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Electron affinity of plasma-hydrogenated and chemically oxidized diamond100) surfaces
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The electron affinity(EA) x of single crystal diamond100) is determined as a function of hydrogen and
oxygen coverage by a combination of work function and photoemission experiments. For the fully hydroge-
nated (100-(2x1):H surface an EA of—1.3 eV and for the oxidized surface(1D0-(1xX1):0 x
=+1.7 eV are obtained. These are the lowest and the highest electron affinities, respectively, ever reported for
any diamond surface. The variation ynwith O and H coverage is well described by a simple dipole model
provided that the depolarization is properly taken into account for high adsorbate densities. This analysis favors
the bridge positiorietherlike for oxygen on €100). By mixing H and O adsorbates on a microscopic scale the
EA of C(100) can be adjusted at will over 3 eV between the extreme values without jeopardizing the chemical
passivation of the diamond surface afforded by H or O termination.
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[. INTRODUCTION is still under debate whether the XI1) oxidized surface is
the result of an ether-likéoxygen in bridge positionor a
Diamond exhibits considerable potential for applicationsketone-like(oxygen on top geometry.
on account of its outstanding mechanical and electronic Since the first report of NEA measurements on diamond
properties(Ref. 1, and references thergirEspecially, two by Himpsel and coworket®a considerable number of pub-
features of diamond are unique among all semiconduétorslications have dealt with the electron affinity of bare and
One is the true negative electron affinifdEA) of the hy-  adsorbate-covered diamond surfaces. Salient experimental
drogenated surface making diamond an efficient photoemitand theoretical results for the@11) and (100 surfaces of
ter and possibly a candidate in the field of cold cathode fieldliamond are summarized in Table I. In all casgss low-
emissior® Secondly, diamond shows under special circum-ered by hydrogen and raised by oxygen relative to the bare
stances a fairly higip-type surface conductivity which has surface. Nevertheless, absolute experimental values for the
already proven its potential for electronic deviééAs re- hydrogenated (100 NEA surface are still missing. For
cently proposed by our group this latter property is closelyC(111) single crystal diamond surfaces a detailiedsitu
related to the first on@Within the framework of an electro- study was performed by Cett al. measuring simultaneously
chemical model a negative electron affinity of diamond ofchanges in work function and in band bending as a function
about —1.3 eV is a prerequisite for the observed surfaceof hydrogen coverag®.In this presentation we extend these
conductivity. Therefore, quantitative information about theinvestigations in a similar manner for the technologically
electron affinity of clean and adsorbate covered diamond sumore importan{100 surface after hydrogenation and oxidi-
faces is essential. dation. These species are the principal adsorbates to be con-
The electron affinityy is the energy difference between sidered for diamond films synthesized by chemical vapor
the conduction band minimuricgy, and the vacuum level deposition(CVD)*® and in electronic deviceésThe electron
Evac affinity y is derived from the absolute values of the work
function ¢ andEg—E\gy (see Fig. 1 according to

X=Evac—Ecam- (1.1

. , , E . & &
It can be modified by adsorbed surface atoms via the induc-3 E AT g
tion of a surface dipole layer. This situation is illustrated in |cau T>0 M~ _y<0 CBM\H;N)
the top part of Fig. 1 for the three surfaces of interest here. _ B 5
As hydrogen gxhibits a Iowgr electro.n.egativity than carbon | vew——=2] 3 E-Eygy Ve | vam <
the C-H-bond is polarized with a positive char§é on the sprpoak——_} : ‘
H atom. The ensuing double layer provides a potential step Tms—\
that pulls the vacuum level below the CBM over a distance >

that corresponds to the C-H bond length. By the same C(100)—E32x1) ’ C(100)-(2x1):H  C(100)-(1x1):0
mechanism, adsorbates with a higher electronegativity than H HH H OOO! O
carbon raisey compared to the clean surface as is the case X?( (K

for oxygen. The three surface configurations we are dealing /M\ W\ Eier gKe o
with here are sketched at the bottom part of Fig. 1. The

accepted model for the cleartXDO) surface is a X 1 recon- FIG. 1. Top: Band scheme and electron affinityfor the bare,
struction in the form ofr-bonded dimer$® Upon hydroge-  the hydrogenated, and the oxidized diam¢h@l0) surface(for de-

nation the dimer C-C double bond is converted to a singleails, see text Bottom: Sketch of the atomic arrangement of the
bond with one H-atom attached to each carbétowever, it bare, the hydrogenated and the oxidiz&80) diamond surface.
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TABLE I. Summary of electron affinities of clean, hydrogen and oxygen covered diamond suffaxes.
natural single crystal type llb; homo: homoepitaxial boron doped CVD-film; HiR-kitu hydrogenation via
hot filament; P-H/P-Oex situplasma hydrogenation/oxidation; UHV-A: Annealing in UHV

Diamond Sample Preparation x ineVv Reference
(11D-(2x 1) sc UHV-A ~0.5 11

sc UHV-A 0.5 14

sc UHV-A(1000 K) 0.38 16

sc UHV-A 1.5 15
(11D)-(1x1):H sc HF-H =-07 11

sc chem. oxidized, P-H <0 14

sc P-H =-09 15

sc P-H —-1.27 16
(112) graphitized sc UHV-A1400 K) 0.80 17
(111-(2x1) theory 0.35 18
(11D-(1x1):H theory -2.03 18
(100-(2x1) sc UHV-A 0.75 14

sc UHV-A 1.3 15

sc UHV-A 0.5 this work
(100-(2x1):H sc P-H ~-0.8 12

sc HF-H ~—-04 13

sc P-H =-1.0 15

homo P-H 0.19 7

sc P-H -1.3 this work
(100-(1x1):0 sc chem. oxidized ~1.0-15 14

homo P-O ~0.64 7

sc chem. oxidized 1.7 this work
(100-(2x 1) theory 0.51 18
(100-(2x1):H theory —2.05 18
(100-(1X1): Ogther theory 2.61 18
(100-(1%1): Otone theory 3.64 18

x= ¢+ (Er—Evaw) —Egap. (1.2  treatment improves markedly the surface quéfify and

yields a diamond surface which is passivated by hydré§en.

It will be shown that the electron affinity of diamond may Clamped to a tantalum foil the sample is heated from the
vary from —1.3 eV for the fully hydrogenated (C00)-(2 back by electron bombardment in ultrahigh vacc(stV).
X1):H up to +1.7 eV for the oxidized C00-(1X1):0 At each thermal annealing step the temperature is controlled
surface. This covers a range of about 3 eV for the samesing an IR pyrometer that measures the temperature of the
semiconductor. We are not aware of a comparable variabilitgample holder underneath the diamond. These are the tem-
of electron affinities in any other semiconductor system. peratures given in the following. Comparing our values with
typical desorption temperatures for hydrogep800

— 1000 °C(Ref. 25] the absolute surface temperature is es-
timated to be about 160200 °C lower than given by the IR

A. Sample preparation and temperature measurement pyrometer while the relative temperatures are measured with

The sample used in this study is a type IIb natural singlé2n accuracy oft5 °C. The interpretation of our results does
crystal diamond with polished100) faces of 3x5 mn?  hot depend on the absolute temperatures.
size. The boron concentration of about®®n 2 provides a
bulk conductivity that is high enough to avoid charging prob-
lems during the photoemission and work function measure-
ments. In order to obtain oxygen termination the sample is At a base pressure of 16° mbar core-level spectroscopy
boiled for one hour in a solution ofonc. HNO3/H,SO,  (XPS) and valence-band spectroscofiyPS measurements
(1:3) at 350°C(Refs. 20, 21 after a preceding annealing are performed (combined energy resolution:AEypg
step in UHV at 1100°C that serves to remove residuak+0.3 eV, AE pe~*+0.04 eV). All energies are mea-
chemisorbed hydrogen. For hydrogenation the acid treatesured relative to the common Fermi levg} that is deter-
surface is exposed to a microwave hydrogen plasma at aboatined from a reference gold foil. From E@..2) the position
800 °C for five minutes. Thiex situ “surface polishing”  of the VBM is required for the determination gf Since the

II. EXPERIMENTAL

B. Surface characterization
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= —1000° plasma hydrogenated 00 surface during the annealing sequence.
—11050°
1+ —{1050° With a bulk Fermi level at=0.4 eV above VBM for a boron
L {1050° doped diamond this corresponds to a downward band bend-
__11050° ing of 0.4 eV. At temperatures above 1000 °C a shoulder at 2
___|1050° eV binding energy appears that is attributed to the formation
f f tate® which is characteristic for the cl
1200° of a surface state” which is characteristic for the clean
0= '1'5' i '1'0' i é i '0' ' surface. The small Fermi edge in the spectra of Fig. 2 has
Binding Energy relative to E, (eV) nothing to do with the sample itself. It originates from the

tantalum clamps that are illuminated by a small fraction of
FIG. 2. Valence band spectra of the plasma hydrogend@@  the UV light. Below 600 °C the Ta is oxidized and exhibits

surfaces during thermal annealing in UH¥¢=40.8 eV, electron no Fermi edge. In Fig. Br— E\ gy (0pen squargsthe work
emission angleéd=55°). function ¢ (open circley and the electron affinity (filled

squarep are plotted versus the accumulated annealing time
VBM is not directly visible in UPS the energy distance of thet, . Up tot,=120 min the temperature is raised in steps up
VBM to experimental more accessible characteristic valencg nominally 1000 °C. Beyond that point the temperature is
band features has been derived from an independent calibrept constant at 1050 °C. Throughout the whole experiment
tion experiment® The energy distance of the VBM to the the LEED pattern remained unchanged 2; after the final
C1s core level in XPS and to thep band” that gives rise to 1200 °C step the background intensity increased slightly in-
the sharpest valence band peak in UR8lled “sp peak”)  dicating the beginning of surface graphitization. Moreover,
equals 283.9 and 12.80 eV, respectively, with an uncertaintyhe lateral extension of well-ordered domains was reduced
of £0.1 eV. significantly as witnessed by weak streaking of the half or-

Changes in work function are recorded as changes in thgered spots. Thstatistical error in y as determined by the

contact potential differencéCPD) between the diamond sur- uncertainty in the UPS and the CPD measurements is
face and a reference gold foil with an accuracy*0db mV ~ +0.04 eV; asystematiauncertainty of=0.1 eV originates
using the Kelvin method. The work function of the gold mainly from the determination of the VBM relative to the
reference was independently determimeditu by total pho-  peak?® From an initial value of-1.0 eV for theas prepared
toelectron yield spectroscopy following a procedure develstate y decreases for the first annealing steps reaching a
oped by Fowlef® The overall uncertainty ing is thus  minimum of —1.3 eV at 400°C and rises thereafter to
+0.02 eV. Finally, changes in surface reconstruction are-.8 eV after 120 min of annealing. Starting the isothermal

checked by low-energy electron diffractiéhEED). annealing sequence at 1050 °C the main change in electron
affinity takes place untijy=+0.5 eV. For the last heating
Ill. RESULTS step at 1200 °C a further increase-60D.3 eV is measured.

Except for the initial value oj for the as preparedsurface,
results similar to those of Fig. 3 have been reproduced sev-
After acid treatment and hydrogen plasma exposure Suferal times.

face contaminants and oxygen are below the detection limit
of XPS (=0.1 monolayers Furthermore, the LEED pattern
reveals a (X 1) reconstruction with virtually no diffuse
background intensity which is typical for a well-ordered, A similar experiment as described in Sec. Ill A was per-
plasma hydrogenate 00 diamond surface. Figure 2 de- formed for the chemically oxidized diamond00) surface.
picts selected valence band spectra during an annealing safter UHV annealing for complete dehydrogenation the
guence from nominally 320 °C up to 1200 °C. From the av-sample is boiled in HN@ and H,SO,. LEED of the as-
erage binding energy of thep peak of 13.57 eV relative to prepared surface shows a X1 pattern. In addition, very
Er a position of the VBM of 0.77 eV belowr was derived. weak diffraction intensity is observed at the half-order spot

A. Electron affinity of the plasma hydrogenated (100 surface

B. Electron affinity of the chemically oxidized (100 surface
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sion spectra. As mentioned in the preceding section, the de-
termination of the VBM with an accuracy better than 0.2 eV

is difficult in UPS. In addition, a reliable value for the
vacuum level is difficult to obtain from the low energy cutoff

of the spectra because the spectral shape depends sensitively
on the analyzer characteristic in this regime. Whether the
higher values reported for the clean surface are thus due to
experimental deficiencies or to different surface treatments is
hard to say. When graphitization occurs after the 1200°C

-1.0:| -------- |""|"-'|""|""|""|----|-:3.0

0 50 100 150 200 250 300 350 400 step y increases by an additional 0.3 eV. This situation is
value of y=+0.80 eV was observed.
FIG. 4. Band bending:—Eygy (open squargswork function The initial value ofy of the plasma hydrogenated surface

¢ (open circles and electron affinityy (filled squares of the  varies between-1.0 eV (Fig. 3) and—0.6 eV after nomi-
chemically oxidized100) surface during the annealing sequence. nally identical preparation conditions. However, the mini-
mum valueyxnin=—1.3 eV after 400 °C annealing in UHV
positions. During annealing the half-order spot intensities inhas been confirmed several times. In this temperature range,
crease with a diffuse background intensity that is higher thamirborne hydrocarbon contaminations are known to desorb as
for the hydrogenated00 surface. reported by Graupneet al3! We therefore attribute, to
XPS reveals oxygen as the only adsorb&@e—E\gy is  the contaminant-free (@00-(2X 1):H surface, a value that
taken from the C1s binding energy by subtracting 283.9 e\is virtually identical to that of C111)-(1x 1):H.® Hence, the
(see Sec. Il B As before, work function changes and banddipole-induced chang# y (see Fig. 1of 1.8 is 0.1 eV larger
bending are monitored during annealing at different temperafor C(100) than for G111) (Table ). According to the lower
tures by Kelvin probe measurements and photoemissiosurface carbon density and the tilt-angle of about 2Béf.
Figure 4 summarizes the relevant quantities for the annealing) of the C-H bonds the dipole density is about 20% lower
sequence of the oxidized sample. No changes in band bengn 100 compared to C111). Within the simplest electro-
ing are observed up to nominally 900 °C with a VBM posi- static model of independent dipoles one would thus expect
tion of about 0.8 eV beloviEg which is virtually identical to  the same 20% difference ifiy of the two surface orienta-
that of the hydrogenated sample. From the CPD measureions. However, this is partially compensated by a smaller
ments the work functionp starts to decrease from 6.3 eV depolarization influence of adjacent C-H-dipoles at the less
within the 500 °C isothermal annealing sequence. This trendense(100) surface as seen in the following.
is accelerated at 600 °C untl reaches a value of 5.5 eV. At The dipole-induced lowering of is expressed by the
higher temperatureé800 and 900 °C)¢ drops to its final  areal densityn of the C-H dipoles and their projected dipole
value of 5.1 eV. On the basis of E{..2) the electron affinity momentp, (Ref. 32 according to
x follows this behavior dropping from its initial value of

+1.7 eV down to+0.4 eV. e
X=Xo~ e—opznf(n)- 4.1

IV. DISCUSSION Here, z is the direction perpendicular to the surfaeg,the

Throughout all the experiments the pinning of the surfacedie'eCtriC const_ant of free space, amdthe elementary
Fermi level at about 0.8 eV above VBM was unexpectedCNarge, respectively. The functidiin) accounts for the de-
Experiments reported by other grotb® and performed on 'polgr}zatlon_ effects. In the mutual fiel of all dipoles the
other (100 samples by us show that hydrogen adsorptioridividual dipole moment
and desorption may indeed influence the Fermi level position
at the surface. Typical values & — E gy, between 0.3 and
1 eV have been observédThe different behavior of our s reduced from its valug, at infinite dipole dilution by the
sample used in this study is possibly dueetdrinsicgraphi- T

=po—a E 4.2

lye)

bond polarizabilitye which is a tensor in general. In the case
Ut a square or hexagonal plane network of perpendicular ori-

removed by the hydrogen plasma or the acid treatment. For . . : - -
weakly p-doped diamond as used in our case a graphite corgl;ted dipoles Toppirigderived a simple expression o)

tent of 0.1% of the surface is sufficient to pin the Fermi level
between 0.7 and 0.8 eV above VBM.

Before partial graphitization of the hydrogenated surface f(n)=
occurs as indicated by LEED above nominally 1100 °C the
saturation value ofy=+0.5 eV is that of the cleal00)-  whereq is the polarizability along the dipole axis and thus a
(2% 1) surface. This is in good agreement with theoreticalscalar. With Eq.(4.3) the dependence of with hydrogen
predictions (see Table )| However, higher values of coverage was successfully evaluated for thé11®
+0.75 eV(Ref. 14 and in particular+ 1.3 eV(Ref. 19 are  surface'® As a first approximation, Eq4.3) was also used
derived by others from the width of valence band photoemisfor the (100) configuration though the real geometry differs

9 -1
1+ manlB) , 4.3
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. . . .~ line is a fit to the data with a dipole momepf=—0.10 e A and
FIG. 5. Electron affinityy versus annealing time at 1050 °C a polarizabilitya=2.0x 10~ Asn?/V (see text

during hydrogen desorption; the solid line is a fit to the data points
with a dipole momenp,=0.08 e A and a polarizabilitye:=1.0

€ present after the acid treatment. This is in keeping with the
X 10" PAsn?/V (see text

observation thajy does not change after this annealing step
if we assume the water molecules to be randomly oriented at
from that assumed by Topping. The solid line in Fig. 5 is a fitthe surface. During the following annealing steps thesO1
to the isothermal annealing sequence at 1050 °C of Fig. and the chemically shifted Glcomponent decrease in the
according to Eqgs(4.1) and (4.3). Assuming first order de- same proportion. Consequently, the correlation between oxy-
sorption kinetics of hydrogen from diamoitti00) (Ref. 39  gen coverage ang in Fig. 6 starts after the 430 °C step. The
the H coverage(t,) =nge "*A wheren, equals the surface solid line in Fig. 6 is a fit to the experimental values ypf
density of carbon atoms of 1.570%m 2 at y  according to Eqs(4.1) and (4.3 yielding a perpendicular
=—1.3 eV and, the annealing time. The desorption rate dipole momentp,=—0.10 e A of the C-O bonds and a
and the initial coveraga(t=0) are fit parameters. The de- polarizability a=2x10"4° Asn?/V that is close to the po-
rived C-H dipole moment ofp,=1.32x10"%° Asn?/V larizibility of carbon monoxidg 2.2x 10 %° Asn?/V (Ref.
(0.08 e A) is 10% lower than on the hydrogenate¢lCl) 37)]. Based on the Pauling electronegativitfesf carbon
surface as expected on account of the tilt angle. Howeve(2.55 and oxygen(3.44) a charge transfeAq of 0.17 is
agreement with experiment requires a polarizabilityof  estimated, and thus our measured dipole moment corre-
1.0x1073% Asn?/V which is about 30% lower than that sponds to a thickness of the C-O-dipole layer of 0.6 A. This
given by Cuiet al. for C(111)-(1x 1):H.X® This is not unrea- is in excellent agreement with LEED-IV studies by Wang
sonable because the polarization of the C-H bond is certainlgnd co-worker€.They find on thermally oxidize@.00) sur-
smaller for any direction that does not coincide with thefaces a C-O layer spacing of 0.7 A where the oxygen occu-
bond axis. Hence, the depolarization perpendicular to th@ies the bridge positiorfether configuration in Fig. )1 A
surface that is considered in Eg.3) is smaller for thg 100 comparison of our experimental values pfwith the theo-
than for the(111) configuration on account of the tilted C-H retical results of Robertson and Rutfe¢Table ) also indi-
axis on the former surface. Our findings corrobotenitio  cates that the bridge place of the chemically oxidiz&@0)
calculations of Robertsort al. (Ref. 18 in Table ). They  surface is favored. Scaling the calculated electron affinity
also predict a larger variation gf between the clean and the differencesA xeory between the clean and the hydrogenated
hydrogen terminated (@00) surface compared to(C11). (100 and (111 surfaces by the factor 0.7 to fit the experi-
The analysis for the oxidized sample differs from the hy-mental values of this work and that of Ceii al® the theo-
drogenated case in that a direct correlation between changestical values provide an electron affinity 2.0 eV for the
in x and oxygen coverage is possible. The latter is obtained100-(1X1): Ogyer SUrface and+3.0 eV for the(100-(1
with an accuracy of about 10% from the ratio of thesGd X 1): Ogone geometry. Thus, our experimental value yf
the Cils intensities taking the different cross sections for=+1.7 eV clearly favors bridge oxygen as bonding con-
photoionizatioR® and the effective sampling depth of 9 A figuration. Extrapolating the fit curve of Fig. 6 to zero oxy-
(Ref. 36 into account. The initial oxygen coverage after thegen coverage one may deduce an electron affinity of the bare
acid treatment corresponds to nominally 1.4 monolayesurface of about 0 eV. This is considerably lower than the 0.5
(ML). After a 430 °C annealing step the oxygen coverage hasV obtained after hydrogen desorption and we conclude that
dropped to about 0.8 ML. However, the oxygen that is di-the acid treatment does leave some residual hydrogen chemi-
rectly bonded to diamond did not change during the firstsorbed at the surface which lowers the electron affinity by an
annealing step. This part of oxygen gives rise to & €Cdm-  offset of 0.5 eV throughout the whole annealing sequence.
ponent in XPS that is shifted by 2.5 eV towards higher bind-For that reasony increases again at the last 900 °C step
ing energies relative to the Glevel of bulk diamond and it when hydrogen starts to desorb simultaneously with oxygen
remains unaffected up to 430 °C annealing. We therefore asFig. 4). This finding is supported by the LEED pattern that
cribe the desorbed oxygen fraction to a water layer that igxhibits from the beginning very weak diffraction intensity at
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the half order spot positions and which are characteristic focontamination by physisorbatgsnost probably hydrocar-
the hydrogenated100) surface. Consequently, a fully oxi- bong increase the electron affinity by a few tenths of elec-
dized(100 surface should have an electron affinity of 2.2 eVtron volts compared to the mildly annealed, and thus
which also agrees better with the theoretical value of 2.0 eMontamination-free hydrogenated surface. The measured
discussed above in the case of the ether configuration. Falectron affinity of the chemically oxidized (000 of
reasons that are not clear at the moment, we never achievedl.7 eV represents a lower limit for a purely oxidized
such a high value in any of our experiments. (100-(1% 1):0 diamond surface because residual hydrogen
Finally, it should be mentioned that the chemical oxida-provided by the acid treatment could not be avoided. This
tion works quite effectively on the plasma hydrogenated survalue of y is only compatible with a bridge-site occupation
face as well. After plasma treatmeniy€—0.7 eV) and of oxygen (ether-configuration on the (100 surface. An
mild annealing to desorb hydrocarbong={—1.3 eV) the analysis of the electron affinity in the framework of adsor-
sample was removed from UHV and boiled in acid for halfbate induced dipole layers shows good agreement with ex-
an hour. The resulting electron affinity 8f1.2 eV proved a perimental findings when depolarization effects are taken
partial oxidation of the surface. Therefore, it should be posinto account. From the change pfduring thermal annealing
sible to adjust quasicontinuously the electron affinity of thevertical dipole moments of the C-H<0.08 e A) and the
(100 diamond. Starting from the hydrogenated surface &C-O (=—0.10 e A) bonds are derived.
large variation ofy from —1.3 up to 1.7 eV by the use of For all (100 surfaces examined here, the surface Fermi
controlled oxidation parametetme, temperature, acid con- level is pinned+0.8 eV above the valence band maximum.
centration, etg.offers a simple way to manipulaperelated  The origin of the defect states that are required toHjxat
properties such as surface conductivity, Schottky barriethe surface lies most probably in the mechanical polishing
heights, and onset-field in field emission. processes of the sample.

V. SUMMARY
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