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In this study, the evolution from diamond surfaces to metal-diamond interfaces has been examined.
The electron affinity and the Schottky barrier height of a few A thick films of Zr and Cu deposited

in ultrahigh vacuum(UHV) onto llb substrates were correlated. Prior to metal deposition, the
diamond surfaces have been cleaned by different anneals and plasma treatments in UHV, and the
surfaces were characterized by Auger electron spectroscopy and atomic force microscopy. The
initial surfaces were terminated with oxygen, or free of chemisorbed species. Ultraviolet
photoemission spectroscopy was employed to determine whether the samples exhibited a positive
electron affinity or a negative electron affinttMEA) before and after metal deposition. For Zr, the
Schottky barrier height was found to change very little with the presence or absence of chemisorbed
species at the interface. A NEA was observed for Zr on diamond independent of the surface
termination. However, for Cu, the surface cleaning prior to metal deposition had a more significant
effect. The Schottky barrier height changed strongly depending on the chemical species at the
interface. A NEA was only detected for Cu on clean diamond surfaces. The differences between Zr
on the one hand and Cu on the other are correlated with differences in interface chemistry and
structure. ©1997 American Vacuum Socief$s0734-211X97)11604-3

[. INTRODUCTION surface layer results in a dipole resulting in a NEA. How-

. . ever, for all these treatments, a positive electron affinity and
Negative electron affinitf NEA) surfaces could enable a 2x1 reconstruction are observed following a 1150 °C

th velopment of col th Vi . The electron affin- . . .
e development of cold cathode devices € electron & nneaf This surface is considered to be free of adsorbates.

ity of a semiconductor corresponds to the energy difference’ .~ .
y P 9y b initio calculations for the 1 reconstructed surface pre-

between the vacuum level and the conduction-band mini-,. ¢ a NEA f hvdride t inated ‘ d .
mum. For most materials, the vacuum level lies above th Icta or a mononydride terminated surtace and a posi-

conduction-band minimum. This is called a positive electrontive electron affinity for an adsorbate-free surfadhis is in

affinity. As a wide bandgap semiconductor, diamond has th@greement W'th,the r(]experlmentgl resﬁl?s.l Aoy
potential of exhibiting negative electron affinity surfaces various studies have described metals on diamiond.
since the conduction-band minimum lies near the vacuunf'S-deposited metal contacts usually have been found to ex-
level. Electrons from the conduction-band minimum thenhiPit Schottky characteristics. Most of these reports are based

have sufficient energy to leave a NEA surface and be emitteQ" CUrrent-voltagel-V) data. It is, however, difficult to
deduce the Schottky barrier height frdmV measurements

into vacuum.
By employing different surface treatments, such asdué t0 t?els large ideality factors of metal-diamond
plasma cleaning or annealing in ultrahigh vacugaHV), interfaces:**> Ultraviolet photoemission spectra can be

the position of the conduction-band minimum can be shifted/S€d to measure the Schottky barrier height of metal—
with respect to the vacuum level. This can induce a NEA odiamond interfaces. For this purpose, features from both the
remove it*~® Subsequent to precleaning the diamdad0) metal and the semiconductor need to be visible. This means
samples with a wet chemical etch, the diamond surfaces at8€ thickness of the metal has to be equal to or less than the
oxygen terminated. This chemisorbed oxygen layer forms &lectron mean-free patb<5 A). It has been demonstrated
surface dipole. Such a surface exhibits a positive electrothat depositing a few A of metals such as Ti, Ni, Co, Cu, and
affinity. For the diamond100) surface, an anneal to 900~ Zr can induce a NEA on diamond surface$-?*Also, sub-
1050 °C or a H-plasma clean results in a NEA and>12 monolayer deposition of TiO has been reported to induce a
reconstructed, oxygen-free surface® The different thresh- NEA.* The presence of a NEA or positive electron affinity
old temperatures are related to different wet chemicahas been correlated with different structures of the metal—
pretreatments.It was found that UHV annealing at 900 °C diamond interface. Metal films deposited on adsorbate-free
was sufficient for samples precleaned by an electrochemic&urfaces have been found to exhibit lower Schottky barrier
etch. But a 1050 °C anneal was required for a preclean enfieights and lower electron affinities than for surfaces termi-
ploying chromic acid. It has been proposed that the diamondated by species such as hydrogen or oxygen. And for some
(100 surface exhibits a monohydride termination subsequenmetal—-diamond structures, the Schottky barrier heights have
to a 900—1050 °C anneal or a H-plasma exposdfeA H  been low enough to induce a NEA.

Photoemission spectroscopy is a very sensitive technique
3Electronic mail: robert_nemanich@ncsu.edu to determine whether a surface exhibits a NEA or a positive
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electron affinity. Electrons are photoexcited from the valence Low Energy End High Energy End
band into states in the conduction band. These electrons ca of Spectrum of Spectrum
then quasithermalize down to the conduction-band mini- E,
mum. For NEA surfaces, these secondary electrons from the .
conduction-band minimum can be emitted into vacuum and . Secondary
appear as a sharp peak at the low kinetic energy end of thi . lectrons
photoemission spectfd?*In this study, diamond100) sur- E, N
faces have been cleaned by anneals to 1050 or 500 °C. Thi
Zr or Cu films were deposited on these diamond substrates Eg“;lfy
The surface properties were analyzed before and after mete Yalence band |
deposition.

hv

IIl. EXPERIMENT

. E, . for Positive Electron Affinit;
For this study, an UHV system was employed that con- ] or ostive Heckon ATty

sists of several interconnected chambers featuring capabili E,, for Negative Electron Affinity
ties for annealing, metal deposition, ultraviolet photoemis- o o )
sion spectroscopyUPS, and Auger electron spetroscopy e & Schenate dagia of poloemiedon spects for s negatue secton
(AES). Several natural type bl single-crystal semiconduct- jine).
ing, boron doped diamon@L00) substrateg3.0x3.0x0.25
mm) were used. Typical resistivities of these samples were
10* O cm. To remove nondiamond carbon and metal conNEA peak appears at the low-energy end of the photoemis-
taminants, an electrochemical etch has been employed. Dsion spectrum and corresponds to the energy position of the
tails of this method have been previously descrife@he  conduction-band minimur&c (Fig. 1). Emission fromE is
wafers were blown dry with )y mounted on a Mo holder positioned at, + Eg in the spectrumE,, is the energy po-
and transferred into the UHV systefbase pressure-1  sition of the valence-band maximum akg the energy of
x1071% Torr). Two differentin vacuo cleaning processes the band gap. In a corresponding manner, emission from
were employed to study the effect of surface treatment on thg&,, appears aE,,+hv in the UPS spectra. For semiconduc-
characteristics of the metal-diamond interface. These praers, this corresponds to the high kinetic energy cutoff of the
cesses consisted of an anneal to either 1150 or 500 °C bo#ipectra. Then, the spectral width for NEA surfaces, or the
for 10 min. The pressure in the annealing chamber rose frordistance between emission from the valence-band maximum
1x10 ¥to 7x 10 ° and 8< 10 ° Torr during the anneals, and the conduction-band minimum is given by—Eg.
respectively. After the heat treatme@tA thick layers of Zr  With the values for He radiation hy=21.21 eV and the
or Cu were deposited onto the diamond surface. The depoddand gap of diamon&s=5.47 eV, the width of the spec-
tion was facilitatied by an e-beam evaporator. And the diatrum is 15.7 eV. However, for a surface with a positive elec-
mond substrates were kept at room temperature during metabn affinity, the low-energy cutoff is determined by the
deposition. The pressure in the chamber rose to 2Zacuum level. Then, the spectral width will be smaller than
% 10" ° Torr during deposition. A quartz-crystal monitor was for a NEA. In fact, the width will be reduced by the value of
employed to determine the thickness of the metal films. Folthe positive electron affinity of the surface.
lowing the annealing, and the growth steps, UPS and AES Consider photoemission spectra of a thin metal film on a
were employed to characterize the surface properties. semiconductor. Spectra exhibiting features from both the
The presence of Zr or Cu on the surface was confirmed bynetal and the semiconductor can be used to determine the
using AES. Atomic force microscop{AFM) images of the  Schottky barrier height®g (Fig. 2). For this to be the case,
diamond wafers clearly showed arrays of linear grooves parthe thickness of the metal layer needs to be equal to or less
allel to each other with a depth o£20 A. This surface than the electron mean-free pats5 A). The Schottky bar-
structure is a result of the commercial polishing procedureier height for a metal on @-type semiconductor, like dia-
used to smoothen the surfaces. Subsequent to depositing 2mond, is defined by the difference between the position of
of metal, no island structures were observed in the AFMthe Fermi level of the metaEr and the valence-band edge,
measurements. This is indicative of a uniform two-E,, of the semiconductor. It may, however, be difficult to
dimensional layer for both Zr and Cu. detect the relatively weak onset of emissiorEgt, even for
Hei (21.21 eV radiation from a discharge lamp was em- metal layers thinner than the mean-free path. This is due to
ployed to facilitate the photoemission. The emitted electronshe fact that emission from the metal Fermi level may over-
were measured using a 50 mm hemispherical analyzer witehadow this weak onset. Often times it is, therefore, neces-
an energy resolution of 0.15 eV. The sample was biased by 4ary to use an independent method to determine the position
V with respect to the analyzer. This was necessary so that th&f the valence-band minimum. In particuldt, can be ref-
low-energy electrons from the NEA surfaces could be deerenced to some strong features in the diamond spectrum
tected, despite the work function of the analyzer. The sharpefore metal deposition. Here, a peak positioned at 8.3 eV
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E, E, E,+ hd < a)Ec
a) P =0.7eV

b) ©p=1.60eV

Emission from the
diamond

Emission from
the copper

Emission Intensity (arbitrary units)

Electron energy

Fic. 2. Schematic diagram of photoemission spectra for a ntetgl, cop- Energy below Fermi Level (eV)

pen deposited on diamond. The Schottky barrier heidhat is determined

from the difference between the position of the valence-band edge of diaFic. 4. UV photoemission spectrd @ A of Cu grown on a diamond100)

mondE,, and the metal Fermi-levet . surface following an anneal @ 1150 °C andb) 500 °C. A metal induced
NEA is observed fofa), whereas a positive electron affinity is detected for

(b).
below E,, was chosen as a reference. In the case of a NEA
surface, the sharp low-energy peak correspondirgdaan
be used to find,,, too. Then the difference betwe&n, and  With values reported previoush8 It is expected that chemi-

Ey corresponds thv—Eg. sorbed oxygen on diamond results in a stronger surface di-
pole than for the clean surface. This would also lead to a
ll. RESULTS AND DISCUSSION larger work function for the oxygen terminated surface. Our

. ider the di d surf bef | observations are in agreement with that.
First consider the diamond surfaces before metal deposi- Following deposition 62 A of Zr on clean diamond sur-

tion. Aiter loading the samples into the vacuum system, AES, o5 the width of the UPS spectrum increased consistently
scans were obtained. Features indicative of the presence With the surface, exhibiting a NEAFig. 3a)]. A Schottky
oxygen on the surface were detected. Subsequent to a 500 ob%rrier height of®5=0.70 eV was measured. Emission be-

anneal, the oxygen peak was only slightly reduced. After dow the conduction-band minimur&. was observed. This
1150 °C anneal, oxygen was no longer observed by means %enomenon will be discussed further in another
AES. From UPS spectra, positive electron affinitiegsfl.4 publication?® Deposition 6 2 A of Zr on oxygen terminated
eV and ofy=0.7 eV were found for the substrates heated 1043 mong surfaces also resulted in a NEA. A larger Schottky
500 and 1150 °C, respectively. These numbers are consistegl iar height ofbz=0.9 eV was measurdeig. Ab)]. And

the spectrum shifted0.3 eV toward lower energies. Subse-
quent to depositigp 2 A of Cu onclean diamond surfaces, a
NEA and a Schottky barrier height @bg=0.70 eV were
determined by means of UREig. 4a)]. Also, the spectra
shifted by 0.3 eV to lower energies. However, in the case of
Cu on oxygen terminated surfaces, a positive electron affin-
a) @, =0.7eV ity of x=0.75 eV and a larger Schottky barrier height of
b) @y =0.9eV dz=1.60 eV were measurddFig. 4b)]. Also, a larger shift

to lower energies of 0.6 eV was found. These results are
summarized in Table |. Equatidid) is valid specifically for
photoemission of thin metal layersess than the electron

< a)Ec

TasLE |. Results of UV photoelectron ernission spectroscopy to measure
electron affinityy and Schottky barrieg . PEA: positive electron affinity,

Emission Intensity (arbitrary units)

1 P ISR NP S b) - NEA: negative electron affinity.
-20 -15 -10 -5 0 5
. UPS
Energy below Fermi Level (eV) Ssample oxygen Clean
Fic. 3. UV photoemission spectrd @ A of Zr deposited on a diamond C(100 PEA, x=1.40 eV PEA,x=0.70 eV
(100 surface annealed t@) 1150 °C andb) 500 °C. Metal induced NEAs  Zr/C(100 NEA, x<0, ®5=0.90 eV NEA, <0, ®g=0.70 eV

are observed upon deposition of Zr for ba#) and (b). For (a), emission Cu/q100 PEA, x=0.75eV,®g=1.60 eV NEA,x<0, ®g=0.70 eV
below E is detected.
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Ec Ec
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Neg EA Neg EA
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Fic. 5. Band diagrams of the zirconium—diamond interface. For zirconium,Fic. 6. Band diagrams of the copper—diamond interface. For copper on the

on both the oxygen terminatgd) and the clean surfacd), the Schottky  oxygen terminated surfad@), the sum of the Schottky barrier height and

barrier height added to the metal work function is less than the diamondvork function for metal on diamond is greater than the band gap of dia-

band gap. This corresponds to a NEA. mond, resulting in a positive electron affinity. For copper on the clean sur-
face(b), the Schottky barrier height added to the metal work function is less
than the diamond band gap. This corresponds to a NEA.

mean-free pathon semiconductors: The electron affinity can

be expressed in terms of the Schottky barrier formed with a

p-type semiconductdt’ positive electron affinity were measured for thin Ni films on
hydrogen terminate@L11) surfaces. In theoretical studies by

X=(Py+Pp)—Eg. @ Erwin and Picke®-Land Pickett, Pederson, and Erwinit
Using the band gap of diamonBg=5.47 eV, the work was reported that the most stable configuration for Ni on
function of Zr (®,,=4.05 eV) and Cu®,,=4.59 eV), and clean(111) and (100 surfaces resulted in a Schottky barrier
the measured Schottky barrier heigdtg, the electron af- height of less than 0.1 eV. Considering copper on diamond
finities can be calculated. For Zr, we obtair —0.72 eV for  (111) surfaces, Lambrectit calculated a value for the
the clean surface ang=—0.52 eV for the oxygen termi- Schottky barrier height of less than 0.1 eV for clean surfaces
nated surface. In the same ways—0.18 eV andy=0.72 and greater than 1.0 eV for hydrogen terminated surfaces.
eV are obtained for Cu on the clean and oxygenated surfaceAccording to these results, the interface termination appears
respectively. These results are consistent with the NEA antb have a significant effect on the Schottky barrier height.
positive electron affinity effects that were observed by em+or metals deposited on clean surfaces, lower values for the
ploying the UPS. Figures 5 and 6 show energy-band diaSchottky barrier height and a greater likelihood of inducing a
grams of the Zr—diamond and the Cu—diamond interfacedNEA are expected than for metals on non-adsorbate-free sur-
These schematics illustrate the correlation of the Schottk§aces. The Schottky barrier heights reported in our study for
barrier height with the electron affinity. Zr and Cu on diamond are consistent with this.

This simple work-function model has been used success- Apparently, the Schottky barrier height for Zr on diamond
fully to explain NEA or positive electron affinity effects for does not depend on the surface termination of the diamond
systems like Ti or Ni layers on diamord11) surfaces®!”  substrate as strongly as is the case for Cu. Both Zr on clean,
Other approaches may be used to interpret these results. The well as oxygen terminated diamond surfaces, tend to ex-
monolayer thick metal films could be considered as dipoléibit lower electron affinities than Cu on corresponding sur-
layers. It has been found that Ni deposited on Ar-plasmdaces. This could be due to the higher reactivity of Zr with
cleaned diamond111) substrates induces a NEA. An Ar both C and O than Cu. It has been reported that Ti, as well as
plasma or a 950 °C anneal results irf1d1) surface free of titanium oxide on diamond, exhibit a NE&.Zr is next to Ti
adsorbate$.In comparison, a larger Schottky barrier and ain the periodic table of elements and has properties similar to

JVST B - Microelectronics and Nanometer Structures



1240 P. K. Baumann and R. J. Nemanich: Comparison of electron affinity and Schottky barrier height 1240

Ti. In our experiments, Zr could have reacted with the oxy- ZY- Mori, H. Kawarada, and A. Hiraki, Appl. Phys. Le®8, 940(1991.

n from th X n termin rf “Thism indica- J. F. Prins, J. Phys. D2, 1562(1989.
ge om the oxygen te . ate.d su a.lce S. ay be indica 0. Shiomi, H. Nakahata, T. Imai, Y. Nishibayashi, and N. Fujimori, Jpn.
tive that Zr, as well as zirconium oxide on diamond, could ;" s phys. 128, 758 (1989.
exhibit a NEA. Zr, like Ti, does react with C. But this reac- 1. Tachibana, B. E. Williams, and J. T. Glass, Phys. Rev5B11 975
tion is not expected to occur at room temperature. Ti waslz(1992. _ _
annealed to>400 °C before reaction with C was obsenéd. t" (;’IV- GIQIEEIZEDEID.tRaﬂl])man, DL- tJé 'ZZT?&SF% A. Murphy, and W. T.

. . indaley, ectron Device Lelo, .

Cu, on the other ,hand’ do.es not react as readlly with C or O'13M. C. Hicks, C. R. Wronski, S. A. Grot, G. S. Gildenblat, A. R. Badzian,
Thus, the Cu—diamond interface structure for Cu on the 1 gadzian, and R. Messier, J. Appl. Phgs, 2139(1989.

clean diamond surfaces is different than for Cu on the oxy-%4G. zhao, T. Stacy, E. J. Charlson, E. M. Charlson, C. H. Chao, M. Haj-

gen terminated surfaces. said, and J. Meese, Appl. Phys. Ledi, 1119(1992.
1D. G. Jeng, H. S. Tuan, R. F. Salat, and G. J. Fricano, J. Appl. B#8ys.
5902(1990.
IV. CONCLUSIONS 163, van der Weide and R. J. Nemanich, J. Vac. Sci. Techndl0,BL1940

The effects of depositing thin metal films onto clean and (1992

. . 173, van der Weide and R. J. Nemanich, Phys. Re¥9B13 629(1994.
oxygen terminated dlamon(dOO) substrates has been stud- 8p_ K. Baumann and R. J. Nemanich, Appl. Surf. 3614/105 267 (1996.

ied by UPS. It was found that Cy induced a NEA on clean_wp. K. Baumann and R. J. Nemanich, Mater. Res. Soc. Symp. B16g.

surfaces but not on oxygen terminated surfaces. In compari- 157 (1996.

son, Zr induced a NEA on both clean and oxygen terminatedP- K. Baumann, S. P. BozemaFv B-e'-- Ward, and R. J. Nemanich, Mater.
; ; : Res. Soc. Symp. Prod23 143(1996.

surfaces. The Schottky barrle_r h_e|ght of Zr on diamond WaSy5 " “Baumann. S. P. Bozeman, B, L. Ward, and R. J. Nemanich. Pro-

less dependent on the termination of the diamond surface ceedings of Diamond '96, the 7th European Conference on Diamond,

than was the case for Cu. This is attributed to the fact that Zr piamond-like and Related Materials jointly with ICNDST-5, the 5th In-

exhibits a strong affinity to the oxygen of the oxygen termi- ternational Conference on the New Diamond Science and Technology,

nated diamond surfaces. In comparison, Cu does not exhibit dited by J. C. Angus, P. K. Bachmann, I. M. Buckley-Golder, O. Fuku-
P naga, J. T. Glass, and M. Kamo, J. Diam. Relat. Ma&eB98 (1997).

a Signiﬁcant tendency to form oxides. 22C. Bandis, D. Haggerty, and B. B. Pate, Mater. Res. Soc. Symp. Proc.
339 75(1994.
ACKNOWLEDGMENT ZF. J. Himpsel, P. Heimann, and D. E. Eastman, Solid State Com@n.
. . 631(1980.
This work was supported by the Office of Naval Researchz4g g pate, w. E. Spicer, T. Ohta, and I. Lindau, J. Vac. Sci. Techol.
(Contract No. NO0014-92-3-14Y.7 1087(1980.

M. Marchywka, P. E. Pehrsson, S. C. Binari, and D. Moses, J. Electro-
IF. J. Himpsel, D. E. Eastman, P. Heimann, and J. F. van der Veen, PhysZGChem- Soc140, L19 (1993.

Rev. B24, 7270(198). P. K. Baumann and R. J. Nemani@mpublisheg

23, B. Pate, M. H. Hecht, C. Binns, I. Lindau, and W. E. Spicer, J. Vac. 2’E. H. Rhoderick and R. H. WilliamsMetal-Semiconductor Contacts
Sci. Technol21, 364 (1982. (Clarendon, Oxford, 1988

3p. K. Baumann, T. P. Humphreys, and R. J. Nemanich, Mater. Res. Soc--S- C. Erwin and W. E. Pickett, Surf. Coat. TechnT, 487 (1991).
Symp. Proc339, 69 (1994). 295, C. Erwin and W. E. Pickett, Solid State Comm8a, 891 (1992.

4J. van der Weide and R. J. Nemanich, Appl. Phys. 1621.1878(1993. 9. E. Pickett and S. C. Erwin, Phys. Rev.48, 9756(1990.

5J. van der Weide, Z. Zhang, P. K. Baumann, M. G. Wensell, J. Bernholc, *'W. E. Pickett and S. C. Erwin, Superlattices Microstrict335 (1990.
and R. J. Nemanich, Phys. Rev.58, 5803 (1994). 32w E. Pickett, M. R. Pederson, and S. C. Erwin, Mater. Sci. Eng4 87

5P. K. Baumann and R. J. Nemanich, Proceedings of Diamond Films '94 (1992.
of the 5th European Conference on Diamond, Diamond-like and Related®W. R. L. Lambrecht, Physica B85, 512(1993.
Materials, edited by P. K. Bachmann, I. M. Buckley-Golder, J. T. Glass, 343. van der Weide and R. J. Nemaniéhpceedings of the First Interna-

and M. Kamo, J. Diam. Relat. Matet, 802 (1995. tional Conference on the Applications of Diamond Films and Related
K. Das, V. Venkatesan, K. Miyata, D. L. Dreifus, and J. T. Glass, Thin Materials edited by Y. Tzeng, M. Yoshikawa, M. Murakawa, and A.
Solid Films212 19 (1992. Feldman(Elsevier, New York, 199 p. 359.

J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997



