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Hydrogenated single crystal~100! diamond surfaces subjected to an electrochemical~EC! treatment
are selectively oxidized at room temperature. Part of the surface remains hydrogenated, except for
a narrow transition region between the oxidized and hydrogenated regions. Ultraviolet photoelectron
spectroscopy indicates that the transition region has negative electron affinity~NEA!, as do the
surfaces of hydrogenated crystals. The oxidized and hydrogenated parts of the EC-treated surfaces
do not have NEA. A possible explanation is that contaminants eliminate NEA in the hydrogenated
parts of the EC treated surfaces, but the transition region remains uncontaminated. None of the
oxidized surfaces exhibit NEA. ©1995 American Institute of Physics.
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Surface chemistry and structure can strongly effect e
tron affinity ~x!, defined as the energy difference between
vacuum level and the conduction band minimum~CBM!.
Negative electron affinity~NEA! is the condition in which
the conduction band minimum~CBM! of a material lies
higher in energy than the vacuum level, allowing conduc
band electrons near the surface to move from the sample
vacuum.1 Hydrogenated C~111! and C~100! surfaces have
negativex, but surface modification by heating in vacuum
desorb the hydrogen and reconstruct the surfaces2–5 or
oxidation6–8 makesx positive, i.e., the vacuum level move
above the CBM. In this work, hydrogenated C~100! surfaces
were modified by an electrochemical~EC! technique to fur-
ther explore surface chemistry effects onx. The EC treat-
ment oxidizes part of the surface at room temperature w
leaving the rest of the surface relatively unchanged, the
providing distinct surface terminations on one sample.9

Natural, semiconducting, type IIB, 43430.25 mm dia-
monds polished to<3° of the ~100! face10 were boiled in
acids11 to remove metal and nondiamond carbon conta
nants, and then hydrogenated and smoothed for 2 h in a 10
Torr, 600 W, hydrogen microwave plasma,
Tsub5800 °C.12 Some diamonds were then reoxidized eit
by immersion in boiling acids or by subjecting them to a 2
W microwave oxygen plasma for 8 min at 50 Torr of O2, or
by dosing with activated molecular oxygen~231026 Torr!
produced with an iridium filament resistively heated to 11
630 °C.

The EC treatment studied here was previously use
separate homoepitaxial CVD diamond layers from diam
substrates implanted with C1 ions.10 In the EC treatment,
diamond is placed between two graphite electrodes
mersed in distilled water, with the long crystal dimens
parallel to the interelectrode axis. Biases of 30–500 V w
applied between the electrodes for times from 2 to 180
The results described below were insensitive to bias volta
and times.

The presence of NEA, as well as differences in elec
affinity and band bending, were assessed for the EC-tre
samples and for hydrogenated and plasma-oxidized refer
surfaces, by ultraviolet photoelectron spectroscopy~UPS! on
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beam line X24C of the National Synchrotron Light Source a
Brookhaven National Laboratory. The samples wer
mounted in an unbaked chamber operating at 1029 Torr and
equipped with a cylindrical mirror analyzer. A variable slit
allowed selective irradiation of the sample surface. Sample
were biased at25 V to facilitate collection of low energy
electrons emitted during interrogation with 33 eV photons.

The samples were transported in air to another facility
where XPS was performed using monochromatized A1Ka

radiation ~1486 eV! to determine the amount and chemical
state of surface oxygen, carbon, and contaminants. Bindin
energies were referenced to the Fermi level via the Au
4 f 7/2 peak at 83.93 eV on sputtered Au. The O/C at. % ratio
were uncorrected for the fact that the oxygen was restricte
to the surface, and therefore should be used only for relativ
comparison among samples. The diamond surfaces were a
characterized at 2310210 Torr with Auger electron~AES!,
electron loss~ELS!, and secondary electron emission~SEES!
spectroscopies and with low energy electron diffraction
~LEED!. Surface vibrational information was obtained by
high resolution electron energy loss spectroscopy~HREELS!
using an LK2000 spectrometer.

The plasma-hydrogenated C~100! surfaces displayed
sharp, low-background, two-domain 231 LEED patterns.12

The HREELS spectra were dominated by the 2920610
cm21 C–H stretch, assigned to monohydride dimers.13–15

Ex situXPS revealed that the O/C ratio was 160.3 at. % and
that the C1s binding energy was 283.860.1 eV. Hydroge-
nated samples exposed to air adsorbed oxygen and/or wa
over several weeks but the LEED patterns and C 1s spectra
were unchanged. All of the oxidation techniques yielded
C~100! surfaces with 131 LEED patterns, O/C ratios of
1262 at. %, and 284.760.1 eV C 1S binding energies.
HREELS of the C~100! surfaces oxidizedex siturevealed the
presence of adsorbed hydrocarbons, which were desorbed
heating to 350 °C in UHV. The C 1sand O 1sbinding energy
separation~D! was reproducibly 1.260.2 eV smaller on the
oxidized versus hydrogenated surfaces because of shifts
the C 1sand O 1sbinding energies. The O 1s binding energy
is consistent with a predominance of carbonyl groups on th
51/95/67(23)/3414/3/$6.00 © 1995 American Institute of Physics
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fully oxidized samples, while the C 1s shift probably reflects
band bending induced by oxidation.

Hydrogenated C~100! surfaces dosedin situ with acti-
vated oxygen developed HREELS modes at 1080, 1780,
3650 cm21, which we assign to the ether, carbonyl, and h
droxyl stretching frequencies, respectively.7,8 The surfaces
contained equivalent hydroxyl and carbonyl modes after lo
doses but only carbonyl groups~and a small, residual C–H
stretch mode! at high doses. The vacuum level cutoff on th
heavily oxidized surfaces simultaneously increased roug
3 eV in kinetic energy, probably due to an increasedx. Con-
ductivity measurements with anV meter showed that the
oxidized surface was far more insulating than the hydrog
nated surface, in agreement with other reports.16,17SEM im-
ages of hydrogenated~100! surfaces were much brighter tha
those of oxidized surfaces, consistent with reports that s
ondary electron emission is much higher on hydrogena
than oxidized C~100! surfaces.18

The SEM image in Fig. 1 illustrates a correspondin
variation in secondary electron emission obtained after E
treatment of a plasma-hydrogenated sample. The dark reg
at the bottom was nearest the cathode~the induced anode, or
IA !, and is separated from the brighter, induced cathode~IC!
region by a narrow~,300 mm!, intense stripe. The IC re-
mained largely hydrogenated and exhibited the 231 LEED
pattern seen on fully hydrogenated surfaces. Its O/C ra
was 2–4 at. %, only slightly above the 1% observed prior
EC treatment. The IA region, on the other hand, was heav
oxidized. The XPS O/C ratio increased to 12–14 at. %, sim
lar to the level generated by the oxidation techniques d
scribed above, and the IA wet much more readily with wat
than the IC, consistent with the presence of polar surfa
oxygen groups. A 131 LEED pattern was observed, as i
also seen on fully oxidized samples.

The existence of both oxidized and hydrogenated
gions was confirmed by the XPS results of Fig. 2. The Cs
binding energy with respect to the Fermi level on the IA~IC!
side was nearly equal that of an oxidized~hydrogenated!
reference sample. Most of the apparent 1 eV shift betwe
IA and IC was caused by changes in band bending and

FIG. 1. Scanning electron micrograph of an EC-treated C~100! surface. The
top is hydrogenated, the bottom is oxidized, and the bright stripe is
transition region. The upper right- and lower left-hand side corners are
scured by sample clips.
Appl. Phys. Lett., Vol. 67, No. 23, 4 December 1995
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chemical shifts, as revealed by the 0.8 eV downward shift o
the UPS bulk valence band~VB! feature near 14 eV~see
inset! as one progressed onto the oxidized region. From th
inset, it is also clear that the band bendings of the IA and IC
regions equal those of their respective analogs~60.1 eV!, in
spite of a low level of contamination on the EC samples
described below.

The techniques discussed so far, including the VB spec
tra in the inset to Fig. 2, show that the hydrogenated and
oxidized reference samples resemble IC and IA regions, re
spectively, of EC-treated crystals. To specifically address
NEA, the secondary electron cutoff in UPS spectra were als
compared. The results are presented in Fig. 3, where th
cutoffs ~dotted lines! were determined by extrapolating the

he
b-

FIG. 2. XPS-C 1s binding energy and C/O at. % ratio of EC-treated C~100!.
The average C 1s binding energies for oxidized and hydrogenated diamond
surfaces are 284.7 and 283.8 eV, respectively. The inset shows UPS~photon
energy533 eV! of the valence band maximum of C~100! surfaces:~a!
plasma hydrogenated;~b! transition zone~stripe!; ~c! hydrogenated side of
EC-treated~IC!; ~d! oxidized size of EC-treated~IA !; ~e! plasma oxidized.

FIG. 3. UPS~photon energy533 eV! of C~100! surfaces:~a! plasma hydro-
genated,~b! transition zone~stripe!, ~c! hydrogenated side of EC-treated
~IC!, ~d! oxidized side of EC-treated~IA !, ~e! plasma oxidized. The dotted
line is the secondary cutoff discussed.
3415Pehrsson et al.
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steepest part of the spectrum to zero intensity. For a sur
with positive x, the cutoff locates the vacuum level; fo
negativex, i.e., NEA, it locates the CBM. Viewed in this
way, the IA and IC differ from the reference samples: the
cutoff ~curve D! falls 0.4 eV below its oxidized analog~E!
while the IC cutoff ~C! is 0.3 eV above its plasma
hydrogenated analog~A!, an amount sufficient to remove th
sharp NEA feature. This feature has been observed by ot
on hydrogenated surfaces and attributed to NEA, specific
emission of thermalized electrons from the CBM. As is e
dent in Fig. 3~curve B!, NEA was retained in the transition
zone~bright stripe in Fig. 1! of the EC-treated sample.

Secondary electron emission spectroscopy~SEES! and
UPS gave similar results on similarly prepared diamond s
faces; only the stripe exhibited an NEA-induced peak on
EC-treated diamonds. NEA was routinely obtained on
hydrogenated C~100! surfaces, but was eliminated by oxida
tion. The presence of an air- and water-stable NEA zone a
the EC treatment might result from a surface dipole lay
created by appropriately oriented surface groups, e.g.,2OH,
with the electronegative oxygen next to the diamond surf
and the electropositive hydrogen outermost. Such an ato
arrangement could create a field which accelerated sur
electrons into the vacuum, as has previously been obse
for CsO on GaAs surfaces.1 Carbonyl and ether groups ar
excluded as they would have the opposite surface pola
retarding emission. Another possible explanation for
NEA zone is that NEA-quenching contaminants introduc
by the EC treatment onto the predominantly hydrogenated
were removed or were never introduced in the NEA zo
HREELS of an EC-treated surface revealed features ass
ated with both hydrocarbon and oxygen-based species
the entire surface. The stripe alone could not be interroga
by HREELS due to the 530.5 mm electron beam spot size

The comparisons presented in this work emphasize
sensitivity to surface chemistry of the diamondx, which
must be controlled in NEA devices. For example, IC and
regions of EC-treated samples differ inx from their respec-
tive hydrogenated and oxidized analogs, even though t
resemble the analogs with respect to LEED, oxygen cont
C 1s binding energies, VB photoemission, and band be
ing. The role of contaminants in controllingx on the EC-
treated samples is suggested by the foreign hydrocarbon
oxygen-based species found with HREELS. As noted abo
these contaminants had little effect on band bending. T
downward band bending, consistent withp-type samples, at-
3416 Appl. Phys. Lett., Vol. 67, No. 23, 4 December 1995
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tracts CBM electrons toward the surfaces. The electrons ma
escape into vacuum ifx is small enough, as is routinely
found for uncontaminated hydrogenated surfaces. For the I
region, however,x increased 0.3 eV, blocking electron trans-
mission ~see Fig. 3!. Evidently the contaminants are suffi-
ciently polar to increase the surface dipole, increasingx. The
zone separating the IC and IA regions retains NEA, possibl
because it resists water or air modification and repels o
eliminates hydrocarbon contamination.
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