PHYSICAL REVIEW B

VOLUME 49, NUMBER 19

15 MAY 1994-1

Influence of interfacial hydrogen and oxygen on the Schottky barrier height of nickel

on (111) and (100) diamond surfaces

J. van der Weide and R. J. Nemanich
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202
(Received 9 June 1993; revised manuscript received 21 October 1993)

In this paper we report on Schottky barrier height measurements of nickel on both diamond (111) and
(100) surfaces, as a function of surface preparation. The Schottky barriers of thin ( <5 A) nickel films on
natural type-IIb (p-type semiconducting) diamond (111) and (100) surfaces were determined with ultra-
violet photoemission spectroscopy. Exposing the diamond (111) surfaces to an argon plasma while heat-
ed to 350°C resulted in a change from a negative-electron-affinity surface to a positive-electron-affinity
surface. This effect was used as an indication that a hydrogen-free surface had been obtained. Deposi-
tion of a monolayer of nickel on the hydrogen-free diamond (111) surface resulted in a Schottky barrier
height of 0.5 eV. The nickel caused the surface to exhibit a negative-electron-affinity surface. Nickel de-
posited on a diamond (111) surface with a negative electron affinity, indicative of a monohydride-
terminated surface, resulted in a ~1.0-eV Schottky barrier height. Diamond (100) surfaces were
prepared by vacuum annealing to temperatures ranging from 500°C to 1070°C. The various anneals re-
sulted in a lowering of the electron affinity by up to ~ 1 eV, which resulted in a negative electron affinity
after the surface had been annealed to ~1000°C. Oxygen was initially present on the surface but could
not be observed after the 1000°C anneal. The removal of oxygen and the appearance of a negative elec-
tron affinity coincided with the appearance of a 2X 1 surface reconstruction. Nickel was deposited after
the various anneals, and Schottky barrier heights were found, ranging from 1.5 eV for the 545°C-
annealed surface to 0.7 eV for the 1070 °C-annealed surface. These measurements suggest that for both
the (111) and the (100) diamond surfaces the presence of chemisorbed species, such as hydrogen and oxy-

gen, results in an increase in the Schottky barrier height.

I. INTRODUCTION

Diamond exhibits unique electronic properties, such as
a wide band gap (5.47 eV, high carrier mobilities
(1, =2200 cm?/Vs, p,=1600 cm?/V-s) and a high
breakdown field (107 V/cm), which combine to make dia-
mond an excellent semiconductor material to be used for
high-speed, high-temperature, or high-power transistors.
Various field-effect transistors (FET’s)!™° and bipolar
junction transistors®’ based on diamond have been re-
ported. Most of these experimental devices are made
from expensive natural diamond. The development of
chemical-vapor-deposition growth of diamond increases
its potential to become an economically viable electronic
material. In order to make use of diamond in device
technology both Ohmic and rectifying contacts will be
needed. At present only p-type diamond can be reliably
produced, and Schottky barriers may play an important
role as an alternative for the p-n junction. Because of
this the metal-diamond interface has been studied more
intensely in recent years.®”?° The general trend that
emerges in these studies is that the as-deposited metal
contacts exhibit rectifying behavior. However,
significant variation in the measured Schottky barrier
heights is observed. Several studies have indicated that
the rectifying properties are dependent on surface
preparation.!>??

In this paper we report on Schottky barrier height
measurements of nickel on both diamond (111) and (100)
surfaces, as a function of surface preparation. Nickel has
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a fcc crystal structure which closely matches the lattice
constant of diamond (a4, =3.567 A, ay; =3.523 A), and
it is possible to grow nickel epitaxially on diamond (111)
and (100) surfaces.'®3%3! Theoretical investigations of the
diamond-nickel interface have been performed by Erwin
and Pickett®?~3° and Pickett, Pederson, and Erwin.%¢
Their calculations are focused on two different structures
for nickel on both the (111) and the (100) surfaces. These
structures are shown in Fig. 1. For both the (111) and
the (100) surface a Schottky barrier of less than 0.1 eV is
found for the most stable configurations. It should, how-
ever, be noted that these are calculations of nickel on
idealized diamond surfaces, and the presence of chem-
isorbed species is not taken into account. Calculations on
the effects of hydrogen on the Schottky barrier height
have been performed by Lambrecht for the copper-
diamond (111) interface.” For copper on the hydrogen-
free diamond surface Lambrecht reports a Schottky bar-
rier height of less than 0.1 eV, which is similar to the re-
sults found by Erwin and Pickett for nickel on the dia-
mond (111) surface. Lambrecht found, however, that the
presence of hydrogen at the copper-diamond interface re-
sulted in an increased Schottky barrier height of =1.0
ev.

The diamond (111) surface is typically terminated by a
monohydride after the surface has been polished and
etched.®®"#! The presence of the monohydride on the
surface is found to lower the work function of the sur-
face, which causes the diamond (111) surface to exhibit a
negative electron affinity.>>*' This means that electrons
that are at the conduction-band minimum have sufficient
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Nickel on (111) diamond

‘in-hollow’ position ‘tetrahedral’ position

Formation energy: 1.06 eV/atom
Schottky barrier: 0.8 eV

Formation energy: 0.97 eV/atom
Schottky barrier: <0.1eV

Nickel on (100) diamond

€. 0. o0

'in-hollow’ position

‘tetrahedral’ position

Formation energy: 1.92 eV/atom
Schottky barrier: 1.0 eV

Formation energy: 1.03 eV/atom
Schottky barrier: <0.1eV

FIG. 1. Various configurations of nickel on diamond (111)
and (100) as studied in Refs. 32-34, and 36.

energy to overcome the work function. The presence of a
negative electron affinity can be detected with photoemis-
sion spectroscopy, since secondary electrons that are
thermalized to the conduction-band minimum are emit-
ted and appear as a sharp peak in the spectra.’*~*’ The
hydrogen can be removed from the diamond (111) surface
by annealing the surface to >950°C, which typically re-
sults in a 2 X 1/2X2 reconstructed surface with a positive
electron affinity. We have recently shown that a
positive-electron-affinity surface can also be achieved by
heating the surface to 350°C while exposing it to an ar-
gon plasma for several minutes.*

The ideal diamond (100) surface has two dangling
bonds, and it has been suggested that the unreconstructed
diamond (100) surface is terminated by a dihydride, as il-
lustrated in Fig. 2(a).*” Theoretical calculations have in-
dicated that it might be difficult to achieve this surface
structure due to steric repulsion between the hydrogen
atoms.’® 32 Hydrogen and oxygen desorption and ad-
sorption studies performed by Thomas, Rudder, and
Markunas suggest that a partial oxygen termination can
also result in a 1X 1 surface structure.’> A schematic of
possible bonding configurations is shown in Figs. 2(b) and
2(c). The diamond (100) surface is observed to recon-
struct to a 2X 1 structure after the surface is annealed to
~1000°C. Theoretical calculations indicate that a
monohydride-terminated surface is energetically more
favorable than a hydrogen-free surface, and is therefore
the most likely structure for the (100) 2 X 1 reconstructed
surface in the presence of atomic hydrogen.’° ™2

Schottky barrier height measurements have been made
for various metals on diamond. Using current-voltage,
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(c) Diamond (100) 1x1:0 Double-bonded structure

FIG. 2. (a) Dihydride- and (b) and (c) oxygen-terminated dia-
mond (100) surfaces with a 1X 1 surface structure.

capacitance-voltage, and photoresponse methods, Mead
and McGill have found Schottky barrier heights ranging
from 1.8 to 2.0 eV for gold, 1.9 to 2.2 eV for aluminum,
and 2.0 eV for barium.>* The diamond surfaces were ob-
tained by cleaving, followed by an etch in various chemi-
cal solutions such as chromic acid and HF, and a rinse in
distilled water. Based on photoemission-spectroscopy
measurements, Himpsel and co-workers report Schottky
barrier heights of 1.3 eV for gold and 1.5 eV for alumi-
num on unreconstructed diamond (111).** The dia-
mond surfaces in their study were prepared by the
method proposed by Lurie and Wilson,*® which consists
of polishing the surface with diamond grit, followed by
an ultrasonic acetone rinse and a ~900°C anneal in vacu-
um. This resulted in a negative electron affinity, indica-
tive of a hydrogen-terminated diamond (111) surface.
Significant differences exist in the Schottky barrier
heights reported by the two groups. However, both
groups find that the Schottky barrier heights of the vari-
ous metals on the diamond (111) surface are virtually in-
dependent of the work function and electron affinity of
the metals used. The lowest Schottky barrier height on
the (111) surface, 1.0 eV, was found by van der Weide
and Nemanich for titanium on an argon-plasma-cleaned
surface.”>%¢ This surface exhibited a positive electron
affinity prior to metal deposition and was presumed to be
free of hydrogen.*
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FIG. 3. Summary of Schottky barrier heights reported in the
literature. The triangles represent Schottky barrier heights ob-
tained from (111) surfaces, the squares represent data from (100)
surfaces, and the circles are Schottky barrier heights on poly-
crystalline diamond film. A black symbol indicates an ex situ
chemical surface preparation while the open symbols represent
in vacuo prepared surfaces. The half-filled triangles represent
data for metal on a hydrogen-terminated (111) surface.

Schottky barrier heights for metals on the diamond
(100) surface include a value of 1.7 eV, reported by
Glover for gold on synthetic diamond, which was cleaned
in a boiling mixture of H,SO, and KNO;.!* Geis et al.
obtained a barrier height of 1.3 eV for tungsten contacts
on diamond (100) from current-voltage measurements. '
Their surface preparation consisted of an etch in a sa-
turated solution of CrO; in H,SO, followed by an etch in
H,0, and NH,OH. A similar value of 1.2 eV was found
by Shiomi et al. for tungsten on epitaxially grown, (100)-
oriented diamond films.?

Tachibana, Williams, and Glass report a value of 1.3
eV for titanium on polycrystalline diamond film which is
observed to reduce to 0.8 eV after annealing to 430 °C for
30 min.?” The diamond film was cleaned in a mixture of
HNO,;, H,SO,, and HCIO,. A Schottky barrier height of
1.13 eV for gold and aluminum on as-grown polycrystal-
line diamonds films was found by Hicks et al.,'¢ almost
identical to the 1.15-eV Schottky barrier height found by
Grot et al. for gold on a similar surface.?

The various Schottky barrier heights are summarized
in Fig. 3 as a function of the work function of the metal.
No clear dependence can be discerned between the work
function of the metal and the Schottky barrier height.
There is, however, a relation between surface preparation
and Schottky barrier height, which suggests that surfaces
cleaned in vacuum (open symbols) result in a lower
Schottky barrier height than surfaces which have been
chemically cleaned (solid symbols).

II. EXPERIMENTAL

The experiments described here were performed in the
vacuum system depicted in Fig. 4. The system consists of
four chambers, a plasma-cleaning chamber, a chamber
for low-energy electron diffraction (LEED) and Auger
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FIG. 4. Schematic of the vacuum equipment used in the ex-
periments.

electron spectroscopy (AES), an angle-resolved ultra-
violet photoemission spectroscopy (ARUPS) chamber,
and a molecular-beam epitaxy (MBE) chamber. Samples
can be moved to the various chambers by means of a vac-
uum transfer system consisting of a rail-mounted sample
holder. A load lock allows the introduction of samples
without corrupting the vacuum.

Schottky barrier height measurements were performed
in the ARUPS chamber. Photoemission is excited by He
I radiation (21.21 eV) generated in a differentially
pumped noble-gas-discharge lamp. Photoemitted elec-
trons, emitted at surface normal, are measured with a
50-mm-radius hemispherical electron analyzer with a
0.15-eV energy resolution and a 2° angular resolution.
The sample stage is electrically isolated from the rest of
the chamber and was biased by up to 1 V in order to al-
low low-energy electrons to overcome the work function
of the analyzer. The Schottky barrier height (¢, ) can be
determined from photoemission spectra by locating the
valence-band edge (E,) of the semiconductor and the
Fermi level (Ef) of the metal in the spectra as is shown in
Fig. 5. For the (111) surface the position of the valence-

E, + Ao

>|(b)

Emission from the
diamond

Emission from
the nickel

Electron energy

FIG. 5. The Schottky barrier height is determined from the
relative positions of the metal Fermi level (Er), and valence-
band edge (E,). The latter can be determined by linear extrapo-
lation of the onset of emission [method (a)] or deduced from the
negative-electron-affinity peak (E.) which indicates the position
of the conduction-band edge [method (b)].
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band edge can be determined by linearly extrapolating
the onset of the emission to zero as shown in the figure at
(a). An independent means of establishing the position of
the valence-band edge is available when the surface ex-
hibits a negative electron affinity. In that case the vacu-
um level lies below the conduction-band edge (E_) and
secondary electrons that have thermalized to the bottom
of the conduction-band edge are emitted. This results in
a sharp peak indicating the position of the conduction-
band edge (E,). The position of the valence-band edge in
the spectrum can be deduced by adding #iw—E, to the
position of the peak, as shown in Fig. S at (b).

, The experiments are limited to thin metal films (<5
A), since the determination of the Schottky barrier
height from photoemission measurements relies on the
presence of features due to both the metal and the under-
lying semiconductor. Even at low metal coverages it is
not always possible to determine the position of the
valence-band edge accurately from the spectra, since
emission from the metal obscures the relatively weak
semiconductor valence-band emission. The valence-band
edge was therefore determined from the spectrum of the
diamond before metal deposition and related to a
stronger emission feature which remained visible after
metal deposition. In our experiments a feature at 8.3 eV
below the valence-band edge was used. The position of
this feature was found by fitting a Gaussian curve to a
selected range of data points. A similar feature was
found in spectra obtained from the (100) surface. A
negative-electron-affinity peak on the (100) surface was
used to confirm that the feature also occurred at 8.3 eV
below the valence-band edge in the (100) spectra. At low
metal coverages the onset of emission at the Fermi level
is not as abrupt as for complete metal films. Linear ex-
trapolation of the onset of emission was therefore used to
determine the position of the Fermi level of the metal
overlayer.

The diamond substrates used in this study were com-
mercially supplied natural diamond obtained from Dub-
beldee Harris. It was found necessary to use the p-type
semiconducting variety of diamond (type IIb), since non-
conducting diamond samples (type IIa) did not yield a
signal. This is attributed to charglng The dlamond sub-
strates measured 3 X 3X0.5 mm> or 4X4X0.5 mm?, with
typical resistivities of ~10* Q cm. The surfaces of two of
these substrates were oriented to within 4° of the (111)
planes, while the two other substrates were (100) oriented
to within 2°. The substrates were polished with 0.1-um
diamond grit and chemically cleaned before every experi-
ment. The chemical clean consisted of a 10-min etch in
boiling sulfuric acid to remove wax and residues from the
polishing process. This was followed by 30 min in a boil-
ing, saturated solution of CrOj; in sulfuric acid to remove
graphitic carbon from the surface. The clean was con-
cluded with a 10-min etch in boiling aqua regia to remove
metallic traces and a deionized-water rinse. Just before
the substrates were loaded into the vacuum they were
given a final hand polish with dry lens paper. Once in
vacuum the diamond (111) substrates were annealed to
temperatures up to 850°C for 10 min in order to desorb
contaminants. After the anneals the substrates were
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heated to 350°C and exposed for 10 min to an argon plas-
ma in the plasma chamber to remove hydrogen bonded to
the surface.*® After each plasma exposure, the sample
was transferred to the ARUPS chamber, where the ab-
sence of the peak associated with a negative-electron-
affinity surface was used to indicate that the plasma had
removed the hydrogen from the surface. The diamond
(100) substrates were given the same ex situ treatment as
the diamond (111) substrates. Once in vacuum the dia-
mond (100) substrates were exposed to 10-min anneals,
ranging in temperature from 545 °C to 1070°C.

Nickel was deposited in the MBE chamber, in ~0.5- A
increments. After each deposition a photoemission spec-
trum was obtained in the ARUPS chamber. Typical eva-
poration rates were ~ 10 A/min with the sample at am-
bient temperatures. The sample was not heated in order
to reduce island formation and to obtain complete cover-
age. Epitaxial growth is not expected to occur under
those conditions.’! Both scanning electron microscopy
(SEM) and scanning tunneling microscopy (STM) mea-
surements were attempted to determine the film morphol-
ogy. However, the resolution of the SEM was limited
due to sample charging and the STM images were too
noisy for the same reason. Neither of these measure-
ments yielded interpretable results.

III. RESULTS

A. Nickel on diamond (111)

The photoemission spectra as a function of nickel
thickness were obtained from an argon-plasma-cleaned
diamond (111) surface and are shown in Fig. 6. The spec-
tra obtained after nickel deposition show the emerging
Fermi edge of the nickel as the thickness of the nickel
film is increased. In addition, a peak at the low-energy

2.5A Ni

1.5A Ni

1.0A Ni

Emission intensity
(arbitrary units)

0.5A Ni

C(111)

-15 -10 -5 0

Energy below the Fermi level (eV)

FIG. 6. Photoemision spectra of nickel on a hydrogen-free
diamond (111) eurface A clear Fermi level can be discerned
after deposition of 1 A of nickel. The diamond surface exhlblts
a negative electron affinity after deposition of the first 0.5 A
nickel, as evidenced by a sharp peak at the low-energy end of
the spectrum.
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end of the spectrum appears, indicative of a negative-
electron-affinity surface. This peak reaches a maximum
for a film thickness of 1 A. At that thickness a clear on-
set of emission due to the Fermi edge of the nickel film
can be discerned. This suggests that continuous patches
of nickel have formed, since a Fermi level is a macroscop-
ic property of the metal. Upon nickel deposition a shift
of ~0.4 eV toward lower energies is observed in the spec-
trum of the underlying diamond, which indicates a
change in the Fermi-level pinning of the diamond. A
similar set of data is shown in Fig. 7 for nickel deposited
on a surface that exhibited a negative electron affinity pri-
or to deposition. The negative electron affinity appeared
when LEED measurements were performed. Instead of
increasing further, as might be expected based on the pre-
vious experiments, the negative-electron-affinity peak is
now reduced after metal deposition. No shifts in the dia-
mond spectra could be discerned upon nickel deposition.
Schottky barrier heights were determined from the pho-
toemission spectra, and are plotted as a function of film
thickness in Fig. 8. This figure shows two distinctly
different results. The upper data set was obtained from
the surface that exhibited a negative electron affinity pri-
or to nickel deposition, and a ~ 1.0 eV Schottky barrier
height is found for this surface. Nickel deposited on the
argon-plasma-cleaned surface, however, resulted in a
~0.5-eV Schottky barrier height for the first monolayer
of nickel. This Schottky barrier height was seen to in-
crease to ~0.7 eV upon further nickel deposition.

B. Nickel on diamond (100)

Diamond (100) surfaces were cleaned ex situ and an-
nealed in ultrahigh vacuum to temperatures ranging from
500°C to 1070°C. Auger, LEED, and photoemission
spectroscopy were used to study the effect of the various
anneals. Auger spectra, shown in Fig. 9, indicate that ox-
ygen is present on the as-loaded surface. Only after an-

&z

1A

05A

Emission intensity (arbitary units)

C(111)

-15 -10 -5
_ Energy below the Fermi level (eV)
FIG. 7. Photoemission spectra of nickel deposited on a
hydrogen-terminated diamond (111) surface. The negative elec-

tron affinity of the original surface is reduced upon nickel depo-
sition.
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FIG. 8. Schottky barrier height of nickel on the diamond
(111) surface as a function of metal thickness. The data in the
upper curve (open circles) were obtained from a hydrogen-
exposed surface while the data in the lower curve (black circles
and squares) were obtained from hydrogen-free surfaces.

nealing to 900°C could a reduction in the oxygen signal
be observed. This is in agreement with desorption studies
performed by Thomas, Rudder and Markunas.”® A faint
2X1 reconstruction was observed, as determined by
LEED. Further annealing to 1050 °C resulted in a reduc-
tion of the amount of oxygen on the surface to below the
detection limit of the Auger system, while the LEED pat-
tern of the 2X 1 reconstruction was observed to sharpen.
It should be mentioned that Auger spectroscopy mea-
surements are not sensitive to hydrogen, and the presence
of hydrogen is anticipated as described below.

After 1050 °C

After 900 °C
( As loaded
g

Intensity (arbitrary units)

BRY

Oxygen
Diamond
2 kV primary beam
T T T T l T LI 1 I T T T T l T 1 T T l T T T T [ T T I T
100 200 300 400 500 600 700

Electron energy (eV)

FIG. 9. Auger spectra obtained from the diamond (100) sur-
face as a function of annealing temperature.
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FIG. 10. Photoemission spectra obtained from the diamond
(100) surface as a function of annealing temperature. The back
edge is observed to shift with increasing annealing temperature.
The shift is indicative of a lowering of the work function of the
surface. The back edge has shifted by ~1 eV for the high-
temperature anneals. This resulted in a negative-electron-
affinity surface, as evidenced by the sharp peak. The spectra
have been lined up according to the feature indicated by the
solid line.

Photoemission spectra of the diamond (100) surface as
a function of annealing temperature were obtained in a
parallel study and are shown in Fig. 10. These spectra
exhibited small but inconsistent shifts in energy on the
order of 0.2 eV and are therefore aligned with respect to
the feature at 8.3 eV below the valence-band edge. As
can be seen in the figure, the back edge of the spectra
shifts by ~1 eV toward lower energies as the diamond
(100) is annealed to higher temperatures. This signifies a
lowering of the work function and consequently a lower-
ing of the electron affinity. After the 1035°C anneal a
peak appears in the spectra at low electron energies, indi-
cative of a negative-electron-affinity surface. The peak
increased in height upon further annealing to 1070 °C.
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FIG. 11. Photoemission spectra of nickel deposited on a dia-
mond (100) substrate after annealing at 545 °C.

Thickness of nickel film (;\)

FIG. 12. Schottky barrier height of nickel on diamond (100)
as a function of metal thickness. The different data sets were
obtained after the substrates had been annealed to the tempera-
tures indicated in the figure.

Nickel was deposited on surfaces that had been an-
nealed to temperatures ranging from 545 °C to 860 °C and
photoemission spectra were obtained after each deposi-
tion. A typical series of spectra is shown in Fig. 11. Al-
though the back edge of the spectra is observed to shift
toward lower energies, the negative-electron-affinity effect
does not appear upon nickel deposition. The Schottky
barrier heights determined from these spectra are plotted
as a function of metal thickness in Fig. 12. In addition,
nickel was deposited on a 2X 1 reconstructed surface, ob-
tained by annealing the surface to 1070°C. After each
deposition of nickel on this surface, the film was annealed
to ~370°C to obtain epitaxial growth. As can be seen in
Fig. 13, the negative-electron-affinity peak was slightly
reduced, but remained visible after 2 A of nickel had been
deposited. After further nickel deposition the peak
disappeared. After ~35 A of nickel had been deposited,
the sample exhibited a (100) 1 X 1 LEED pattern, indicat-
ing that the film had grown epitaxially. Schottky barrier

M 6;\Ni
W 4}‘\Ni

2ANi

Emission intensity (arbitrary units)

C(100) 2x1

LN S S S S S By SO R S B S S S S B I

T
-15 -10 -5 E,
Energy below the Fermi level (eV)

FIG. 13. Photoemission spectra of nickel deposited on a 2 X1
reconstructed diamond (100) surface.
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heights obtained from these photoemission spectra are
also plotted in Fig. 12. As can be seen in the figure, the
Schottky barrier height is reduced from ~1.5 for nickel
on the 545°C annealed surface to ~1.0 eV for nickel on
the 860°C annealed surface, while an even lower
Schottky barrier height of ~0.7 eV was found for nickel
grown epitaxially on the 2 X 1 reconstructed surface.

IV. DISCUSSION

A. Nickel on diamond (111)

From the results presented here, the Schottky barrier
height for nickel on the hydrogen-free diamond (111) sur-
face was found to be ~0.5 eV. Theoretical calculations
performed by Erwin and Pickett indicate, however, that
the interface structure with the lowest formation energy,
nickel in the “tetrahedral” position, results in a Schottky
barrier height of <0.1 eV. It should be noted, however,
that the formation energy of the tetrahedral structure
(0.97 eV/atom) is almost identical to the formation ener-
gy of the “in-hollow” structure (1.06 eV/atom). There is,
however, a significant difference between the calculated
Schottky barrier heights for these two structures. For
the tetrahedral position, which is energetically the most
favorable, a Schottky barrier height of <0.1 eV is found,
while the in-hollow position leads to a predicted Schottky
barrier height of 0.8 eV. Since nickel is not expected to
grow epitaxially at room temperature on the (111) sur-
face,’! and in light of the fact that the two proposed for-
mations are so close in formation energy, we suggest that
both formations occur at the interface. That would result
in an effective Schottky barrier height between <0.1 and
0.8 eV, which is in general agreement with our experi-
mental value of 0.5 eV.

The influence of interfacial hydrogen on the Schottky
barrier has been studied by Lambrecht,*” who performed
calculations on the copper-diamond (111) interface.
Copper, like nickel, has a fcc lattice that closely matches
the lattice of diamond, and the two elements are expected
to behave in a very similar fashion. This is borne out by
the fact that the calculations of Lambrecht for copper on
diamond (111) lead to very similar results as the ones
done on nickel by Erwin and Pickett. Lambrecht finds a
nearly zero Schottky barrier height for copper in the
tetrahedral position, while a Schottky barrier height of
~0.5 eV is found for the in-hollow position. His calcula-
tions of copper on hydrogen-terminated (111) diamond,
however, indicate a theoretical Schottky barrier of more
than 1 eV. This agrees with our results, which suggest
that the presence of hydrogen at the surface leads to a
higher Schottky barrier.

The possibility was considered that the negative elec-
tron affinity observed after the nickel deposition was the
result of a lowering of the work function of the surface
due to the nickel. A similar effect has been reported for
titanium on the diamond (111) surface.’® In order for this
to occur, the sum of the Schottky barrier height and the
metal work function has to be less than the band gap of
the semiconductor, as illustrated in Fig. 14. With a
Schottky barrier height of 0.5 eV and a band gap of 5.47

Vacuum
(Nicke

FIG. 14. Band diagrams of the nickel-diamond interface.
In (a) the sum of the Schottky barrier height and work function
for nickel on diamond is less than the band gap of diamond, re-
sulting in a negative electron affinity, while in (b) the sum is
larger than the band gap, which results in a positive electron
affinity.

eV, that would mean that the nickel work function would
have to be less than 5.0 eV. The reported value for the
work function of polycrystalline nickel films is 5.15+0.1
eV.%7 It is of interest to note, however, that the presence
of carbon contamination tends to lower the work func-
tion of the nickel.®® This suggests the possibility that the
carbon of the diamond affects the work function of the
first layer of nickel.

For the nickel deposited on the hydrogen-terminated
(111) surface an increased Schottky barrier height of
~1.0 eV is observed. According to our model this would
lead to an increased electron affinity, from a negative
affinity to a 0.5-eV positive affinity. This is in agreement
with the observed disappearance of the negative-
electron-affinity feature upon nickel deposition, as can be
seen in Fig. 7. The difference in electron affinity for nick-
el deposited on the clean (111) surface and nickel on the
hydrogen-terminated (111) surface is therefore attributed
to the difference in Schottky barrier heights.

B. Nickel on diamond (100)

As discussed in the Introduction, the unreconstructed
diamond (100) can be obtained by terminating the surface
with either a dihydride or an oxide. It is unlikely that the
oxygen observed in the Auger spectra is due to adsorbed
species such as CO, or H,O since oxygen remains present
on the (100) surface after a 900°C anneal. In addition,
the removal of oxygen is observed to coincide with the
appearance of the 2X1 reconstruction, which suggest
that this oxygen is chemically bonded to the surface in
one of the two structures proposed by Thomas, Rudder,
and Markunas® [see Figs. 2(b) and 2(c)]. The presence of
a dihydride phase illustrated in Fig. 2(a) cannot be ruled
out, however, since Auger spectroscopy is not sensitive to
hydrogen, and it is likely that both hydrogen and oxygen
occur at the surface. We attribute the lowering of the
work function of the diamond (100) surface as a function
of annealing temperature to the desorption of the ad-
sorbed species. The negative electron affinity, observed
on the 2X1 reconstructed surface, is attributed to a
monohydride-terminated surface structure. This con-
clusion is based on preliminary pseudo-potential calcula-
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tions performed by Zhang, Wensell, and Bernholc which
indicate that the 2X1 monohydride-terminated surface
exhibits a 0.62-eV negative electron affinity, whereas a
positive electron affinity was found for the hydrogen-free
surface.”® We assign, therefore, a Schottky barrier height
of ~1.5 eV to nickel on an oxygen- and/or hydrogen-
terminated diamond (100) surface with the possibility
that a dihydride phase is present on the surface as well.
Increasing the annealing temperature of the surface to
860°C prior to deposition resulted in a lower Schottky
barrier height of ~1 eV. An even lower Schottky barrier
height of ~0.7 eV was found for nickel grown epitaxially
on a 2X1 reconstructed, monohydride-terminated (100)
surface. Although in the latter case the nickel film was
annealed after growth, we interpret the lower Schottky
barrier height as a continuation of the trend that was ob-
served in the other samples. The Schottky barrier height
on both the reconstructed and the unreconstructed sur-
faces is too large to allow a metal-induced negative elec-
tron affinity. The measured Schottky barriers for the
nickel-diamond (100) interfaces do not agree with
theoretical calculations performed by Erwin and Pickett,
which predict a zero Schottky barrier height.’? 3% This
can be attributed to the fact that their calculations are
based on an ideal, hydrogen-free diamond (100) surface
whereas in our experiments oxygen and hydrogen were
present at the interface. To our knowledge there are no
theoretical studies on the effects of interfacial hydrogen
or oxygen on the Schottky barrier height of metals on the
diamond (100) surface.

V. CONCLUSIONS

Using photoemission spectroscopy we have investigat-
ed the nickel-diamond interface. A Schottky barrier
height of 0.5-0.7 eV was found for nickel on a
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hydrogen-free diamond (111) surface. When hydrogen
was present on the surface an increased Schottky barrier
height of ~1.0 eV was found. This agrees with theoreti-
cal calculations performed on the copper-diamond (111)
interface. Nickel deposited on the hydrogen-free surface
resulted in a negative-electron-affinity surface, which is
attributed to the low Schottky barrier for that interface.
Diamond (100) surfaces were subjected to various an-
neals, which resulted in a reduction of oxygen bonded to
the surface and a lowering of the electron affinity. An-
nealing the diamond (100) surface to ~ 1000 °C resulted
in a monohydride-terminated, 2 X 1 reconstructed surface
which exhibited a negative electron affinity. Schottky
barrier heights for nickel on the diamond (100) surface
were observed to vary from ~ 1.5 eV for the 545°C an-
nealed surface, to ~0.7 eV for the 2 X1 reconstructed
surface. From these results we conclude that the pres-
ence of interfacial hydrogen and/or oxygen results in an
increased Schottky barrier height for nickel on both the
(111) and the (100) surface. These results suggest that
surface preparation can significantly affect the Schottky
barrier height for metals on diamond. We therefore attri-
bute the large variation in reported Schottky barrier
heights, as discussed in the Introduction, to differences in
surface preparations.
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Nickel on (111) diamond
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Formation energy: 1.06 eV/atom Formation energy: 0.97 eV/atom
Schottky barrier: 0.8 eV Schottky barrier: <0.1eV

Nickel on (100) diamond
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FIG. 1. Various configurations of nickel on diamond (111)
and (100) as studied in Refs. 32-34, and 36.



(a) Diamond (100) 1x1:2H Dihydride structure

(b) Diamond (100) 1x1:0 Bridging structure

(c) Diamond (100) 1x1:0 Double-bonded structure
FIG. 2. (a) Dihydride- and (b) and (c) oxygen-terminated dia-

mond (100) surfaces with a 1< 1 surface structure.



