PHYSICAL REVIEW B

VOLUME 22, NUMBER 4

15 AUGUST 1980

Experimental bulk energy bands for diamond using #v-dependent photoemission
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Using photon-energy-dependent photoemission techniques with a diamond (111)-(1 X 1) crystal surface, we have
determined critical points of energy bands at I" and L (I",=—21eV,L,=—12.8 ¢V, L,=—152¢V, I 5;=+46.0
eV, ,=+15.3¢eV,L,=+20eV, " = + 24 eV with respect to the top of the valence band I',;). Recent ab initio
calculations agree with our results within 0.6 eV for the valence bands and show qualitative agreement for the empty
conduction bands. The final bands are observed to be non-free-electron-like up to at least + 30eV.

I. INTRODUCTION

Diamond has been of considerable interest as a
prototype for theoretical energy-band studies of
semiconductors.!”!® First-principles calculations
are feasible because of the low number of electrons
involved. Also, diamond has been a test case for
various computational methods and potentials,®:1¢
in particular for nonlocal pseudopotentials.’’'® Re-
cently, diamond has been used as a model semi-
conductor for a self-consistent Schottky-barrier
calculation.!” Several band calculations of intrinsic
surface states and reconstruction and relaxation
effects for the diamond (111) surface have been re-
ported,'®-2° including recent self-consistent pseu-
dopotential calculations.!®:?

However, experimental data for the energy bands
of diamond are rather sparse. Optical constants
have been measured (see Ref. 21) which show an
indirect band gap of 5.5 eV (Ref. 22) between the
valence-band maximum at the Brillouin-zone cen-
ter and the conductor-band minimum AM" | which
has been located at (0.8, 0, 0)27/a from neutron dif-
fraction studies.?®* The valence-band density of
states has been studied via x-ray photoelectron
spectroscopy (XPS) (Ref. 25, 26) and soft x-ray
emission spectroscopy (SXS),2” with XPS sampling
mostly s-like states and SXS sampling p-like
states. Previous data obtained via ultraviolet pho-
toelectron spectroscopy (UPS) (Ref. 28) have suf-
fered from having surfaces disordered by ion bom-
bardment.

The diamond surface has been studied by low-
energy electron diffraction (LEED) and energy loss
spectroscopy (see Ref. 29). Diamond (111) sur-
faces with both unreconstructed (1x1) and recon-
structed (2 X 2) structures have been observed

" (Refs. 29 and 30), the latter being prepared by a
high temperature anneal of a natural (111) crystal
face. Recently, we have found that diamond (111)
prepared with an unreconstructed (1x1) surface
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has a negative electron affinity®'; i.e., the bottom
of the conduction band lies above the vacuum level.

In this paper, we present angle-integrated and
angle-resolved UPS data for a diamond (111)-(1x1)
surface. UPS spectra depend strongly on the pho-
ton energy, which was varied in the range 10 s v
<100 eV using synchrotron radiation. These spec-
tra have shown that direct interband transitions
prevail in diamond. From the photon-energy de-
pendence and angular dependence of spectral fea-
tures in the spectra, we have obtained bulk energy-
band critical points at I' and L for both valence and
final conduction-band states. Lifetimes of final
states at energies between 15 and 25 eV above the
top of the valence band have been determined to be
~(2-4)x1071® gec, i.e., comparable to lifetimes in
metals at that energy.

Three recent ab initio calculations by Painter
et al.,** Zunger et al.,'® and by Ihm et al.,'® have
reported critical points at I' and L which agree
within 0.6 eV with our experimental valence-band
critical points and agree qualitatively with our ex-
perimental final-state conduction-band critical
points. The final-state energy bands within ~30 eV
of the band gap are rather flat and deviate strongly
from free-electron-like behavior.

II. EXPERIMENTAL METHODS

The natural (111) surface of a single crystal con-
ductive diamond boron-doped, type-IIb, about 6x5
x4 mm? in size, was studied. The surface was
prepared in a manner suggested by Lurie and Wil-
son,?® i.e., the crystal was washed ultrasonically in
acetone and then mounted in the photoelectron
spectrometer. After an ~150°C bakeout, a sharp
unreconstructed (1x1) LEED pattern was observed
(at all measured beam energies T5<E <300 eV).
After subsequent heating to ~900C in a vacuum of
~1x 107 Torr, the overall LEED pattern did not
change and adsorbate structures seen in the photo-
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emission spectra below the valence band for the
“as-mounted” diamond disappeared. Auger spec-
tra showed only a trace of oxygen (<5% peak to
peak of the carbon Auger signal). This does not
preclude the formation of CH species or disordered
carbon at the surface which likely were present to
some degree since no intrinsic surface states were
seen. However, when a disordered surface was
obtained via heating by electron bombardment,
LEED spectra for kinetic energies below 200 eV
(where the escape depth is short) showed very low
intensity LEED patterns with little contrast, and
photoemission features characteristic of the dia-
mond (111)-(1Xx1) structure disappeared. In par-
ticular, a spike in the photoemission secondary
electron distribution at the bottom of the conduc-
tion band associated with the negative electron af-
finity of diamond (111)-(1 X1) vanished.3°+3! Upon
heating to temperatures above ~1000°C a (2 x2) [or
(1x2)] reconstruction is observed which is ac-
companied by the appearance of diamond surface
states near the top of the valence band.®® Although
cleaner than the 1Xx1 surface, this (2 X2) surface
is less suitable for determining bulk band-struc-
ture features because of extra surface-state emis-
sion and surface umklapp effects.

Photoemission measurements were made using
synchrotron radiation from the 240 MeV storage
ring of the University of Wisconsin-Madison and
a display-type electron energy analyzer which ana-
lyzes all emitted electrons within a 1.8 steradian
cone (86° full angle).®® The photon-energy resolu-
tion varied from 0.2 (low %v) to 0.4 eV (high Av) and
the electron energy resolution from 0.1 to 0.2 eV.
Angle-resolved spectra were taken using the same
analyzer with an angular acceptance of <8 full
width.

The position of the top of the valence band (T',,)
was determined using the measured low-energy
cutoff of the spectra (which represents the bottom
of the conduction band) together with the known
band gap. This simple relationship occurs because
diamond (111)-(1x1) has a negative electron affin-
ity, as we have shown previously.’! A value of 5.5
eV was used for the band gap, which is the value
determined from optical data®® as well as from the
photoyield threshold at 5.5 eV.*! We find the Fermi
level E, to be ~1 eV above the top of the valence-
band maximum E, for the (1x1) surface and ~1.5
eV above E, for the (2x2) surface.

1. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 presents an overview set of angle-inte-
grated photoemission energy distribution curves
(EDC’s) at various photon energies hv. For high
photon energies (nv >50 eV), EDC’s show spectral
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FIG. 1. Angle-integrated photoelectron spectra for
diamond (111)-(1 X 1) for photon energies av in the
range 32 <hv <80 eV (s-polarized light). Characteris-
tic hv -dependent structures are marked which are used
to obtain the points I'y, L4, and L} of the valence band
(dots). Energies are referenced to the valence-band
maximum I'j; =E,. Features labeled CB are structures
in the secondary electron spectra.

features extending over the uppermost 20 eV of the
spectrum which correspond to the density-of-
states features of the diamond valence bands (see,
e.g., the calculated density of states in Refs. 11
and 16). For photon energies below 50 eV, spec-
tral features change rapidly with zv. This is due
to the effect of interband transitions into non-free-
electron-like final bands. Using a theoretical ana-
lysis of the type performed for Ge,* these spectra
can be interpreted and compared with band-struc-
ture calculations. Information concerning critical
points can be extracted without detailed analysis:
for hv="T0 eV a structure is observed near —-20 eV
(measured relative to E,) which disperses with 7v.
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There is a minimum in the dispersion (-21 eV at
hv~1T1 eV. This is assigned to the bottom of the

valence band (I",). Adding the photon energy Av~T1

eV to the initial energy, one obtains a final-state
T point at +50 eV. A structure is observed at an
initial energy E,=-12.8 €V for 2v <34 eV. The
rapid increase in intensity of this structure from
hv =35 to hv =34 eV is associated with the onset of
direct transitions from the valence band I'j,L, into
the final band I'JL, near L (see Figs. 1 and 2). A
second structure at E;=-15.2 eV turns on for nv

> 35 eV. This structure can be identified with
transitions from the valence band I',L, into the
same final band I'JL,. The onset at 7v =35 €V is
also associated with a transition at the L point.
Thus, from the onset or disappearance of these two
structures, we obtain the two initial-state L points
(Lj at —15.2 eV, L, at —12.8 eV), and then obtain
the final-state L point (L; =+20 eV) by adding the
corresponding photon energies to the observed ini-
tial-state energies.

A second method for obtaining information about
the empty final bands is shown in Fig. 3. By vary-
ing the photon energy with the initial-state energy
held fixed at the top of the valence band I'y;, in an
angle-resolved constant-initial-state spectrum
(ARCIS), two empty I" points are reached via direct
transitions I'y;. By comparing with recent ab initio
calculations (Fig. 2), we assign the peak at hv
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FIG. 2. Calculated energy bands for diamond by
Painter ef al. (Ref. 11) are compared with experimental
critical points (dots). Several conduction bands along
TL calculated by Thm ef al. (Ref, 16) are shown as
dashed lines. The dotted line is from the calculation
by Zunger et al. (Ref. 15), For the valence bands, the
three calculations are very similar.
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FIG. 3. Constant-initial-state spectrum (CIS) for
photoelectrons emitted normal to the diamond (111)-(1
%X 1) surface (p-polarized light). The initial energy is
held fixed at the top of the valence band (T};=E,). By
varying the photon energy kv, transitions into various
final bands at T" are determined (e.g., T'%5 — I} at kv
=15.3 eV).

=15.3 eV in Fig. 3 to the transition I'yj;~T',. The
peak at hv=24 €V in Fig. 3 is due to a transition
to a higher band at I'. This spectral peak is broad-
er than the lower energy peak and is asymmetric.
This asymmetry could be due in part to a second
unresolved band at I" (e.g., as found in Ref. 16) or
could be due to energy-dependent lifetime effects
and matrix elements.

The finite lifetime 7 of an electron in the conduc-
tion band (due to electron-electron scattering at
energies 22E,,, above I'ys) broadens the transitions
observed in Fig. 3 by an amount AE =7%/7 (AE =full
width at half maximum). Since the initial-state
lifetime broadening is negligible at the top of the
valence band, we directly obtain final-state life-
times®%®: i.e., AE=1.7 eV or 7 ~4X107'¢ sec for
the T'JL, final-state band at ~15 eV above the top of
the valence band and AE~3.5 eV or 7~2x1071¢
sec for the final I" state at 24 eV (neglecting the
possibility of a second band). In a similar fashion,
from ARCIS with initial states near L, L,, we have
determined AE~2.5 €V, or 7~ 1.3X107!¢ sec, for
a final state 20 eV above E, at the L point. In this
case, the finite initial-state lifetime (#/7~1.3 eV
for L;, L,) affects the measurement of the final-
state lifetime to some degree. These final-state
lifetimes are in the same range as observed for
metals 3435

A third source of information about conduction-
band features is given by the energy distribution of
secondary electrons. Spectral features (e.g., max-
ima) in the spectrum of secondaries can be ob-
served at local conduction-band minima either be-
cause of scattering effects or because of high den-
sities of states associated with flat conduction
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TABLE 1. Experimental critical points for diamond energy bands (in eV relative to the top

of the valence band I'j;=E,).

r, —21+1

Ty +6.0£0.2
Iy +15.3+0.5
r +24+1,52
r +50+4

L -15.2£0.3
L, —12.8+0.3
L} +20+1.5
Apin +5.5+0.05

(direct transition,

see Fig. 1)

(secondary electron structure)

(direct transition,
(direct transition,
(direct transition,
(direct transition,
(direct transition,

see Fig. 3)
see Fig. 3)
see Fig. 1)
see Fig. 1)
see Fig. 1)

(direct transition and secondary
electron structure, see Fig. 1)
(photoelectric yield threshold, see Ref. 31)

? Possibly two unresolved I' points of unknown symmetry.

bands.?® Spectral features are observed at 20 and
22 eV above E, in normal emission spectra (e.g.,
see the ticmarks labeled CB in Fig. 1) which are
consistent with high densities of states near L, and
the bottom of the 5th conduction band, respective-
ly. When direct transitions into those final states
are possible, we find them strongly enhanced (e.g.,
around zv =35 eV in Fig. 1; compare the discus-
sion above). Two structures in the secondary dis-
tribution (at 12 and 13.5 eV, not shown in Fig. 1)
are seen for off normal emission. Since &, is con-
served for a specular surface, these features are
attributed to points in K space not along the I'L line
(L corresponds to k',|=0, i.e., normal emission).
A 0.5-eV-wide spike has been observed at the bot-
tom of the secondary electron spectrum (see Ref.
30). This could be due to the high density of states
in the flat I';;A X, band along which the conduction-
band minimum occurs. This tentative assignment
would place the top of this band (X, or I';;) about
0.5 eV above the conduction-band minimum, i.e.,
6.0 eV above the top of the valence band. This as-
signment is very uncertain, however, due to pre-
dominant phonon scattering effects which strongly
affect the line shape at the bottom of the conduction
band.

In Table I we summarize our findings for critical
points of diamond along I'L. Upon comparing three
recent ab initio calculations %1 with our experi-
mental critical points, we find very good agree-
ment for the valence bands (better than 0.6 eV for
all measured points). Calculated empty band criti-
cal points are less accurate but are qualitatively
similar to our experimental results.

Calculation and experiment both show that the
final bands up to~30 eV (i.e., 1.5 times the valence
bandwidth) above the valence-band maximum are
rather flat and non-free-electron-like. Even the
experimental I" point at +50 eV is far from any

free-electron-like I" point. For other semicon-
ductors (e.g., GaAs) a similar conduction-band be-
havior has been found for the corresponding energy
range (scaled by the valence-bandwidth). The flat
final bands can be interpreted as the antibonding
2s2p-like orbitals formed from the two C atoms in
the unit cell.’” For diamond, the antibonding 2s
orbitals (associated with I'J) lie well above the
antibonding 2p orbitals (associated with I";;). Dia-
mond shares this ordering with Si according to
present calculations, whereas Ge and III-V com-
pounds (e.g., GaAs) have the reverse ordering.

For diamond, the energy bands calculated for the
ground state agree quite well with the photoemis-
sion data, which probe excited states. This is in
striking contrast with wide-gap heteropolar mater-
ials (e.g., LiF; sée Refs. 38 and 39). One method
for determining excited-state effects (in particular
excitonic effects) is to compare results obtained
from interband transitions (with a hole present in
the valence band) to results obtained from the
spectrum of secondary electrons (no hole present).
For the L] conduction-band point we are able to
make such a comparison and find no difference
within the experimental accuracy, which is rather
limited (1.5 eV for this point).
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