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The positron and electron work functions and affinities of diam@@D) surfaces were measured using
positron reemission and Kelvin probe techniques to reveal changes in the chemical potential, surface dipole,
and band bending. The positron affinify. is negative; at temperatures between 20 and 100 °C wexfind
=—4.20=0.04 eV for the (X 1) reconstructed, hydrogen-free surfaeed.76+ 0.04 eV for the monohydride
surface, and-3.03+0.04 eV for a fully hydrogenated surface. Similar magnitude, but opposite sign changes
are observed for the electron work functign . The increases in the room-temperature valueg.ofind the
decreases ip_ as hydrogen is added are in agreement with theoretical results. The positron affinity of the
(2% 1) surface is nearly temperature independent, indicative of a surface that is nearly hydrogen-free and
consisting ofm-bonded dimers. As the temperature is raised, the positron affinity of the monohydride surface
decreases to a minimum ef4.08 eV at (575:50) °C and returns to the room-temperature value by 800 °C.

We speculate that the complex temperature dependence is caused by fluctuations or phase transitions of the
two-dimensional array of hydrogen atoms. Contrary to assumptions that band bending is the major contribution
to changes in the contact potential of diamond, little band bending is evident at room temperature for variously
prepared undoped diamond surfaces. Nevertheless, substantial changes in the positron yield at elevated tem-
peratures are consistent with the formation of a positive electric field duextt0® cm=2 surface electrons
occupying states associated with absorbed oxygen or structural d¢&@163-18208)02832-X]

[. INTRODUCTION is observed for a surface prepared by plasma-assisted dia-
mond growt or by heating the sample to 800 °C and ex-

The dipole potentialA¢ associated with various surfaces posing the surface to hydrogen plasma for several hbArs.
is sensitive to subtle structure and chemical changes. Confdx 1) LEED patterfiis visible for a surface prepared lex
parisons of measurements ®% with theoretical predictions situ polishing, hot acid cleaning, or by some CVD diamond
of A¢ can be one of several indicators of the quality of agrowth technique$. Regardless of the initial structure, a
surface model. Diamorideing the simplest elemental semi- (2x 1) LEED pattern is obtained after heating the diamond
conductor and the paradigm for silicon and other industriallyto greater than 1000 °C, although acid-etched samples occa-
important materials, is in principle ideal for studies of the sionally do not reconstruct or reconstruct incompletely.
surface dipole. To understand the low-pressure growth of The diamond surface prepared by heating to greater than
diamond by chemical vapor depositigB8VD) it is essential 1000 °C is free of hydrogen and consists efbonded
to understand the diamond surface structure and compositimers®=1° Surfaces prepareelx situby microwave assisted
tion. Furthermore, diamond shows promise as a cathode m&VD (Ref. 4 or hydrogen plasma exposdre! and subse-
terial for display, spectrometer, and accelerator applicafionsquently annealeéh situ at temperatures up to 450 °C were

Any measurements attempting to extract the surface difound to be (2<1) monohydride terminated. Although sur-
pole must carefully take into account effects due to bandaces prepared by polishing, acid cleaning, and hot filament
bending and chemical potential shifts. In the present papegssisted CVD diamond growth generally show ax(l)
we combine a set of positron and electron measurements theEED pattern, these surfaces also contain regions of
enables us to distinguish all three components and arrive ahonohydride-terminated dimer pafr§-he long-range order
unambiguous values for the surface dipole potential differ-of the dimer pairs is limited, however, and theX1) LEED
ences of various diamond 00 surfaces. pattern is thought to arise from the underlying lattice.

The Q100 surface has two dangling bonds per surface Dosing the hydrogen-free ¢21) surface with atomic hy-
carbon atom. Because the surface is generally prepared indrogen created by a hot filament creates a surface that gives
hydrogen-rich environment, some fraction of the danglinga (1X1) LEED pattern with increased surface roughness
bonds is likely to be hydrogen terminated. Possible surfaceompared to a surface prepared by exposure to hydrogen
structures (Fig. 1) include the dihydride (@00  plasma’'? Because hydrogen is relatively inefficient at
(1x1):2H, the monohydride @00 (2% 1):2H, and the breaking the dimer bond, exposing the surface to small doses
hydrogen-freeg-bonded €100 (2 1); coverage interme- of hydrogen does not always create enough disorder to pro-
diate between the monohydride and dihydride has also beafuce a (X 1) LEED patterrf:*13
hypothesized. Whether a ©100) surface may contain more than one

A (2% 1) low-energy electron diffractiofLEED) pattern  hydrogen per surface carbon atom is a subject of continuing
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a)} C(100)(1x1):2H We are also interested in exploring thé1G0) surface to
\Q” Cf ¥ better understand the higher than expected electrical conduc-
O tivity of polycrystalline diamond®-??The effect is a conse-
b) C(100)(1x1):1H quence of the surface because oxidizing the diamond reduces
\Q» ¢ o—o—proo the electrical conductivity. Shirafuji and Sugino have specu-
O g lated that the surface bands have bent substantially and the
O/O\O/O\D o—(O—0—(0O—0o— O H H H H H
surface is in accumulation, producing a conducting
) C(100)(3x1):1.3H 3
. N R channeP
/&;@K/@/ gi;? ,g In the present paper, we examined the positron and elec-
s o—tro—o—(r-0 tron work functions and affinities of the diamofti00 sur-
d) C(100)((2n+1)x1):(2n+2)/(2n+1)H faces using positron reemission and Kelvin probe techniques.

Q’ <§ 'Q” TP Qe We found the(100 surfaces of diamond have a negative
PNy oA e 'Qéi % affinity for positrons. Positrons implanted into the diamond
=3 [ O —0— (00— 0 . . H
are reemitted with a narrow energy spread that makes it pos-

e) C(100)(2x1):1H X ; 77
sible to measure the positron affinify, and consequently,

. . O =0
/é\}/%\ rj%:é; study changes in diamond'’s dipole potential. We observe a
oo ° reversible temperature effect on the work function of the

f) C(100)(2x1) monohydride diamond that might be associated with fluctua-
/g—q Ty tions or changes in the two-dimensional surface structure.
N G_OQ:SH We also observe that the positron affinity is small and the

_ electron affinity is large for as-prepared surfaces that have
_ FIG. 1. Mo.dels qf the_ surface_structure of hydr_ogen.-termmatedoeen heated to low temperature250 °CQ), results consistent
?é?g?}g?ééoghéa)n?('}%in(;?iénggiﬁ‘d;g dal;etgr;(?;nglgg?g:pde with a surface that contains substantially more hydrogen than
. . yd . . g g the monohydride surface. Kelvin probe measurements of the
monohydride terminated dimer and dihydride terminated atédys, . .
i i A : electron work function of a boron-doped diamond, and hence
(2n) monohydride dimers and a dihydride terminated atde), th f dinol ith th it data wh .
monohydride terminated dimeré) m-bonded dimers. The closed e.sur gce |po_e, agree wi .e posi rqn a a.W e.re acom
circles represent hydrogen atoms; the open circles with differenp@/1S0N 1S pOS_SIbI_e. The_ reemitted positron yl_eld Incréases
diameters represent successive layers of carbon atoms. substa_ntlally with increasing temperature, consistent Wlth the
formation of a large surface electric field associated with the
discussion. Hamzaet al. have argued, based on electronfilling of surface states having their origin in oxygen or
stimulated desorption measurements and temperature pretructural defects.
grammed desorption measurements, that the two dangling Before discussing in detail our experiments and experi-
bonds per surface carbon atom are hydrogen termirtAted.mental results, it is useful to review electron and positron
The results of theoretical studiS*®have indicated that the work function and affinity terms and contributioffsFigure
formation of the €100)(1Xx1):2H is inhibited by steric 2 shows the surface band diagrams for a semiconductor crys-
crowding of H atoms on adjacent carbon atoms. The sterital. The electron work function is defined as the minimum
hindrance can be reduced by having alternating monohydridenergy needed to remove an electron from the Fermi level
dimer and dihydride units, producing aX3) surface struc- (eg) deep within the bulk region of a crystal to the vacuum.
ture but without long-range ordérExtending this result, a The distance from the crystal must be large compared to the
whole family of [(2n+1)X 1] structures separated by a di- range of the image forces but small compared to the size of
hydride unit should be possible, but the likely surface disorthe crystal facets. In order to separate surface and bulk con-
der would inhibit observing the corresponding(2n  tributions, the work functionp_=E,— & is usually writ-
+1)x1] LEED pattern. Verwoerd’s calculations showed ten asp_=A¢— u_, whereA¢ is the surface dipole poten-
that the dihydride will not be present at high temperaturestial andu _ is the bulk chemical potential. The surface dipole
although it may be metastable at low temperattfes. is only a function of the surface structure and surface chem-
An understanding of the surface structure and chemicabtry. Similarly, the positron work functionp, =—A¢
composition is key to understanding the emission of elec— w,, whereu, is the positron chemical potential, is the
trons into vacuum states. The observation of a peak at thminimum energy required to remove a positron from the
conduction-band minimum in the photoemission spectrum obulk into the vacuum. Note that the positron chemical poten-
the (2x 1):1H diamond(100) surface indicated that this sur- tial is defined relative to a crystal reference leygl so that
face had a negative electron affirfifty(NEA); theoretical the surface dipole contribution is equal and opposite to the
studies indicated that the hydrogen-terminated surface wilklectron surface dipole contribution. In any case, the sum of
have a negative affinity while a hydrogen-free surface willthe electron and positron work functions is a constant, inde-
have a positive affinity. Ultraviolet photoemission spectros-pendent of surface conditions for a given bulk material. The
copy (UPS studies showed the NEA disappeared after heatelectron affinity x_ is the separation between the
ing to >1100 °C[(2X 1) surfacé, but reappeared upon ex- conduction-band minimum at the surface and the vacuum
posure to hydrogen plasm%*3a 2 eV or greater shift in the level; similarly, the positron affinity .. is a separation from
electron affinity was observed. Mearini, Krainsky, and Day-the lowest-energy positron state near the surface and the
ton showed that the high secondary electron yield, expectedacuum level. In both cases, true surface states are excluded
from the NEA diamond surface, dropped after the surfacdrom the definition.
was dehydrogenatéd. Figure 2a) shows the energy levels for the case where
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FIG. 2. Electron and positron energy levels at the semiconductor-vacuum integfaftat band,(b) upwards band bendingg) surface
dipole change, an¢d) chemical potential change. In the diagrams up is the direction of increasing electron energy or decreasing positron
energy.

there is no band bending at the crystal surface. Howeveremoving a positron from the bulk and the work function
bands typically bend at semiconductor surfaces due to thehould be modified to reflect the surface band bending, that
presence of charges in surface states causing a near surfaseo, =—A¢p—u,.—qVs=x.—qVs. However, because
electric field, as shown in Fig.(B). The change in potential our measurements are done on negative affinity surfaces by
V, that characterizes the band bending also modifies the elemeasuring the reemitted positron energy, we are observing
tron work function; the electron work function is_ =A ¢ positrons from within a few energy loss mean free paths of
—u_+qVs.?® Note that the electron affinity, which is de- the surface and hence are really measuring the positron af-
fined in terms of the conduction-band minimum in the sur-finity. The electron and positron affinities are invariant to the
face region, does not change when bands bend. Similarly, thresence of modest band bending.

positron affinity is the energy gained by moving a positron  Finally, in order to facilitate the subsequent discussion of
from the vacuum to the lowest bulk energy level near thethe results, it is useful to consider how these parameters
surface. In metals, where there is no band bendipg, change if the surface dipole changdsg. 2(c)] or if the
=x. . The positron work function is defined in terms of electron chemical potential changdsg. 2(d)]. Because the
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dipole term fixes the vacuum level relative to the crystalwhile heating the sample, the grid arm and transducer were
states at the surface, changes in the dipole will producencased in a copper shield that was attached to a liquid-
changes in the electron and positron work functions and afaitrogen cold finger via a copper braid. A measurement of
finities. Alternatively, when the electron chemical potentialthe contact potential difference involved heating the sample
is changed, the electron work function changes but the eledo temperature then measuring the change in contact poten-
tron and positron affinities and the positron work function dotial difference as the sample coolétkater off. The contact
not. potential difference could not be measured while heating be-
cause energetic electrons from the heater filament, collected
Il. EXPERIMENTAL PROCEDURES by the Kelvin probe, produced an erroneous current readjng.
If the reference electrode position and the work function
Positron reemission studi¢snergy and yieldland Kelvin  of the reference electrode are stable, the Kelvin probe can
probe studies were conducted on th€l@) surface using detect changes in the contact potential difference to better
different experimental systems and diamonds prepared witthan 0.01 eV. Although we were primarily interested in mea-

different techniques. suring changes in the electron work function as a function of
temperature, we can determine the absolute diamond work
Positron reemission measurement system function, although the precision of depends upon the preci-

. . L . sion with which the reference electrode is known. Saville
Positrons for the positron reemission investigations Were: o1 found the work function of polycrystalline gold that

obtained from our magnetically guided, variable eNer9Yhad not been cleaned was 4.2 B\as o
. . . pposed to clean gold
(0.1-10 ke, ultrahigh vacuum positron beaffi.The sys- where ¢_=5.1 eV The Au grid reference electrode was

—11
tem btaie pre_?ﬁure wa9<a(t)) | V-I;(O]{rof‘{’od_rmoswg theh datta not intentionally cleaned during our measurements and con-
were taken with pressures belo orr. When heat-  ooo e \we assume’®—4.2+0.2 eV,

ing the sample to 1025 °C the pressure rose as high as
1x10"° Torr, the principal vacuum contaminant being. H
Reemitted positrons passed through a computer-controlled Diamond surface preparation

electrostatic retarding field analyzer and the transmitted pos- i . _ .
itrons were deflected witlEX B plates into a channeltron TN first diamond sampleX1), used in the positron re-

detector. Calculations of typical charged particle trajectorie%ms’Sion studies,n?was a synthetic, 99.9% isotopically pure
through the large diameter, long drift region retarding field ©: 6X6>0.5mnt, (100 orientation, type lla diamond
analyzer showed an energy resolution of better than 0.01 e{f@nufactured by General Electric Superabrasives. The prin-
was feasiblé” measurements indicate an energy resolutiorfiP@! impurity in our sample was nitroger=10 ppm). The

of 0.04 eV. With this configuration only the component of diamond sample was prepared by either of two techniques

energy along the analyzer axis is measured. To obtain thihat yielded indistinguishable results for the positron affinity
total energy distribution of the reemitted positrons the magmeasurements. The first method was to immerse the diamond

netic field at the sample was increased by a factor of 5 relal®r 2 min in a 155 °C saturated solution of Gy@nd H,S0,

tive to the field at the analyzer by placing a Srg@eagnet followed by a rinse in an ebulliant solution containing equal

behind the samplé parts of HO, (30% and NHOH (30%.?* The second
The sample was clamped by means of tabs to a Ta heat8ethod was to polish the diamond with a suspension of dia-

sheet and a thermocouple was spot welded to one of the tag80ond grit and olive oil. Careful polishing with fine 9.1

The Ta heater sheet enabled sample heating to 1125 °C. &M must be performed or positrons will be reemitted from

second thermocouple was attached to the diamond face witR€ resulting rough surface with large transverse energies.

silver epoxy after the investigations were complete in ordef\ter €ach preparation, the diamond was rinsed in ethyl al-

to determine the temperature difference between the digohol before insertion into the vacuum system. Following an
mond and the temperature measured at the tab. in situ flash to 250 °C surfaces prepared by each technique
showed sharp (1) LEED spots. The only contaminant

visible by Auger electron spectroscopy was oxygen, and an
atomic concentration of no more than 4% of three monolay-
The Kelvin probe studies were conducted in an ultrahighers was observed. Acid-etched samples showed greater oxy-
vacuum surface analysis system (3®Torr) equipped with  gen contamination than those prepared by mechanical polish-
a low-energy electron diffractometer, an Auger electroning. Heating the polished diamond to 1100 °C produced a
spectrometer, and Kelvin probe. The sample was heated tsurface that gave a ¢21) LEED pattern, but a (1) pat-
electron beam bombardment from behind the sample holdetern was not observed after heating the acid-etched diamond.
The Kelvin probe consists of a reference electrode that idlamzaet al. observed that diamonds that do not reconstruct
made to vibrate in close proximity~1 mm) to the test or reconstruct incompletely are those that show increased
sample. If there is a contact potential difference between thexygen contaminatioft Other than hydrogen, the principle
electrode and the sample a small alternating current at theontaminant of the diamond surface was graphitic carbon,
reference electrode can be detected when the electrode withich begins to appear after prolonged heating above
brates. The reference electrode potential is adjusted until nd025 °C.
current is detecte(the contact potential difference is zgro No evidence of charging was apparent with the positron
The Kelvin probe electrode was a 3-mm-diameter goldinvestigations due to the very low beam current of 0.6 pA.
grid that was made to oscillate with a piezoelectric trans-Sharp LEED patterns could be obtained with primary elec-
ducer. To protect the piezoelectric transducer from damagton energies as low as 25 eV and beam currents of a few

Kelvin probe measurement system
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mA. However, the peak positions on the Auger scans were @
shifted, indicating some sample charging does occur with a 4000 s
sufficiently intense and energetic electron beam and a room 3500 ¢ o
temperature sample. 5 3000 / Ny &
The second diamond sampl®2), used for the Kelvin § 2500 ¢ e \
probe experiments, was &100 oriented, type Ib, § 2000 ¢ R |
4% 4x0.25 mni diamond covered with a 0.am-thick ep- @ 1900 ¢
ilayer of boron-doped diamond. The diamond substrate was = 1000 |
prepared for epilayer growth by first etching the substrate in 500 ¢
hot acid using the procedure described above. The substrate 0 o . . T .
was dipped in HF and rinsed with solvents prior to being o* Energy (V)
loaded into the diamond growth reactor. The epilayer was .
grown by hot filament assisted CVD using methane, hydro- 1000
gen, and diborane gases (GH9.01 and B/G-5Xx10 %) o L » ]
and T;=2000 °C. The boron concentration in the diamond % 1000 b o, | oS E
epilayer was~2x 10'° cm™3, Following growth, the sample 5 Looo b Fom LN ]
was attached to a Mo mounting plate with silver epoxy and g 3000 | |
cured for 24 h at 150 °C in air. After loading the diamond 8 000 b ]
into the test chamber, the system was evacuated and baked A:
for 36 h; the chamber base pressure was less than 2 © 6000 P
x 10710 Torr. Auger electron spectroscogfES) showed a PSS N I ,
1.5% atomic concentration of oxygen on the surface relative 0 2 4 6 8
to carbon(~5% of a monolayer assuming a mean Auger e” Energy (eV)
probe depth of three monolaygrngrior to the Kelvin probe FIG. 3. (a) Integral and(b) differential spectra of positrons re-
measurements and a 1.2% atomic concentration of oxygesmitted from the €100 1x 1 surface vs. energy normak ey to
following the measurements. the surface. A second scan taken using the procedure discussed in

the text yielded theotal positron energy E+,,) differential spec-
trum. The sample temperature was 425 °C for the 8W energy
range scans. The zero energy point was obtained from the data
Reemitted positron energy analysis shown in Fig. 4.

lll. RESULTS

Positrons have a negative affinity for many materfls;

the positron emission spectra from diamond, an example Angular divergenc¥ The lack of angular divergence in the
which is shown in Fig. 3, indicate that the positron affinity €mission spectrum makes it unlikely that the emitted posi-
for the (100) surface of diamond is negative as well. The trons are epithermal; epithermal positrons would have a
positron affinity was taken to be the negative of the positrornearly isotropic angular distribution. The populating of band-
emission energycorresponding to the peak of the differen- 9ap electron surface states and an accompanying distribution
tial distribution of total energy less the contributiok T due ~ Of near-surface ionized impurity atoms would produce a
to the positron thermal motion in the sofitiThe analyzer ~near-surface electric field. Itis conceivable that the bottom of
potential (Vo) that yields zero contact potential difference the positron bapd lies below the.\{acuum level at the sur.face
between the sample and analyzer defines the “energy zero(the quk function Woulq be positiyeand a surface electric
for our reemitted positron energy analyzer. At this potentialfield raises the bulk positron band bottom above the vacuum
the electric field between the analyzer and sample changd@vel. However, the surface electric field would have to be
sign and positrons with very small velocity components in@ctive over a distance comparable to the positron mean-free-

the normal direction are barely passed by the analyzer. IRath in diamond to account for the narrow energy distribu-

practice, this point is determined by measuring the transmit- 70

ted positron flux for small analyzer voltage¥ ). If we i

assume the positron velocity in the normal direction ranges 60 [y e #ﬁ\

to zero, the inflection point between complete positron trans- g 50 ¢ A

mission and some repulsion defines the z€¥iy. 4). Be- > 40 .

cause the contact potential difference changes with tempera- & 30 & \._

ture and surface treatment, zero is defined for each energy o : E= —\, 1

measurement. z 20y \;
It is appropriate to consider explanations other than nega- 10 [ -

tive affinity to explain the positron emission. Epithermal Py PR E AR SN R B

emission or surface electric fields might cause positron emis- 48 50 55 (V)5-4 56 58

A

sion from diamond, but cannot fully explain the observa-
tions. Epithermal positrons are positrons that are emitted be- F|G. 4. High statistics positron energy scan used to determine

fore complete thermalization occurs. As shown in Fig. 3, thehe zero of the energy scale; the retarding electric field between the
positrons are emitted nearly monoenergetically and there igiamond sample and the particle detector changes sign at the point
little change between the normal and total energy differentiaindicated by the arrow. The sample temperature was 425 °C for the

spectrum, indicating that the positrons are emitted with littlehigh statistics, 0.4 V energy range scan.
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5.0 '(' ‘ ) T LN detector as a function of sample temperature.
48 | 1x1 B

E temperature heating to remove physisorbed contaminants
B prior to the measurement. This initial heating was typically
3 to a temperature between 125 and 225 °C and always to a
E temperature less than 375 °C. After the initial heating,
E sampleD1 exhibited a (X 1) LEED pattern. Subsequent to
the initial heat treatment, the sample temperature was set and
sa b . s \ L] the positron work function measurement was performed. The
0 200 400 600 800 1000 (1% 1) surface work function was-3.03 eV at 20 °C and
Tee) dropped sharply when the sample temperature was above
FIG. 5. (a) Positron affinity (or work function if V;=0) vs. 325 °C. At intermediate temperatures, thex(1) surface
sample temperature for thexll (squaresand 2<1 (circles sur-  work function went through a minimum of4.08 eV at
faces. The filled squares are data taken over a period1df min (560+50) °C and returned te-3.73 eV at higher tempera-
after a~1 s period of heating to at least 120 °C. The open squaregyres. Curvei), which represents the filled square data taken
are data taken immediately following a 20 s heating at 825 °C. Theyt temperatures below 400 °C, was not reversible and applies
open square data point at 1025 °C was acquired from an acid etchegh|y for increasing temperature.
surface that did not reconstruct. The slope of the [meave iii )] is The measurement results represented by open squares in
(—0.20+0.06) eV/1000 °C. If curvei) represents a thermally ac- Fig. 5(a) were obtained from samplB1 following heating
tivated surface change to the monohydride_cu'rMeNith an invari- briefly to at least 725 °C, but no more than 975 °C, prior to
ant LEED pattern, the activation energy is 1.2 dl) Electron measurement at temperature. Following this heat treatment,
work function as a function of sample temperature. The electron

work function at each temperature was obtained by assuming th%ampIeDl exhibited a (1) LEED pattern. The open

Kelvin probe reference electrode has a work function of 4.2 eV and34a'€ data, which _Iles along curiip, were f(EVerS'ble‘ The
using data from Fig. . positron work function was-3.73 eV at 20 °C. Curvéii)

has the same dip and asymptotic value as the filled square

tion in the positron differential emission energy scan and tdi@ta taken at sample temperatures above 400°°C-
eliminate the possibility that the positrons might decay into UPOn heating the polished surface 11250 °C a two-
states below the vacuum level before emission. As we wildomain (2<1) LEED pattern was observed. The X2)
discuss, an electric field that arises from populated gap sygurface work function was nearly constant, d_ecreasmg from
face states does exist at ttE00) surface, but extends over —4-20 €V at 50 °C t0-4.40 eV at 1025 Z"C{Flgure 5a)].
many micrometers at room temperature. The prinaiggipe ~ Curve (i), a I|r;e fit to the data with &* per degree of
impurity in isopure diamonds is substitutional nitrogen, freédom of x“/»=13/11, had a slope of £0.20
which has an activation energy of 1.7 eV. The number of*0.06) €V/1000 °C. The data were reversible for cuiire.
ionized impurity atoms, even at a few hundred degrees C, is AS discussed above, the analyzer voltagg that pro-
small enough that the depth of the surface electric field igluces no contact potential difference between the sample and
micrometers, much greater than the positron mean free patH€ particle counter is identifiedo set the energy scale zgro
which is a few tens of angstromThus, we conclude thata at €ach temperature. Figure 6 shows a plo¥/gf as a func-
positron negative affinity is the most likely explanation for tion of temperature from measurements that yielded some of
our observations. the data shown in curvéi), Fig. 5a). A 1.6 V increase in

Our measurements of the positron work function as dhe analyzer voltage was required to maintain zero contact
function of sample temperature for different surface condifotential difference when the sample was heated from room
tions are shown in Fig. (). The positron data shown were temperature to over 400 °C. A similar increase was required
taken at the temperatures indicated. The sequenea sftu 0 maintain a zero contact potential difference with the
sample preparationn situ heating, and work function mea- 2X1 surface.
suremer(s), described in greater detail below, was repeated
many times and yielded statistically indistinguishable results.

The measurement results represented by filled squares in The diamond surface state population and surface electric
Fig. 5@ were obtained from sampl®1 following low- field formation (band bendingwas studied by implanting

(eV)

@

Reemitted positron yield studies
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FIG. 8. The filled symbols indicate the slow positron yield when
the sample is heated gradually. The open symbols indicate the slow

FIG. 7. Plot of slow positron yield as a function of positron positron yield upon coolingheater turned off af ). The time to
implantation energy for different diamoridl temperatures. Solid cool the sample was 1.6 times the time to heat the sample. The
lines are a fit to the data using., (E;)=Y,/[1—(E;/Eg)]" where  charge remains trapped in the surface states and is released prima-

E (keV)

Yo, Eg, andn are fitting parameters. rily through a process associated with positron implantation and
reemission.
monoenergetic, few keV positrons into the diamond sample
9 P P'&how VCPD extrapolated to the sample anneal temperature:

and observing the reemitted positron fraction. The distribu- offset . ; "
tion of positrons in the sample following energy logser- the data below the lines were taken while the Kelvin probe

malization is a well characterized function of sample den- stabilized. Because the shape of the data taken while the
it d incident ' Following th pl' i electronics stabilized was similar for all anneals below
sity and incident positron energy. Following thermalizalion gog o ang pecause the contact potential, once the electron-

the positrons diffuse through the crystal and if they encoun;eq gapilized, changed little during cooling, we believe the

ter a negative pogitron_affinity surface before they annihilateg ;e extrapolated to the sample anneal temperature is an
they may be emitted into the vacuum. The presence of agccyrate representation ¥ERD, during this period. The con-
mtema! electric field will alter the reemitted positron fraction 5t potential difference for a sample that sat in vacuum for
by drifting r_nore(o_r fewep positrons to the surface. several days was 0.22 V. Following heating to 163 °C the
The positron yield as a function of implantation energy room-temperature contact potential difference w42 V.
increased with increasing sample temperature for th&ubsequent heating to successively higher temperatures in-
(1X1) surface(Fig. 7) and the (2<1) surface(not shown.  creased the contact potential difference; the contact potential
We attribute the increase in positron yield to the formation ofdifference increased by-0.8 V for a sample heated to
an electric field in the surface region. As the temperature igl25 °C. At each temperature little change was observed in
increased unoccupied surface states are populated with iothe contact potential difference upon cooling. The entire
ized donor electrons, producing a field that attracts positronsieasurement sequence described above was repeated with
to the surface. By fitting the yield data to the diffusion equa-statistically indistinguishable results.
tion with a field-dependent terif,we determined that an ~ Auger electron spectroscopy showed no appreciable
electric field on the order of 25kV cht was produced. change in the contamination of the surface. Display LEED
Upon cooling, the surface-state population relaxes with #howed a (X 1) spot pattern prior to heating; the LEED

longer lifetime® due to the large energy scale of the wide Pattern and brightness did not change appreciably throughout
band-gap semiconductoFig. 8). the experiment. The observation of a clear LEED pattern
without any heating of the sample and the AES results indi-

Kelvin probe measurements

A Kelvin probe was used to measure the change in the
contact potential and hence the electron work function, with
temperature. A measurement consisted of heating the sample r 7
to a fixed temperature then measuring the contact potential
difference as the sample cooled. Successively higher tem-
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offset
o

T

1

v
|

|

|

b

=)

5 |

S

peratures were examined. The contact potential difference -0.4 A-ﬁf o W 353°C 7

between a polycrystalline Mo plate and the reference elec- 163°C 2se 7
. . . { 1 1 1 {

trode was examined after each heating cycle to verify the 08 7100 200 300 400 500 600

reference electrode work function had not changed. A T(C)

change in the reference electrode was observed when heating
the sample to temperatures greater than 650 °C. Figure t?o

shows ng%gsuremed@iamondlsampIQZ) of the CPD VOItT taken only while cooling samplésee discussion in textnumbers
age (Voxsep that is applied directly to the grid

pp Offset T oo s X next to each curve indicate the annealing temperature before the
(eVoisert €2 =¢> ™. The Kelvin probe electronics took a start of each cooling/data acquisition cycle. The contact potential

few minutes to stabilize when turned dimmediately after difference of the diamond surface contaminated with a thin layer of

the sample heater was turned)offhe dashed lines in Fig. 9 physisorbed contaminants was 0.22 V.

FIG. 9. Plot of the change in the Kelvin probe reference elec-
de potential required to maintain a zero field condition. Data was
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cate that any contaminant layer present at the start of thimnized impurity concentration in the bulk. We observe that
measurement is thin and composed of hydrogen or hydrocaimplanted positrons are drifted towards the surface; the
bons. No incipient half order spots were observed upon heabands bend up as the surface is approached. Given the low
ing to 750 °C. positron yield at room temperature and the significant in-
Using the reference electrode workfunctia®=4.2  crease upon heatiny;<0.25 V at room temperature.
*=0.2 eV, the work function as a function of sample tempera- With Kelvin probe measurements we cannot determine
ture, shown in Fig. &), was calculated from the data shown how much band bending exists at room temperature in
in Fig. 9. The measurement results represented by ﬁ”e@ampleDz_ Following heating to greater than 400 °C we
squares in Fig. @) were obtained as the sample was beingobserve a 0.15 V change in the room temperature contact
heated; the filled square data were not reversible. The opggotential difference beyond that attributable to the surface
square data were taken after the sample had been heateddipole that we attribute to a change in band bending. Other
553 °C and the data along this curve were reversible. Wheresearchers observed the room-temperature band bending for
heating to greater than-575 °C the work function of the the as-grown, hydrogen plasma treated or atomic hydro-
reference electrode may have changed and consequenttyen/hot filament treated samples was less than 0.35 V for all
data from Kelvin probe measurements conducted above thisut one tested sampfé.Band bending upon removal of
temperature were not included in summary Fif)5 hydrogeri®—8or upon oxygenatiori***’tends to be as large
The room-temperature work function is 388.2eV af-  as 2 Vv, the direction and magnitude being dependent in part
ter flashing and 4.750.2 eV after heating to 725 °C with upon the dopant type and concentration. Shirafuji and Sugino
¢'*=4.2+0.2 eV. If the Fermi level coincides with dia- speculatetf that bands in deep accumulation at the surface
mond’s boron level0.35 eV above the valence banthen  are responsible for diamond’s anomalous low resistivity, but
the electron affinity was—1.3=0.2eV after flashing we find no evidence for a room temperature, deep accumu-

(136 °Q and — 0.4+ 0.2 eV after heating to 725 °C. lation mode in either diamond sample prepared by polishing,
Based upon the positron reemission measurements of trexid etching, or hot filament assisted CVD diamond growth.
surface dipole, after heating hot enough to obtain x {2 We observe a reemitted positron yield 6f30% when

LEED pattern, the surface dipole changes by roughly 0.45 Vpositrons are implanted at 7.5 keV into samplé& (Tsamp
This change in the dipole is enough to make the electron=727 °C). From fits of the yield data we estimate that the
affinity of the (2x 1) H-free surface positive, making it un- field in the surface region may be as large 25 kV ¢mAs-
likely that thermalized electrons will escape at room tem-suming a uniform field of 25 kV cm' over a mean implan-
perature from the hydrogen-free surface, a result consistemation depth ofz=(400p)E*®=0.28um, wherep is the
with observationg®1® density in gm cm® and E=7.5kV is the implantation en-

Changes in the surface electric fidldand bending, Fig. ergy in kiloelectronvolts, we estimate the amount of band
2(b)], the surface dipolgFig. 2(c)], or the chemical potential bending to be 0.7 \/* Upon heating from room temperature
[Fig. 2d)] will produce a change in the contact potential to 425 °C, the surface dipole changes by 0.25 V, the zero
difference that can be readily detected. The chemical poterfield point changes by 1.6 \Fig. 6), and we calculate 0.7 V
tial in sampleD2, given the high dopant concentration, will band bending. Therefore the Fermi level must shift towards
not change substantially over the temperature range of theske conduction band by 2.75 eV, a not unreasonable amount
experiments. Therefore, changes in the contact potential afiven diamond’s wide band gap and samplg’s low impu-
measured by the Kelvin probe are due to band bendingity concentration. Results from UPS studies showed the
and/or changes in the surface dipole. A comparison of th¢ermi level of undoped CVD grown diamond was 0.9 eV
Kelvin probe measuremenicontributions from band- above the valence baffdand the single substitutional nitro-
bending and dipoleand the positron remission datdipole  gen level is 1.7 eV below the conduction band. If, as the
only) shows thatp_(T) [Fig. 5b)] is similar in magnitude, sample is heated, the Fermi level shifts from low-density
but opposite in sign, to¢ (T) [Fig. 5@]. Consequently, defect states 0.9 eV above the valence band to the nitrogen
although samplé2 is doped differently and has a differ- states, we would expect a shift of 2.9 eV, in good agreement
ently prepared surface from that of sampl&, the change in  with our measured and calculated shift of 2.75 eV. To
the surface chemistry, and hence the surface dipole, is nearfyroduce a field of 25 kV ciit, the surface state charge den-
the same. Although substantial band bending was observesity is approximately %10 ° Ccm 2 corresponding to
with sampleD1, little is observed with samplB2 (~0.15 3% 10%~ cm™2, or about one surface state for everd(®
eV), suggesting that how the surface is prepared determinesurface carbon atoms.
the presence and location of surface states. The origin of the surface states is unclear. Hamza, Ku-

biak, and Stulen found no evidence of filled or empty surface
states in hydrogenated diamond at room temperature, sug-
IV. DISCUSSION gesting that intrinsic surface states are an unlikely
explanation* They did observe filled states up to 1.5 eV
above the valence-band maximum on thdbonded (2 1)

We now turn to the interpretation of our measurementssurface. It is possible that the surface states are metastable,
The increase in the fraction of positrons reemitted into the.e., they form only at high temperature due to a change in
vacuum when samplB 1 is heated provides clear evidence the surface structure, but the surface states persisted after
that an electric field forms in the surface region when thecooling, although the electron population in the states does
diamond is heated. The magnitude and penetration of theot. The most likely explanation for the origin of the surface
field are a function of the surface state charge density and thetates is defect sites or the impurity oxygen. We see less

Band bending
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TABLE I. Changes in electron affinititheoretical and experimental resuligith changes in hydrogen coverage. The difference between
the experimentally determined, fully hydrogenated surface affinity and the monohydride affinity is showiyjp the;4 row, although the
fully hydrogenated surface probably does not correspond to dihydride coverage.

Verwoerd van der Weide Furthmuller, e’ reemission Kelvin probe
(Ref. 19 et al. (Ref. 18 Hafner and Kressé€Ref. 45 (this work) (this work)
X1H — XOH _052 _30 eV _094 eV _044 eV

band bending with samplB2, but this sample also had a tively locking the Fermi level into place-0.35 eV above the
lower oxygen coverage and the epitaxial surface should bealence band. As discussed above, the similar change with
free of the defects found on the diamond polished surfaceemperature of the negative of the electron work function and
Photoemission studies showed downwards band bendinte positron affinity(Fig. 5) suggests that little band bending
upon oxidizing the type Ilb, @00 surface'*****Heatingto  occurs in sampld2 and the changes observed with tem-
1050 °C removed oxygen from the diamond surfft&@he  perature are a consequence of changes in the surface dipole.
(2X1) surface, obtained by heatirfgl to 1100 °C for 2 The relative temperature invariance & for a structure
min., still had an attractive field at the surface for positronsthat is locked in place by reconstruction of the surface is not
Therefore, oxygen was probably not the sole source ofinexpected; only changes in the surface chemistry brought
sampleD1’s surface states; defect states may also play about by a change in hydrogen coverage are likely to notice-

role. ably alter the dipole potential. A similar change in the sur-
face dipole is obtained with three different surface preps:
Surface chemistry, surface structure, and the effect as-grown surface, polishing with a diamond grit and olive oil

on the surface dipole slurry, or hot acid cleaning. Our results support the assess-

) , ) ment that the (X 1) surface prepared by heating to greater

We start by show_lng tha; the changes in thg posr[_ron "_m%an 1000 °C is hydrogen-free and consists sbonded
electron work functlons with te_mperature arise primarily yimers and contradict the assertion that the< (@ surface
from changes in the surfac.e dlpple. As discussed abov%roduced by heating is composed of hydrogen terminated
there was some band bending with samles (~0.7 V) gimers. The increase in the surface dipole obtained from the
andD2 (~0.2 V) when the samples were heated and in the,osjtron measurements indicates that the< (3 will be
case of sampl®1, a substantial shift in the Fermi level was ,4re positive by an additional 0.4—0.5 V, enough to change
observed. Unless the band bending is substantial over a dige electron affinity from negative to positive, as observed by

tance comparable to the positron mean free path, the reemifiner researchetd™® and consistent with the removal of
ted positron energy does not change substantially if SUffaC@lectropositive hydrogen.

electric fields are preSt_ant. A shif_t in the eIectron_Fermi .Ievgl The room temperature values &, assuming the H elec-
does not alter the positron affinity as the zero field point isygns are closer to the surface than the protons, that is, they
determined every time. The positron affinity changes only,re participating in paired electron bonding, should increase
with a chqnge in the. surface dipole or a change in the posiy, response to an increase in the hydrogen covefagble

tron chemical potential. 1).171846The positron affinity should therefore increabe-

From our measurements of the positron mobility we are;gme |ess negatiydy an equal amount upon hydrogenation.
able to assert that the positron chemical potential is relativelyy, measurements agree with the trend—the positron affin-

temperature independent and thus most of the changes exhiik%; increases with increasing hydrogen coverage—if we as-
ited in Fig. &), curves(i) and(ii), are due to changes in the g me that H desorbs as the sample is subjected to higher
dipole potentialA¢. The temperature-derivative of the posi- e mperatures. Based upon the experimental and theoretical
tron chemical potential is the positron deformation potentialsydies discussed in the introduction, the fully hydrogenated
eq=du [V times the bulk modulus of diamorfd, surface used to obtain the low temperature results shown in
Fig. 5@a) curve (i), corresponds to coverage substantially
‘9f“_+:8 ﬂ greater than one hydrogen atom per surface caflbags.
oT 49T 1(a), 1(b), or 1(c)]. The temperature at which hydrogen starts
to desorb from the hydrogen-saturated surface-850 °C.
From the positron mobility in diamorid at 22 °C of Enough hydrogen and disorder remains upon heating the
(100+10) cnf Vs we find thatsy~25 eV. Given the sample to 725°C to prevent conversion to the ordered
linear expansion coefficient 6 3x10°% K~! we thus ex- 2x1 dimer-bonded surface. The remaining hydrogen is of
pect a change ip . of only 0.25 eV for a 725 °C change in order one H per surface carbhig. 1(d) or 1(e)]. We be-
T. The slope of curvdiii ) in Fig. 5a) is in good agreement lieve curve(ii) corresponds to the disorderedx2, mono-
with this estimate. We conclude that the dipole potential ofhydride terminated surfade. The increase at 22 °C of 0.44
the (2X 1) reconstructed surface, unlike the hydrogen termi-eV in the positron affinity between curvés ) and (i), and
nated surface, is independent of temperature. the increase of 1.17 eV between curv@s) and (i) is in
The Kelvin probe is sensitive to changes in the amount ofjualitative agreement with the theoretical results. The affin-
band bending, shifts in the Fermi level, and changes in thity measurements are most readily explained by an as-
surface dipole. Sampl®2 was doped with boron, effec- prepared surface that contains substantially more than one
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hydrogen atom per surface carbon, an annealed 350 °C sur-(a)
face that contains approximately one hydrogen atom per sur-
face carbon, and an annealed above 1000 °C] 2r-bonded
surface that is essentially hydrogen-free.
Observing a (X 1) LEED pattern does not guarantee that
the surface has (1) symmetry*’ A surface with hydrogen
coverage between 1.5 and 2.0 H per surface carbon would
not reconstruct appreciably and would exhibit ax(1)
LEED pattern. Researchers have suggested that a disorderet T=0
phase(consisting of randomly oriente2n+1)X 1] cells
composed of hydrogen terminated dimers and a dihydride ()
terminated carboncould exist on the diamond.00 surface
and the (X 1) pattern could arise from underlying layérs.
No fractional order spots were visible and the diffraction
spots in our display LEED appeared bright and well defined,
but a careful analysis of the spot profile would be required to
conclusively determine the existence of a disordered over-
layer. We cannot rule out that hydrocarbon contaminants are
covering the surface when we took the data plotted in Fig. T=T, T=T,
5(a), curve (i), but the LEED spot intensity and shape, the
relative chemical inertness of the diamond, and the ease with FIG. 10. Possible configurations of the H atoms in the monohy-
which one should be able to remove physisorbed contamidride terminated diamond 00 surface. Configurationg)—(d) cor-
nants(<250 °Q), and striking similarity between the positron respond to states of an anisotropic 2D Ising system at successively
and electron datéFig. 5 suggests that chemically bonded higher temperatures. The ground state is either “ferromagné#r”
hydrogen is responsible for the result. or “an_tiferro_magnetic”(b). In (_c) and (o!) the _system melts first in
The most surprising observation is the dipyin that oc- one dimension at; and the_n in two_dlme_nsmn; ay,. The Iargg
curs at 575 °C for the disordered ¥2) monohydride sur- te_mperature gaseous nonlsing conf!guratlon mlght not be realizable
face. It may be that the hydrogen atoms become delocalizef§iout complete hydrogen desorption occurring.
on the diamond surface at a certain temperaffife, thus
leading to a small change ih¢, but it would be hard to use and when heated to greater than 1000 °g,=—4.20
this mechanism to fully explain curv@), Fig. 5a. On the  +0,04 eV (room temperature, 21 LEED patteri.
other hand, the overlayer may be exhibiting order-disorder The electron affinity of diamond surface heated to less
transitions. Consider, as an example, the simplistic casgan 750 °C is negative. For diamond heated to less than
where there is no dimer bonding and hydrogen coverage coknq °C, ¢_=—3.03-0.04 eV (room temperature, %1

responds to one H per surface carbon atom. The SUfaGe-gp patterp, and when heated to over 450 but less than
could be an example of an anisotropic 2D Ising sySfem 1000 °C ——3.76-0.04 eV (room temperature, X1
with the ground state being either the “ferromagnetic” or LEED péltfe}lj ' ' '

“antif ic” ill in Figs. . .
antiferromagnetic” state illustrated in Figs. @ and The work-function measurements are most readily ex-

10(b). When such a system is heated it will melt first in one lained b d surf that tai bstantiall
dimension[Fig. 10c)] and then in both dimensions-ig. plained by an as-prepared surface that contains substantially
more than one hydrogen atom per surface carbon, an an-

10(d)]. At a high enough temperature there could be a tran 3 : .
sition to the gaseous state that has no analog in the simpli@led 350 °C surface that contains approximately one hy-

Ising model. It is interesting to speculate that fluctuations odrogen atom per surface carbon, and an annealed above
phase transitions could be responsible for the observed dip {000 °C, 2<1  m-bonded surface that is essentially
X+, butin any case, it is clear that our measurements woulftydrogen-free. The decreases in the room-temperature values
provide a useful test for different atomistic calculations ofof x and increases in room temperature valuespof as
the diamond surface configurations. Unfortunately, becauskydrogen is removed are in agreement with previous theoret-
the sample heating changed the reference electrode potentiahl results.
when heating to greater than 553 °C, we could not explore The (2x1) surface work function is nearly temperature
the change inp_ over the 450 to 750 °C temperature rangeindependent, indicative of a surface that is nearly hydrogen-
where the dip iny, is observed. free and most likely consists of-bonded dimers. As the
temperature is raised, the work function of thex(1) par-
tially hydrogenated surface decreases to a minimum of
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V. CONCLUSIONS —4.08 eV at (566 50) °C and returns to the room tempera-
ture value by 825 °C. We speculate that the complex tem-
In conclusion, we observe the following. perature dependence is caused by fluctuations or phase tran-

The positron affinityy, of diamond (100 surfaces is sitions of the 2D array of hydrogen atoms.
negative. When diamond is heated to less than 300¢°C, Two differently doped diamonds prepared with three dif-
=—3.03+0.04 eV(room temperature, 1 LEED patter ferent techniques: grit and olive oil polishing, hot acid clean-
when heated to over 450 but less than 1000 3¢, ing, and hot filament assisted chemical vapor deposition
=—3.76x0.04 eV(room temperature, 1 LEED patter; growth showed little band bending at room temperature. A
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