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Characterization of copper-diamond (100), (111), and (110 interfaces:
Electron affinity and Schottky barrier
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In this study ultraviolet photoemission spectroscopy was employed to correlate the electron affinity and
Schottky barrier height of Cu films on type-llip-type) diamond(100), (111), and (110 surfaces. Further-
more, field emission measurements were correlated with the effective electron affinity of the samples. Prior to
deposition the diamond samples were cleaned by various annealings and plasma treatments in ultrahigh
vacuum. Annealing the diamond substrates to 1150 °C resulted in adsorbate-free surfaces with a positive
electron affinity. A negative electron affinifNEA) was induced after depositinl A of Cu on theclean
surface. The Schottky barrier heights for the clean surfaces ranged from 0.30 eV (df theurface to 0.70
eV for the (100) surface. Depositing Cu onto H-terminated surfaces exhibiting a NEA still resulted in a NEA
on all surfaces. However, the Schottky barrier heights were larger, ranging from 0.50 eV {ad theurface
to 0.90 eV for the(100) and(110) surfaces. The metal-induced NEA has been found to be stable to exposure
to air. Following a 500 °C annealing an oxygen-termingte@0)) surface with a positive electron affinity was
obtained. Cu deposition resulted in a positive electron affinity and the largest Schottky barrier height with 1.60
eV. A field emission threshold field of 79 MM was obtained for an oxygen-terminated diamda60)
surface. Values of 20, 25, and 53 swh were measured for Cu on clean, H- and O-terminated surfaces,
respectively. Based on these experiments, it is suggested that chemisorbed species such as H or O on diamond
surfaces cause an increase in the Schottky barrier as well as in the field emission threshold field after Cu
deposition[S0163-18208)04627-X

[. INTRODUCTION tion band of the semiconductor and a NEA represents the

situation when the vacuum level is situated below the

The properties of metal-diamond interfaces are of interestonduction-band minimum. Photoemission has been found to

for possible applications in electronic devices based on diabe a very sensitive technique to distinguish between a NEA
mond. Previous studies have reported Ohmic and rectifyin@' positive electron affinity.

characteristics on oriented as well as polycrystalline diamond Prior studies have shown that deposition of a few ang-

surfaces:™ Diamond has also been considered for cold cathStrom of a metal such as Ti, Ni, Co, Cu, or Zr on diamond
ode electron-emission applications. can induce a NEA!'%In particular it has been found that

Copper is of interest since it exhibits a fcc crystal struc-thin layers of Ti or Ni on cleari11]) surfaces resulted in a
ture with a close lattice match with diamonca(dia) NEA. Reports of preliminary studies of films of Cu, Co, and
—3.567 A, a(Cu)=3.615 A]. Epitaxial deposition of Cu on Zr on diamond have also indicated the possibility of a NEA

diamond(100 surfaces has been reporfédhere have also and these results suggested that the initial diamond surface

b it s t het itaxial di d | reparation played a role in the effect. Furthermore, lower
een attempts 1o grow heteroepitaxial diamond on Copper. chottky barrier heights have been reported for metal films
addition, the relatively low work function of C(4.48 eV}

, . ... deposited on adsorbate-free surfaces than for surfaces termi-
could enable the formation of a negative electron affinity,, 1aq by species such as hydrogen or oxygen.

(NEA) on diamond surfaces prepared with different surface |hterfaces between metals and semiconductors can be de-
terminations. o _ ~scribed in general by different models. An ideal metal-
To understand both rectifying and Ohmic contacts it issemiconductor interface is often described by the Schottky-
necessary to determine the Schottky barrier height of th@1ott model, also called the work-function model. Then for a
metal-semiconductor interface. Because current-voltagg-type semiconductor the Schottky barrier height is de-
characteristics of metal-semiconductor junctions often exscribed b§°
hibit high ideality factors, these measurements are often not
suitable to obtain the Schottky barrier height. Photoemission Pg=Eg—(Py—x), (1)
spectroscopy has been employed successfully to determine
the Schottky barrier height of metal-diamond interfates®  whereEg is the band gap ang the electron affinity of the
It has been found that in some instances diamond exhibitsemiconductor andbg is the metal work function. Other
a negative electron affinity. This situation implies that elec-models are based on interface dipdies.
trons in the conduction band can be emitted directly into A theoretical study of Cu on clean and H-terminated dia-
vacuum without overcoming an energy barrier. In essencenond (111) surfaces has been presented by Lambrécht.
the electron affinity of a semiconductor represents the bandalue of the Schottky barrier height of less than 0.1 eV was
offset between free electrons in the vacuum and the condugredicted for the most stable configuration for the clean sur-
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face, whereas a Schottky barrier of greater than 1.0 eV wamin. Another involved annealing the substrates to 1150 °C
calculated for Cu on a hydrogenated surface. for 10 min. The base pressure in the annealing chamber was
The formation of a cold cathode structure will typically 1x1071° Torr and rose to & 10 1% and 7x 102 Torr dur-

require a field emission structure. In the experiments deing the 500 °C and 1150 °C annealings, respectively. The
scribed here, field electron emission measurements are Otémperature was measured using an 0ptica| pyrometer fo-
tained by bringing a metal anode in close proximity to thecysed on the Mo plate holding the sample. The third surface
sample and applying a bias between the two. Then the emigieaning process consistefl@ H plasma exposure. During
sion current vs applied voltage is recorded. The mechanisihjs process the sample was held at 500 °C. The H plasma
for field emission is more complicated than for photoemis-yas remotely excited by a rf induction coil. Remote excita-
sion spectroscopy. Here the injection of electrons into thgjon results in significantly lower ion and electron densities at
semiconductor, the transport of these electrons through thye surface of the samples. The details of the plasma system

bulk to the emitting surface, and the actual emission from th@yaye been discussed previoudlyThe surface morphology
surface into vacuum need to be considered. Consider the caggs characterized with atomic force microscodFM).

of a NEA surface. If the field emitted electrons are emitted| jnear grooves~20 A in depth were detected on the dia-
from the conduction-band minimum then the electrons danond substrates. These are attributed to the polishing pro-
not encounter a barrier when leaving the surface. The fieldess with diamond grit.

electron emission would be limited only by the injection and  The photoemission spectra were excited withi K&1.21-
transport processes. _ eV) radiation. A 50-mm VSW HAC50 hemispherical ana-

For the diamond111) 1X1:H surface simultaneous pho- |yzer with an energy resolution of 0.15 eV and an acceptance
toemission and field emission measurements have beq{hg|e of 2° was employed to measure the emitted electrons.
reportect? This surface exhibits a NEA, but it was found that A hias of up b 1 V was applied to the sample to overcome
the field emitted electrons originated from the valence bande work function of the analyzer. This enabled the detection
Assuming this is the case, then the electrons still may have tgf the low-energy electrons emitted from the NEA surfaces.
overcome(or tunnel througha surface barrier when being These electrons appear as a sharp peak at the low-energy end
emitted into vacuum even for_a NEA surface. A NEA would of yitraviolet photoemission spectroscopyPS spectra.
only contribute to lowering this surface barrier, but may notthe position of this feature corresponds to the energy posi-
entirely remove it. . _ _ tion of the conduction-band minimui.

We report here a comprehensive study of thin Cu films  photovoltaic effects may cause shifts in the UPS spectra,
deposited on diamon(L00), (111), and (110 surfaces. Be- especially for wide-band-gap semiconductors such as dia-
fore deposition the diamond surfaces have been cleaned Byond or for low-temperature measuremefitShese effects
various annealing and plasma cleanings. These treatmemnigye been demonstrated recently for the diam¢htil)
result in surfaces terminated with oxygen, hydrogen, or fregrface?® These shifts are, however, uniform for the entire
of surface adsorbates. The surface properties were analyzggectrum and the relative distance between the valence-band
before and after Cu deposition. The UV photoemission remaximum and the low-energy cutoff will not change.
sults are employed to understand the relationship of the Forp-type semiconductors such as diamond, the Schottky
Schottky barrier height with the presence of a NEA. In ad-payrier height®g, is determined by the difference between
dition, the results from UV photoemission and field electronipe position of the valence-band maximum of the semicon-
emission are compared. ductor and the Fermi level of the metal. See Ref. 11 for more

details on obtaining the Schottky barrier from UPS spectra of
metal-diamond interfaces.
Field emission measurements were carried out in a sepa-

Natural type-llb single-crystal semiconducting, boron-rate vacuum chamber with a base pressure of 2
doped diamond100), (111), and(110) substrates were used. X 10 Torr. The |-V characteristics were determined by
Typical resistivities of these samples were* ID cm. The  applying a bias of 0-1100 V between the sample and a 2-
wafers were X 3x0.25 mni in size and were polished with mm-diam stainless-steel anode with a rounded tip. A Kei-
0.1-um diamond grit. thley 237 source-measuring unit was employed for Ithé

An electrochemical etch has been employed to removeéneasurements. The distance between the sample and the an-
nondiamond carbon and metal contaminait$. After the  ode could be varied in vacuum by a stepper motor. Typical
wet chemical etch the substrates were blown dry with N distances were 2—30m.
mounted on a Mo holder, and transferred into the ultrahigh Cu films of 1, 2, 3, 6, and 10 A thickness have been
vacuum(UHV) system. This UHV system consists of severaldeposited by electron-beam evaporation. AES was employed
chambers connected by a UHV transfer system. These captg confirm the presence of a Cu layer. Following each depo-
bilities include annealing, H plasma treatment, metal deposisition step the samples were characterized by means of UPS.
tion, angle-resolved ultraviolet photoemission spectroscopyin the metal deposition chamber the pressure was 1
Auger electron spectroscogES), and low-energy electron X107 ° Torr and the pressure rose to<80 ° Torr during
diffraction (LEED). deposition. The growth rate was determined by a quartz crys-

To study the effect of surface preparation on the charactal monitor. Typical values were-0.1 A/s for thicknesses
teristics of copper-diamond interfaces three differiensitu  up to 3 A and~0.2 A/s for thicknesses of 6 and 10 A. Most
cleaning processes were used. Each of these treatments wafsthe samples were held at room temperature during depo-
employed on the diamond substrates before copper deposition. To check if the morphology or epitaxy of the Cu films
tion. One procedure included an annealing to 500 °C for 1@epended on the substrate temperature during deposition,

Il. EXPERIMENTAL DETAILS
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some samples were heated to 500 °C during Cu overgrowth. L L L
We also studied the effects of air exposure on the samples. Ec

For this purpose the UPS measurements were repeated on
samples that were taken out of the UHV system. It was of

particular technological interest to determine whether the \ 5
NEA characteristics of some samples would be stable in air. \
Ill. RESULTS J \ k\t e
A. Diamond surfaces AN \\\””L
. . _ A e o2
The photoemission of diamond surfaces has been reported S 24 Cu
elsewhere but is briefly summarized hér&2°~33Consider

first the termination of the surfaces before Cu deposition.
Annealing the €100 samples to 500 °C does not signifi-
cantly reduce the oxygen peak in the AES spectra and the
LEED measurements indicated a<1 unreconstructed or
bulk pattern. After annealing to 1150 °C the oxygen feature N \,,/\\\
could no longer be detected, ax2 LEED pattern is ob-
served, and the surface is presumed clean of adsorbates. A o

H-terminated X1 surface could be induced by H plasma e Alr
exposure either after the 500 °C or after the high-temperature T S S S
anneal. The electron affinity was deduced from the UPS -20 -15 -10 -5 0 5
measurements. An electron affinity gf=0.7 eV was found Energy below Fermi Level (eV)

for the adsorbate-free and gf=1.45 eV for the oxygen-
terminated surfaces. A NEA was detected subsequent to t)—g

H plasma exposure. !n addltlon,_a_n emission feature at 0 nity before Cu deposition. Subsequent to Cu deposition the width
eV below the conduction-band minimur¢) was observed .t the spectrum increases and a NEA is detected. After air exposure
in the spectrum of the H-terminated surface. It was suggestefle NEA is still observed.

that this feature could be due to emission sites near the con-
duction band or due to spatial variations in the surface Fermi
level. easily detectable. A Schottky barrier height ©bg

For the diamond111) samples, annealing to 1050 °C re- =0.70 eV was determined from the UPS spectra. This value
sults in an adsorbate-free surface with>a 2 LEED pattern. remained constant for the different thicknesses of the Cu
A positive electron affinity ofy=0.5 eV was measured from films. Thus the pinning position of the Fermi level did not
the UPS spectraA H plasma cleaning results in a NEA. change with the thickness of the Cu layer. The thicker layers
These results are consistent with previous studies on surfacé Cu up to 10 A still resulted in a NEA; however, the
cleaning and UV photoemission measurements of diamonthtensity of the low-energy emission was reduced. In addi-
(111) samples.**Following the H plasma exposure, we also tion, the bulk features of diamond became less pronounced
measured emission at 0.4 eV beld& . with increased Cu coverage.

For the diamond110) surfaces, an adsorbate-free surface Eqr the H-terminated100) surface the NEA peak was
was observed after a 1150 °C annealing. The UPS indicategtj|| observed after Cu deposition for all Cu thicknesses.
a positive electron affinity of=0.7 eV. After a H plasma  powever, the peak intensity continued to decrease with in-
exposure the UPS indicated a NEA and again the |°W‘ener9¥reasing Cu coverage. In addition, the emission befaw
end of the spectrum extended to 0.4 eV belBy. was reduced with increasing thickness of the Cu film until it

was no longer detected for a thickness of 10 A of Cu. In fact,
B. Copper on diamond the low-energy cutoff was reduced by 0.4 eV in the spectra

Subsequent to deposigrl A of Cuonto the clear(10g ~ for 10 A of Cu as comparedtl A of Cu. TheSchottky
surface, the width of the photoemission spectrum increaseB@rrier height was found to b&g=0.90 eV and the shift in
consistently with a NEAFig. 1). A bulk feature of the dia- the spectra .followmg metal deposition was 0.6 eV towards
mond (labeledB) was used as a point of reference to deter-lower energies.
mine shifts of the spectra. The error in determining the po- [N comparison to Cu on the clean and H-terminated
sition of featureB was typically 0.1 eV. After the initial 1-A  C(100) surfaces1 A of Cu on theoxygen-terminated100)
deposition, the spectrum was observed to shift by 0.3 eV tsurfaces resulted in a positive electron affinifjig. 2). The
lower energies with respect to the Fermi level. The energselectron affinity was, however, reduced frops 1.45 eV for
difference between featurB and the valence-band maxi- the oxygen-terminated surface 46=0.75 eV after Cu depo-
mum was observed to be unchanged. This difference is esition. The spectrum was observed to shift by 0.6 eV to
pected to remain constant for thicker copper layers. Thdower energies. A value of 1.60 eV was determined for the
spectral shift is indicative of a change in Fermi level pinningSchottky barrier height. The intensity of the bulk diamond
at the surface. As the Cu thickness is increased, the emissideatures decreased for increasing thickness of the Cu layers.
from the copped bands is observed and the Fermi level isLEED patterns could still be observed following deposition.

Emission Intensity (arbitrary units)

FIG. 1. UV photoemission spectra of copper on a clean diamond
00 surface. The diamond surface exhibits a positive electron af-
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FIG. 2. UV photoemission spectra of copper on an oxygen-
terminated diamond100 surface. The diamond surface exhibits a  F|G, 3. UV photoemission spectra of copper on a hydrogen-
positive electron affinity prior to Cu deposition. Subsequent to Clterminated diamond111) surface. The diamond surface exhibits a
deposition the width of the spectrum increases somewhat, but thQEA before Cu deposition. Also emission belds is detected.
spectra still exhibit a positive electron affinity. Following Cu deposition the NEA is still observed; however, the
emission belowE gets reduced with increasing thickness of Cu.
Depositing Cu on the cleaiill) surface did not result in  After air exposure the NEA is still detected.
a shift of the UPS spectra. The low-energy edge of the spec-
trum extended to lower energies, consistent with a NEA. The
NEA was still observed for 10-A-thick Cu films, however, sion was detected at the energy position of the conduction-
with decreased intensity. A Schottky barrier @bz  band minimum. Subsequent to depositing more Cu an addi-
=0.30 eV was measured, which did not change for increastional increase in the width of the spectrum consistent with a
ing thickness of the Cu films. NEA was observed. For 10-A-thick layers of Cu, the spectra
After depositing Cu onto the H-coverétil1) surface, the still indicated a NEA. The spectra shifted by an additional
UPS spectra still indicated the presence of a NEA, even foP.2 eV and the measured Schottky barrier heightdgf
10-A-thick layers(Fig. 3). However, the emission below de- =0.75 eV corresponds to the value obtained for Cu deposi-
creased significantly with increasing Cu coverage and wation on the clean diamon@d00) surface at room temperature.
no longer observable for 10 A of Cu. The spectra shifted 0.2L X 1 LEED patterns were detected from the Cu-on-diamond
eV to lower energies upon Cu deposition and a Schottkyilms. All UPS results are summarized in Table I.
barrier of ®3=0.50eV was determined. The Cu-on- We have previously reported that 300 and 2000 A of Cu
diamond films exhibited X1 LEED patterns. deposited on diamon@l00 substrates at 500 °C exhibited
Similar to the(100 and(111) samples, the deposition of 1X1 LEED patterns. By using AFM, islands oriented with
Cu on the clearf110) surface resulted in the indication of a respect to the substrate were detecfeth particular well-
NEA that was still observable for 10-A-thick film&ig. 4). defined islands about 1008@%000 A? in size were observed
A shift of 0.2 eV to lower energies due to Cu was determinedor the 2000-A-thick Cu layers. By means of Rutherford
and the Schottky barrier was deduced todpg=0.60 eV. backscattering we have confirmed that these Cu films were
Corresponding to th€100) and (111) surfaces, the NEA epitaxial®
peak could still be detected after deposition of Cu onto the AFM scans of the diamond surfaces before Cu deposition
H-terminated110) surface, even for layers of 10 A in thick- exhibited linear grooves parallel to each other. These fea-
ness. A shift in the spectra of 0.6 eV was observed followingiures are attributed to the polishing process with diamond
Cu deposition. Also the low-energy cutoff shifted, reducinggrit. Consider first the Cu layers on diamond deposited at
the width of the spectrum by 0.4 eV for the thick Cu layers.room temperature. After deposigir2 A of Cu ondiamond
Subsequent to Cu deposition LEED patterns were still deno islands could be resolved by AFNFig. 6@]. Following
tected. the overgrowth 66 A of Cu, islands of about 50 A in diam-
Consider the case of Cu deposition on clean diamondter were detected on the grooves of the diamond substrate
(100) substrates at 500 °(Fig. 5). Deposition 1 A of Cu  [Fig. 6(b)]. For a 40-A-thick Cu layer, islands 100—200 A
resulted in a shift of the spectra by 0.1 eV to lower energiesin size were observedFig. 6(c)] and LEED did not
While the width of the spectrum increased, only weak emisshow clear diffraction patterns for 40 A of Cu deposited at
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FIG. 4. UV photoemission spectra of copper on a clean diamond
(110 surface. The diamond surface exhibits a positive electron af- FIG. 5. UV photoemission spectra of copper on a clean diamond
finity before Cu deposition. Subsequent to Cu deposition the widt{100 surface. The substrate was kept at 500 °C during Cu deposi-
of the spectrum increases and a NEA is detected. After air exposuréon. The diamond surface exhibits a positive electron affinity be-
the NEA is still observed. fore Cu deposition. Subsequent to Cu deposition the width of the
spectrum increases and a NEA is detected. After air exposure the
NEA is still observed.

room temperature. For the case of Cu grown at 500 °C is- ) o )
landing could be observed aft2 A had been depositdéig. curves did no; exhibit an absolute threshold. Oftent!mes the
7(a)]. The islands were-50—100 A in size. An AFM scan voltage per mlcror.ne'.ter is also caIIe(_j the average field. The
after 100 A of Cu on diamond deposited at 500 °C displayedVerage fleld. emission threshold field and corresponding
oriented islands about 500—1000 A in size. The islands wergt@ndard deviation were calculated from the values of the
oriented along thg110) directions of the underlying dia- e_mission threshold vqltage for different distances. I_:or the
mond(100) substratdFig. 7(b)]. The observation of oriented dlsta.nces.used here, it was found that the average field was
islands is an indication of epitaxial alignment. LEED pat- "¢latively independent of distance. ,
terns could be detected for 2 and 100 A of Cu deposited at The results and the standard deviations for the different
500 °C. surface terminations are summarized in Table II. Thresholds
The samples of Cu on both clean and H-terminated diaP&tWween 25 and 81 Yim were determined. For the oxygen-
mond (100), (111), and (110 surfaces were exposed to air terminated diamond100) and (110 surf_aces values of 79
and reintroduced for UPS measurements. Even after air e}@"d 81 Vium were measured, respectively. The hydrogen-
posure, the width of the UPS spectra still corresponded to frminated diamon@110) surface exhibited a lower value of
NEA. However, the intensity of the low-energy emission2 V/um. It needs to be noted that oxygen-terminated dia-
was reduced. Such a reduction in intensity may be consistefffond surfaces exhibit a positive electron affinity while hy-
with the presence of physiadsorbed species that are expectéfPgenated diamond surfaces show NEA characteristics.
to be on the surface from the air exposure. Indeed, AES Consider now Cu deposited on diamond surfaces. The
scans indicated the presence of oxygen following air expoloWwest threshold of 25 \im was obtained for Cu deposited
sure. on the clean surface. The next highest value of 3arvivas
measured for Cu on the hydrogen-terminated surface. These
two surfaces also exhibited a NEA as determined from UPS
spectra. For Cu on the oxygen-terminated surface, the mea-
Field emission measurements were performed on diasurements indicated the highest value of 53.¥/ for the
mond (100 and (110 samples and on the 10-A-thick Cu different Cu-diamond surfaces. Note that the surface exhib-
films deposited on clean, hydrogen-terminated, or oxygenited a positive electron affinity.
terminated diamond100) surfaces. The-V data for Cu on These results indicate that surfaces exhibiting a NEA also
the hydrogen-terminated diamond surface is shown in Fig. 8xhibit a lower field emission threshold than those with a
For the measurements presented here, the emission threshelasitive electron affinity. The threshold value decreased with
voltage has been defined to corresponded to a current of Odecreasing electron affinity. Since the actual value of the
uA. This is necessary since the measured current-voltagelectron affinity cannot be determined by UPS for a NEA,

C. Field emission results
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TABLE I. Summary of the UPS measurements. PEA, positive electron affinity; NEA, negative electron
affinity. Also the values of the electron affinigycalculated according to the work-function model are listed.
The error margins are 0.1 eV.

Sample UPS UPS NEA stable Calculatedy
surface before Cu growth after Cu growth in air (eV)
C(100

clean PEAx=0.7eV NEA, x<0, ®3=0.70eV, 0.3-eV shift yes —0.20
H terminated NEAxx<O0 NEA, x<0, ®3=0.90 eV, 0.6-eV shift yes 0

O terminated PEAy=1.45eV PEAx=0.75eV,®5=1.60eV, 0.6-eV shift 0.70
C(11)

clean PEAx=0.5eV NEA,x<0, ®3z=0.30eV, no shift yes —-0.20
H terminated NEAxx<O0 NEA, x<0, $3=0.50€eV, 0.2-eV shift yes 0
C(110

clean PEAx=0.7eV NEA, x<0, $3=0.60eV, 0.2-eV shift yes —0.40
H terminated NEAx<O NEA, x<0, $5=0.90 eV, 0.6-eV shift yes —0.10
C(100 deposition at 500 °C

clean PEAx=0.7eV NEA, x<0, ®3=0.75eV, 0.3-eV shift yes —-0.15

we may correlate the threshold field with the Schottky barriel0.3 and 0.4 eV were measured f6f — E\, for the clean or
height of the Cu-diamond interfaces. From Table Il it is evi- hydrogen-terminated surfaces. This corresponds to the posi-
dent that the threshold field does decrease with decliningon of the boron impurities in the band gap. Furthermore, it
values of the Schottky barrier height. did not appear to change for tHa00), (111), and (110
The values for the field emission threshold reported hergurface orientations. A larger value of 1.0 eV f&g—E,y
are of the same order of magnitude as previously reported fajue to surface pinning was found for oxygen termination.
diamond sample¥**The data from the field emission mea- After copper deposition the position of the Fermi level in-
surements have been fit to the Fowler-Nordheim equéftion creased, except for the cle@hll) surface where no change
has been found. The observed increaseEpt+E,, corre-
BV\? —6.53@ 2 sponded to shifts to lower energies in the spectra of the same
'ZK(T) ex;{ ,B—V) 2 magnitude. The Schottky barrier height of copper on clean
surfaces was determined to be about 0.2-0.3 eV, smaller
wherel is the current in amp$/ is the bias in voltsd is the  than for copper on hydrogen-terminated surfaces with the
distance between the sample and the anode in mickossa ~ same orientation.
constantg is the Fowler-Nordheim barrier height in eV, and  For photoemission of thin metal layefless than the elec-
B is the field enhancement factor. For perfectly flat surfaceg¢ron mean free pajon semiconductors, the electron affinity
Bis equal to 1 and can be neglected. It should be noted tha&@an be expressed in terms of the metal work function and the
different surface terminations could lead to changes in thé&chottky barrier formed with g-type semiconductor ac-
actual work function and therefore give the appearance otording to Eq.(1):?° The model assumes that the structure
different 8 values. In our case the rms roughness of the diacan be characterized with two interfaces: vacuum-metal and
mond surfaces as well as the metal films on diamond was ghetal-diamond.
the order of a few angstroms. We therefore do not expect the Using the band gap of diamorte;=5.47 eV, the work
surface roughness to have a significant impact on the fielélnction of Cu for the(100) surface®,,=4.59 eV, and the
electron measurements. Based on this consideration, a valoeeasured Schottky barrier height, the electron affinity can be
of 1 has been assumed f@r The Fowler-Nordheim barrier calculated'see Eq(1) and Fig. 10. For the clean surface a
heights¢ were obtained by fitting the field emission data to value of the electron affinity = — 0.2 eV is obtained while 0
Eq. (2). Figure 9 shows this fitting of the field emission dataand 0.7 eV are obtained for the hydrogen- and oxygen-
for Cu on the hydrogen-terminated surface. The fitted graphgerminated surfaces, respectively. These results are consistent
exhibit different slopes, which correspond to different dis-with observing a NEA for Cu on the clegt00) surface and
tances between the anode and the sample. After correctirgypositive electron affinity of=0.75 eV for Cu on the sur-
for the distance, the curves all resulted in about the samface covered with oxygen.
value for the effective barrier height. The values and the For the H-terminated surface a NEA was detected. The
standard deviations are listed in Table II. question may be asked whether the observation reflects the
properties of the Cu-diamond00) interface or the initial H
termination of the diamond100 surface. Subsequent to
deposition of 10 A of Cu the NEA peak was still measured
From the UPS spectra of the diamond surfaces beforand the width of the spectra was reduced by 0.4 eV. This
copper deposition different Fermi level positions were deterspectral change is inconsistent with a superposition of the
mined for the different surface terminations. Values betweersubstrate H induced NEA and the spectra of the Cu layer. We

IV. DISCUSSION
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FIG. 6. (a) Atomic force micrograph ©2 A of Cu ondiamond. No island formation is resolved on the polishing groves of the diamond
substrate(b) AFM scan d 6 A of Cu on diamond. Islands-50 A in diameter are observett) AFM scan of 40 A of Cu on diamond.
Islands~100—200 A in size are detected.

therefore suggest that the Cu-diamoid®0) interface itself  finity are summarized in Table I.

exhibits a NEA. The calculated value g&=0 eV is still in Also it has been reported that carbon contaminations can
essential agreement with measuring a NEA after Cu deposlewer the work function of N’ The first layer of Ni depos-
tion. ited on diamond may have a different work function due to

Applying this model to Cu on th€l11) surface and as- the carbon of the diamond. This effect may also occur for Cu
suming a work function ofb,,=4.94 eV, we calculate val- on diamond, but such an effect would only lead to a larger
ues of y=—0.2 and 0 eV for the clean and H-terminated calculated reduction of the electron affinity for Cu on the
surfaces, respectively. Similar to tiE00) surface, this isin clean and H-terminated surfaces. This would be consistent
agreement with observing a NEA for the clean surface. lwith our results. For Cu on the oxygen-terminated surface
may also be consistent with measuring a NEA for the surfacéhe measured and calculated values for the electron affinity
covered with hydrogen. In the same manner using the worlare consistent with each other. Thus, at least for the latter
function of Cu,®y,=4.48 eV for the(110 surface, we ob- case this effect is not expected to be significant.
tain electron affinities ofy=—0.4 eV for Cu on clean and Previously Eq(1) has been used successfully to relate the
x=—0.1eV for Cu deposited on H-terminated samples.electron affinity and Schottky barrier of Ti, Ni, Co, Cu, and
Both values are consistent with the experimentally observedr deposited on diamond=° In these studies it has been
NEA from these surfaces. These values for the electron affound that the Schottky barrier height for clean surfaces was



1650 P. K. BAUMANN AND R. J. NEMANICH PRB 58

10—

1(1077A)
F-s
1

lea

;) S I R R R
0 200 400 600 800 1000

V [V]

FIG. 8. Field emission current-voltage curves for Cu on a
hydrogen-terminated type-Ilb single-crystal diamaa80 sample.
The distances between the sample and the anoddaarg;4 um,

(b) 8.8 um, (c) 13.2 um, and(d) 26.4 um.
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found to be most favorable energetically. This structure led
to a Schottky barrier height of less than 0.1 eV. In compari-
son, for the in-hollow position a Schottky barrier of 0.5
+0.2 eV was calculated. These results indicate a strong de-
pendence of the Schottky barriers on the actual interface for-
mation. The formation energies are somewhat different with
2.3+0.5 J/nt for the tetrahedral structure and 3.8.5 J/nt
for the in-hollow position. Taking these uncertainties into
account, the values for the formation energies may be quite
A similar. The value of 0.3 eV for the Schottky barrier of Cu
on the clean diamondl11) surface measured in our study
does fall between the values for the two geometries consid-
ered in the calculations and it may be suggested that both
geometries actually form at the interface.

For Cu on the H-terminated 11) surface Lambrecht cal-
culated a Schottky barrier greater than 1.0 eV. This value is
considerably larger than the measured value of 0.5 eV from
our experiments. The Schottky barrier measured for Cu on
the H-terminated surface is, however, larger than the value
measured for the cleafi1l) surface. One explanation may
be that the Cu-diamond interface was not completely H satu-
rated. Portions of the interface could be adsorbate free.

FIG. 7. (8 AFM scan 6 2 A of Cu on diamond deposited at Therefore, the measureq Schott.ky barrier would be an aver-
500 °C. Islands-50—100 A in size are detecteth) AFM scan of ~ 29€ of the values from different interface structures. We did,

100 A of Cu on diamond deposited at 500 °C. Oriented islandd’0Wever, observe a NEA following the H plasma clean and it

~500-1000 A in size are detected. The islands are oriented alon? questionable whether significant portions of thé1) sur-
the (110 directions of the underlying diamond00) substrate. ace would remain adsorbate free aféeH pla_sma exposure.
It is also possible that H may have been displaced from the

lower than for surfaces terminated by oxygen or hydrogeninterface during the Cu deposition.

Indeed, metal-diamond interfaces exhibiting a NEA have a Overall for the (100, (111, and (110 surfaces the
lower Schottky barrier height than those exhibiting a positiveSchottky barrier increases from the clean surface to the H-
electron affinity. Surface preparation apparently has a signifiterminated surface. For the oxygen-termina&d0 surface
cant impact on the properties of the interface subsequent tan even greater Schottky barrier has been measured and the
metal depositiot?~*° For Ni deposited on cleafl11) sur- value of the electron affinity is correlated with the Schottky
faces a NEA has been obsernv€dn comparison, for Ni on  barrier. Metal-diamond interfaces exhibiting a lower
H-terminated(111) surfaces, a positive electron affinity and Schottky barrier also exhibit a lower electron affinity. The
a larger Schottky barrier height were measured. Erwin andurface termination of the diamond substrate before metal
Picketf®~*'and Pickett, Pederson, and Erffrcalculated a  deposition is important for determining the properties of the
Schottky barrier height of less than 0.1 eV for the mostmetal-diamond interface. In order to obtain a minimum for
stable configuration for Ni on cleat00 and(111) surfaces. the Schottky barrier and the electron affinity, a surface treat-
A theoretical study of Cu on the(1ll) surface by ment removing surface chemisorbed species is necessary.
Lambrecht! considered different interface structures. For the In a previous study of Ti on diamond it has been found
clean surface the tetrahedral position for the Cu atoms wathat the metal-induced NEA peak was significantly reduced
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TABLE Il. Results of electron emission measurements. PEA, positive electron affinity; NEA, negative
electron affinity. The error margins forand®g from the UPS measurements are 0.1 eV. The averages and
standard deviations of the field emission measurements at different distances are shown as the field emission
threshold and the Fowler-Nordheim barrier height. The threshold current jgA.1

Field emission Fowler-Nordheim
threshold barrier height

Sample UPS (V/ um) (eV)
C(100 oxygen terminated

PEA, x=14eV 797 0.23+0.01
Cu/C(100 NEA, x<0, $3=0.70eV 25:3 0.10+0.01
clean
Cu/q(100 NEA, x<0, $3=0.90 eV 35-4 0.15:0.02
hydrogen
Cu/C(100 PEA, x=0.75eV,®z=1.60 eV 534 0.21+0.01
oxygen

once the uniform metal film reached several angstroms in

thickness. In particular, the intensity was reduced by about

50% for an increase in the thickness of the Ti layer from 2 to

3 A Only electrons from within a few scattering lengths of Ey,c ‘

the surface will get emitted into vacuum and can be detected. ZF

In our study we have determined reductions by about 10%

for an increase in the Cu thickness from 2 to 3 A. We have Dy

also observed island formation for the Cu layers by AFM.

This is consistent with a NEA peak still being more pro- \k Y% Neg EA

nounced for thicker Cu films than for the case of uniformTi ~ _M _¥ __

layers. S AT T
For 1 A of Cu deposited onto clean surfaces at room

temperature strong NEA-type emission could be clearly ob- b

served. Howeverl A of Cudeposited onto a clean surface at

500 °C resulted in only very little intensity at the position of Vacuum

the conduction-band minimum. Only aft2 A of Cu was a

= -

7. Diamond (100)

o

clear NEA feature detected. This can be correlated with the (Metal) (b)
stronger tendency of islanding for deposition of oR2tA of
Cu at 500 °C, as observed by AFM.FbA of Cu deposited
EVAC /’_ E¢
T T 151 5 +tfr rrr 3
1000 " ‘ @
E 100 F ' ‘5 Pos EA
< [ .
= 1 3 —%— il = gt E;
5 : Ty X E,
o 1 F 3
E F ] R %é Diamond (100):0
- 01 F E §é//
; 3 Vacuum ﬁ\
0.01 e )
0 2 a 6 8 10 (Metal) (a)
1/ V[1/V] FIG. 10. Band diagrams of the copper-diamond interface. For

copper on the oxygen terminated surfa@ the sum of the
FIG. 9. Fitting field emission current-voltage curjésr Cu on  Schottky barrier height and work function for metal on diamond is
a hydrogen-terminated type-llb single-crystal diamot00) greater than the band gap of diamond resulting in a positive electron
sampld to the Fowler-Nordheim equation. The distances betweeraffinity. For copper on the clean or hydrogenated surfédmethe
the sample and the anode de¢ 5.4 um, (b) 8.8 um, (c) 13.2 um, Schottky barrier height added to the metal work function is less
and(d) 26.4 um. than the diamond band gap. This corresponds to a NEA.
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at 500 °C only a few islands would be expected to form. Webeen proposetf but this approach would not be a reasonable
found that already o2 A of Cu deposited at 500 °C the model for our case with a diamond substrate thickness of
islands were higher than the electron mean free pathA). 0.25 mm.

Electrons originating from the buried interface could not get Bandis and Pafé have performed simultaneous field
emitted. Only NEA effects from around the edges of theémission and photoemission measurements fdml) 1
islands could be detected. This would result in NEA emis-X 1:H naturalp-type diamond to determine the origin of the
sion from only a small fraction of the surface area. This isfield emitted electrons. This surface exhibited a NEA that
consistent with the very weak NEA emission observed byallowed the determination of the position of the conduction-

UPS. For further Cu deposition a larger number of islandand minimum. They report that the electrons due to field
would be formed. This would be expected to lead to an in-£Mission originate from the valence-band maximum.
The diamond samples used in our study wertgpe also.

crease in the NEA emission intensity. For Cu deposited on

clean diamond substrates at room temperature no island fol=/€Crons that originate from the conduction-band minimum
mation has been detected up to 2 A. This would correspon§an freely leave a NEA surface. This is the case for electrons
to a larger part of the surface area exhibiting a NEA for 1 Adetected in UPS measurements. From our results we expect
of Cu. For more tha 2 A of Cu alarge number of islands M€ energy of the vacuum level for Cu on clean and H-
were observed and again NEA emission would occur from derminated surfaces to be near the conduction band of the
significant part of the surface. These considerations are iflamond. Then even for a small NEA, the field emitted elec-
agreement with our observations from the UPS spectra.  ONS would have to overcome a significant barrier at the
We have found that a few angstroms thick Cu films de-Surface to be emitted into vacuum, assuming that they came

posited on diamond at room temperature exhibit LEED pat{"oM the valence-band maximum. Inducing a NEA on a posi-

terns corresponding to the orientation of the underlying surlive electron affinity diamond surface would then reduce the

face. For thicker Cu layer§40 A) the diffraction patterns surface energy barrier but not entirely remove it for field
faded. The first few monolayers of Cu on the different dia-€Mitted electrons. The actual reduction of this surface barrier
mond surfaces are apparently epitaxial. This could be corrél'@ still have a significant impact on the field emission re-
lated with the fcc lattice structure of Cu and the close latticeSUlts- Considering the case of depositing copper onto an
match with diamond. In comparison, Cu deposited while the?XY9en-terminated diamond surface, the lowering of the field
substrates were held at 500 °C resulted in LEED pattern§Mission threshold from 79 to 53 M may be attributed to
even for the thickest films growfil00 and 2000 A(Ref. the measured reduction of the electron affinity from 1.4 eV
10)]. AFM scans of thick Cu filmg100 and 2000 A(Ref. for an oxygen-terminated surface to 0.75 eV for Cu on this
10)] showed islands oriented with respect to the underlyingUface. Deposition of copper onto a clean or a hydrogen-
diamond substrates and Rutherford backscatteringe'minated diamond surface results in even lower values for

experiment¥ confirmed that the Cu films grow epitaxially e field emission thr_eshold. This may be due_to lower values
with the diamond. for the electron affinity. The threshold value is the smallest

It is significant that the copper on diamond samples with Jor copper on clean diamond surfaces. In addition, for this

NEA retained this characteristic following air exposure. WeCas€ the NEA is expected to be the most negative, as calcu-

also found that the NEA characteristics of hydrogenated dial@t€d from the Schottky barrier heigtdee Table)l This is

mond surfaces were somewhat stable in air. However. a d&onsistent with the correlation of the lowering of the field
terioration of this NEA effect was observed over a reIat,iveremiSSion threshold with the reduction in electron affinity and
short period of time, resulting eventually in a positive elec-corespondingly in surface energy barrier height.

tron affinity. The NEA effect of copper-coated diamond sur- . BOth the UPS and field emission measurements show con-

faces was not found to exhibit such a deterioration. A correSiStent trends for Cu on the clean and H- and O-terminated

sponding air stability of the NEA characteristics was Surfaces. The lowest Schottky barrier heights and lowest

observed for Co or Zr on diamond surfad®The air stabil- electron affinities have been found for Cu on the clean sur-

ity may be important for the development of cold cathodefaces' The same is the case for the lowest field emission

devices stable in a technical vacuum and may also simplifgreshold fields. Whereas interfacial hydrogen or oxygen
their production process. caused all these values to increase. The barrier for field emis-

Lower field emission thresholds have been observed fof!On IS, however, expected to be near the band-gap value of
p-type diamond surfaces with a lower electron affinity. Fortn€ diamond while significantly lower values were deduced
Cu on the clean surface or for hydrogen-terminated diamon§©M the field emission. This substantial difference may be
the lowest field emission values have been found, 28nv/ " indication thatef 1 is an incorrect assumption or other
The experiments presented here were on similarly preparedfPects affect the field emission.
natural diamond surfaces with a low surface roughness par-
ticularly as compared to diamond films. The roughness of the V. CONCLUSIONS
surfaces before and after metal deposition was comparable
and of the order of a few angstroms. The field enhancement In this study UV photoemission and field emission have
factor 8 may not be expected to be significantly different for been employed to characterize the copper-diamrip),
the various surfaces considered. While field emission is oftei111), and (110 interfaces. The lowest values for the
described by the Fowler-Nordheim expression, it should be&chottky barrier height were obtained for copper deposited
noted that this expression was derived for emission fronmon adsorbate-free surfaces. Hydrogen at the interface led to
metal surfaces, assuming no field inside the bulk of the maan increase in Schottky barrier height. The highest value of
terial. An equation for microscopic dielectric regions hasthe Schottky barrier was obtained for an oxygen-terminated
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surface. The measured values were consistent with a theorgherefore suggested to be critical in determining the Schottky
ical model for Cu on the clean and hydrogen-terminatedbarrier height and thus the electron emission properties.
(100 surface. A NEA was detected for thin layers of copperFrom field emission and photoemission measurements it can
deposited on clean and H-terminated surfaces. The NEA wase deduced that a lowering in field emission threshold is
found to be stable in air. A lower Schottky barrier height correlated with a reduction in the electron affinity. Photo-
generally leads to a lower electron affinity. The results wereemitted electrons originate from the conduction-band mini-
consistent with a model in which the Cu-diamond structuremum while the results indicate that field emitted electrons
was described in terms of the measured Schottky barrier anake emitted from the valence-band maximum getype dia-

the Cu work function appropriate to the surface. From themond.
field emission measurements it was observed that metal
deposition tends to lower the threshold field compared to the
oxygen-terminated diamond surface. The lowest value was
measured for Cu on the clean diamond surface. Surface This work was supported in part by the Office of Naval
cleaning of the diamond samples before metal deposition iResearciContract No. N00014-92-3-14Y.7
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