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Hydrogen-induced surface structuring of a cubic boron nitride „100… face studied
by low-energy electron diffraction and electron spectroscopic techniques
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The surface structure and secondary-electron-emission fine structure of single-crystal cubic boron nitride
~100!, exposed to hydrogen-plasma or argon-ion sputtering, was studiedin situ with low-energy electron
diffraction, secondary-electron-emission spectroscopy, electron-energy-loss spectroscopy, and Auger electron
spectroscopy. Low-energy argon irradiation is capable of disrupting local ordering on the cubic boron nitride
surface and to transform the near-surface region intosp2-type bonding. The effect of hydrogen-plasma treat-
ment is to etch thesp2 amorphous layer away and regeneratesp3 crystallinity on the surface. However,
prolonged hydrogen-etching results in the faceting of the~100! face and changes surface symmetry from~100!
231 into ~111! 131. The secondary-electron-emission spectra of cubic boron nitride were measured in the
0–50-eV electron kinetic-energy range in order to identify fine structures related to conduction-band states.
These fine structures are found to be highly sensitive to long-range order, and their occurrence is characteristic
of crystal perfection. The effect of cumulative argon sputtering is to degrade the secondary-electron-emission
fine structures and suppress the secondary-electron yield. The excitation of the cubic boron nitride bulk
plasmon at 36.8-eV electron loss energy is identified as the primary true secondary-electron production chan-
nel. Suppression of the bulk plasmon due to near-surface disorder results in the degradation of secondary-
electron production from the surface. In contrast, hydrogen-plasma treatment of the amorphorized surface
regenerates the bulk plasmon, the secondary-electron-emission fine structures as well as the total secondary-
electron yield. The results provide strong evidence that the secondary-electron emission from surfaces is a
sensitive function of near-surface order.@S0163-1829~98!05812-3#
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I. INTRODUCTION

Despite the immense interest in cubic boron nitri
(c-BN! because of its technological promise1 as a superhard
chemically inert, wide-band-gap material, there are pra
cally no experimental insights into the surface structure
reactivities of thec-BN surface. The biggest problem facin
c-BN research is the lack of high-quality semiconducti
single-crystal material, whereby surface and bulk proper
can be evaluated adequately. Most of the surface studie
volving c-BN to date were based on polycrystalline2

nanocrystalline,3 or sometimes nonstoichiometric BxNy ma-
terials. Understanding the surface structure and reactivitie
c-BN is essential toward developing the epitaxial growth
c-BN on other materials,4,5 as well as the use ofc-BN as a
substrate for diamond heteroepitaxy.6 For example, knowl-
edge of the surface chemistry of atomic hydrogen and h
gens on diamond has motivated research into potent
more efficient growth methods based on halogen-assi
chemical vapor deposition7 as well as chemical beams.8 In
addition, the band gap ofc-BN ~;6.3 eV! is wider than that
of diamond, and it can potentially show superior negat
electron affinity-related electron-emission properties,
570163-1829/98/57~12!/7266~9!/$15.00
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demonstrated recently by the comparative field-emiss
studies of polycrystallinec-BN and diamond.9 Electron
emission is critically dependent on surface crystallograp
orientation as well as the nature of chemical species ter
nating the crystal face.10 From a fundamental viewpoint, re
search onc-BN is highly interesting because the material
intermediate between diamond, SiC, and III-V compoun
Unlike diamond, the bonds inc-BN are hetero-polar and th
differences in ionic radii is 20%. Calculations show that t
preferred form of surface structure is a SiC-type of 232
bridging reconstruction.11 X-ray-diffraction intensity analy-
sis shows that there is a charge transfer of about 0.4e from
the B to N atoms,12 which means its polarity is rather simila
to III-V compound materials, and would provide properti
different from that of diamond with symmetric electron di
tribution along the C-C bonds. At thec-BN surface, atomic
valencies can allow three-fold coordination of either a bor
or nitrogen dimer atom without any dangling bonds. This
in contrast to the diamond surface where the~111! 131 or
~100! 231 surface structure has to be maintained by mo
hydride termination to prevent the collapsing of the surfa
into p bonds.13,14 Finally, depending on whether the surfac
is terminated by nitrogen or boron, the chemical reactivit
7266 © 1998 The American Physical Society
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57 7267HYDROGEN-INDUCED SURFACE STRUCTURING OFA . . .
and electronic properties may differ. For example, during
heteroepitaxial growth of diamond onc-BN, nucleation is
observed to proceed selectively on the boron-termina
surface.6 The different reactivities of the boron- an
nitrogen-terminated surface manifest in wet-etching beh
iour as well. Due to the polarity difference between the
and N face ~B]1N]2!, the B face reacts rapidly with
OH2-based etchants, while the N face reacts rapidly w
H1-based etchants, leaving behind predominantly inert N
B etch-pit faces, respectively.15 In this study, in order to
investigate the etching capability of atomic hydrogen on B
sp2 phases, thec-BN ~100! sample was amorphorized s
quentially in a controlled manner and then treated with
drogen plasma. Our motivation is based on the considera
that atomic hydrogen can assume the role of ansp2 etchant
as well as asp3 phase promoter during the chemical vap
deposition~CVD! of diamond; therefore it is interesting t
consider the interactions of atomic hydrogen withc-BN. Hy-
drogen termination of the diamond surface has also b
known to produce a negative electron affinity condition16

which enhances the escape probability of secondary e
trons from the surface. In that context, we record
secondary-electron-emission spectra during hydrog
plasma treatment and cumulative argon sputtering of the
face in order to understand the dependence of the secon
electron-emission characteristics on thec-BN surface
condition.

II. EXPERIMENT

The Be-dopedc-BN ~100! crystal (232 mm2) used in
this study was grown heteroepitaxially on diamond~100!
under high-temperature and high-pressure conditions u
the temperature gradient method as reported previous17

Surface science studies were carried out in an Auger mi
probe system equipped with dedicated electron optics
performing scanning electron microscopy~SEM!, ion-beam
profiling, secondary-electron-emission spectroscopy~SEE!,
electron-energy-loss spectroscopy~EELS!, and Auger elec-
tron spectroscopy~AES!. SEE measurements were pe
formed using a field-emission-type electron gun capable
high spatial resolution~10-nm spot size! and a 100-mm ra-
dius concentric hemispherical analyzer utilizing puls
counting, multichannel detection. Argon sputtering was p
formedin situ with a rastered ion beam at 0.5–2 KeV, and
a beam current of 40–70 nA. All focusing for electron spe
troscopy and ion beam etching was fine tuned with the h
of real-time secondary electron imaging of the sample. S
ondary electrons were excited by primary beam energy o
KeV and with a beam current of 10 nA on a spot size of 1
mm, and were detected by the analyzer at normal emis
using a constant retardation ratio~CRR! mode of 0.15 EELS
was performed using 1-KeV primary beam and with t
analyser at a fixed pass energy of 20 eV. The full width
half maximum of the primary peak was less than 2 eV. Lo
energy electron diffraction~LEED! was performed in a sec
ond UHV chamber equipped with four-grid retarding-fie
electron optics. The second UHV chamber is connected
microwave CVD system where the sample can be introdu
in vacuum for treatment with pure hydrogen plasma, util
ing a microwave power of 800 W, a hydrogen pressure of
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kPa, a flow rate of 400 ml min21, and a substrate tempera
ture between 650 and 750 °C. The term ‘‘as-received’’ in t
context of our sample means as-grownc-BN crystal that had
been subjected to polishing with diamond grit to obtain
optical finish and ultrasonication in ethanol bath before
introduction into the UHV chamber. Surface composition
analysis by AES of the as-receivedc-BN ~100! sample re-
vealed about 10% carbon contamination on the surface,
with B:N elemental ratios observing 1:1 stoichiometry. T
electronic spectra of a commercially available highly o
ented pyrolytic hexagonal BN~h-BN! sample were also re
corded for comparison.

III. RESULTS

A. LEED

The LEED pattern of the as-receivedc-BN ~100! is
shown in Fig. 1 to reveal a 131 symmetry. Large, diffuse
diffraction spots and a high background intensity are indi
tive of a poorly formed surface after polishing. There are t
possibilities for the lack of a reconstructed superlattice
long-range order: the experimentally observed~100! 131
structure could either reflect the periodicity of the bulk m
terial under a disordered surface, or it could reflect id
bulk-terminated~100! surface. Thec-BN ~100! 131 surface
was then treated with pure hydrogen-plasma for 45 mins
750 °C. As a result, the four-fold symmetry square mesh
the LEED pattern of Fig. 1 is dramatically transformed into
very sharp, six-fold symmetry hexagonal mesh, as show
Fig. 2~a!. The 131 hexagonal reciprocal net is indicated
Fig. 2~b!. The observed diffraction spots were concluded
originate from facets generated by hydrogen etching beca
of ~i! the trajectory crossing of LEED spots as incident e
ergy of the electron beam was varied, and~ii ! the off-normal
position of the reflected primary beam and generation of s
ondary electron patterns. The observed symmetry, hereby
noted as~111! 131, was found to be quite stable to furthe
restructuring as the~111! 131 structure did not change upo
further exposure to hydrogen plasma.

In order to obtain information on surface cleaning a
regeneration, the samec-BN ~100! sample exhibiting faceted

FIG. 1. LEED pattern of an as-receivedc-BN ~100! crystal
showing~100! 131 at Ep ~primary energy!5124 eV.



rg
ed
o

th
1

te
i

n
t
is
e
th
d
r 1
is

gr

m
th

in
a

tch
nsi-
r-
io-

an

7268 57KIAN PING LOH et al.
~111! 131 surface symmetry was subjected to low ene
~500 eV! argon sputtering. The diffraction pattern vanish
following such a treatment for 10 min, suggesting a loss
the long-range order. The argon-sputtered surface was
subjected to hydrogen-plasma treatment at 690 °C for
min. The intensities of the diffraction spots were regenera
following such a treatment, but the symmetry, as shown
Fig. 3~a!, changed dramatically to that of~100! 231. The
reciprocal net is illustrated in Fig. 3~b!. Weak half-order
spots could be seen in the^010& direction but absent from the
orthogonal̂ 100& direction. This is evident of the fact that i
real space, the surface atoms have periodicity twice tha
the bulk in one crystallographic orientation, which is cons
tent with a surface~100! 231 reconstruction. To investigat
the effect of prolonged hydrogen-plasma treatment on
surface structure, the~100! 231 surface was further treate
by hydrogen plasma at a higher temperature of 750 °C fo
min. The LEED pattern as shown in Fig. 4 reveals the d
appearance of the half-integral spots, so that the surface
ing appears to be similar to that of the truncated bulk~100!
131. Finally, after exposing the surface to hydrogen-plas
treatment at 750 °C for another 20 min, the symmetry of
diffraction spots once again transformed to a~111! 131 pat-
tern as shown in Fig. 5, which is evident of the restructur
of the cubic~100! face into~111! facets by hydrogen-plasm
etching.

FIG. 2. ~a! LEED pattern showing sharp~111! 131 structure
after the first hydrogen, plasma treatment for 45 min at 750 °C
Ep5150 eV. ~b! The 131 hexagonal net in reciprocal space.s,
first-layer surface atoms;d, second-layer~bulk! atoms.
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B. SEE results

Prior to recording the SEE spectrum, thec-BN ~100!
sample was treated with hydrogen-plasma at 690 °C to e
away surface carbon contamination so that, within the se
tivity of AES analysis, the chemical composition of the su
face consisted of only boron and nitrogen observing stoich

d

FIG. 3. ~a! LEED pattern showing~100! 231 structure after
hydrogen-plasma treatment of the amorphorized surface~argon
sputtered! at 690 °C for 15 min;Ep5178 eV. ~b! The 231 net in
reciprocal spaces, first-layer surface atoms,d second-layer~bulk!
atoms.

FIG. 4. LEED pattern showing~100! 131 structure following
further hydrogen-plasma treatment of the~100! 231 surface~Fig.
3! at 755 °C for 15 min;Ep5189 eV.
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57 7269HYDROGEN-INDUCED SURFACE STRUCTURING OFA . . .
metric ratios. Figure 6 shows the SEE spectra collected
thec-BN sample from 0–50-eV absolute kinetic energy a
function of primary beam energy in theN(E) vs E mode.
The integrated intensity of these secondary electrons
commonly used in order to image surfaces in the SEM,
the total intensity of the secondary electron yield direc
correlates with the brightness of the sample SEM image.
can be seen, between 1000- and 500-eV primary elec
beam, the energy dependence of the secondary-electron
consists of several well-defined peaks indicated asS0 , S1 ,
S2 , andS3 in Fig. 6. To identify the true energy positions o
the fine-structure peaks and to eliminate the background
spectra in the integratedN(E) mode were differentiated
twice to obtain thed2(E)/d@N(E)#2 spectra, where the tru
energy positions can be read off from the negative maxim

FIG. 5. LEED pattern showing the regeneration of the~111!
131 structure after a final hydrogen-plasma treatment of the~100!
131 surface~Fig. 4! at 750 °C for 20 min;Ep5160 eV.

FIG. 6. SEE spectra of thec-BN ~100! sample collected in the
N(E) vs E mode excited by different primary-electron energies
indicated.
or
a
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d

s
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eld

he
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2d2(E)/d@N(E)#2 as indicated in Fig. 7. The spectra in Fi
7 were normalized for comparison. Varying the beam ene
from 1000 to 600 eV did not affect the peak positions ofS0

~7.5 eV!, S1 ~13 eV!, S2 ~17 eV!, and S3 ~24 eV!. As the
c-BN Fermi level is extrinsic and band bending may occur
thec-BN surface, it was not possible to measure the elect
kinetic energy accurately with respect to thec-BN vacuum
level from our study, and peak positions are simply quoted
absolute kinetic energies. These peaks were consistently
defined in terms of shapes and positions as the electron b
was scanned across the surface. Below a primary beam
ergy of 400 eV, the secondary-electron yield declined, a
the resolution of the fine structures was lost in theN(E) vs E
mode.

The dependence of the SEE fine structures on crystal
fection was investigated by sequential low-energy argon
sputtering of thec-BN sample in order to introduce defec
gradually onto the surface. Ion sputtering has been know
amorphorize diamond18 andc-BN.2 The results of the cumu
lative argon sputtering are shown in Fig. 8 in theN(E) vs E
mode. Clearly, there is dramatic transformation in the S
spectra for an argon sputtering time as short as 15 min, as
well-defined peaksS1 , S2 , and S3 become smeared out i
Fig. 8~b!. The spectra as indicated by Fig. 8~c! and 8~d!, and
which correspond to longer 500-eV argon sputtering ti
suffer a gradual loss in secondary-electron yield. W
higher-energy argon sputtering at 1–2 KeV, the to
secondary-electron yield became drastically suppres
along with the degradation of peakS0 as shown in Figs.
8~f!–8~h!. Further to cumulative argon sputtering, the surfa
was treated with pure hydrogen plasma for 20 min. As
result, the SEE fine structures and the total second
electron yield as shown in Fig. 8~i! dramatically recovered
The peak profiles in Fig. 8~i! are qualitatively similar to the
initial unsputtered surface in Fig. 8~a!, indicating strongly
that hydrogenation of the surface is capable of regenera

s

FIG. 7. SEE spectra ofc-BN ~100! as in Fig. 6, but collected in
the negative of the double derivative mode.
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7270 57KIAN PING LOH et al.
initial-state crystallinity. It is also clear from the results th
the SEE fine structures are meaningful expression of the
face crystalline integrity.

C. EELS

The SEE spectral evolution ofc-BN during the entire
sequence of surface modification was accompanied by E
and high-resolution AES studies in order to understand
structural changes that effected the transformation in
SEE spectra. The peak positions were obtained after
forming a linear background subtraction and Gaussian
convolution to the energy-loss spectra. For the as-rece
sample, the EELS spectrum as shown in Fig. 9~a! collected
in theN(E) vs E mode, reveals two major plasmon peaksE0
~27 eV! andE1 ~36.8 eV!; the smaller peakE2 at 15.8 eV is
assignable to interband transition based on the reflecti
data of Phillip and Taft,19 who reported a prominent peak
14.5 eV. Following 500-eV argon sputtering for 15 min,
small shoulder labeled asP ~8 eV! assignable to thep→p*
transition ofsp2 unsaturated bonds can be seen in Fig. 9~b!,
which grows in intensity with longer sputtering time. Afte
further cumulative argon sputtering at higher argon be
energies, two further changes took place. First, the bulk p
mon peakE1 ~36.8 eV! is attenuated. Second, the peakE0
~27 eV! moves to lower loss energy at positionE3 ~23 eV!.
Comparing Fig. 9~h! with the EELS spectrum of pyrolytic
hexagonal BN in Fig. 11~b! suggests that the effect of argo
sputtering is to convert thesp3 bonding on the surface into
sp2 bonding. This is evident in the suppression of plasm
peakE1 and the shift of the plasmon peakE0 to positionE3
~23 eV! closer to the bulk-plasmon peak~22.5 eV! of hex-

FIG. 8. Evolution of the SEE fine structures starting from
hydrogen-plasma treatedc-BN ~100! sample in~a!; and after cumu-
lative argon sputtering using an argon-ion beam of~b!–~d! 500 eV
for 20, 40, and 60 min;~e! and~f! 1000 eV for 20 and 40 min;~g!
1500 eV, 20 min; and~h! 2000 eV, 20 min;~i! Showing the regen-
eration of the fine structures following a second hydrogen-plas
treatment for 20 min.
t
r-

S
e
e
r-

e-
ed

ty

s-

n

agonal BN, as well as the growth ofp-bond peakP. Thesp3

phase can be regenerated however by hydrogen-plasma
ment as revealed in Fig. 9~i!. Thep-bond peak is completely
suppressed following hydrogen-plasma treatment, along w
the regeneration of the bulk plasmon peakE1 ~36.8 eV!.
Therefore we can identify plasmon peakE1 as the fingerprint
for good crystallinity inc-BN. It is worthwhile pointing out
that while the lower-energy bulk plasmon peakE0 ~27 eV! is
commonly observed for polycrystallinec-BN,2 the higher
energyE1 ~36.8 eV! peak is rarely reported despite bein
predicted by theoretical optical calculations.20 This could be
due to the fact that most of the surface studies to date
volved polycrystalline or nanocrystalline BN material co
taminated with carbon and oxygen.2,21 In addition, argon
bombardment has sometimes been used for surface ‘‘cl
ing’’ of these polycrystalline material before recording th
electron spectrum, which we have just demonstrated her
be effective in suppressing bulk plasmon peakE1 .

D. Auger KVV

High-resolution AugerKVV ~core-valence-valence! spec-
tra of boron are shown in Figs. 10~a! for the as-received
surface, and Figs. 10~b!–10~e! for the argon-sputtered sur
face. No significant shift in the main Auger peak can
discerned along the whole course of argon sputtering, s
gesting that charging effects were not present, due to
conductivity of our doped samples. The Auger peak po
tions are taken at the middle excursion of the maximum a
minimum in the derivative curve to reveal the position of t

a

FIG. 9. Evolution in the EELS spectra starting from as-receiv
sample in~a!, and after cumulative argon sputtering using an arg
ion beam of~b!–~d! 500 eV for 20, 40, and 60 min;~e! and~f! 1000
eV for 20 and 40 min;~g! 1500 eV for 20 min; and~h! 2000 eV for
20 min. ~i! After hydrogen-plasma treatment for 20 min.
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57 7271HYDROGEN-INDUCED SURFACE STRUCTURING OFA . . .
main Auger peakA1 ~167 eV! and one smaller peak atA2
~152 eV!. Both peaks were assigned in Ref. 2 to pyroly
c-BN, considering the self-convolution of the valence-ba
density of states. After cumulative argon sputtering, the A
ger spectra become richly structured with peaks atA5 ~172
eV!, A6 ~177 eV!, A4 ~144 eV!, A7 ~184 eV!, andA8 ~193
eV! as shown in Figs. 10~b!–10~e!. These finer features ar
suppressed upon hydrogen-plasma treatment of the su
as shown in Fig. 10~f!, along with a complete regeneration
the Auger peak profile before argon sputtering. The resu
evident of the transformation of the local bonding enviro
ment of c-BN from sp3 to sp2 types characteristic of the
hexagonal phase following 500–1500-eV argon sputter
Following hydrogen-plasma treatment, thesesp2 phase was
effectively etched. A comparison with the B-KVV Auger of
hexagonal BN, shown in Fig. 11~c!, reveals peaksA4 , A5 ,
andA6 to be common to both the argon-sputteredc-BN and
h-BN.

E. Pyrolytic hexagonal BN

The SEE, EELS, and AES spectra of pyrolytic hexago
BN ~h-BN! are provided for comparison in Figs. 11~a!–
11~c!. The SEE spectrum ofh-BN is rather distinct from that
of the c-BN; it consists of a sharp peak at 11 eV, which
due to the secondary-electron cascade before the vac
level cutoff. In c-BN spectra, no discernible sharp low
energy cutoff near zero kinetic energy can be discerned
the SEE spectra~Fig. 6!. Apparently, the vacuum level o
h-BN is situated farther than that ofc-BN from the spectro-
scopic Fermi constant. One reason is that theh-BN sample is
more insulating than the Be-dopedc-BN sample, and tha

FIG. 10. High-resolutionKVV Auger spectra for~a! as-received
c-BN, and after cumulative argon sputtering using@~b! and~c!# 500
eV for 20 and 40 min;~d! 1000 eV for 20 min; and~e! 2000 eV for
20 min. ~f! After hydrogen-plasma treatment for 20 min.
d
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ce
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l

um

or

charging occurred during electron spectroscopy, as veri
by a shift in the low-energy cutoff with changes in the p
mary excitation energies. Another possibility is the o
curence of a negative electron affinity condition forc-BN
which can place the vacuum level below the conductio
band minimum. No distinct fine features can be seen in
SEE spectrum ofh-BN collected in theN(E) vs E mode
compared to that ofc-BN. The EELS spectrum ofh-BN in
Fig. 11~b! shows a distinct peak at 8 eV due top→p* tran-
sition of unsaturated bonds and a plasmon peak at 22.5
loss energy. The AES B-KVV spectrum ofh-BN in Fig.
11~c! shows distinct peaks atA4 ~143 eV!, A5 ~174 eV! and
A6 ~181 eV! which are common to the argon-sputteredc-BN
~Fig. 10!.

IV. DISCUSSION

A. Surface structure

The ability of hydrogen plasma to smooth diamond s
faces is well-documented.22,23 After treating the C~100! sur-
face with pure hydrogen plasma, a sharp 231 LEED pattern
can often be seen which is stable in air. Under more extre
conditions of etching time, plasma power, and substrate t
perature, however, hydrogen plasma can result in increa
faceting or roughening of the diamond surfaces.24 At present,
the mechanism responsible for smoothening or roughen

FIG. 11. Composite spectra showing~a! SEE,~b! EELS, and~c!
Auger B-KVV of pyrolytic hexagonal BN.
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7272 57KIAN PING LOH et al.
of the diamond surface by hydrogen is not understood. I
clear from the present study that hydrogen plasma can e
tively etch and restructure thec-BN surface, with the exten
of such restructuring, i.e., evolution of the LEED patte
dependent on treatment time and substrate temperature
terestingly, after moderate hydrogen-plasma treatment co
tions~short treatment time, lower temperature of 690 °C!, the
c-BN ~100! crystal was observed experimentally to adopt
~100! 231 surface symmetry~Fig. 3!. Such a structure could
be produced by parallel rows of boron or nitrogen dimers
the surface. The observation of a single-domain 231 struc-
ture also suggests that within the domain size~50 nm! de-
fined by the electron-beam coherence width, the surfac
terminated only by either nitrogen or boron, but not by bo
since the latter configuration will give rise to different d
mains orthogonal to each other and result in effectivel
232 or 231/132 multidomain structure. With prolonge
hydrogen-plasma etching, the surface becomes faceted, a
sequential transition of the surface symmetry from~100!
231 ~Fig. 3! into intermediate~100! 131 ~Fig. 4! and finally
~111! 131 ~Figs. 2 and 5! can be observed. The~111! 131
structure appears to be relatively stable to further restruc
ing at the plasma conditions employed in this work, althou
the reason for this is not clear at the moment. In view of
readiness at which thec-BN ~100! surface can be structured
future attempts at cleaning or preparing a smoothc-BN ~100!
surface using microwave hydrogenplasma will require ca
ful control of treatment time and substrate temperature.

B. Origins of c-BN SEE spectra

The SEE spectra have been demonstrated for many
tems including graphite25–27 and diamond,18,28,29 and peaks
in the fine structures have been shown to reflect high-ene
conduction-band states in agreement with other spec
scopic techniques~i.e., inverse photoemission! sensitive to
the empty density-of-states and band-structure calculati
The SEE fine structure may originate from~1! direct excita-
tion of the valence-band electron by the primary electron,~2!
by the population of unoccupied electronic states by casc
electrons~true secondaries!, and~3! by means of the deexci
tation channel for collective plasmon modes. Prior to th
propagation into a vacuum, these secondary electrons oc
conduction-band states above the vacuum level in the cry
field; therefore, fine structure in the SEE spectrum will
flect the density of the unoccupied electronic states at
corresponding measured secondary-electron kinetic ener
As seen from Fig. 6, there is some dependence of the
spectrum on primary energy. The relative intensities of
peakS0 ~7.5 eV! to peakS1 ~13 eV! are observed to decreas
from 1:0.6 to 1:1.8 as the primary beam is decreased f
1000 to 500 eV, along with a smearing out of the fine str
tures in theN(E) mode. There is no change in the pe
positions with changes in primary beam energy, indicat
that the structures are derived from conduction-band st
since a change in primary excitation energy will affect pe
positions ~kinetic energies! if the structures originate from
the valence levels. The higher-energy primary beam ha
higher efficiency in exciting electrons from deep-level stat
These electrons undergo plasmon or Auger deexitation
cesses and can contribute to the structured second
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electron peaks over the structureless secondary electron
cade observed using a lower-energy excitation beam. Th
SEE fine structures are sensitive fingerprints of the crys
line perfection on thec-BN surface. We find a correlation
between the loss of the LEED diffraction spots and t
smearing out of the SEE fine features following low-energ
short-time argon sputtering, together with the regeneratio
the diffraction spots and spectral features followi
hydrogen-plasma treatment. It is instructive to compare
peaks in our SEE spectra in Fig. 7 with the theoretical
lence band spectra ofc-BN.20,30,31The energy values of the
high-symmetry conduction-band states are referenced to
valence-band maximum~VBM ! G15,v8 , which is set to zero
energy value, as tabulated in Table I, along with possi
assignments of the SEE peaks assuming integration of p
toelectrons over the wholek space. The most likely assign
ment of peakS0 ~7.5 eV! is the conduction-band minimum
~CBM! in c-BN. Similar observation of an intense peak
5.5–6 eV with respect to the top of the valence band a
attributable to the CBM has been reported for the SEE sp
trum of diamond with an electron28 or a photon32 as the
primary excitation source. In this case, if the CBM is abo
the vacuum level due to a negative electron affinity con
tion, electrons that are excited into the CBM can propag
into the vacuum with a band-gap energy of;6–7 eV. The
indirect band gap ofc-BN has a the CBM at theX1,C sym-
metry point, located at 6.3 eV from the VBM. This mea
that 1.2 eV~7.5–6.3 eV! should be added to the as-measur
absolute kinetic energies in our SEE spectra in order to
erence them to the VBM. This allows us to assign the o
served SEE peaksS1–S3 by comparison with the theoreti
cally calculated band structure ofc-BN,30 as tabulated in
Table I.

C. Comparison with EELS and Auger spectroscopy

It is interesting to consider the correlation between
reduction in the integrated secondary-electron yield a
changes in surface condition as probed by EELS or Au
spectroscopy, since the deexcitation of plasmons or Au
processes may act as a generation channel for the mea
secondary electrons. It is worthwhile comparing the sa
pling depth of the different spectroscopic techniques use
this study in order to correlate the spectral evolution of
argon-sputtered surface with the loss of long-range or
~diffraction symmetry!, the disruption of short-range orde
(sp32sp2 bonding! and the suppression of secondar

TABLE I. High-symmetry points from band-structure calcul
tions of c-BN ~Ref. 30!.

Symmetry points Energy values SEE peaks assignme

G15,v 0 ¯

X1,c 6.3 S0

X3,c 11.3 ¯

X5,c 21.9 S3

G1,c 12.6 S1

G15,c 11.4 ¯

L1,c 18.5 S2

L3,c 13.4 ¯
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electron yield~scattering by surface defects!. The sampling
depth of EELS using 1000-eV electrons is about 2 nm, wh
the mean free path for the B~KVV! Auger electrons is abou
0.6 nm.33 The mean free path for the low-energy second
electrons below 20 eV can be higher than 2 nm, but
escape probability is critically dependent on surface defe
long-range order, surface chemical composition, etc. T
damage range of 1.5–2-KeV argon ions is in the same o
as the sampling depth of 1000-eV EELS based onTRIM88

calculations.34 Both EELS andKVV Auger results have
shown that amorphorization of thec-BN surface by 0.5–2-
KeV argon ions cause an increasing conversion of the
face intosp2 bonding, while the SEE spectra show that t
yield of secondary electrons in the near surface region
creases drastically with argon ion beam energy greater
1.5 KeV. Since the skin depth of EELS covers the en
thickness of the ion-beam-modifiedc-BN using 0.5–2-KeV
argon ions, the evolution of the bulk-plasmon featureE1
~36.8 eV! reflects the damage range of the argon ions.
example, while low-energy argon-ion beam~.500 eV! can
disruptsp3 bonding on the surface, its damage range is li
ited to 1 nm, so the bulk-plasmon peakE1 remains strong,
and is suppressed only by 1.5–2-KeV argon treatment w
deeper damage range~. 2.5 nm!. The suppression of pea
E1 in Figs. 9~g! and 9~h! following 2-KeV argon treatment is
evident of the loss of crystallinity of up to 2.5 nm from th
surface, due to the conversion of the near-surface reg
into sp2 amorphous layers. Therefore the regeneration
peak E1 ~bulk plasmon! and suppression of peakP ~sp2

bonding! following hydrogen-plasma treatment in Fig. 9~i!
implies that atomic hydrogen is effective in etching away
the amorphorizedsp2 BN layers and to uncover the deep
undamaged crystalline phase. It is interesting to consider
the drastic suppression in secondary yield and the disapp
ance of peakS0 ~7.5 eV! in the SEE spectra@Figs. 8~g!–8~h!#
corresponds to the disappearance of the bulk-plasmon
E1 ~35 eV! in the EELS spectra@Figs. 9~g!–9~h!#. Whereas
higher-energy SEE fine featuresS1 , S2 , andS3 are attenu-
ated with short-time and low-energy argon sputtering, s
gesting that their disappearance is related to the shorter m
free path of these electrons which cannot escape through
amorphorized surface layers, the SEE peakS0 parallels the
plasmon peakE1 along the course of the argon sputterin
and both peaks extinguished simultaneously towards the
We speculate therefore that the secondary-electron peaS0
has its origins from the plasmon deexcitation process
which manifest in energy-loss peakE1 . In other words,
bulk-plasmon deexcitation process generates secondary
trons that collect at the bottom of conduction band (S0) prior
to their escape into the vacuum.

To test our hypothesis, the EELS spectra ofc-BN was
collected with the primary excitation energy varied betwe
1000 and 200 eV in order to correlate the plasmon peak
the total intensity and fine structures of the correspond
SEE spectra. We observed that as the primary excitation
ergy was decreased from 1000 to 200 eV, the bulk-plasm
peakE1 became increasingly weaker, along with a para
suppression in the integral secondary-electron yield and
tenuation in the intensity of peakS0 , as shown in Fig 6. We
interprete the connection by linking the excitation of the bu
plasmon at 36.8 eV as being the primary true secondary e
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tron production channel. In that context, the near-z
secondary-electron peaks in amorphous carbon thin film35,36

as well as graphite37 have also been correlated to plasm
decay.

The short mean free path of the B-KVV Auger electrons
~0.6 nm! ~Ref. 33! means that the line shape is representat
of the surface structure up to three atomic layers from
surface. The Auger spectrum of crystalline BN is less w
resolved compared toh-BN. The main signature for the
amorphorization of the surface develops on the right sho
der of the derivative B-KVV peaks, in the form of peaksA5
andA6 as shown in Fig. 10~b!. In the context ofh-BN, the
origin of peaksA5 and A6 have been interpreted2 by the
self-convolution of the valence band density of states, or
considering interatomic Auger transitions of theKBL2,3

N L2,3
N

type from electron orbital components. PeakA4 has been
linked to double Auger transition38 involving a core exciton
in the final state while the high-energy peakA6 may be the
direct nonradiative recombination of such an excitio
Hydrogen-plasma treatment of the amorphorized surface
moves all the fine featuresA3–A8 . Therefore, in contrast to
the SEE spectra where the fine features become smeare
following argon sputtering, the Auger B-KVV spectrum ac-
tually develops sharper features following the amorphori
tion of the surface. One possible interpretation is that
effect of argon sputtering creates defect as well asp-bonding
states, narrows the band gap, and that the richly structu
Auger features arise from a self-convolution of these sta
An additional observation involves the gradual evolution
the Auger KVV spectra in contrast to the sudden loss of fi
structures in the SEE spectra during the earliest stage o
quential argon sputtering. This prompts us to infer that
Auger KVV features are sensitive to short-range local or
(sp32sp2) which is only gradually disrupted with increas
ing argon dose while the SEE fine features are sensitiv
long-range ordering, which is readily disrupted at the ea
stage.

D. Possible roles of atomic hydrogen
in c-BN in growth

Harris et al.39 demonstrated recently that a polycrysta
line, mixedsp2/sp3 BN film grown heteroepitaxially on S
can be etched by a dilute CH4H2 mixture in a hot filament
reactor, as is evident from the etching of the film to the b
substrate on some areas. They suggested that thesp2 phase
was preferentially etched. In this study, we observed that
using pure hydrogen plasma, both thesp2 andsp3 phases on
a single-crystalc-BN can be etched. The ability of atomi
hydrogen~produced by the dissociation of pure hydrogen
microwave plasma! to etch awaysp2 BN layers onc-BN and
regenerate crystallinity suggests a possible role of ato
hydrogen as ansp2 etchant during the vapor phase depo
tion of c-BN. For example, there could be alternative grow
and etching cycles for producing a higher purity film. How
ever, we discover in this study that atomic hydrogen is
pable of etching thesp3 layers to restructure thec-BN sur-
face as well. This means that the presence of ato
hydrogen duringc-BN growth will modify the steps distri-
bution and affect the step flow, influencing the morpholog
in an unpredictable way. The differing reactivities
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nitrogen- or boron-terminated faces to hydrogen implies t
hydrogen etching may selectively promote the appearanc
the face that forms the less volatile hydrides. We are c
rently extending the work to examine the nature of the t
minating species on the surface following hydrogen-plas
treatment ofc-BN. Nevertheless, our results suggest tha
may be worthwhile introducing atomic hydrogen and/or h
drogen ions during the vapor phase deposition ofc-BN.

V. CONCLUSIONS

~1! Atomic hydrogen generated by microwave plasma
capable of structuring thec-BN ~100! face at temperature
between 700 and 800 °C. The~100! 231 face is not stable to
hydrogen etching and becomes faceted, finally generating
on

o
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J
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Y
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S.
t
of
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r-
a
t
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s

he

~111! 131 face that is stable to further hydrogen restruct
ing.

~2! Low-energy~0.5 KeV! argon-ion sputtering destroy
the long-range ordering ofc-BN, which is reflected in the
smearing out of the SEE fine structures related
conduction-band states. Higher-energy~1.5–2 KeV! argon
sputtering converts the near-surface region intosp2 bonding.
The amorphorizedsp2 BN layers can be effectively remove
by hydrogen plasma to regeneratesp3 crystallinity.

~3! There is a relationship between the integrat
secondary-electron yield and the bulk-plasmon peak at 3
eV. Our results suggest that the origin of the low-ener
secondary electrons inc-BN come from the bulk-plasmon
deexcitation process.
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