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Abstract

The effects of cleaning natural type IIb diamond (100), (111) and (110) samples by annealing and hydrogen – or deuterium
plasma exposure were investigated by means of ultraviolet photoemission spectroscopy (UPS). Different wet chemical cleaning
processes (a conventional chromic acid clean and an electrochemical etch) and a H plasma exposure have been employed to clean
natural type IIb semiconducting diamond C(100) wafers. The effects of these processes on the diamond surface have been assessed
and compared. As evidenced by Auger electron spectroscopy (AES), an oxygen free surface could be obtained following vacuum
annealing to 900°C for the electrochemical process compared to 1050°C for the chromic acid etch. In addition, the technique of
atomic force microscopy demonstrated the presence of oriented pits on the surface of samples that were electrochemically etched for
long times at high currents. After a H plasma exposure the negative electron affinity (NEA) peak in the UPS spectra doubled in
intensity. An anneal to 1100°C resulted in the removal of the sharp NEA feature. A second H plasma treatment resulted in the
reappearance of the NEA peak similar to that after the first H plasma exposure. A (2×1) reconstructed low energy electron
diffraction pattern was observed subsequent to the anneals as well as the H plasma treatments. The fact that a NEA can be induced
or removed repeatedly by means of a H plasma exposure or annealing at 1100°C, respectively, provides evidence to correlate the
appearance of a NEA with the presence of a monohydride terminated surface. Corresponding effects were found for (111) and (110)
surfaces. A NEA could be induced by a H plasma and removed by annealing at 900 or 800°C for diamond (111) or (110) surfaces,
respectively. Following a deuterium plasma exposure the diamond surfaces exhibited a NEA like the ones treated by a hydrogen
plasma. Higher annealing temperatures were necessary to remove the NEA for deuterium due to the isotope effect. Values of 79
and 81 V mm−1 were measured for the field emission threshold of the oxygen terminated C(100) and C(110) surfaces, respectively.
A value of 25 V mm−1 was determined for the hydrogen terminated C(110) surface. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction vacuum level and the conduction band minimum.
For most materials the vacuum level lies above the

The electron affinity of a semiconductor is conduction band minimum, corresponding to a
defined as the energy difference between the positive electron affinity. Surfaces of wide bandgap

semiconductors like diamond have the potential
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overcome the work function of a NEA surface capable of removing non-diamond carbon [7,8].
Following both approaches the diamond surfacesand can be emitted into the vacuum. Indeed,

different surface terminations can shift the position were found to be covered with oxygen. To remove
these contaminants vacuum cleaning steps such asof the bands with respect to the vacuum level and,

therefore, induce a NEA or remove it [1–5]. These annealing or plasma exposure can be used.
Oxygen termination on the C(100) surface haschanges have been found to be due to surface

adsorbates. Different surface adsorbates result in been reported to lead to a (1×1) structure [9].
Two possible bonding configurations have beenchanges of the surface dipole. Changing the surface

dipole can lead to an increase or decrease in the proposed for the oxygen terminated surface [10].
In one an oxygen atom is double-bonded to aelectron affinity. For example hydrogen has been

reported to induce a NEA on the diamond (111) carbon atom, or, alternatively, an oxygen atom
could form a bridge between two adjacent carbonand (100) surfaces. Whereas oxygen leads to a

dipole such that a positive electron affinity is atoms. Both structures are consistent with a (1×1)
low energy electron diffraction (LEED) pattern.observed on these surfaces [1–5].

One aspect that contributes to the dipole is In contrast, a (2×1) reconstruction has been
observed following annealing at 900–1000°C or athe electronegativity of the adsorbing species.

However, the surface dipole may not only result H plasma exposure [9]. Also, these surfaces were
found to exhibit a NEA [9]. The (2×1) structurefrom the differences in electronegativity between

C and H or C and O, but also the symmetry of and the NEA are indicative of a monohydride
termination. In the presence of atomic hydrogen,the charge distribution at the site. Robertson [6 ]

pointed out that both hydrogen and oxygen sites a (2×1) monohydride structure has been found
to be the most stable according to theoreticalon the diamond surface are asymmetric, and this

should lead to additional dipole effects and thus studies [9]. Furthermore, for the (2×1) recon-
structed surface ab initio calculations determinedaffect the electron affinity. The lone pair orbitals

of oxygen extending from the surface are expected a NEA for a monohydride terminated surface and
a positive electron affinity for a surface free ofto increase the work function. Similarly, an adsor-

bate free surface would exhibit dangling bonds adsorbates.
As-loaded diamond C(111) samples have beenresulting in a dipole of the same polarity as for an

oxygen terminated surface. In contrast, a hydrogen reported to be at least partially covered with a
monohydride. The monohydride terminated sur-layer on the surface results in a dipole such that

the work function is reduced. faces show a (1×1) unreconstructed LEED
pattern. Also a NEA was detected for theseThe surface cleaning and following processing

steps will directly affect the surface termination of samples experimentally by ultraviolet photoemis-
sion spectroscopy ( UPS) [1–5]. Zhang et al. [11]the diamond and, therefore, affect the electron

affinity. In this study, several common surface deduced a value of −1.56 eV for the electron
affinity from pseudo potential calculations.preparation techniques are employed to clean

different surfaces of natural diamond samples, and Annealing these surfaces to above 950°C leads to
a (2×1) reconstruction, and a positive electronthe electronic structure and electron affinity of the

surfaces are measured. In particular, the study affinity is observed. These changes are attributed
to the removal of hydrogen. An Ar plasma cleanfocuses on the role of oxygen or hydrogen termina-

tion in comparison to the adsorbate free surface. was found to have the same effects on the electron
affinity [5].Different wet chemical cleaning methods have

been employed to remove non-diamond carbon The clean diamond C(110) surface has been
reported to exhibit a (1×1) LEED pattern [4,12–and metal impurities from the diamond surface.

One approach includes immersion in boiling chro- 14]. However, there has been considerable diffi-
culty in obtaining a high quality (110) surfacemic acid and aqua regia. Another is electrochemi-

cal etching to remove conductive surface layers [15]. Pate et al. observed only washed out photo-
emission spectra from the (110) surface and attrib-[7]. It has been shown that either procedure is
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uted this to a poor quality (110) surface [13]. The low energy emission occurs from the conduction
band minimum. However, for a positive electrondesorption of hydrogen from the C(110) surface

has been addressed in several studies. Using affinity, emission from the conduction band mini-
mum will not occur, and the value of the electronphoton stimulated ion desorption, Pate found a

significant reduction in hydrogen on the (110) affinity can be deduced.
The field emission mechanism is more complexsurface at 800°C [4]. By means of ionization loss

spectroscopy, Pepper reported changes in the than the one for photoemission. Here carrier injec-
tion into the semiconductor, transport through theelectronic structure at 850–900°C that were attrib-

uted to hydrogen desorption from the surface [16 ]. bulk as well as emission from the surface into
vacuum have to be considered. Field emissionEmploying multiple internal reflection infrared

spectroscopy, McGonigal et al. determined that measurements are performed by bringing a metal
anode close to the sample surface and applying athe C–H stretching mode on a (110) surface van-

ished for annealing temperatures between 800 and bias between the two. The emission current is
measured as a function of applied voltage.900°C [17]. This effect has been associated with

the desorption of hydrogen. But hydrogen desorp- In this study the effects of different wet chemical
and in vacuo cleaning processes on diamond (100),tion has been reported up to 1050°C [4] from a

C(110) surface. (111) and (110) samples are analyzed in terms of
surface structure, chemistry, morphology andDeuterium terminated C(100) surfaces have

been examined by Francz and Oelhafen [18] by electron emission.
means of UV photoemission spectroscopy. A weak
low energy feature indicative of a NEA was
detected for a deuterium exposed (100) surface. 2. Experimental
UPS spectra of the clean surface were found to
exhibit a peak at 1.5–2.0 eV below the Fermi level. The ultra high vacuum ( UHV ) system employed

in this study consists of several interconnectedThis peak was reduced following deuterium expo-
sure. As determined by means of X-ray photoemis- chambers including systems used for annealing, H

plasma cleaning, UPS, LEED and Auger electronsion spectroscopy ( XPS), deuterium could be
desorbed from C(100) surfaces at 1177°C [19]. spectroscopy (AES). Samples can be moved

between the chambers by a rail mounted UHVUsing time-of-flight scattering and recoil spectro-
scopy, Koleske et al. have studied the abstraction transfer system.

Natural type IIb single crystal semiconductingof hydrogen and deuterium from polycrystalline
diamond surfaces [20]. The rate of H abstraction diamond (100), (111) and (110) samples

(3.0×3.0×0.25 mm) were used in this study. Theof D was determined to be about one-third the
rate found for D abstraction of H. This result was samples were purchased from Dubbeldee Harris

Corp. The semiconducting wafers were necessaryattributed to differences in momentum transfer for
the two isotopes. since undoped samples showed charging and did

not yield a signal. The resistivity of the samplesPhotoemission spectroscopy is a very sensitive
method to determine whether a surface exhibits a was typically ca 104 Vcm. The samples were com-

mercially polished using 0.1 mm diamond grit. TheNEA or to measure the positive electron affinity.
The incident light excites electrons from the experiments were performed with diamond

samples of the respective orientation: (100), (111)valence band into states in the conduction band.
Some of these electrons quasi-thermalize to the or (110). Most experiments were repeated and in

some cases different samples of the same orienta-conduction band minimum. For NEA surfaces
these secondary electrons may be emitted into tion were used. In all instances equivalent results

were obtained.vacuum and are detected as a sharp feature at the
low energy end of photoemission spectra [4,21]. Prior to loading the samples into the UHV

system the samples were cleaned by either electro-A careful measurement of the width of the photo-
emission spectrum can be used to determine if the chemical etching [6 ], or the more commonly used
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acid etching. The electrochemical etching process The sample was held to the sample holder using
involved applying a d.c. bias of 350 V between two W–Re wires. To achieve a steady state temperature
Pt electrodes that were placed in deionized (DI) of ~1130°C for the diamond wafer, it was neces-
water as an electrolyte. The sample was suspended sary to heat the Mo holder to 1270°C or 140°C
in water between the two electrodes. The surface higher than the diamond. It was also reported that
of the sample that was to be cleaned of non- the temperature difference between the diamond
diamond carbon and metal contaminants was posi- and the Mo holder may be >350°C due to differ-
tioned to face the cathode. A constant current of ences in mounting tension in the wires used to
ca 0 5 mA was measured, and a typical etching attach the diamond wafer onto the Mo holder [22].
lasted 2 h. Following the electrochemical etching Each of the experiments was repeated with
residue was detected and a HF dip was employed different diamond samples to ensure that the mea-
to remove the residue from the surface [8]. To sured desorption temperatures for oxygen,
examine the effect of different wet chemical etches hydrogen and deuterium were consistent. Each of
on the surface properties, some diamond (100) the measured temperatures was found to be repro-
samples were cleaned by a chromic acid etch. This ducible, independent of the different diamond
cleaning step involved immersing the samples for samples and mounting attempts. As a point of
15 min in boiling chromic acid (CrO3:H2SO4) comparison, a value of 1250°C was found for
to remove non-diamond carbon. This was fol- deuterium desorption from a C(100) surface, and
lowed by boiling for 15 min in aqua regia this value is somewhat higher than the value of
(3HCl:1HNO3) to remove metal contaminants. 1177°C reported by Smentkowski et al. [19]. It is
Finally the samples were rinsed in DI water. After likely that this difference is just the temperature
each of the two cleaning processes the samples difference noted in the temperature calibration
were blown dry with N2 gas, mounted on a molyb- measurements. It is noted that the calibration
denum holder and transferred into the UHV experiments indicate a temperature difference of
system. This system consists of several chambers

140°C at this temperature. It is not possible to
that are interconnected with a transferline. The

determine whether this smaller difference is due totransferline has a base pressure of 1×10−9 Torr.
the experimental configuration or the semiconduct-The base pressure in the chamber used for annea-
ing character of the type IIb samples employedling and UPS measurements was 2×10−10 Torr.
here. Since accurate calibration measurementsAs in vacuo cleaning steps the diamond (100)
were not completed, the temperatures quotedsamples were annealed between 500 and 1150°C.
throughout this paper are those measured at theAn optical pyrometer focused on the Mo plate
thermocouple.holding the sample was employed to measure the

The wafers were also cleaned with a H plasma.temperature during the anneals. The annealing
For this purpose the diamond crystals were heatedcaused the pressure to increase to between
to 500°C and exposed to a remotely excited rf H8×10−10–7×10−9 Torr during the various
plasma. The details of the plasma chamber haveanneals.
been described previously [23]. During the plasmaDetermination of the actual temperature of the
clean the H pressure was held at 50 mTorr.diamond substrate presents a significant problem.

To compare the effects of hydrogen and deute-Recently, Smentkowski et al. [22] have addressed
rium termination, diamond (100) and (110)this problem with a configuration very similar to
samples were exposed to deuterium or hydrogenthe one employed in this study. In their study they
plasmas. Except for using a different gas the pro-measured the temperature inside a natural dia-
cess parameters for either plasma were the same.mond type IIa wafer using a thermocouple which

Following the different cleaning steps, UPS,was placed inside a laser drilled hole in the dia-
LEED and AES were employed to analyze themond sample [22]. This temperature reading was
surface properties. The photoemission was excitedcompared to the temperature of the Mo holder

onto which the diamond sample was mounted. by He I (21.21 eV ) radiation from a gas discharge
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Fig. 1. Schematic diagram of photoemission spectra for a negative electron affinity surface ( · · · ) and a positive electron affinity
surface (———).

lamp. A 50 mm hemispherical analyzer was gap. Emission from the valence band maximum is
positioned at Ev+hn in the spectrum. This is theemployed to detect the emitted electrons. The

system had an energy resolution of 0.15 eV and high energy end of the spectrum. The spectral
width or the distance between emission from thean acceptance angle of 2°. To determine the Fermi

level, UPS measurements were performed on refer- valence band maximum and the conduction band
minimum is therefore hn−EG. With the values forence samples of freshly deposited gold layers. A

bias of 1 or 2 V was applied to the sample to He I radiation hn=21.21 eV and the bandgap of
diamond EG 5.45 eV, a spectral width of ~15.7 eVovercome the work function of the analyzer and

thus to detect the low energy electrons emitted is determined for a NEA surface. It can only be
determined that the surface exhibits a NEA.from the NEA surface. The position of the sharp

NEA peak at the low energy end of photoemission However, the magnitude of the NEA can not be
measured by UPS since there is no emission fromspectra corresponds to the energy position of the

conduction band minimum, Ec (Fig. 1). It is noted states below the conduction band minimum. In
comparison, for the case of a positive electronthat the NEA peak appears at the low kinetic

energy end of the spectrum. Typical photoemission affinity surface, the low energy cutoff will be
determined by the position of the vacuum level,spectra are plotted versus binding energy relative

to the Fermi level. In this case the low kinetic and the spectral width will be smaller. Thus, the
actual value of the electron affinity can be deducedenergy electrons are at the largest negative binding

energy. In this paper the features from −15 to from the position of the low energy end. This
means the low energy cutoff will change in propor-−17 eV binding energy will be referred to as low

energy end. Emission from Ec appears Ev+EG at tion to the change in magnitude of the electron
affinity.in the spectrum, where Ev is the energy of the

valence band maximum and Eo that of the band- The field emission measurements were carried
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Table 1
Summary of the UPS and on C(100), (111) and (110) surfaces

Surface

500°C 900°C 1100°C

C(100) after chromic acid clean PEA, x=1.00 eV PEA, x=0.70 eV NEA, x<0
C(100) after electrochemical etch PEA, x=1.45 eV NEA, x<0 PEA, x=0.75 eV

900°C H-plasma 1100°C H-plasma

C(100) NEA, x<0 NEA, x<0 PEA, x=0.75 eV NEA, x<0

1100°C 1250°C

C(100) after H plasma treatment PEA, x=0.75 eV PEA, x=0.75 eV
C(100) after D plasma treatment NEA, x<0 PEA, x=0.75 eV

RT to 600°C H-plasma 900°C

C(111) after chromic acid clean or NEA, x<0 NEA, x<0 PEA, x=0.5 eV
electrochemical etch

700°C 800°C H plasma 800°C

C(110) NEA, x<0 NEA, x<0.6 eV NEA, x<0 PEA, x=0.6 eV

800°C 900°C

C(110) after H plasma treatment PEA, x=0.6 eV PEA, x=0.6 eV
C(110) after D plasma treatment NEA, x<0 PEA, x=0.6 eV

Field emission threshold

C(100) after electrochemical etch 79 V mm−1
C(110) after electrochemical etch 81 V mm−1
C(110) after H plasma treatment 25 V mm−1
RT, Room temperature; x, electron affinity; PEA, positive electron affinity; NEA, negative electron affinity. Unless noted otherwise
the surfaces have been cleaned by electrochemical etching. The experimental uncertainties are 0.1 eV. Also field emission results of
C(100) and (110) and are shown.

out in a vacuum chamber with a base pressure of Measurements were obtained at a series of different
distances.~2×10−8 Torr. A bias of 0–1100 V was applied

between the sample and a 2 mm diameter stainless
steel anode with a rounded tip. The I–V character-
istics were measured using a Keithley 237 source- 3. Results
measuring unit. The distance between the sample
and the anode could be varied in vacuum by a This section presents results which relate the

cleaning procedure and the processing to thestepper motor. Typical distances were 2–30 mm.



326 P.K. Baumann, R.J. Nemanich / Surface Science 409 (1998) 320–335

electron affinity. The results for all of the processes
described are summarized in Table 1.

3.1. Comparison of chromic acid or electrochemical
etches

As determined by atomic force microscopy
(AFM) measurements, all of the samples used in
this study exhibited parallel linear groves to each
other with a depth of ~20 Å (Fig. 2a). These
features are attributed to the polishing procedure
of the supplier. The crystal orientation of the
wafers has been determined by Laue X-ray meas-
urements (provided by the supplier). Subsequent
to a chromic acid etching no changes in surface
morphology of the samples was observed. Even
after the substrates had been boiled in chromic
acid and aqua regia for 2 h each, no changes were
detected in the AFM scans. Also, AFM images of
crystals electrochemically etched for 2 h at 0.5 mA
did not reveal any changes either. For one diamond
(100) sample the duration of the electrochemical
etching was extended to study possible effects on
the morphology. Also, the current was increased.
Following extended electrochemical etching of 12 h
at 50 mA, scattered pits could be detected on the
diamond surface. In fact it was determined that
these etching pits were oriented along the 
110�
crystallographic directions (Fig. 2b). AES scans of
these surfaces displayed larger peaks attributed to
SiO2. In a comparative experiment graphite and
damaged amorphized diamond surface layers were
removed by this electrochemical etch [8]. Based
on these observations it is proposed that the etch-
ing pits actually mark the location of defects in
the surface region of the diamond. Such defects
may be a result from the polishing procedure or
could also be intrinsic to the natural diamond

(a)

(b)

Fig. 2. AFM image of diamond (100) (a) following polish bycrystals. In comparison, subsequent to extended
supplier and (b) after electrochemical etching for 12 h at 50 mA.chromic acid etching no etching pits were observed
Etch pits oriented along the 
110� crystallographic directionby means of AFM.
are detected.

Subsequent to either of the two wet chemical
cleaning procedures, the as-loaded diamond (100)
crystals exhibited a comparable unreconstructed Figs. 3 and 4. In comparison, the amount of oxygen

detected by AES on the diamond (100) surface(1×1) LEED pattern. Furthermore, AES spectra
showed peaks indicative of the presence of oxygen treated by electrochemical etching and a HF dip,

appeared to be somewhat less than that for theon all samples. The AES of (100) surfaces after
the two cleaning procedures are displayed in surface cleaned by the chromic acid etch. The
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Fig. 4. Auger spectra of diamond C(100) following an electro-
chemical etch and HF dip as a function of annealing temper-
ature. The as loaded surface exhibits features indicative of

Fig. 3. Auger spectra of diamond C(100) following chromic
oxygen which can be removed at 900°C. A reconstructed (2×1)

acid clean as a function of annealing temperature. The as loaded
LEED pattern and a NEA were observed following annealing

surface exhibits features indicative of oxygen which can be
at 900 and 1050°C. These spectra show a lower noise level than

reduced at 900°C and removed at 1050°C. A reconstructed
for Fig. 3 since a different filament was used.

(2×1) LEED pattern and a NEA were observed following
annealing at 1050°C.

the surface exhibited a (2×1) reconstructed
structure.

Previous studies have shown the relationship ofamount of oxygen was estimated to be at least a
monolayer. No fluorine remnants were detected O termination and the electron affinity of the

diamond (100) surface [9]. The width of the UPSon the surface after the HF etch, but experiments
to determine the sensitivity of AES for F termi- spectrum of the surface increased with increased

annealing temperature indicating a NEA at 1050°Cnated diamond surfaces were not carried out (to
exclude the possibility of desorption due to the and no detectable oxygen. In the experiments

presented here, similar effects were observed forelectron beam).
For both surfaces, annealing at 500°C did not the (100) surface prepared by an electrochemical

etch, only the NEA is observed after annealing toremove a significant portion of the oxygen as
detected by means of AES, indicating that most 900°C. The UPS of the electrochemical etched

surface annealed to 900°C is shown in Fig. 5. Inof the oxygen was chemisorbed. Upon heating to
900°C a reduction of the surface oxygen (Fig. 3) addition to the increased width of the spectrum, a

sharp low energy peak positioned at the conduc-was observed for diamond substrates cleaned by
employing chromic acid, but the surfaces remained tion band minimum was detected in the UPS

spectra. Upon heating to 1050°C neither the AESin the (1×1) structure. Following an anneal to
1050°C the amount of oxygen on the surface spectrum nor the LEED pattern changed, and the

NEA surface was retained. The results indicatedropped below the detection limit of the AES
instrument. A reconstructed (2×1) LEED pattern oxygen desorption and the observation of a NEA

at a lower temperature than for the (100) surfaceappeared. For the (100) surface prepared with the
electrochemical etch, after annealing to 900°C prepared with a chromic acid etch.

Several (111) surfaces were prepared with theoxygen was no longer detected by AES. Again,
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Fig. 6. UV photoemission spectra of a diamond (110) surface.
A NEA was observed following annealing at 700°C. Annealing

Fig. 5. UV photoemission spectra of a diamond (100) surface
at 800°C removes the NEA. The NEA can be induced and

cleaned by means of electrochemical etching. The sequence of
removed again by hydrogen plasma exposure and annealing at

spectra follows from bottom to top: annealing at 900°C, first
800°C, respectively. The sections of the spectra close to EV and

hydrogen plasma, annealing at 1100°C, 1150°C second
EF have been magnified five times.

hydrogen plasma. Note that the sections of the spectra around
EV and EF have been blown up by a factor of 5.

a sharp low energy peak attributed to a NEA
appeared.electrochemical etching procedure. Most of the

as-loaded diamond samples exhibited a positive
electron affinity, however, a few displayed a sharp 3.2. Hydrogen plasma exposure
low energy peak in the UPS spectra indicative of
a NEA. Annealing to 600°C resulted in a NEA Exposing the annealed (100) surfaces to a H

plasma resulted in about double the intensity forfor all of the (111) surfaces studied.
The as-loaded (110) samples exhibited features the NEA peak. The results for the surface prepared

with electrochemical etching are shown in Fig. 5.indicative of oxygen in the AES spectrum. Also a
positive electron affinity was observed by means Emission extending to 0.3 eV below the conduction

band minimum was observed. Annealing at 1100°Cof UPS. Subsequent to annealing the (110) samples
to 700°C, a (1×1) LEED pattern was observed, resulted in the removal of the sharp NEA peak

and a shift of the low energy end by 0.5 eV toand the oxygen concentration on the surface
dropped to below the detection limit of the AES higher energies. As evidenced from the position of

the strong feature labeled ‘‘B’’, the entire spectruminstrument. The low energy cut off of the UPS
spectrum shifted to lower energies (Fig. 6), indicat- shifted by 0.3 eV to lower energies. The low energy

end still exhibited a small shoulder that wasing a reduction of the electron affinity. In addition,
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removed after annealing at 1150°C. This small after a H plasma exposure. A second H plasma
clean resulted in a UPS spectrum similar to thatshoulder may be due to some hydrogen remnants

on the surface following annealing at 1100°C. A obtained after the initial H plasma. The LEED
pattern remained reconstructed (2×1). But thefeature positioned at 1.2 eV below the valence

band maximum was detected subsequent to annea- secondary spots were again lower in intensity after
the second H plasma clean.ling at 900, 1000 and 1150°C. (Due to shifts in the

spectra, this peak appeared at 1.8 eV below the
Fermi level following annealing at 900°C and at 3.3. Effects of deuterium plasma exposure
2.1 eV below the Fermi level after annealing at 1100
and 1150°C.) Deuterium plasma exposure at a temperature of

500°C resulted in the removal of oxygen from theA H plasma exposure resulted in a NEA for the
(111) surface which could be removed by subse- diamond (100) and (110) samples, as shown by

AES. Also, a (2×1) LEED pattern was detectedquent annealing at 950°C. Diamond (111) surfaces
cleaned by chromic acid etching have been exam- for C(100) and a (1×1) structure for C(110).

These effects are equivalent to the case of ained previously [5]. This reference also reports
that a peak positioned 1.2 eV below the valence hydrogen plasma. Following a deuterium plasma

clean the diamond surfaces exhibited a NEA likeband maximum was detected following annealing
at 950°C. As far as can be told from the authors’ the surfaces treated by a hydrogen plasma.

However, differences in the thermal stability wereand previous [5] experiments the properties of the
diamond surfaces following either one of the two found between deuterium versus hydrogen on dia-

mond surfaces.wet chemical cleaning processes did not differ
significantly. It has been reported previously that While the NEA attributed to hydrogen termina-

tion of diamond (100) surfaces could be removedas-loaded diamond (111) samples may be at least
partially terminated with a monohydride [4,5]. by annealing at 1100°C, the NEA was still observed

after annealing deuterium terminated diamondFor the (110) surface prepared by an electro-
chemical etch, annealing at 800°C removed the (100) surfaces to 1200°C. Heating to 1250°C was

necessary to remove the NEA from these surfaces.sharp NEA feature, and the width of the spectrum
was reduced by 0.7 eV. Only for one (110) surface Similarly, annealing hydrogen terminated dia-

mond (110) surfaces to 800°C resulted in a positivestudied was a (2×1) LEED pattern observed. The
other (110) surfaces showed a (1×1) LEED electron affinity. But following annealing at 850°C

a NEA due to deuterium was still detected. Onlypattern. All these surfaces exhibited equivalent
UPS spectra. In particular, at the high energy end after annealing at 900°C could the NEA be

removed from diamond (110) surfaces. Fig. 7of the spectra a feature positioned at 1.8 eV below
the valence band edge appeared following annea- shows the thermal characteristics of the deuterium

terminated diamond (110) surface. The resultsling at 700 or 800°C (Fig. 6).
Exposing the (110) surfaces to a H plasma also show that annealing a deuterium terminated (110)

surface to 800°C causes an apparent increase inresulted in the re-appearance of the NEA charac-
teristics. In addition, the peak located at 1.8 eV the intensity of the NEA peak while the low energy

shoulder is no longer detected.below the valence band edge was reduced signifi-
cantly (Fig. 6). Following a H plasma exposure a In this study, high temperature anneals were

employed (up to 1250°C) to clean the diamond(1×1) LEED pattern was found for all the (110)
surfaces studied. Annealing at 800°C ensured the surfaces. It is important to ensure that none of

these processes caused graphitization of the dia-NEA could be removed again. And the peak at
1.8 eV below the valence band edge reappeared. mond surfaces. UV photoemission is very surface

sensitive and could detect graphite contaminationThe characteristics of the high energy end of the
spectrum observed subsequent to annealing at on these surfaces. Graphite shows a strong second-

ary peak positioned 13.5 eV below the Fermi level700°C appeared to be between those detected
following annealing at 800°C and those observed in UPS spectra, and a work function of 4.0 eV has
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Fig. 7. UV photoemission spectra of a diamond (110) surface Fig. 8. UV photoemission spectra of a diamond (100) surface
exposed to a deuterium plasma. The surface still exhibits a NEA following two consecutive hydrogen plasma exposures. A 10 s
following annealing at 800°C. Annealing at 900°C is necessary hydrogen plasma clean results in a NEA but no emission below
to remove the NEA characteristics. The sections of the spectra the conduction band minimum. After a 30 s hydrogen plasma
close to EV and EF have been blown up by a factor of 5. exposure a low energy emission feature below the conduction

band minimum emerges.

been measured for diamond samples that had been
graphitized [24]. In the present experiments, no NEA peak has been observed at the low energy

end (Fig. 8). The surfaces did exhibit a (2×1)indication of graphitization was found in UPS
spectra following neither any of the high temper- LEED pattern, and the oxygen had been removed

as determined by means of AES. For a subsequentature anneals nor any of the AES scans.
(30 s) H plasma exposure, an additional low energy
emission feature emerged. The intensity of the3.4. Low energy emission in UPS spectra
original NEA peak increased by ca 10%. It was
also observed that with increased time of H plasmaSubsequent to hydrogen or deuterium plasma

treatment, several diamond (100), (111) and (110) exposure, the secondary spots in the (2×1) LEED
pattern became weaker. It may be that the Hsurfaces exhibited not only a NEA peak but also

an additional feature at the low energy end of plasma leads to a breakup of the surface into
domains, each exhibiting a (2×1) reconstruction.UPS spectra. This feature extended to 0.2–0.4 eV

below the expected position of the conduction Note that for all of the experiments reported in
this study, a gas purifier was used on the hydrogenband minimum. To examine this effect further

diamond surfaces have been cleaned by H plasma and deuterium gas lines of the rf plasma system.
Prior to the installation of this purifier it wasexposures of different duration. For a brief (10 s)

H plasma clean of diamond (100) surfaces, only a possible to induce a NEA on diamond surfaces by
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means of a H plasma, but no features below the terminated C(110) surface resulted in a lower
value of 25±3 V mm−1 for the threshold field.conduction band edge were observed in the UPS

spectra even for extended hydrogen plasma expo- These results indicate that surfaces with a positive
electron affinity also have a higher thresholdsures using non-purified hydrogen.
electric field for emission than the surfaces exhibit-
ing a NEA.3.5. Field emission results

The field emission data typically show
4. DiscussionFowler–Nordheim (F–N) type characteristics and

can be fitted using Eq. (1) [25]:
It is suggested that the appearance of a NEA

on the diamond (100) surface and a (2×1) recon-
I=k AbV

d B exp A−6.530dw3/2

bV B, (1) struction is due to the removal of oxygen as
discussed previously [9,26 ]. It is interesting to note
that the intensity of the NEA peak in the UPSwhere I is the current in amps, V is the bias in

volts, d is the distance between the sample and the spectra could be increased by employing a H
plasma clean. Indeed, a H plasma could alsoanode in microns, k is a constant, w is the F–N

barrier height in eV and b is the field enhancement induce a NEA on a positive electron affinity sur-
face. However, a reconstructed (2×1) LEEDfactor. For perfectly flat surfaces and no field

enhancement b is equal to 1. In this study the pattern could be detected after every anneal (900,
1100 and 1150°C) and H plasma exposure.RMS roughness of the diamond surfaces was of

the order of a few Å. It is unclear whether b would Therefore the surface is thought to be terminated
with a monohydride after annealing at 1050 orvary significantly for the observed changes in the

RMS surface roughness in the Å range. 900°C for the (100) surfaces cleaned by a chromic
acid or an electrochemical etch, respectively. TheDiamond (100) and (110) surfaces were charac-

terized by means of field emission. All data exhib- hydrogen that terminates the surface after annea-
ling may come from hydrogen that has diffusedited F–N type characteristics. In many instances it

is advantageous to determine a threshold value for into the diamond. Subsequent to the removal of
oxygen from the surfaces, hydrogen could bondemission. The F–N expression does not extrapolate

to a threshold value, however, it has become to the vacant sites on the surface. A NEA for the
monohydride terminated (2×1) reconstructedcommon practice to report a voltage or electric

field where emission is detected. In these experi- (100) surface has been reported before experimen-
tally as well as based on ab initio calculationsments, the emission threshold for a current of

0.1 mA will be defined. At this current the applied [9,11]. From these same studies a positive electron
affinity was reported for the clean (2×1) surface.voltage divided by the distance (i.e. V mm−1) is

termed the average field. In these experiments I–V The data suggest that an adsorbate free surface
could be obtained following annealing atcurves were determined at a series of distances.

The emission threshold current is determined at 1100/1150°C. This means a sufficient amount of
hydrogen was desorbed to remove the NEA. Theeach distance and average field is calculated.

Similar results were obtained at each distance. The feature detected at 1.2 eV below the valence band
maximum following the anneals is suggested to bevalue of the average electric field for the threshold

of emission and corresponding standard deviation due to surface states. Such a feature has been
observed previously at 0.95 eV below the valencewere deduced from the data.

For the oxygen terminated diamond (100) sur- band maximum [27].
A NEA peak of lower intensity was measuredface a threshold electric field of 79±7 V mm−1

was measured. A corresponding value of following the 1050°C (for samples cleaned by a
chromic acid etch) or 900°C (for samples cleaned81±4 V mm−1 was determined for the oxygenated

C(110) surface. Field emission of the hydrogen by an electrochemical etch) anneal than for a H
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plasma clean. After the anneals the surface is of the oxygen. Independent of whether a chromic
acid clean or electrochemical etching had beenproposed to be partially terminated with a mono-

hydride. From the intensity difference of the NEA used, the adsorbate free (100) surfaces exhibited
equivalent (within the experimental uncertainties)peaks, it is estimated that about half the surface

was terminated by a monohydride following the values for the positive electron affinity of
0.70–0.75 eV (Table 1). Further studies may beanneals. Furthermore, the remaining small low

energy feature in the photoemission spectra necessary to clearly understand the mechanism of
the different wet chemical etching procedures, butfollowing annealing at 1100 and 1150°C may be

an indication that the hydrogen has not been it can be said that the electrochemical clean in
combination with a HF dip apparently oxidizesremoved completely from the surface. In compari-

son it is suggested that the H plasma results in the surface differently than a chromic acid etch.
The present data of the C(110) surface suggestessentially complete hydrogen surface termination.

It is notable that after electrochemical etching that a reduction of electron affinity is correlated
with the desorption of oxygen following annealingand a HF dip an oxygen free diamond C(100)

surface can be obtained at lower annealing at 700°C, and the NEA characteristics are sug-
gested to be due to hydrogen present at the surface.temperatures than for a chromic acid clean.

Electrochemical etching may oxidize the diamond Annealing at 800°C appears to desorb a sufficient
amount of hydrogen from the surface resulting insurfaces differently than is the case for the chromic

acid process. Different configurations for oxygen a positive electron affinity. The reports by Pate
[4], Pepper [16 ] and McGonigal et al. [17] indicatebonding on diamond (100) surfaces have been

proposed [10]. One configuration consists of an that a large portion of the hydrogen present on
the surface was desorbed between 800 and 900°Coxygen atom forming a double-bond with one

carbon atom. Alternatively an oxygen atom could while complete hydrogen desorption was observed
up to 1050°C [4]. The apparent conflict may bebe bonded to two adjacent carbon atoms (bridge

bonding configuration). The surface is (1×1) unre- and indication that hydrogen could also be present
in the bulk of the diamond. This may contributeconstructed in either of the configurations. The

surface characterization techniques available for to H desorption up to higher temperatures.
It should be mentioned again that it is difficultthis study were incapable of distinguishing between

these two structures. Thus it was not possible to to measure the temperature of diamond due to its
transparent nature [22]. The temperature valuesdetermine how the oxygen was bonded to the

diamond surfaces subsequent to a chromic acid mentioned in this and other studies may be off
somewhat with respect to each other. This mayclean or electrochemical etch. Based on a surface

dipole model Rutter and Robertson have calcu- reconcile some of the apparent differences in the
results.lated that the bridge bonding is expected to be

more stable by 0.5 eV per surface carbon atom In previous studies, the diamond (110) surface
has always been reported to exhibit a (1×1)than the double bonding [28]. It was also observed

that annealing at 500°C of chromic acid treated LEED pattern [4,12–14]. There has been consider-
able difficulty in producing high quality (110)C(100) surfaces results in a value of +1.0 eV for

the electron affinity. A value of +1.45 eV was diamond surfaces [15]. A (2×1) LEED pattern
was observed for one (110) surface followingfound for annealing electrochemically etched

C(100) surfaces to 500°C. Rutter and Robertson annealing at 800°C. However, all of the other
surfaces studied exhibited a (1×1) LEED pattern.[28] have calculated a lower positive electron

affinity for oxygen on C(100) in a bridge bonded In the photoemission spectra of the annealed sur-
faces, a feature ca 1.8 eV below the valence bandconfiguration than in a double bonded one. The

results may suggest that a chromic acid clean edge was consistently observed. A hydrogen
plasma exposure reduced this feature significantly,results in a preferentially bridge bonded oxygen

termination while electrochemical etching may, on and this peak is attributed to surface states.
Sometimes LEED is not representative of thethe other hand, lead to preferential double bonding
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actual surface structure. For instance, LEED may reduced the emission feature at 1.2 eV below
Ev; andnot detect local reconstructions that can result in

electronic structures observable by photoemission (2) a NEA was observed for the deuterated
C(100) surface.spectroscopy. Previous studies have reported that

certain C(111) surfaces did not show reconstructed Strong NEA peaks of similar high intensity were
found for both hydrogen and deuteriumLEED patterns upon annealing [12,21], however,

Himpsel et al. observed photoemission spectra termination.
As noted in Section 2, the value of 1250°C forindicative of a (2×1) reconstruction for such a

sample [21]. The long range order of a recon- the deuterium desorption temperature from a
C(100) surface is somewhat higher than the valuestructed surface could be disrupted as a result of

roughening or etching following process cycles of 1177°C found by Smentkowski et al. [19]. This
may be due to a difference in the temperature ofsuch as hydrogen adsorption and desorption.

In the present experiments it was observed that the sample and holder.[22]
For C(100) and C(110) surfaces the annealingoxygen could be removed at lower annealing tem-

peratures from diamond (110) than from (100) temperature necessary to remove a NEA due to
deuterium was higher than for the case ofsurfaces. For all surfaces, a NEA is associated

with hydrogen termination and a positive electron hydrogen. This is attributed to an isotope effect
due to the different mass of the atoms that resultsaffinity with oxygen termination. Correspondingly

a NEA could be induced at lower temperatures in a lower vibrational frequency and consequent
changes in the desorption and/or diffusion kineticsfor the (110) surfaces than the (100) surfaces. For

diamond (111) surfaces a NEA could be obtained of deuterium relative to hydrogen. Otherwise the
NEA characteristics of hydrogen – or deuteriumat even lower temperatures. From the experimental

evidence it can be concluded that oxygen is bonded terminated diamond surfaces were found to be
comparable. Similar effects may be expected formost strongly on diamond (100) surfaces. The top

layer of atoms on the unreconstructed surface are the C(111) surface.
The emission observed below the conductionbonded with two bonds to the atoms beneath while

the other two bonds are free. It has been previously band minimum after an extended hydrogen or
deuterium plasma may be a result of band bending.reported that oxygen can be attached easily to the

diamond (100) surface forming either a bridge The band bending may be due to states in the
bandgap that cause Fermi level pinning. Anotherbond between two carbon atoms or a double bond

to one carbon atom [10]. On the C(111) surface possibility is H passivation of the boron acceptors
near the surface which will lead to different bandthe carbon atoms in the top layer are connected

with three bonds to the next layer underneath. The bending for the different regions on the surface.
In either one of these two cases the surface couldfourth bond is oriented perpendicular to the sur-

face. Assuming a truncated-bulk C(110) (1×1) consist of different domains exhibiting differences
in band bending. If the spectrum is a superpositionsurface the carbon atoms in the top layer have one

bond available. Thus the (1×1) C(111) and (110) from regions with different surface Fermi levels,
the spectrum will appear broader with additionalsurfaces each have one bond available. It follows

that for a C(110) surface, the temperature neces- features at both the valence band and the low
energy cutoff. Since the spectral intensity is strong-sary to induce a NEA (700°C) is close to the one

for the C(111) surface (600°C). [A few C(111) est at the low energy end, it is likely to be most
evident here. Another explanation may be thatsurfaces exhibited a NEA directly after a wet

chemical clean.] However, the temperature neces- emission due to excitons occurs. Bandis and Pate
have described this effect for C(111) surfacessary to remove oxygen from C(100) surfaces

(900°C) is somewhat higher. exhibiting a NEA [29]. Such an effect could lead
to emission below the conduction band edge evenOur results of deuterium on C(100) are in

agreement with the study by Francz et al. in that: while the band bending is constant for the entire
surface. However, the exciton binding energy of(1) deuterium exposure of the C(100) surface
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80 meV [29–31] is small compared to the observed that field emission from p-type diamond is due to
electrons in valence band states.extension of the UPS spectra below the conduction

band minimum.
The field emission results suggest that diamond

5. Conclusionssurfaces exhibiting a NEA has a lower threshold
for field emission than those with a positive

The replacement of oxygen with hydrogen haselectron affinity. The field emission process is more
been found to induce a NEA on C(100), (111)complicated than photoemission since it includes
and (110) surfaces. This effect was achieved by ancontributions from carrier injection at the back
anneal or a H plasma exposure. A high temper-interface, conduction through the bulk, and finally
ature anneal capable of removing the adsorbedemission from the surface into vacuum. The last
hydrogen resulted in clean surfaces exhibiting astep may be the same for both photo- and field
positive electron affinity. The present studies indi-emission. Because of the added complexity, it is
cate that oxygen was bonded most strongly to theoften difficult to attribute changes in the effective
diamond (100) surface and most weakly to thebarrier height to specific differences in the samples.
diamond (111) surface. According to the annealingWhile field emission is often described by the F–N
temperatures necessary to remove a NEA fromexpression, it should be noted that this expression
hydrogenated diamond surfaces, the hydrogen ter-was derived for emission from metal surfaces,
mination on the diamond (100) surface appearsassuming no field inside the bulk of the material.
to be the most stable while that of the (110) theAn equation for microscopic dielectric regions has
least thermally stable. Deuterium termination ofbeen proposed [32], but this approach would not
diamond surfaces was found to be stable up tobe a reasonable model for the present case with a
higher temperatures than a correspondingdiamond substrate thickness of 0.25 mm.
hydrogen termination. This was attributed to aBandis and Pate [33] have performed simulta-
higher thermal desorption temperature due to theneous field emission and photoemission measure-
increased mass relative to H. A reduction in fieldments from H(111)-(1×1) natural p-type
emission threshold was found to be correlated withdiamond to investigate the origin of the field
a lowering of the electron affinity. The results

emitted electrons. Since this surface exhibited a
indicate that for p-type diamond surfaces photo-

NEA, the position of the conduction band mini- emitted electrons originate from the conduction
mum could be determined. The electrons due to band minimum, while field emitted electrons
field emission are reported to originate from near appear to be emitted from the valence band
the valence band maximum. maximum.

Here p-type diamond samples were also studied.
For UV photoemission spectroscopy electrons
originating from the conduction band minimum Acknowledgements
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