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Low-threshold electron emission from diamond
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We have studied the photoassisted electron emission of single-crystal didfidhdor photon energies
from just above the diamond band gap of 5.5 eV well into the sub-band-gap rebime2(8 eV). As an
independent parameter, the electron affinity was varied betwee7 eV[negative electron affinityNEA)]
and +0.38 eV|[positive electron affinitf 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 discusd&0163-18209)08647-4

[. INTRODUCTION at subband-gap light energies that have been attributed to
electrons excited from defects in CVD diamond films as well
In diamond research, the characterization and understanés Ilb single crystals.
ing of electron emission is playing an increasingly important In this paper we present a systematic study of the yield
role because of its implication for diamond as a cold cathod&pectra of single-crystal diamortdi11) with the electron af-
emitter and as a photocathode. These particular applicatiorility or work function as an independently controlled pa-
are possibly related to the unique property of diamondfameter. The electron affinity was taken frop=—1.3 to
namely its negative electron affinittNEA). NEA enables +0.38 €V by controlled desorption of hydrogen from an ini-
electrons at the conduction-band minimum to escape frorfially fully hydrogenated surface. Through a quantitative
the diamond without an energy barrier at the surface. Thignalysis of the spectra that covers the below- and above-
has been shown to enhance the photoelectron yield consi§and-gap regime simultaneously, we come to the conclusion
erably and may also have beneficial consequences for tiHgat the dominant part of the sub-band-gap emission origi-
field emission of diamond-based devices. nates in graphitic patches at the surface. The emission thresh-
As far as such field emission applications of diamondold from these patches is lowered substantially compared to
films are concerned, considerable technological progress h&gat of bulk graphite on account of the NEA of the surround-
been achieved recently with emission thresholds as low ai§d diamond. For reasons to be discussed in Sec. IV, we
0.5 V/um for polycrystalline diamond. Despite these consider this result relevant for the field emission process in
achievements, the microscopic field emission process is fdtanocrystalline diamond films.
from being understootl.In general, it appears that “bad”
diamond material has superior field emissiqn properj[ies .in Il. EXPERIMENTAL DETAILS
terms of threshold voltage and current density. Bad in this
context implies microcrystalline or nanocrystalline diamond The sample used in this study is a type-Ilb single-crystal
phases embedded in or mixed with nondiamond phases sucliamond with a(111) surface of 35 mn?. The diamond
as amorphous or graphitic carbon. sample is boron doped with a concentration of about
Photoelectron yield spectroscofiield) is one of the im-  10*%cm™2 and has a conductivity of about @ *cm™?,
portant methods to study the electron emission process iwhich is sufficiently high to avoid surface charging in our
diamond. Yield is defined as the number of electrons emitte@xperiments.
from a surface per incident photon. The relevance of yield The sample treatment is identical to that adopted in our
spectroscopy to the characterization of diamond as a phot@arlier photoemission work® It consists in a hydrogenation
cathode material is obvious. As far as the field emissiorof the crystal in a microwave plasma which produces well-
properties are concerned, Yield contributes to the elucidationrdered hydrogen-terminated surfaces exhibiting a sharp (1
of one step in the whole field emission process, namely thex1) low-energy electron-diffractioLEED) pattern with a
transport of electrons to and their escape from the surface déw background. They are free of any contaminants other
diamond. Important contributions to these aspects usinghan H and possibly C as judged by x-ray excited photoelec-
yield spectroscopy come from the work of Bandis and Patetron spectroscopyXPS).
who concentrated on emission originating from the excita- The diamond sample was clamped to a Ta foil and heated
tion of excitons and free electrons by light energies at andy electron-beam bombardment from the back of the Ta
above the band gap of diamondHowever, high sensitivity sample holder. The true temperature of the diamond was
yield spectroscopy by Risteiet al* and Cuiet al® has re- measured with an accuracy df10 K by Raman spectros-
vealed non-negligible contributions of electron emission als@opy as explained in Ref. 6.
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TABLE I. Annealing sequence of the diamoiitill) surface. 10" F e
. - - E DIAMOND (111) :.f ]
Annealing  Temperature Duration accumulated annealing 10"k £
. . . E + as hydrogenated, NEA & E
step no. (K) (min) time at 1000 K(min) annoaled at /
o[ ° 750K, 10min, NEA 3
1 625 8 10°F . 1000 K, 24 min, NEA 3
2 750 10 - < 1000 K, 66 min, PEA
2 s » 1000 K, 103 min,PEA
3 820 10 c10°
4 1000 12 12 ]
5 1000 12 24 10
6 1000 18 42 g
7 1000 12 54 S0 x4
8 1000 12 66 .;'_3 f:‘
9 1000 12 78 105k
10 1000 25 103 E
11 1000 20 123 10k
1()3 Lt ”“"% ": |r":{’ ﬂo; L 0 0
The yield spectra were measured in UHV for photon en- 3 4 5 6
ergies between 2.0 and 6.2 eV. A high-sensitivity, high Photon Energy (eV)

signal-to-noise ratio, and large dynamic range up to eight )

orders of magnitude in the Yield were achieved by a reduc- FIG- 1. Photoelectron vyield spectra taken on the as-
tion of stray light to better than 10 and optimized electron hydrogenated diamondl1l) surface and after several annealing
optics with a collection efficiency for the photoelectrons StePS(see Table L The annealing temperature and time and the
which is close to unity. Details of the experimental setup are"/ectron affinity(NEA or PEA) are indicated in the figure. The solid
given in Ref. 7. The spectra reported here were all measurelf€ is an empirical fit of the sub-band-gap emission corresponding

under identical conditions and are thus comparable on a rela Ea. ().

tive scale. . . . . .
" . of this part of the yield spectrum with the optical absorption
In addition, XPS and work-function measurements by theof diamond that has been noticed and analyzed earlier by

Kelvin method were routinely performed after each anneal- andis and Pafeand by Risteiret al# Upon closer scrutiny

: : . L . B
ing step in order to determlne' the position of the Ferrm _IevekNe observe, however, subtle changes in the spectral shape as
at the surface, the work function, and the electron affinity agye proceeé with th;e annealing and—more important—

described in Ref. 5. substantial changes in the magnitude of the yigldte the
logarithmic scale in Fig. Rdespite the fact that the surface
ll. RESULTS remains NEA. An explanation of these observations will be

The hydrogenated diamond sample was taken through @ffered in Sec. IV. _ _ _
series of annealing steps ending with an isothermal annealin% Returning to the subband-gap region we first ascertain
sequence at 1000 Kee Table)l After each step the sample that the spectral shape and the intensity of thls emission band
was left to cool in UHV down to RT before the XPS and '€main unchanged after the first two annealing steps for pho-
yield spectra were recorded and the work function measuredOn energies below 5.25 eV. This is demonstrated in Fig. 3,

In the course of the first two annealing steps at temperaihere the last four spectra of Fig. 1 are superimposed on top
tures below 800 Ksee Table), the subband-gap part of the of each other e}fter they have .been_r|g|dly .shn‘ted in photon
yield spectrum undergoes a substantial change as shown §€rgy. The shifts are set by visual inspection but turn out to
Fig. 1. An emission band with a threshold of about 2 eV_be equgl to the change in work function as WI|| be 'dlscussed
which is present on the as-hydrogenated surface is removeliimediately. The photon energy of 5.25 eV is indicated for
Such a band has earlier been observed on CVD diamon@@ch spectrum by a vertical line. The spectral shape in the
films* and its origin is presently under investigation. After Subband-gap regime is well described by a power law.
the third annealing at 820 K, the shape of the subband-gap _ 4
part of the spectrum remains unchanged except for a rigid Y(BE)=A(E~Ey) @
shift towards higher photon energies with annealing time. as demonstrated by the solid line in Fig. 1. H&&nd Ey,

Up to an annealing time of 42 min at 1000 K, the yield refer to the photon energy and the threshold energy, respec-
exhibits a steep rise at the band-gap energy of diantbrid  tively, andA is the “amplitude” of the emission intensity.
eV) that is characteristic for a surface with negative electron Kanée'”® has analyzed the photoelectron yield threshold of
affinity (NEA).3"® NEA is the result of the hydrogen cover- semiconductors and semiconductor surfaces under all con-
age of the surface. After an annealing time of 66 min, theceivable circumstances regarding the shape and dimension-
hydrogen coverage has dropped below its critical value oélity of the bands involved and the presence or absence of
about 10% of a monolay&The surface turns from NEA to k-vector conservation in the emission process. He did indeed
positive electron affinity(PEA) and the sharp rise in the find power-law thresholds with exponents between 1 &nd
yield at 5.5 eV disappears. but never 4. We therefore consider Efj) a mere parametri-

The Yield of the NEA surface in the region of the band- zation of the spectral shape in order to extract the threshold
gap energy as shown in Fig. 2 confirms the close relationshipnergyEy, and the amplitude parametér Also shown in
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2 107 £ / exciton+LAITO 4 [ 1000 K, 24 m!n P
3 /phonon absorption o] A 1000 K, 66 min ]
o S A 1000 K, 103 min
S10'F i 2 ]
-,5_ electron+LA/TOA g j
s ! phonon absorption 51 0" £ graphite < i
210°} @ 3 g ~
.- 2 41 ]
g 1ok W/ he=s525ev ]
%) : & s Q2
g : ¢ - > 105 L 4
' -/
2> 9| R 7
L) 4k 4
g last annealing step: 10 1.0eV 3
£ » 625K, 8min |
o °> 750K, 10 min 3 [k ) ,
& “/ .+ 820K, 10min 107 RS
108 B o 1000 K, 12 min - Photon Energy (eV)
, (o) FIG. 3. Photoelectron emission spectral shape for NEA and
5.0 5.5 6.0 PEA diamond(111) surfaces. The spectra were shifted with respect
Photon Energy (eV) to each other along the energy axis without scaling their intensities.

. o . The solid line represents the emission spectrum of graphite. The
FIG. 2. Absorption coefficienta) and the fine structure of pho- ool bars indicate the photon energy of 5.25 eV for each dia-
toelectron yield spectréb) of the diamond(111) surface after the o1y spectrum. For the graphite spectrum we have indicated the

first few annealing ste_ps. The absorption c_oefficienis from photon energy which just corresponds to the onset of transitions
Clark, Dean, and Harri$Ref. 9 and was confirmed by our own from the Fermi level Er)

measurements belolw=5.6 eV. The dashed and dotted line(a

are the main contributions of electrons and excitons, respectively,

which are due to the simultaneous excitation of the quasiparticle?fs'25 ev) and deaI.With the sub-band-gap emission Iater.
together with an LA or TO phonofnot resolved Roughly two The photoelectron yield at and above the band gap of dia-

orders of magnitude weaker is the absorption band with the lowedf?ond has previously been modeled in terms of a three-step
threshold energyvertical dashed ling which is connected with ~Process involving the bulk optical excitation of electron-hole
exciton excitation and LA/TO phonon deexcitation. (n), the  Pairs proportional to the absorption coefficientransport of
squares and circles are the experimental data points and the sofiié electrons to the surface, and emission through the surface
lines are the fits by the sum of Eq®) and(5). into vacuum with a certain probabilify. The transport to the
) ) ) ] surface is controlled by a characteristic lengtivhich de-

Fig. 3 is the yield spectrum of HOPG graphite as measuredcyipes the probabilitg ' that a carrier created at a depth

by Schéer et al,™ which resembles the subband-gap emis-pe|6y the surface will reach the surface. It is furthermore
sion of diamond closely and we shall return to this resemyqcagqary to distinguish between the creation, transport, and

blance later. : L :

The diamond spectra in Fig. 3 have been superim ose%sgape of excnonésgbscrlpt ex -) a_nd _electron$s_ubscr|pt
without scaling theﬁr intensitieg and it is apparen?thatriheir € ) so that the Yield due to intrinsic absorption can be
amplitudes are remarkably constant in the sub-band-gap ré(‘f”tten

ime. Fits of this part of the spectra to EHG) yield param-
gtersA that are pIoF:ted as a funpction of theqth)érmalphistory of _ Peleae(hv)  Peleed )
the sample in Fig. @). The amplitudeA turns out to be B 1tleathy)  1tlgathy)
entirely independent of the state of the surface including the_ . _ _ i
transition from NEA to PEA. This formula is the result of an integration over the depth-

Most significantly, thechangesin the threshold energies dependent generation rajg ,(x) =lo(1—R;)e” “ae exand
E,, that were also obtained from the fits are identical to theN€ corresponding transport expression of the carriers to the
changes in work function as demonstrated in Figp)4The  Surface, all for an incoming photon flux that is reduced by
change in work functionA ¢=Ay—A(Eg—Ey), as a func- the surface reflectlwt)Rl._The constanty in Eq._(2) whm_h
tion of annealing time is mainly brought about via variation 4&termines the exponential attenuation of the light flux in the
of the electron affinity by a thermally activated desorption ofdiamond is just the sum of the partial absorption constants,

hydrogen and the concomitant loss in surface dipole density®» @(hv)=ac(hv)+aefhv). For the excitons, it is of
as elaborated elsewhere. course further required that they break up at the surface in

order to release the electron as a photoelectron; this addi-

)

IV. DISCUSSION tional restriction can be considered as included in the escape
A Analvsis of the vield in the band . probability P, .
- Analysis of the yield spectra in the band-gap regime Yield spectra of diamond NEA surfaces have been suc-

We will start the discussion of our results by concentrat-cessfully described in the band-gap regime using &9.
ing first on the yield spectra in the band-gap range ( Wwith parameter$ and P, which are independent of energy.
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FIG. 4. Emission amplitude paramet&r(a) and work function 10
¢ and yield threshold,, (b) as a function of annealing time. The
yield threshold and paramet@rwere obtained by fitting the experi- 10° | fthv) x10* 3

mental spectra to Eq1) below 5.25 eV. The vertical line indicates
the point where the electron affinity is zero.

4.5 5.(I) S.é 6.0
Photon Energy (eV)

For NEA surfaces|g ok Corresponds td.. o, the diffusion

length of electrongexcitong, because the majority of carri-

ers thermalize to the conduction-band minimum and reac . - o
squares are the experimental data points and the solid lines are the

the s.urface py d|fqu|.o.n o, . . fitting results. The dashed and dotted lines represent the surface and
With a minor modification in the meaning of the partial bulk contributions, respectively. Ift) the spectral functios(hv),

absorption constante ¢(hv), in that optical excitation pro-  andf(hw) from Eq.(3) are also plotted.

cesses into final conduction-band states below the vacuum

level have to be excluded, E() remains valid in the case Pand-gap contribution of the photoelectron emission from
of PEA. In this casele eis the inelastic mean free pathh ., ~ VEA diamond surfaces correctly.

because electrons have to reach the surface essentially with-
out energy loss in order to overcome the surface bayier )
>0. The mean free pathy o is orders of magnitude smaller For a complete understandlng_of our results, we hav_e to
than Le e, and this is the reason why the above-band-gaﬁncmde the sub-band-gap contrlb_utlon to the photoyield
yield is so much higher on NEA than on PEA surfa¢esm- spectra as V\_/eII._ In a previous publicatfome had ass.umed
pare Fig. 1. Since the electron mean free path(~ a few that the excitation of electrons from bulk defects into the

: . . _conduction band in conjunction with the large diffusion
ggng:ed,léogsli Shutb(St%qtfgy ;maslga; ;?anzth?hp)e)r\grlatmn length in type-IIb single-crystal diamondL { .,=200um) is
S tha intri gnt. Td ';L ' f di 9: da dv t, th responsible for the subband-gap contribution of NEA sur-
an € Intrinsic yield spectrum of diamond reauces 10 tN§,qeq |y this case the photoemission threshold coincides

weighted sum of the partial absorption constants in the Casgit, the energy separation between the defect level and the
of PEA-_ ] conduction-band minimungCBM). Our new results, which

_ The fits of the photoyield spectra from the NEA surfacesygye unambiguously that the threshold of the subband-gap
displayed in Figs. 2 and 5 were achieved on the basis of Emijssjon tracks the work function for both NEA and PEA
(2) augmented by a sub-band-gap contribution that will besyrfaces as the hydrogen coverage varies, make this interpre-
discussed in the next section. In the fits, the productsation virtually untenable. In particular, the CBM of diamond
Peedeex Were kept as free parameters and the agreememtan no longer be involved in the emission process of this part
with the experimental data confirms that E8) models the of the

FIG. 5. Fits to the yield spectra of diamond surfaces with NEA
|(1a) and (b) and PEA(c) by combining Eqs(2) and(5). The solid

B. Analysis of the sub-band-gap regime
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yield spectrum. We are thus left with two possibilities. Either 10° —— . .
the photoemission process proceeds via direct optical excita-
tion from diamond surface statéisitrinsic or defect related Sy

to outgoing vacuum state§iomogeneous direct emission 105 o,
mode), or we are dealing with photoemission from a sepa- [ S
rate phase other than diamond at the surfad@omogeneous 10°F
emission model In the latter case we have to explain the i
connection of the photoemission threshold of this phase with
the vacuum level over the diamond part of the sample. As
will be discussed below, experimental evidence strongly fa-
vors the second explanation.

For both models the emission intensity is proportional to
the light intensity at the surfack=14(1—R)f(hv). The
function of f (hv) takes the contribution of multiply reflected
light in the sample into account. In the incoherent limit it
reads

DIAMOND (111)

-
(=]
o
T

—n— electrons
—o— excitons

(arb. units)

Py
8):
T

=
o
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i

T

1+ R2672a(hv)d N —IV
1-R,R,e 2eWd" (€©)) 1.0 05 0.0 0.5
Electron Affinity y (eV)

—
o
N
T

f(hv)=

HereR; is the reflection coefficient for the diamond surface

andR, is the effective reflectivity of the back surface includ-  FIG. 6. Change irPl as a function electron affinity. The values
ing the Ta sample holder. For the narrow spectral range off Pl were obtained from fits. For PEAx(>0) no significant band-
interest we can ignore the photon energy dependend of 9aP coptr_lbutlon can be |dent_|f|ed by the fits and therefore only an
andR, and the values oR,=0.22 from Ref. 12 and oR,  UPPer limit for Pl can be obtained.

=0.6123 g(hv) andd are the absorption coefficient and the o - _

thickness of the sample, respectively. The functioraries  '@nge. Examples of the fits in the critical region n&grare
from 1.8 to 1.0 significantly only in the range whei¢hv) shown by the solid lines in Fig. 2 for a series of NEA sur-
is comparable to the thickness of the sampie25<hv faces and in Elg. 5 for the transition from NEA to PEA. The
<5.53 eV, see Fig.(®)]. This variation reflects the decrease exg:ellllent. quality of all fits over the whole range of electron
of the light intensity at the surface as soon as reflections frorfgﬂn't'es is apparent and even subtle spectral features such as
the back side of the sample are attenuated by the onset of thi® 9radual loss of the phonon assisted threshold at 5.25 eV
fundamental absorption of diamond. Naturally, multiple re-IN Fig- 2 and the development of the minimum in Fig. 5 are
flections have to be taken into account for the band-gap corf@ithfully reproduced with onlyPel and P, e, as free pa-
tribution Yy as well. However, calculations show that here rameters for the bulk contribution. !

the effect is at most 10% and it has therefore been neglected |"€S€ two parameters as extracted from our fits are plot-

in Eq. (2).%13 The subband-gap mechanism thus contributed€d as a function of the electron affinity of the surface in Fig.
as 6. Without knowing the absolute value of the photoyield, we

can only specify relative values & for both quasiparticles.
Y (hv)=S(hv)f(hv) (4)  For the surfaces with NEA this quantity is on average a
) factor of 2.5 larger for excitons than for electrons and both
to the total yield spectrum. The spectral functi§ir) hasa  yaocrease by a factor of about 50 between the lowedt1

different mea}ning for the two models. For the inhomoge-ev) and the highest—0.06 eV} negative electron affinity.
neous emission mode(hv)=Ps\sas(hv), whereas(hv) As explained in Ref. 4, the escape probabiltys given
is the partial absorption constant for the optical excitatian, |

the mean free path of the electrons, dhda quantum effi-

ciency for the surface emission, all parameters appropriate Sem

for the foreign nondiamond phase. P
For the homogeneous direct emission modihv)

fPSNSaS(hv), where cr_s(hv) is the absorption cross SEC- \where Sy, Swc, and up are, respectively, the surface re-
tion, N the lateral density of the surface states, 8ydgain  compination, the surface emission, and the diffusion veloc-
a quantum efficiency for electron emission. _ity. As has been shown for silicon, the surface recombination
Forh»<5.25eV,f(hv) is constant and equals 1.8. In this ye|ocity is dramatically reduced when surface dangling
photon energy range thg shape qf the spectral function is thygynds are passivated by hydrodérin analogy it is not un-
given directly by the Yield an4d it was shown to be repre-jikely that S, on diamond increases with increasing electron
sented byS(h»)=A"(E—Ey)."” Using the same spectral affinity because the latter is connected with the loss of hy-
function over the whole photon energy range, we have  grogen coverage as explained in Ref. 8. Thus as the hydro-
_ fie = 24 gen desorbs from the surfacg,increases and at the same
Ys=T(hv)A(E-Ey) ®) time P decreases because of the increasing surface recombi-
with A’=A/1.8. By adding bulk and surface contributions nation velocity.
according to Eqgs(2) and (5) we could fit the whole set of After the transition from NEA to PEA, the produd® are
experimental photoyield spectra over the complete spectralt least five orders of magnitude smaller than for the surface

S — 6
Semt Srect D ©)
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AWANA /\/\ PEA patches are large enougdt least several hundred atonts

Y develop their own band structure and the classical three-step
ho, process for photoemission applies as indicated in the lower
l NEA panel of Fig. 7. In addition, the experimental results shown
ho,

CBM

in Fig. 4(b) also suggest that the states which are responsible
for the low-threshold emission have a fixed energy with re-
spect to the surface Fermi level. A natural candidate for this
surface second phase is amorphous or graphitic carbon. Extended
graphitic patches have earlier been invoked to explain
homogeneous emission model chemically shifted C & core-level spectfd and the pinning
of E¢ after annealing of diamond above 130 K.

The identification of the nondiamond phase responsible
> PEA for the sub-band-gap photoyield spectrum as being graphite
(or sp?-rich amorphous carbon, which has similar electronic
= NEA propertie$ is supported by the comparison of the diamond

( yield spectra with that of graphittHOPQ in Fig. 3.
Ee The electronic structure of a graphitic patch on diamond
VBM —— S is sketched schematically in the lower panel of Figléeft-
ji ‘ hand side Indicated is the semimetallic density of states
D(E) D(E) of graphite with occupiedr and emptys* states that
touch at the Fermi levet. . If we accept for the time being
that the vacuum level for the graphitic patches varies as in-
dicated on the lower right-hand panel of Fig. 7, the photo-
FIG. 7. Schematic diagrams of the wave functions, densities oEmission process from these patches is in all cases essentially
statesD(E), and energies involved in the homogenedupper that of a semimetal with a work function varying between
pane) and the inhomogeneou8ower pane)l electron emission 3.5 (NEA) and 5.0 eV(PEA). For this reason we do not
model, respectively. expect drastic changes in the shape or amplitude of the gra-
phitic part of the yield spectrum as a function of the position
with NEA reflecting the switchover fromh=L; (diffusion  Of the vacuum level. This is _in fact what we ol_aserve f_or the
length to I, =\; (inelastic-scattering length sub-band-gap part of the yield spectra and it explains the
unusual spectral shagéor a semiconductgrwhich never-
theless resembles that of HOPG graphite. For HOPG with a
C. Model for the subband-gap emission work function of 5.0 eV the fitting procedurdEqg. (1)] as

We now turn to the discussion of the two possible model@PPlied to all sub-band-gap yield spectra yields an apparent

for the subband-gap emission process, which have alreagyreShOIdEth:A“Gev' The difference betweeh and Ey, is
been outlined briefly above. The most important argument irflU€ o the thermal occupation of states abByeand is well

favor of the inhomogeneous emission model is displayed irk"oWn from the photoyield of metafS.Thus in the conven-

Fig. 4. On the one hand, the threshold of the subband—gaéﬁonal language the observed lowering in the photoemission
emission tracks the work function over the whole range ofinréshold from the graphitic patchésee Fig. 4 implies a
electron affinities; on the other hand, the emission intensitfOrresponding reduction in the work function by about 1.5
of the band is independent of the electron affinity. The ho£Y as compared to intrinsic graphite. The only remaining
mogeneous emission model relies on an optical transitio§N2/lénge is to explain why the vacuum level which is rel-
between a localized surface state and a final state at tHevant for the emission from the graphitic patches is deter-

vacuum level. The corresponding final-state wave functiondined by the electron affinity of the surrounding diamond

undergo a dramatic change when the electron affinity>Urface.
changes sigrisee Fig. 7. They are semi-infinite in the case
of NEA, i.e., extendedn vacuobut exponentially decaying
into the diamond because there are no matching energy lev-
els in the fundamental gap. However, when the surface turns In order to illustrate the concept of work-function reduc-
to PEA the final states at threshold and above have finitéion on an inhomogeneous surface, we have sketched sche-
amplitudesin vacuo andwithin the crystal since they are matically the surface potential in the vicinity of a lateral
degenerate with bulk conduction-band states. It is inconceivdiamond-graphite heterojunction for the case of the lowest
able that the transition probability from a surface state isSEA of y=—1.27eV (¢=3.5eV) in Fig. 8. For simplicity
unaffected by such a dramatic change in the final-state wawwe assume a circular graphitic patch as shown by the top
function. In fact, no significant difference in yield is ob- view in Fig. 8a). The geometry of this triple junctiofdia-
served when the diamond surface changes from NEA tenond, graphite, and vacuymenders the commonly pre-
PEA, which disagrees with the expectation of the directsented one-dimensional band diagrams inappropriate for the
emission model. region where the three interfaces mgeodint C). At the top

This contradiction does not occur in the inhomogeneou®f the cross-section view in Fig.(1®, we have plotted the
emission model, where the sub-band-gap emission originateonventional band diagram for the diamond surface which
in patches of a different material at the diamond surface. Thiolds well away from the diamond-graphite boundary. The

VBM

CBM —

0]

3
*

o)

inhomogeneous emission model

D. The photoemission threshold energy
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diamond At the bottom of Fig. 8) we have constructed the same
diagram for the surface of the graphitic patch, again suffi-
ciently far away from the diamond-graphite boundary. Since
graphite is a semimetal, the valence- and conduction-band
edges coincide at the Fermi level and band-bending effects
are irrelevant on the length scale of the diagram. The work
function of graphite of 5.0 eV was used to pldeg, in this

(a) Top view diagram.

The center part of Fig. (8) represents a plane that is
perpendicular to the diamond surface and the interface be-
CBM ———n— [ ] tween diamond and the graphitic patch. In this plane we have
vacuum . N . . . .
level drawn the image potential in the form of equipotential lines
with the Fermi level as a common zero extending from the
center of the graphitic patchin Fig. 8a)] outwards. Away
from the interface the equipotential lines run parallel to the
surface and represent the image potential as shown in the
band diagrams at the top and bottom of Figb)8respec-
tively. Over the boundary between diamond and the graphitic
patch, the equipotential lines have to join smoothly as indi-
cated. The difference in work function between diamond and
the graphitic material gives rise to a contact potential differ-

diamond

N graphite — ence of 1.5 eV. Therefore, an electron starting from pgéint
/ over the diamond surface and going to pdnover the gra-
_— phitic patch has to overcome the contact potential difference
by crossing the equipotential lines that bend away from the
T surface as indicated in the figure.
5.0 eV From the construction of equipotential lines in Figb)g it
Er | is evident that electrons emitted form the graphitic patches

near the boundary with the diamond are able to escape into
vacuum without having to overcome the 5-eV work function
(b) Cross section of graphite. In fact, electrons that leave the graphitic patch
o S within a certain range of the boundary see effectively the
FIG. 8. S_chematlc diagram of thg potential distribution in fron_t work function of diamond. This range is approximately equal
of a sample in the framework of the inhomogeneous electron eMisy, the variation length of the image potential perpendicular to

sion model.(a) Top view, (b) cross section. In the top and bottom w0, tace~20 A). Some of the trajectories that electrons
parts of(b) the band diagrams for diamond and graphite are given. - avpected to follow are indicated in Fig. 8. The equipo-
In the middle of(b) the potential in front of the sample and near the P 9. © quip

diamond/graphitic patch bord€ is given in the form of equipo- te_nt|al lines above 3.5 euthe work func_tlon of the diamond
tential lines. will eventually loop around symmetrically with respect to
the center line in Fig. @) and thus form a potential barrier
surface Fermi-level position of 0.68 eV above the VBM isin front of the graphitic patch. The lateral extent of the bar-
known from the C % binding energ§ and the bulk Fermi- rier and its height is reduced as the size of the graphitic patch
level position of 0.37 eV above the VBM is calculated from shrinks. For patch diameters considerably less than about 40
the acceptor concentration of our diamond sample. Thif\ the barrier disappears and all electrons emitted from the
yields the downward surface band bending, as is commonlgraphitic patches have an emission threshold that varies with
observed. On the vacuum side we have indicated qualitahe work function of diamond, as it is observed experimen-
tively the image potential experienced by an electron thaga"y_
leaves the diamond surface. Asymptotically this potential ap-  symmarizing the preceding discussion, the inhomoge-
proaches a value that differs by the work function of dia-peqys emission model offers a mechanism by which the ma-
mond from the Fermi energy. The image potential varieSgyia| that provides the electrons for emission into the

over a distance of about 20 A and the asymptotic va_lue 'Sacuum is different from that which determines the energy
commonly referred to as the vacuum leYelNote that in barrier at the surface

conventional band diagrams the explicit form of the image Finallv we would like to stress that the araphitic patches
potential is not drawn and just its asymptotic value is given y . grap P
in the form of the vacuum level. Since diamond is the domi-" Y single-crystal diamand sample account for less than

0, i i -
nant surface phase, the electron affinity relevant in the bangj.ﬂ’ qf the surface area as estimated from the graphite con
;nbunon to the C B core-level spectrum measured by

diagram on the upper part of the cross section is identical t 15
the one we have measured as an average over the wh S:
sample. Note that the width of the depletion layer, i.e., the

range of band bending inside the diamond, is of the order of V. CONCLUSION

2500 A. Thus the scale of the position axis inside and outside

the sample has to be interpreted as different by two orders of The systematic study of low-energy electron emission
magnitude. from diamond presented here has important implications for
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the field emission mechanism of diamond-based materiadiamond sample, they are nevertheless the sole source of
Two specific features of our experiment are different from allsub-band-gap photoelectron emission.

other experiments related to the issue of field emission. First, The situation encountered for single-crystal diamond will
we have used a single-crystal diamond surface on which thold a fortiori in polycrystalline or nanocrystalline CVD dia-
electron affinity and the work function could be measuredmond films wheresp*-bonded carbon decorates the grain
reliably and controlled systematically by gradual dehydrogeboundaries. It is_observ_ed that nanocrystalline diamond fil_ms
nation. Second, we have adopted subband-gap photoexcitlake excellent field emitters after they have been treated in a

tion as a tool to determine the threshold energy for electrofiydrogen atmospheré. Furthermore, it is found that the

. . . 20
emission spectroscopically, i.e., without relying on the inter-threshold field decreases with grain sfzand Wanget al:

pretation of current voltage characteristics.
Our results show that the dominant electron emission ne

observed emission to occur at the boundaries between dia-
d}nond grains and thep?-bonded nondiamond phase in be-

threshold from a diamond surface is due to graphitic patche een. We therefore suggest that, notwithstanding other con-

on the surface, which provide a finite density of electrons a§|der%t|ona t_he '”h?mﬁge”?f’“_s emssmn fmg_del sr:jogld bde
the Fermi level. Diamond is neither involved in the optical ©0NS!CEred in any fieid emission theory of diamond-base

excitation norwhich is more important for field emissipim sysltlems.dln thif] mpdr—lzl, th(i)ldiamor)d phgse providétbgr-l
the transport of the electrons to the surface. However, bein ally and mechanica ystable matrix with & comparatively
by far the dominant surface phase, diamond determines t w work function and the graphitic phase provides the trans-

energy barrier for all electrons which attempt to leave the?o't path for electrons to the surface.

surface fror_n t_he graphitic phase. In Fh|s |nhc_>mogeneous ACKNOWLEDGMENTS
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