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Low-threshold electron emission from diamond
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Institute of Technical Physics, University of Erlangen-Nu¨rnberg, Erwin-Rommel-Strasse 1, D-91058 Erlangen, Germany

~Received 22 March 1999!

We have studied the photoassisted electron emission of single-crystal diamond~111! for photon energies
from just above the diamond band gap of 5.5 eV well into the sub-band-gap regime (hn'2.8 eV). As an
independent parameter, the electron affinity was varied between21.27 eV@negative electron affinity~NEA!#
and 10.38 eV @positive electron affinity~PEA!# by changing the hydrogen coverage of the surface. A sub-
stantial sub-band-gap emission band with constant intensity is observed in all cases. Except for the NEA
surfaces, it dominates the electron flux. We attribute this intense band to nanometer-size graphitic patches
which cover less than 1% of the surface area. The low-energy threshold for this emission band is, however, not
determined by intrinsic properties of graphite, but controlled by the work function of the surrounding diamond
matrix. The details of this inhomogeneous emission model, which may have implications for the field emission
from nanocrystalline diamond films, are discussed.@S0163-1829~99!08647-6#
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I. INTRODUCTION

In diamond research, the characterization and underst
ing of electron emission is playing an increasingly importa
role because of its implication for diamond as a cold cath
emitter and as a photocathode. These particular applicat
are possibly related to the unique property of diamo
namely its negative electron affinity~NEA!. NEA enables
electrons at the conduction-band minimum to escape f
the diamond without an energy barrier at the surface. T
has been shown to enhance the photoelectron yield con
erably and may also have beneficial consequences for
field emission of diamond-based devices.

As far as such field emission applications of diamo
films are concerned, considerable technological progress
been achieved recently with emission thresholds as low
0.5 V/mm for polycrystalline diamond.1 Despite these
achievements, the microscopic field emission process is
from being understood.2 In general, it appears that ‘‘bad’
diamond material has superior field emission properties
terms of threshold voltage and current density. Bad in t
context implies microcrystalline or nanocrystalline diamo
phases embedded in or mixed with nondiamond phases
as amorphous or graphitic carbon.

Photoelectron yield spectroscopy~Yield! is one of the im-
portant methods to study the electron emission proces
diamond. Yield is defined as the number of electrons emi
from a surface per incident photon. The relevance of yi
spectroscopy to the characterization of diamond as a ph
cathode material is obvious. As far as the field emiss
properties are concerned, Yield contributes to the elucida
of one step in the whole field emission process, namely
transport of electrons to and their escape from the surfac
diamond. Important contributions to these aspects us
yield spectroscopy come from the work of Bandis and Pa
who concentrated on emission originating from the exc
tion of excitons and free electrons by light energies at a
above the band gap of diamond.3 However, high sensitivity
yield spectroscopy by Risteinet al.4 and Cuiet al.5 has re-
vealed non-negligible contributions of electron emission a
PRB 600163-1829/99/60~23!/16135~8!/$15.00
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at subband-gap light energies that have been attribute
electrons excited from defects in CVD diamond films as w
as IIb single crystals.

In this paper we present a systematic study of the yi
spectra of single-crystal diamond~111! with the electron af-
finity or work function as an independently controlled p
rameter. The electron affinity was taken fromx521.3 to
10.38 eV by controlled desorption of hydrogen from an in
tially fully hydrogenated surface. Through a quantitati
analysis of the spectra that covers the below- and abo
band-gap regime simultaneously, we come to the conclus
that the dominant part of the sub-band-gap emission or
nates in graphitic patches at the surface. The emission thr
old from these patches is lowered substantially compare
that of bulk graphite on account of the NEA of the surroun
ing diamond. For reasons to be discussed in Sec. IV,
consider this result relevant for the field emission proces
nanocrystalline diamond films.

II. EXPERIMENTAL DETAILS

The sample used in this study is a type-IIb single-crys
diamond with a~111! surface of 335 mm2. The diamond
sample is boron doped with a concentration of ab
1016cm23 and has a conductivity of about 1V21 cm21,
which is sufficiently high to avoid surface charging in o
experiments.

The sample treatment is identical to that adopted in
earlier photoemission work.4,5 It consists in a hydrogenation
of the crystal in a microwave plasma which produces we
ordered hydrogen-terminated surfaces exhibiting a sharp
31) low-energy electron-diffraction~LEED! pattern with a
low background. They are free of any contaminants ot
than H and possibly C as judged by x-ray excited photoe
tron spectroscopy~XPS!.

The diamond sample was clamped to a Ta foil and hea
by electron-beam bombardment from the back of the
sample holder. The true temperature of the diamond w
measured with an accuracy of610 K by Raman spectros
copy as explained in Ref. 6.
16 135 ©1999 The American Physical Society
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The yield spectra were measured in UHV for photon e
ergies between 2.0 and 6.2 eV. A high-sensitivity, hi
signal-to-noise ratio, and large dynamic range up to ei
orders of magnitude in the Yield were achieved by a red
tion of stray light to better than 1029 and optimized electron
optics with a collection efficiency for the photoelectro
which is close to unity. Details of the experimental setup
given in Ref. 7. The spectra reported here were all meas
under identical conditions and are thus comparable on a r
tive scale.

In addition, XPS and work-function measurements by
Kelvin method were routinely performed after each anne
ing step in order to determine the position of the Fermi le
at the surface, the work function, and the electron affinity
described in Ref. 5.

III. RESULTS

The hydrogenated diamond sample was taken throug
series of annealing steps ending with an isothermal annea
sequence at 1000 K~see Table I!. After each step the sampl
was left to cool in UHV down to RT before the XPS an
yield spectra were recorded and the work function measu

In the course of the first two annealing steps at tempe
tures below 800 K~see Table I!, the subband-gap part of th
yield spectrum undergoes a substantial change as show
Fig. 1. An emission band with a threshold of about 2
which is present on the as-hydrogenated surface is remo
Such a band has earlier been observed on CVD diam
films4 and its origin is presently under investigation. Aft
the third annealing at 820 K, the shape of the subband-
part of the spectrum remains unchanged except for a r
shift towards higher photon energies with annealing time

Up to an annealing time of 42 min at 1000 K, the yie
exhibits a steep rise at the band-gap energy of diamond~5.5
eV! that is characteristic for a surface with negative elect
affinity ~NEA!.3–5 NEA is the result of the hydrogen cove
age of the surface. After an annealing time of 66 min,
hydrogen coverage has dropped below its critical value
about 10% of a monolayer.8 The surface turns from NEA to
positive electron affinity~PEA! and the sharp rise in th
yield at 5.5 eV disappears.

The Yield of the NEA surface in the region of the ban
gap energy as shown in Fig. 2 confirms the close relations

TABLE I. Annealing sequence of the diamond~111! surface.

Annealing
step no.

Temperature
~K!

Duration
~min!

accumulated annealing
time at 1000 K~min!

1 625 8
2 750 10
3 820 10
4 1000 12 12
5 1000 12 24
6 1000 18 42
7 1000 12 54
8 1000 12 66
9 1000 12 78
10 1000 25 103
11 1000 20 123
-
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of this part of the yield spectrum with the optical absorpti
of diamond that has been noticed and analyzed earlier
Bandis and Pate3 and by Risteinet al.4 Upon closer scrutiny
we observe, however, subtle changes in the spectral sha
we proceed with the annealing and—more importan
substantial changes in the magnitude of the yield~note the
logarithmic scale in Fig. 2! despite the fact that the surfac
remains NEA. An explanation of these observations will
offered in Sec. IV.

Returning to the subband-gap region we first ascer
that the spectral shape and the intensity of this emission b
remain unchanged after the first two annealing steps for p
ton energies below 5.25 eV. This is demonstrated in Fig
where the last four spectra of Fig. 1 are superimposed on
of each other after they have been rigidly shifted in pho
energy. The shifts are set by visual inspection but turn ou
be equal to the change in work function as will be discus
immediately. The photon energy of 5.25 eV is indicated
each spectrum by a vertical line. The spectral shape in
subband-gap regime is well described by a power law.

Y~E!5A~E2Eth!
4 ~1!

as demonstrated by the solid line in Fig. 1. HereE and Eth
refer to the photon energy and the threshold energy, res
tively, andA is the ‘‘amplitude’’ of the emission intensity.

Kane10 has analyzed the photoelectron yield threshold
semiconductors and semiconductor surfaces under all
ceivable circumstances regarding the shape and dimens
ality of the bands involved and the presence or absenc
k-vector conservation in the emission process. He did ind
find power-law thresholds with exponents between 1 an5

2

but never 4. We therefore consider Eq.~1! a mere parametri-
zation of the spectral shape in order to extract the thresh
energyEth and the amplitude parameterA. Also shown in

FIG. 1. Photoelectron yield spectra taken on the
hydrogenated diamond~111! surface and after several annealin
steps~see Table I!. The annealing temperature and time and t
electron affinity~NEA or PEA! are indicated in the figure. The soli
line is an empirical fit of the sub-band-gap emission correspond
to Eq. ~1!.
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PRB 60 16 137LOW-THRESHOLD ELECTRON EMISSION FROM DIAMOND
Fig. 3 is the yield spectrum of HOPG graphite as measu
by Schäfer et al.,11 which resembles the subband-gap em
sion of diamond closely and we shall return to this rese
blance later.

The diamond spectra in Fig. 3 have been superimpo
without scaling their intensities and it is apparent that th
amplitudes are remarkably constant in the sub-band-gap
gime. Fits of this part of the spectra to Eq.~1! yield param-
etersA that are plotted as a function of the thermal history
the sample in Fig. 4~a!. The amplitudeA turns out to be
entirely independent of the state of the surface including
transition from NEA to PEA.

Most significantly, thechangesin the threshold energie
Eth that were also obtained from the fits are identical to
changes in work function as demonstrated in Fig. 4~b!. The
change in work function,Df5Dx2D(EF2EV), as a func-
tion of annealing time is mainly brought about via variati
of the electron affinity by a thermally activated desorption
hydrogen and the concomitant loss in surface dipole den
as elaborated elsewhere.5

IV. DISCUSSION

A. Analysis of the yield spectra in the band-gap regime

We will start the discussion of our results by concentr
ing first on the yield spectra in the band-gap range (hn

FIG. 2. Absorption coefficient~a! and the fine structure of pho
toelectron yield spectra~b! of the diamond~111! surface after the
first few annealing steps. The absorption coefficienta is from
Clark, Dean, and Harris~Ref. 9! and was confirmed by our own
measurements belowhn55.6 eV. The dashed and dotted line in~a!
are the main contributions of electrons and excitons, respectiv
which are due to the simultaneous excitation of the quasiparti
together with an LA or TO phonon~not resolved!. Roughly two
orders of magnitude weaker is the absorption band with the low
threshold energy~vertical dashed line!, which is connected with
exciton excitation and LA/TO phonon deexcitation. In~b!, the
squares and circles are the experimental data points and the
lines are the fits by the sum of Eqs.~2! and ~5!.
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.5.25 eV) and deal with the sub-band-gap emission la
The photoelectron yield at and above the band gap of
mond has previously been modeled in terms of a three-
process involving the bulk optical excitation of electron-ho
pairs proportional to the absorption coefficienta, transport of
the electrons to the surface, and emission through the sur
into vacuum with a certain probabilityP. The transport to the
surface is controlled by a characteristic lengthl which de-
scribes the probabilitye2x/ l that a carrier created at a depthx
below the surface will reach the surface. It is furthermo
necessary to distinguish between the creation, transport,
escape of excitons~subscript ‘‘ex’’! and electrons~subscript
‘‘ e’’ ! so that the Yield due to intrinsic absorption can
written

YB5
Pel eae~hn!

11 l ea~hn!
1

Pexl exaex~hn!

11 l exa~hn!
. ~2!

This formula is the result of an integration over the dep
dependent generation ratege,ex(x)5I 0(12R1)e2axae,ex and
the corresponding transport expression of the carriers to
surface, all for an incoming photon fluxI 0 that is reduced by
the surface reflectivityR1 . The constanta in Eq. ~2! which
determines the exponential attenuation of the light flux in
diamond is just the sum of the partial absorption consta
i.e., a(hn)5ae(hn)1aex(hn). For the excitons, it is of
course further required that they break up at the surfac
order to release the electron as a photoelectron; this a
tional restriction can be considered as included in the esc
probability Pex.

Yield spectra of diamond NEA surfaces have been s
cessfully described in the band-gap regime using Eq.~2!
with parametersl andP, which are independent of energy3

ly,
s

st

lid

FIG. 3. Photoelectron emission spectral shape for NEA a
PEA diamond~111! surfaces. The spectra were shifted with resp
to each other along the energy axis without scaling their intensit
The solid line represents the emission spectrum of graphite.
vertical bars indicate the photon energy of 5.25 eV for each d
mond spectrum. For the graphite spectrum we have indicated
photon energy which just corresponds to the onset of transit
from the Fermi level (EF).
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For NEA surfaces,l e,ex corresponds toLe,ex, the diffusion
length of electrons~excitons!, because the majority of carri
ers thermalize to the conduction-band minimum and re
the surface by diffusion.

With a minor modification in the meaning of the parti
absorption constantae,ex(hn), in that optical excitation pro-
cesses into final conduction-band states below the vac
level have to be excluded, Eq.~2! remains valid in the case
of PEA. In this case,l e,ex is the inelastic mean free pathle,ex

because electrons have to reach the surface essentially
out energy loss in order to overcome the surface barriex
.0. The mean free pathle,ex is orders of magnitude smalle
than Le,ex and this is the reason why the above-band-g
yield is so much higher on NEA than on PEA surfaces~com-
pare Fig. 1!. Since the electron mean free pathl ~; a few
hundred Å! is substantially smaller than the penetrati
depth a21 of light ~a21.2 mm, see Fig. 2!, a(hn)l!1,
and the intrinsic yield spectrum of diamond reduces to
weighted sum of the partial absorption constants in the c
of PEA.

The fits of the photoyield spectra from the NEA surfac
displayed in Figs. 2 and 5 were achieved on the basis of
~2! augmented by a sub-band-gap contribution that will
discussed in the next section. In the fits, the produ
Pe,exl e,ex were kept as free parameters and the agreem
with the experimental data confirms that Eq.~2! models the

FIG. 4. Emission amplitude parameterA ~a! and work function
f and yield thresholdEth ~b! as a function of annealing time. Th
yield threshold and parameterA were obtained by fitting the experi
mental spectra to Eq.~1! below 5.25 eV. The vertical line indicate
the point where the electron affinity is zero.
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band-gap contribution of the photoelectron emission fr
NEA diamond surfaces correctly.

B. Analysis of the sub-band-gap regime

For a complete understanding of our results, we have
include the sub-band-gap contribution to the photoyi
spectra as well. In a previous publication4 we had assumed
that the excitation of electrons from bulk defects into t
conduction band in conjunction with the large diffusio
length in type-IIb single-crystal diamond (Le,ex5200mm) is
responsible for the subband-gap contribution of NEA s
faces. In this case the photoemission threshold coinc
with the energy separation between the defect level and
conduction-band minimum~CBM!. Our new results, which
prove unambiguously that the threshold of the subband-
emission tracks the work function for both NEA and PE
surfaces as the hydrogen coverage varies, make this inte
tation virtually untenable. In particular, the CBM of diamon
can no longer be involved in the emission process of this p
of the

FIG. 5. Fits to the yield spectra of diamond surfaces with NE
~a! and ~b! and PEA~c! by combining Eqs.~2! and ~5!. The solid
squares are the experimental data points and the solid lines ar
fitting results. The dashed and dotted lines represent the surface
bulk contributions, respectively. In~c! the spectral functionS(hn),
and f (hn) from Eq. ~3! are also plotted.
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PRB 60 16 139LOW-THRESHOLD ELECTRON EMISSION FROM DIAMOND
yield spectrum. We are thus left with two possibilities. Eith
the photoemission process proceeds via direct optical ex
tion from diamond surface states~intrinsic or defect related!
to outgoing vacuum states~homogeneous direct emissio
model!, or we are dealing with photoemission from a sep
rate phase other than diamond at the surface~inhomogeneous
emission model!. In the latter case we have to explain th
connection of the photoemission threshold of this phase w
the vacuum level over the diamond part of the sample.
will be discussed below, experimental evidence strongly
vors the second explanation.

For both models the emission intensity is proportional
the light intensity at the surfaceI s5I 0(12R1) f (hn). The
function of f (hn) takes the contribution of multiply reflecte
light in the sample into account. In the incoherent limit
reads

f ~hn!5
11R2e22a~hn!d

12R1R2e22a~hn!d . ~3!

HereR1 is the reflection coefficient for the diamond surfa
andR2 is the effective reflectivity of the back surface inclu
ing the Ta sample holder. For the narrow spectral range
interest we can ignore the photon energy dependence oR1
andR2 and the values ofR150.22 from Ref. 12 and ofR2
50.6.12~a! a(hn) andd are the absorption coefficient and th
thickness of the sample, respectively. The functionf varies
from 1.8 to 1.0 significantly only in the range wherea(hn)
is comparable to the thickness of the sample@5.25<hn
<5.53 eV, see Fig. 5~c!#. This variation reflects the decreas
of the light intensity at the surface as soon as reflections f
the back side of the sample are attenuated by the onset o
fundamental absorption of diamond. Naturally, multiple
flections have to be taken into account for the band-gap c
tribution YB as well. However, calculations show that he
the effect is at most 10% and it has therefore been negle
in Eq. ~2!.4,13 The subband-gap mechanism thus contribu
as

Ys~hn!5S~hn! f ~hn! ~4!

to the total yield spectrum. The spectral functionS(hn) has a
different meaning for the two models. For the inhomog
neous emission modelS(hn)5Pslsas(hn), whereas(hn)
is the partial absorption constant for the optical excitation,ls
the mean free path of the electrons, andPs a quantum effi-
ciency for the surface emission, all parameters appropr
for the foreign nondiamond phase.

For the homogeneous direct emission modelS(hn)
5PsNsss(hn), wheress(hn) is the absorption cross sec
tion, Ns the lateral density of the surface states, andPs again
a quantum efficiency for electron emission.

For hn,5.25 eV, f (hn) is constant and equals 1.8. In th
photon energy range the shape of the spectral function is
given directly by the Yield and it was shown to be repr
sented byS(hn)5A8(E2Eth).

4 Using the same spectra
function over the whole photon energy range, we have

YS5 f ~hn!A8~E2Eth!
4 ~5!

with A85A/1.8. By adding bulk and surface contribution
according to Eqs.~2! and ~5! we could fit the whole set o
experimental photoyield spectra over the complete spec
r
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range. Examples of the fits in the critical region nearEg are
shown by the solid lines in Fig. 2 for a series of NEA su
faces and in Fig. 5 for the transition from NEA to PEA. Th
excellent quality of all fits over the whole range of electr
affinities is apparent and even subtle spectral features suc
the gradual loss of the phonon assisted threshold at 5.25
in Fig. 2 and the development of the minimum in Fig. 5 a
faithfully reproduced with onlyPel e and Pexl ex as free pa-
rameters for the bulk contribution.

These two parameters as extracted from our fits are p
ted as a function of the electron affinity of the surface in F
6. Without knowing the absolute value of the photoyield, w
can only specify relative values ofPl for both quasiparticles.
For the surfaces with NEA this quantity is on average
factor of 2.5 larger for excitons than for electrons and bo
decrease by a factor of about 50 between the lowest~21.1
eV! and the highest~20.06 eV! negative electron affinity.

As explained in Ref. 4, the escape probabilityP is given
by

P5
Sem

Sem1Srec1mD
, ~6!

where Sem, Srec, and mD are, respectively, the surface re
combination, the surface emission, and the diffusion vel
ity. As has been shown for silicon, the surface recombinat
velocity is dramatically reduced when surface dangli
bonds are passivated by hydrogen.14 In analogy it is not un-
likely that Srec on diamond increases with increasing electr
affinity because the latter is connected with the loss of
drogen coverage as explained in Ref. 8. Thus as the hy
gen desorbs from the surface,x increases and at the sam
time P decreases because of the increasing surface reco
nation velocity.

After the transition from NEA to PEA, the productsPl are
at least five orders of magnitude smaller than for the surf

FIG. 6. Change inPl as a function electron affinity. The value
of Pl were obtained from fits. For PEA (x.0) no significant band-
gap contribution can be identified by the fits and therefore only
upper limit for Pl can be obtained.
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with NEA reflecting the switchover froml i5Li ~diffusion
length! to l i5l i ~inelastic-scattering length!.

C. Model for the subband-gap emission

We now turn to the discussion of the two possible mod
for the subband-gap emission process, which have alre
been outlined briefly above. The most important argumen
favor of the inhomogeneous emission model is displayed
Fig. 4. On the one hand, the threshold of the subband-
emission tracks the work function over the whole range
electron affinities; on the other hand, the emission inten
of the band is independent of the electron affinity. The h
mogeneous emission model relies on an optical transi
between a localized surface state and a final state at
vacuum level. The corresponding final-state wave functi
undergo a dramatic change when the electron affin
changes sign~see Fig. 7!. They are semi-infinite in the cas
of NEA, i.e., extendedin vacuobut exponentially decaying
into the diamond because there are no matching energy
els in the fundamental gap. However, when the surface tu
to PEA the final states at threshold and above have fi
amplitudesin vacuo andwithin the crystal since they ar
degenerate with bulk conduction-band states. It is inconc
able that the transition probability from a surface state
unaffected by such a dramatic change in the final-state w
function. In fact, no significant difference in yield is ob
served when the diamond surface changes from NEA
PEA, which disagrees with the expectation of the dir
emission model.

This contradiction does not occur in the inhomogene
emission model, where the sub-band-gap emission origin
in patches of a different material at the diamond surface.

FIG. 7. Schematic diagrams of the wave functions, densitie
statesD(E), and energies involved in the homogeneous~upper
panel! and the inhomogeneous~lower panel! electron emission
model, respectively.
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patches are large enough~at least several hundred atoms! to
develop their own band structure and the classical three-
process for photoemission applies as indicated in the lo
panel of Fig. 7. In addition, the experimental results sho
in Fig. 4~b! also suggest that the states which are respons
for the low-threshold emission have a fixed energy with
spect to the surface Fermi level. A natural candidate for t
second phase is amorphous or graphitic carbon. Exten
graphitic patches have earlier been invoked to expl
chemically shifted C 1s core-level spectra15 and the pinning
of EF after annealing of diamond above 1300 K.8

The identification of the nondiamond phase respons
for the sub-band-gap photoyield spectrum as being grap
~or sp2-rich amorphous carbon, which has similar electron
properties! is supported by the comparison of the diamo
yield spectra with that of graphite~HOPG! in Fig. 3.

The electronic structure of a graphitic patch on diamo
is sketched schematically in the lower panel of Fig. 7~left-
hand side!. Indicated is the semimetallic density of stat
D(E) of graphite with occupiedp and emptyp* states that
touch at the Fermi levelEF . If we accept for the time being
that the vacuum level for the graphitic patches varies as
dicated on the lower right-hand panel of Fig. 7, the pho
emission process from these patches is in all cases essen
that of a semimetal with a work function varying betwe
3.5 ~NEA! and 5.0 eV~PEA!. For this reason we do no
expect drastic changes in the shape or amplitude of the
phitic part of the yield spectrum as a function of the positi
of the vacuum level. This is in fact what we observe for t
sub-band-gap part of the yield spectra and it explains
unusual spectral shape~for a semiconductor! which never-
theless resembles that of HOPG graphite. For HOPG wit
work function of 5.0 eV the fitting procedure@Eq. ~1!# as
applied to all sub-band-gap yield spectra yields an appa
thresholdEth54.6 eV. The difference betweenf andEth is
due to the thermal occupation of states aboveEF and is well
known from the photoyield of metals.16 Thus in the conven-
tional language the observed lowering in the photoemiss
threshold from the graphitic patches~see Fig. 4! implies a
corresponding reduction in the work function by about 1
eV as compared to intrinsic graphite. The only remaini
challenge is to explain why the vacuum level which is r
evant for the emission from the graphitic patches is de
mined by the electron affinity of the surrounding diamo
surface.

D. The photoemission threshold energy

In order to illustrate the concept of work-function redu
tion on an inhomogeneous surface, we have sketched s
matically the surface potential in the vicinity of a later
diamond-graphite heterojunction for the case of the low
EA of x521.27 eV (f53.5 eV) in Fig. 8. For simplicity
we assume a circular graphitic patch as shown by the
view in Fig. 8~a!. The geometry of this triple junction~dia-
mond, graphite, and vacuum! renders the commonly pre
sented one-dimensional band diagrams inappropriate for
region where the three interfaces meet~point C!. At the top
of the cross-section view in Fig. 8~b!, we have plotted the
conventional band diagram for the diamond surface wh
holds well away from the diamond-graphite boundary. T
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surface Fermi-level position of 0.68 eV above the VBM
known from the C 1s binding energy8 and the bulk Fermi-
level position of 0.37 eV above the VBM is calculated fro
the acceptor concentration of our diamond sample. T
yields the downward surface band bending, as is commo
observed. On the vacuum side we have indicated qua
tively the image potential experienced by an electron t
leaves the diamond surface. Asymptotically this potential
proaches a value that differs by the work function of d
mond from the Fermi energy. The image potential var
over a distance of about 20 Å and the asymptotic value
commonly referred to as the vacuum level.17 Note that in
conventional band diagrams the explicit form of the ima
potential is not drawn and just its asymptotic value is giv
in the form of the vacuum level. Since diamond is the dom
nant surface phase, the electron affinity relevant in the b
diagram on the upper part of the cross section is identica
the one we have measured as an average over the w
sample. Note that the width of the depletion layer, i.e.,
range of band bending inside the diamond, is of the orde
2500 Å. Thus the scale of the position axis inside and outs
the sample has to be interpreted as different by two order
magnitude.

FIG. 8. Schematic diagram of the potential distribution in fro
of a sample in the framework of the inhomogeneous electron e
sion model.~a! Top view, ~b! cross section. In the top and botto
parts of~b! the band diagrams for diamond and graphite are giv
In the middle of~b! the potential in front of the sample and near t
diamond/graphitic patch borderC is given in the form of equipo-
tential lines.
is
ly
a-
t
-

-
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At the bottom of Fig. 8~b! we have constructed the sam
diagram for the surface of the graphitic patch, again su
ciently far away from the diamond-graphite boundary. Sin
graphite is a semimetal, the valence- and conduction-b
edges coincide at the Fermi level and band-bending eff
are irrelevant on the length scale of the diagram. The w
function of graphite of 5.0 eV was used to placeEvac in this
diagram.

The center part of Fig. 8~b! represents a plane that
perpendicular to the diamond surface and the interface
tween diamond and the graphitic patch. In this plane we h
drawn the image potential in the form of equipotential lin
with the Fermi level as a common zero extending from
center of the graphitic patch@in Fig. 8~a!# outwards. Away
from the interface the equipotential lines run parallel to t
surface and represent the image potential as shown in
band diagrams at the top and bottom of Fig. 8~b!, respec-
tively. Over the boundary between diamond and the graph
patch, the equipotential lines have to join smoothly as in
cated. The difference in work function between diamond a
the graphitic material gives rise to a contact potential diff
ence of 1.5 eV. Therefore, an electron starting from poinA
over the diamond surface and going to pointB over the gra-
phitic patch has to overcome the contact potential differe
by crossing the equipotential lines that bend away from
surface as indicated in the figure.

From the construction of equipotential lines in Fig. 8~b!, it
is evident that electrons emitted form the graphitic patc
near the boundary with the diamond are able to escape
vacuum without having to overcome the 5-eV work functi
of graphite. In fact, electrons that leave the graphitic pa
within a certain range of the boundary see effectively
work function of diamond. This range is approximately equ
to the variation length of the image potential perpendicula
the surface~;20 Å!. Some of the trajectories that electron
are expected to follow are indicated in Fig. 8. The equip
tential lines above 3.5 eV~the work function of the diamond!
will eventually loop around symmetrically with respect
the center line in Fig. 8~b! and thus form a potential barrie
in front of the graphitic patch. The lateral extent of the ba
rier and its height is reduced as the size of the graphitic pa
shrinks. For patch diameters considerably less than abou
Å, the barrier disappears and all electrons emitted from
graphitic patches have an emission threshold that varies
the work function of diamond, as it is observed experime
tally.

Summarizing the preceding discussion, the inhomo
neous emission model offers a mechanism by which the
terial that provides the electrons for emission into t
vacuum is different from that which determines the ene
barrier at the surface.

Finally we would like to stress that the graphitic patch
on our single-crystal diamond sample account for less t
1% of the surface area as estimated from the graphite c
tribution to the C 1s core-level spectrum measured b
XPS.15

V. CONCLUSION

The systematic study of low-energy electron emiss
from diamond presented here has important implications
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the field emission mechanism of diamond-based mate
Two specific features of our experiment are different from
other experiments related to the issue of field emission. F
we have used a single-crystal diamond surface on which
electron affinity and the work function could be measur
reliably and controlled systematically by gradual dehydro
nation. Second, we have adopted subband-gap photoex
tion as a tool to determine the threshold energy for elect
emission spectroscopically, i.e., without relying on the int
pretation of current voltage characteristics.

Our results show that the dominant electron emission n
threshold from a diamond surface is due to graphitic patc
on the surface, which provide a finite density of electrons
the Fermi level. Diamond is neither involved in the optic
excitation nor~which is more important for field emission! in
the transport of the electrons to the surface. However, be
by far the dominant surface phase, diamond determines
energy barrier for all electrons which attempt to leave
surface from the graphitic phase. In this inhomogene
electron emission process, the role of diamond is reduce
an agent that controls the effective work function, which
as low as 3.5 eV for a fully hydrogen covered surface. T
value results from a low electron affinity ofx521.27 eV
and a downward surface band bending of 0.3 eV. Althou
the graphitic patches that provide the electrons for vacu
emission cover less than 1% of the total surface area of
ga

on
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diamond sample, they are nevertheless the sole sourc
sub-band-gap photoelectron emission.

The situation encountered for single-crystal diamond w
hold a fortiori in polycrystalline or nanocrystalline CVD dia
mond films wheresp2-bonded carbon decorates the gra
boundaries. It is observed that nanocrystalline diamond fi
make excellent field emitters after they have been treated
hydrogen atmosphere.18 Furthermore, it is found that the
threshold field decreases with grain size19 and Wanget al.20

observed emission to occur at the boundaries between
mond grains and thesp2-bonded nondiamond phase in b
tween. We therefore suggest that, notwithstanding other c
sideration, the inhomogeneous emission model should
considered in any field emission theory of diamond-ba
systems. In this model, the diamond phase provides a~ther-
mally and mechanically! stable matrix with a comparatively
low work function and the graphitic phase provides the tra
port path for electrons to the surface.
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