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Ab initio calculation of electron affinities of diamond surfaces

M. J. Rutter* and J. Robertson
Engineering Department, University of Cambridge, Trumpington Street, Cambridge, CB2 1PZ, United Kingdom

~Received 11 August 1997!

The electron affinity~EA! of various terminations of diamond surfaces has been calculated by theab initio
pseudopotential method. The bare, reconstructed~100! and~111! surfaces are found to have positive EA’s of
0.5 and 0.35 eV, respectively. The hydrogen-terminated surfaces 131(100):2H, 231(100):H, and~111!:H
have sizable negative EA’s of order22.4,22.0, and22.0 eV, respectively. A symmetrical canting was found
to be the most stable geometry for the 131(100):2Hsurface. The oxygen-terminated surfaces have positive
affinities of12.6 eV for the more stable ether configuration, while the OH termination has a negative EA. The
various values can be understood in terms of the surface dipole of the terminating bond.
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I. INTRODUCTION

There is considerable interest in diamond, as it can exh
a negative electron affinity~NEA!. A NEA means that the
energy of the bulk conduction-band minimum lies above
vacuum level, so that an electron excited into the conduc
band can be emitted into the vacuum with little or no barri
The NEA property combined with its chemical and physic
inertness would allow the use of diamond as a cold cath
for vacuum microelectronics and in field-emission display

A NEA is a relatively rare property in semiconductors.
NEA can be obtained by coating some semiconductors w
caesium or caesium oxide to create a downward band b
ing at the surface, but these surfaces have poor stability.1 The
diamond~111! and ~100! surfaces are known to possess
NEA when terminated with hydrogen, a termination which
chemically inert. Experimental evidence of the NEA for t
~111! surface has been known for almost two decades,2,3 and
more recently the~100! surface was found to have a NEA.4,5

It is therefore of interest to understand the origin of th
property, and how it depends on the surface properties.

This paper usesab initio electronic structure calculation
to predict the electron affinities for various diamond s
faces. The chemical termination of the surface is found
have a pronounced effect on the affinity, over a range o
eV. This effect arises from the presence of a surface dip
created by the polar bonding of the terminations. Con
quently, the dipole and hence the affinity depend sensitiv
on the geometry of the terminating group, and a key role
the calculations is to find this equilibrium geometry for ea
case.

II. METHOD

Ab initio methods have been used to calculate a variet
properties over the last two decades. The calculation of e
tron affinities presents some interesting problems. First,
use of density-functional theory precludes the calculation
excited states,6 and hence the conduction-band energy. S
ond, systems studied with plane-wave codes such as
570163-1829/98/57~15!/9241~5!/$15.00
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here must be both small and periodic. Although a surfac
readily modelled by an infinite periodic sandwich of su
strate and vacuum regions, care must be taken to ensure
bulk properties can be estimated from as little bulk a
vacuum as possible.

The scheme that was used to calculate electron affin
is similar to that used in Ref. 7. First, the average Koh
Sham potential and the energy of the highest occupied e
tronic level, the valence band maximum, are calculated
bulk diamond. The experimental value of the band gap
then added to the valence-band maximum to give
conduction-band minimum. This gives the energy of the lo
est unoccupied bulk level with respect to the bulk potent

A calculation is performed on a cell containing a bu
region, a vacuum region, and the surface of interest. T
average potential in the center of the vacuum and at
center of the bulk are taken, and from this is found the
ergy of the vacuum level with respect to the average b
potential. The energy of the lowest unoccupied level w
respect to this reference is already known, so the differe
between the vacuum level and the conduction band m
mum, that is the electron affinity, follows. This scheme
shown in Fig. 1 for two systems, one with a positive electr
affinity and one with a negative electron affinity. The bu
potentials have been aligned so that the conduction-b
minimum occurs at 0 V.

Finding the average potential in the center of the vacu
is straightforward. The potential in the vacuum decays r
idly to a constant, the only slowly decaying term is th
exchange-correlation potential. However, sufficiently far in
the vacuum the charge density should fall to zero, at wh
point the exchange-correlation potential will also be zero
least in the local-density approximation~LDA ! or
generalized-gradient approximation~GGA!. Thus the contri-
bution of the exchange-correlation potential to the poten
in the center of the vacuum region can be taken to be z
rather than using the small nonzero value arising from
residual charge density in the vacuum region. This treatm
will change the absolute value of the electron affinity sign
cantly~increasing it by between 0.3 and 0.5 eV in the case
9241 © 1998 The American Physical Society
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FIG. 1. Potentials across a diamond slab.
~a! is shown (100)231:H which has a NEA, and
in ~b! (100)131:O, with a positive EA. The av-
erage bulk potentials have been aligned to pla
the conduction-band minimum at zero volts.
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the calculations presented here!, but will have much less of
an effect on the relative values of the electron affinities. E
plicitly removing this slowly decaying term from the calcu
lations enhances the convergence of these results with
spect to the slab separation.

Averaging the potential in the slab is more difficult, as
tends to be an oscillatory function rather than constant.
scheme used here was to average in the two directions
pendicular to the surface and then to average between
cessive maxima and successive minima in the bulk reg
This ensures an unbiased average over exactly one pe
which can be seen to converge to a constant value as the
is entered. The average cannot be performed on the co
real-space grid for the potential and charge density in
plane-wave code, but it can be found on the correspond
reciprocal-space grid. This technique is thus similar to
running average technique of Ref. 8, and it adjusts autom
cally to the lattice constant.

The calculations were carried out using theCASTEP/CETEP

code,9 which is a plane-wave LDA code with conjugate gr
dient electronic minimisation and Broyden-Fletche
Goldfarb-Shanno atomic relaxation. Projector-reduce10

norm-conserving11 real-space12 pseudopotentials in the
Kleinman-Bylander form13 were used, with just an s projec
tor for both carbon and oxygen, and the cutoff was 600
for all calculations. The carbon pseudopotential accura
describes single, double, and triple bonds, with the C— C
bond length in a range of organic molecules~ethane, ethyl-
ene, acetylene! all underestimated by between 1 and 1.2
The local-density approximation14,15 for the exchange-
correlation energy was used throughout. A brief test w
made of a GGA approximation,16 but the results were no
significantly changed.

The k-point meshes used were Monkhorst-Pack17 sets
with first failure stars greater than 15 Å. The vacuum lay
-
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varied between 8 and 10 Å thick. Eight layers of diamo
were used for the 131 reconstructions, and ten for th
231 reconstructions. The extra layer on each surface for
231 reconstructions was thought necessary as the ca
atoms at the surface are significantly removed from th
bulk positions, unlike the case for the 131 reconstructions.

It is necessary to ensure that the electron affinity is c
verged with respect to slab thickness. Care must also
taken to account for the strong dependence of band ene
on the lattice constant. Considering first bulk diamond,
energy of the valence-band maximum with respect to
average bulk potential was found to be 26.19 eV at the
perimental lattice constant of 3.567 Å. Reducing the latt
constant by just 1.5% lowered the energy to 27.20 eV. T
strong dependence of the band energies with lattice cons
is not surprising: the kinetic term of the electron energy w
scale as the inverse square of the lattice constant, and
exchange-correlation term is also highly dependent on
electron density.18 In the surface calculations,a andb were
held fixed, and free relaxation was permitted alongc. This
corresponding freedom was given to the bulk material, yie
ing an energy for the valence-band maximum of 26.47 e
The addition of the experimental band gap of 5.48 eV~Ref.
19! yields a conduction-band minimum of 31.953 eV.

III. GEOMETRIES

Before discussing the electron affinities, we give the eq
librium geometries. There has been much work published
the reconstructions of the~100! and~111! faces of diamond,
with many configurations possible.

The geometries of the 231(100) and 231(100):H sur-
face reconstructions are generally agreed upon, as is th
the 131(111):H termination. For the bare~111! surface, the
symmetric Pandey chain reconstruction was used.20 Al-
e

en
FIG. 2. Two possible configurations for th
2H termination of the~100! surface. In ~a! is
shown the symmetric configuration, and in~b! the
canted structure, with a greater distance betwe
adjacent hydrogens.
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though other LDA calculations have found a very slig
dimerization,21 we found none.

The geometry of the 131 dihydrogen termination of the
~100! surface merits more discussion. Placing the hydrog
symmetrically about the carbon atom, that is at the sa
height above the surface and in line with the crystallograp
axis as shown in Fig. 2~a!, gives a rather small H-H distanc
of just 1.10 Å between hydrogens bonded to adjacent
bons. This is unfavorable, and the hydrogens, when gi
complete freedom, become canted as shown in Fig. 2~b!,
increasing their separation to 1.38 Å, and lowering the s
face energy by 0.42 eV per surface carbon atom. The op
of the hydrogens simply twisting but remaining at the heig
was also considered, but it was found to produce a m
more marginal energy lowering of just 7 meV with respect
the symmetric structure with a twist angle of 14°. Oth
authors22,23 considered only this twisted structure, but w
find the canted arrangement to be significantly lower in
ergy. A 231 reconstruction with the hydrogens on neig
boring atoms canted in opposite directions, proposed in R
7, was also studied. This reconstruction appears to be
marginally energetically unfavorable by 0.01 eV per surfa
carbon atom, when compared to the canted unreconstru
surface. The dihydride surface was argued to be barely st
to the loss of hydrogen,24 but thought to be observed exper
mentally below 1300 K by Hamza, Kubiak, and Stulen25

although Thoms and Butler26 disagreed. Previous theoretic
calculations favored both the symmetric27 and
231-reconstructed canted geometries,7 and most recently
the 131 canted geometry.28 While our results say nothing
about the surface’s stability to losing hydrogen, they do s
gest that the unreconstructed canted geometry is the m
stable, significantly more stable than uncanted geometrie

There exist two possible configurations for oxygen term
nation; the oxygen could be placed above a surface ca
atom and be double bonded to it in a ketonelike arrangem
or it could lie between two carbons single bonded to e
and forming an etherlike bridge. These two possibilities
shown in Fig. 3. The calculations presented here find
bridge configuration to be the more stable by about 0.5
per surface carbon atom. This is contrary to the theoret
studies of Whittenet al.,29 who found the ketone position t
be lower in energy by 0.18 eV, and also to the predictions
chemical bond energies which give a Cv O double bond a
higher energy than two C—O single bonds. However, we d
not believe that there is any error in our calculations of s
ficient magnitude to alter this unexpected ordering. The

FIG. 3. Two possible configurations for the O termination of t
~100! surface. In~a! is shown the ‘‘ether’’ or ‘‘bridge’’ configura-
tion, and in~b! the ‘‘ketone’’ structure.
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ergy difference was hardly changed on increasing the cu
to 700 eV. The interoxygen distance of 2.52 Å in these str
tures could make steric repulsion effects important, for o
gen’s van der Waal’s radius is 1.4 Å. In both geometries
lone pairs on adjacent oxygens are forced to point at e
other, but the ideal angle for their orientation on t
sp2-bonded oxygen is 60° from the surface normal, wher
for thesp3-bonded oxygen it is only 54.7°. The experimen
analysis of Andoet al.30 found both single and double CO
bonds, as well as carboxylic anhydride groups.

IV. ELECTRON AFFINITIES

The affinity was calculated for the various surface co
figurations by finding the vacuum levels and average pot
tials in the center of the bulk. The results are given in Ta
I.

The bare reconstructed surfaces are found to have s
positive EA’s, 0.5 eV for the 231(100) surface and 0.35 eV
for the 231(111) surface. These are consistent with the
perimental observations of Pate.31

The hydrogen-terminated~111! surface is found to have a
sizable NEA of 22.0 eV. The EA’s of the hydrogen
terminated~100! surface are interesting. The monohydrid
131(100):H surface has a NEA of22.0 eV, while the sym-
metric, uncanted dihydride 131(100):2Hsurface is found
to be23.2 eV. The NEA for the symmetrically canted stru
ture, 131(100):2H,reduces to22.4 eV, and that for the
antisymmetric canting to22.5 eV. Although this magnitude
of NEA is greater than that observed experimentally,
difference of 2.5 eV between the bare and monohydride s
faces is similar to the 2.2-eV difference observed experim
tally by Humphreyset al.5 Other self-consistent LDA calcu
lations produce similar results for the monohydride NEA.7,32

The creation of the negative electron affinity can be
tributed to the presence of a relatively small dipole on
C— H bond, Cd -— Hd 1 , as demonstrated in detail below
The potential drop across the dipole raises the band ene
inside the surface with respect to the fixed vacuum level,

TABLE I. Electron affinities of diamond surfaces.

Surface Reconstruction Termination Number of EA
layers ~eV!

~100! 231 None 8 0.51
10 0.69

131 2H ~sym! 8 23.19
131 2H ~twist! 8 23.00
131 2H ~canted! 8 22.36
231 2H ~canted! 8 22.47
231 H 8 22.03

10 22.05
12 22.07

231 OH 10 22.13
131 O ~ketone! 8 3.64
131 O ~ether! 8 2.61

10 2.70
~111! 231 None 10 0.35
~111! 131 H 8 22.03
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9244 57M. J. RUTTER AND J. ROBERTSON
that the bulk conduction band minimum now lies above
vacuum level, as was previously proposed for surfaces33 and
for Schottky barriers.34 The reduction in NEA for the cante
~100!:2H structure arises because one of the two C— H
bonds now lies almost parallel to the surface, so it no lon
contributes much to the overall dipole.

The EA of the oxygen-terminated~100! surface is found
to be strongly positive,12.6 eV for the ether configuration
and13.6 eV for the metastable ketone configuration.

V. DISCUSSION

The sequence of calculated electron affinities is consis
with the expected polarizations of surface groups. From e
tronegativities, hydrogen is expected to be positive wh
bonded to carbon, and will set up a dipole moment and he
a potential step favoring the escape of electrons. Convers
oxygen is expected to be negative when bonded to car
and this dipole will tend to increase the barrier. The to
variation, from 3.6 to23.19 eV, is quite large. However
this change is consistent with a simple electrostatic dip
model.

Considering an infinite sheet of areaA and dipole moment
p, the change in potential in crossing from one side of
sheet to the other is given by

Df5
p

e0A
. ~1!

For the case of changes in electron affinities, this reduce

DE5
181Dp

A
, ~2!

whereDp is the change dipole moment per unit cell, andA
the unit cell area, all lengths being in Å, and the unit
charge being the electron. The changeDE57 eV corre-
sponds to a change in the surface dipole moment per unit
of just 0.25 eÅ, for a unit cell area ofA56.4 Å2. This
represents quite a small polarization of the surface CO
CH bonds, although the natural polarization of the bon
would be expected to be reduced due to the proximity of
neighboring bonds in the same orientation.

This model of relating electron affinity changes to dipo
barriers at the surface extends to the symmetric and ca
dihydride surfaces. In the symmetric case the axis of
CH2 unit is normal to the surface; in the canted case this u
is inclined at 27.5° to the normal, and thus its contribution
the NEA is reduced. In the same way the effect of oxyg
would be expected to be greater in the structure which pla
the oxygen at the greater height above the surface ca
atoms, and hence enhances the dipole it creates. This i
case, with the ketone structure placing the oxygens 1.
above the surface compared with only 0.8 Å for the et
configuration. The change in the EA of these two oxyge
terminated surfaces with respect to the bare surface is als
an approximately 3:2 ratio.
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This analysis suggests an alternative way of calculat
the relative electron affinities of surfaces. As the relat
changes are governed by dipole moments set up at the
face, simply calculating the dipole moment for a region fro
deep inside the slab to a point in the vacuum would ena
the change in EA to be calculated from Eq.~2!. Care needs to
be taken to choose equivalent points in the bulk from wh
to calculate the dipole moments—bond centers or ato
positions are good choices—and good agreement with
average potential method presented above is achieved.
a calculation does not refer to the lattice-constant-depen
position of the valence-band maximum, and stresses tha
differences in EA’s presented here should be more accu
than the absolute EA’s, as they have fewer possible sou
of error.

The large NEA for the OH-terminated surface may se
surprising, as the oxygen might be expected to reduce
NEA. However, we note that while the CO bond produce
dipole increasing the positive EA, so the OH bond will pr
duce a dipole opposing this and enhancing the NEA m
than a simple CH bond. The effect of oxygen tends to can
out, and it leaves the COH group as if it were simply a lo
CH bond. Of course, the C-O-H bond angle complicates
analysis somewhat. This is a similar situation to that of b
caesium and caesium oxide producing similar NEA’s.1

Naturally the surface dipole moment does not arise
tirely from the placing of ionic cores in a negative bac
ground of valence electrons, but will also be affected by
precise distribution of the electrons near the surface. T
rearrangements which mainly alter the electronic configu
tion at the surface, for instance by changing between orbi
extending out into the vacuum and orbitals bonded acr
close to the surface, as would occur during a reconstruct
would be expected to alter the EA too.

VI. CONCLUSIONS

The results ofab initio calculations of the geometries an
electron affinities of a range of diamond surfaces have b
presented, and are seen to be in accord with experiment.
calculated values of electron affinities are convergent
quite modest cell sizes. A clear negative electron affinity h
been found for the monohydride~111! and the monohydride
and dihydride~100! surfaces, in agreement with experimen
The affinities can be explained in terms of a model in wh
the terminating groups give rise to a surface dipole, as
pected from their atomic electronegativities.
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