The XPS spectrum of the
Ga 3d core level line for the cleaned GaN(0001) surface
is shown in Fig. 1. The Ga 3d peak for the cleaned GaN
surface at 20.2 eV with the full width at half-maximum
(FWHM) equal to 1.8 eV is deconvoluted into three che-
mical components: the main, central component corre-
sponds to Ga–N bond, the right one to Ga–Ga, and the
left to Ga–O bonds, respectively (Fig. 1). The O 1s
spectral lines recorded before and after annealing process
shows that vestigial amount of oxygen remained on the
cleaned surface (inset, Fig. 1). The Ga 3d for GaN(0001)
covered with Ru layer shifts by 0.6 eV toward the low bin-
ding energy and its FWHM slightly increases to 1.9 eV.
No diffraction pattern is observed after Ru deposition for
any measured thickness of the adsorber. This indicates
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that the Ru layers have a disordered structure and/or
grown in 3D mode forming randomly oriented and distri-
buted grains on the surface. The position of the Ru 3d
doublet shown in Fig. 2, amounts to 279.7 eV for the
Ru 3d5/2 line and 283.8 eV for the Ru 3d3/2, and its
FWHM is 1.5 eV. The result is consistent with the refe-
rential data [8].

Fig. 1. Deconvolution of the Ga 3d peak of the XPS
spectrum obtained for the cleaned GaN(0001) substrate.
Three components have been fitted (solid line) to expe-
rimental data (red open circle). Inset: the O 1s lines
recorded before and after annealing process.

Fig. 2. XPS Ru 3d spectrum recorded for Ru film 5 nm
thick deposited on GaN(0001) at RT.

Photoelectron spectrum of the valence band for the
cleaned GaN(0001) surface and with the Ru overlayer is
shown in Fig. 3. The position of the valence band maxi-
mum (VBM) for the substrate prior to deposition of the
metal is found to be 2.6 eV below the Fermi level (EF),
as determined from UPS measurements by linear extra-
polation of the location of the density of state edge at the
point of background intersection and is 17.6 eV above the
Ga 3d core level; very close to the value of 17.7 eV repor-
ted by Waldrop and Grant [9]. The shape of the valence
band is typical for n-type semiconductors. The electron

Fig. 3. UPS spectra of (a) cleaned GaN(0001) surface
and (b) after deposition of 5 nm thick Ru layer. Ar-
rows indicate positions of spectral lines originated from
ruthenium.

affinity χ amounts to 3.3 eV which was calculated by the
formula χ = hν −W − Eg, where hv = 21.2 eV is the
energy of the incident photons, W = 14.5 eV is difference
between cut off energy and VBM, and Eg = 3.4 eV is the
band gap of the GaN.

Deposition of Ru layers caused essential changes in
the electron energy distribution collected by ultraviolet
photoelectron spectroscopy. Major changes in the va-
lence band are evident in the low binding energy parts,
a high density of states arises in the range between the
Fermi level and the position of the VBM of the cleaned
GaN. The shape of the band reveals a metallic charac-
ter. On the curve there are four characteristic maxima
(marked by arrows): the first one at about 0.6 eV, the se-
cond at 2.0 eV, the third at about 4.8 eV and the fourth
at 11.6 eV below the EF. These positions are consis-
tent with the literature data [8]. Minor differences in
the spectrum also occur in the cut off energy which re-
sults in changes in the vacuum level. The work function
of the Ru layers was determined using the following ex-
pression: ϕm = hν − Ecutoff . The latter value (cut off
energy) was estimated to be 16.8 eV and it results in work
functions of 4.4 eV. According to literature data [7, 10],
the work function of ruthenium ranges between 4.5 and
5.9 eV depending on the crystallographic direction, thus
the obtained value is appropriate.

The Schottky barrier height ϕB is the key quantity
that determines the behavior of the metal/semiconductor
interface. Its magnitude can be determined using XPS
and UPS by the procedure of Waldrop et al. applied for
SiC [11]. Similar studies have also been provided for the
GaN semiconductor [12]. The magnitude of ϕB can be
calculated from the formula ϕB = Eg −ES

F, where E
S
F =

Em
Ga 3d − ∆E. Em

Ga 3d = 19.6 eV is the binding energy of
the Ga 3d core level line for GaN, with overlayers of Ru as
it is shifted due to electron charge transfer at the phase
boundary of Ru/GaN. The ∆E defines the position of the
Ga 3d peak for the cleaned semiconductor with respect
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Fig. 4. Schematic energy diagram for the
Ru/GaN(0001) interface elaborated based on mea-
sured data.

to the VBM, which was specified above in the text. The
SBH at the Ru/GaN(0001) interface, as calculated basing
on the data, amounts to 1.5 eV (Fig. 4) The obtained
value is slightly higher than that calculated according to
the Schottky–Mott rule: ϕB = ϕm − χ, which amounts
to 1.1 eV.

4. Conclusions

The n-type GaN(0001) surfaces were used to inves-
tigate the chemical and the electrical properties of the
Ru/GaN interface. The electron affinity at the cleaned
n-GaN(0001) surface amounts to 3.4 eV. LEED patterns
shows a well-ordered (1×1)-GaN(0001) structure for the
starting substrate. The work function of 5 nm Ru film on
the substrate is 4.4 eV, as calculated from UPS spectra.
The Ru layers do not grow epitaxially. The height of the
Schottky barrier calculated based on the data measured
by XPS and UPS equals 1.5 eV.

Acknowledgments

The authors thank Emma–Louise Tarburn for her as-
sistance during preparation of manuscript.

References

[1] S.C. Jain, M. Willander, J. Narayan, R. Van Over-
straeten, J. Appl. Phys. 87, 965 (2000).

[2] B. Morten, G. Ruffi, F. Sirotti, A. Tombesi, L. Moro,
T. Akomolafe, J. Mater. Sci. Mater. Electron. 2, 46
(1991).

[3] G. Myburg, W.O. Barnard, W.E. Meyer, C.W. Louw,
N.G. van den Berg, M. Hayes, F.D. Auret, S.A. Good-
man, Appl. Surf. Sci. 70-71, 511 (1993).

[4] W. Macherzyński, A. Szyszka, B. Paszkiewicz,
R. Paszkiewicz, M. Tłaczala, in: ASDAM 2008 —
Conf. Proc. 7th Int. Conf. on Advanced Semiconduc-
tor Devices and Microsystems, Smolenice, Slovakia,
2008, p. 187.

[5] C.K. Ramesh, V.R. Reddy, K. Rao, J. Ma-
ter. Sci. Electron. 17, 999 (2006).

[6] M. Ťapajna, K. Hušeková, D. Machajdík, A.P. Ko-
bzev, T. Schram, R. Lupták, L. Harmatha, K. Fröh-
lich, Microelectron. Eng. 83, 2412 (2006).

[7] T. Nabatame, K. Segawa, M. Kadoshima, H. Takaba,
K. Iwamoto, S. Kimura, Y. Nunoshige, H. Satake,
T. Ohishi, A. Toriumi, Mater. Sci. Semicond. Pro-
cess. 9, 975 (2006).

[8] B. Vincent Crist, Handb. Elem. Nativ. Oxides 1, 1
(1999).

[9] J.R. Waldrop, R.W. Grant, Appl. Phys. Lett. 68,
2879 (1996).

[10] H.L. Skriver, N.M. Rosengaard, Phys. Rev. B 46,
7157 (1992).

[11] J.R. Waldrop, R.W. Grant, Y.C. Wang, R.F. Davis,
J. Appl. Phys. 72, 4757 (1992).

[12] M. Grodzicki, P. Mazur, S. Zuber, J. Pers, J. Brona,
A. Ciszewski, Appl. Surf. Sci. 304, 24 (2014).

http://dx.doi.org/10.1063/1.371971
http://dx.doi.org/ 10.1007/BF00695004
http://dx.doi.org/ 10.1007/BF00695004
http://dx.doi.org/10.1016/0169-4332(93)90571-R
http://dx.doi.org/10.1109/ASDAM.2008.4743313
http://dx.doi.org/10.1109/ASDAM.2008.4743313
http://dx.doi.org/10.1109/ASDAM.2008.4743313
http://dx.doi.org/10.1007/s10854-006-9001-y
http://dx.doi.org/10.1007/s10854-006-9001-y
http://dx.doi.org/10.1016/j.mee.2006.10.047
http://dx.doi.org/10.1016/j.mssp.2006.10.013
http://dx.doi.org/10.1016/j.mssp.2006.10.013
http://dx.doi.org/10.1002/pssb.2221980103
http://dx.doi.org/10.1002/pssb.2221980103
http://dx.doi.org/10.1063/1.116355
http://dx.doi.org/10.1063/1.116355
http://dx.doi.org/10.1103/PhysRevB.46.7157
http://dx.doi.org/10.1103/PhysRevB.46.7157
http://dx.doi.org/10.1063/1.352086
http://dx.doi.org/10.1016/j.apsusc.2014.01.023

