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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 stuisdu 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 $mfetype bonding. The effect of hydrogen-plasma treat-
ment is to etch thesp? amorphous layer away and regenerafg crystallinity on the surface. However,
prolonged hydrogen-etching results in the faceting of(ff) face and changes surface symmetry frd90)
2X1 into (111 1X1. 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 ordg80163-18208)05812-3

[. INTRODUCTION demonstrated recently by the comparative field-emission
studies of polycrystallinec-BN and diamond. Electron

Despite the immense interest in cubic boron nitrideemission is critically dependent on surface crystallographic
(c-BN) because of its technological promises a superhard, orientation as well as the nature of chemical species termi-
chemically inert, wide-band-gap material, there are practinating the crystal fac¥ From a fundamental viewpoint, re-
cally no experimental insights into the surface structure osearch orc-BN is highly interesting because the material is
reactivities of thec-BN surface. The biggest problem facing intermediate between diamond, SiC, and Ill-V compounds.
c-BN research is the lack of high-quality semiconductingUnlike diamond, the bonds io-BN are hetero-polar and the
single-crystal material, whereby surface and bulk propertieslifferences in ionic radii is 20%. Calculations show that the
can be evaluated adequately. Most of the surface studies ipreferred form of surface structure is a SiC-type of 2
volving c-BN to date were based on polycrystallihe, bridging reconstructioh! X-ray-diffraction intensity analy-
nanocrystallin€, or sometimes nonstoichiometric,B, ma-  sis shows that there is a charge transfer of abowt fi@im
terials. Understanding the surface structure and reactivities dhe B to N atoms$? which means its polarity is rather similar
c-BN is essential toward developing the epitaxial growth ofto 11I-V compound materials, and would provide properties
c-BN on other materialé® as well as the use af-BN as a  different from that of diamond with symmetric electron dis-
substrate for diamond heteroepitaék§For example, knowl- tribution along the C-C bonds. At theBN surface, atomic
edge of the surface chemistry of atomic hydrogen and halovalencies can allow three-fold coordination of either a boron
gens on diamond has motivated research into potentiallpr nitrogen dimer atom without any dangling bonds. This is
more efficient growth methods based on halogen-assistdd contrast to the diamond surface where thé1) 1X1 or
chemical vapor depositidras well as chemical bearfidn (100) 21 surface structure has to be maintained by mono-
addition, the band gap @-BN (~6.3 eV) is wider than that hydride termination to prevent the collapsing of the surface
of diamond, and it can potentially show superior negativeinto 7 bonds****Finally, depending on whether the surface
electron affinity-related electron-emission properties, ass terminated by nitrogen or boron, the chemical reactivities
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and electronic properties may differ. For example, during the
heteroepitaxial growth of diamond onBN, nucleation is
observed to proceed selectively on the boron-terminated
surface® The different reactivities of the boron- and
nitrogen-terminated surface manifest in wet-etching behav-
iour as well. Due to the polarity difference between the B
and N face (B*N?"), the B face reacts rapidly with
OH™-based etchants, while the N face reacts rapidly with
H*-based etchants, leaving behind predominantly inert N or
B etch-pit faces, respectively.In this study, in order to
investigate the etching capability of atomic hydrogen on BN
sp? phases, the-BN (100 sample was amorphorized se-
guentially in a controlled manner and then treated with hy-
drogen plasma. Our motivation is based on the consideration
that atomic hydrogen can assume the role ofgh etchant

as well as asp® phase promoter during the chemical vapor
deposition(CVD) of diamond; therefore it is interesting to
consider the interactions of atomic hydrogen witBN. Hy-
drogen termination of the diamond surface has also bee
known to produce a negative electron affinity condittbn, i
which enhances the escape probability of secondary ele&Pa, a flow rate of 400 mi mitt, and a substrate tempera-
trons from the surface. In that context, we record theture between 650 and 750 °C. The term “as-received” in the
secondary-electron-emission spectra during hydrogercontext of our sample means as-groaBN crystal that had
plasma treatment and cumulative argon sputtering of the sufeen subjected to polishing with diamond grit to obtain an

face in order to understand the dependence of the Seconda@‘)tical finish and ultrasonication in ethanol bath before its
electron-emission characteristics on theBN surface introduction into the UHV chamber. Surface COI’npOSitiOI’la|

condition. analysis by AES of the as-receivedBN (100 sample re-
vealed about 10% carbon contamination on the surface, and
with B:N elemental ratios observing 1:1 stoichiometry. The
Il. EXPERIMENT electronic spectra of a commercially available highly ori-

The Be-dopedc-BN (100 crystal (2<2 mn?) used in ented pyrolytic hexagonal Bih-BN) sample were also re-

this study was grown heteroepitaxially on diamo¢id0) corded for comparison.

under high-temperature and high-pressure conditions using

the temperature gradient method as reported previddsly. . RESULTS
Surface science studies were carried out in an Auger micro-
probe system equipped with dedicated electron optics for
performing scanning electron microscoEM), ion-beam The LEED pattern of the as-receivedtBN (100 is
profiling, secondary-electron-emission spectroscégB, shown in Fig. 1 to reveal a>d1 symmetry. Large, diffuse
electron-energy-loss spectroscofBELS), and Auger elec- diffraction spots and a high background intensity are indica-
tron spectroscopy(AES). SEE measurements were per- tive of a poorly formed surface after polishing. There are two
formed using a field-emission-type electron gun capable opossibilities for the lack of a reconstructed superlattice of
high spatial resolutiorf10-nm spot sizeand a 100-mm ra- long-range order: the experimentally observd®0 1x1

dius concentric hemispherical analyzer utilizing pulse-structure could either reflect the periodicity of the bulk ma-
counting, multichannel detection. Argon sputtering was perterial under a disordered surface, or it could reflect ideal
formedin situ with a rastered ion beam at 0.5-2 KeV, and atbulk-terminated 100 surface. Thes-BN (100 11 surface

a beam current of 40—70 nA. All focusing for electron spec-was then treated with pure hydrogen-plasma for 45 mins at
troscopy and ion beam etching was fine tuned with the hel@50 °C. As a result, the four-fold symmetry square mesh in
of real-time secondary electron imaging of the sample. Secthe LEED pattern of Fig. 1 is dramatically transformed into a
ondary electrons were excited by primary beam energy of Yery sharp, six-fold symmetry hexagonal mesh, as shown in
KeV and with a beam current of 10 nA on a spot size of 100Fig. 2(@). The 1x1 hexagonal reciprocal net is indicated in
um, and were detected by the analyzer at normal emissiokig. 2(b). The observed diffraction spots were concluded to
using a constant retardation ratiGRR) mode of 0.15 EELS originate from facets generated by hydrogen etching because
was performed using 1-KeV primary beam and with theof (i) the trajectory crossing of LEED spots as incident en-
analyser at a fixed pass energy of 20 eV. The full width atergy of the electron beam was varied, digithe off-normal

half maximum of the primary peak was less than 2 eV. Low-position of the reflected primary beam and generation of sec-
energy electron diffractiofLEED) was performed in a sec- ondary electron patterns. The observed symmetry, hereby de-
ond UHV chamber equipped with four-grid retarding-field noted as(111) 1X1, was found to be quite stable to further
electron optics. The second UHV chamber is connected to eestructuring as thél11) 1x1 structure did not change upon
microwave CVD system where the sample can be introducetiirther exposure to hydrogen plasma.

in vacuum for treatment with pure hydrogen plasma, utiliz- In order to obtain information on surface cleaning and
ing a microwave power of 800 W, a hydrogen pressure of 5.3egeneration, the santeBN (100) sample exhibiting faceted

FIG. 1. LEED pattern of an as-receivedBN (100 crystal
?]howing(loo) 1X1 atE, (primary energy=124 eV.

A. LEED
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_ FIG. 3. () LEED pattern showing100) 2X1 structure after
FIG. 2. (a) LEED pattern showing sharfl11) 1x1 structure  hydrogen-plasma treatment of the amorphorized suri@gon
after the first hydrogen, plasma treatment for 45 min at 750 °C an@putteredl at 690 °C for 15 minE,=178 eV. (b) The 2x1 net in

E,=150eV. (b) The 1xX1 hexagonal net in reciprocal space,  reciprocal space®, first-layer surface atom® second-layefbulk)
first-layer surface atom®, second-layetbulk) atoms. atoms.

(111) 1Xx1 surface symmetry was subjected to low energy
(500 eV) argon sputtering. The diffraction pattern vanished
following such a treatment for 10 min, suggesting a loss of Prior to recording the SEE spectrum, tieeBN (100

the long-range order. The argon-sputtered surface was thexample was treated with hydrogen-plasma at 690 °C to etch
subjected to hydrogen-plasma treatment at 690 °C for 1&way surface carbon contamination so that, within the sensi-
min. The intensities of the diffraction spots were regeneratedivity of AES analysis, the chemical composition of the sur-
following such a treatment, but the symmetry, as shown irface consisted of only boron and nitrogen observing stoichio-
Fig. 3(@), changed dramatically to that ¢100) 2Xx1. The
reciprocal net is illustrated in Fig.(8). Weak half-order
spots could be seen in tk@10 direction but absent from the
orthogonak100 direction. This is evident of the fact that in
real space, the surface atoms have periodicity twice that of
the bulk in one crystallographic orientation, which is consis-
tent with a surfac€100) 2X1 reconstruction. To investigate
the effect of prolonged hydrogen-plasma treatment on the
surface structure, thel00) 2x1 surface was further treated
by hydrogen plasma at a higher temperature of 750 °C for 15
min. The LEED pattern as shown in Fig. 4 reveals the dis-
appearance of the half-integral spots, so that the surface grat-
ing appears to be similar to that of the truncated Q&0

1X1. Finally, after exposing the surface to hydrogen-plasma
treatment at 750 °C for another 20 min, the symmetry of the
diffraction spots once again transformed t@la1) 1Xx1 pat-

tern as shown in Fig. 5, which is evident of the restructuring FIG. 4. LEED pattern showing100) 1x1 structure following
of the cubic(100) face into(111) facets by hydrogen-plasma further hydrogen-plasma treatment of 0 2x1 surface(Fig.
etching. 3) at 755 °C for 15 minE,=189 eV.

B. SEE results
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FIG. 5. LEED pattern showing the regeneration of i1
1X1 structure after a final hydrogen-plasma treatment of(13€)
1x1 surface(Fig. 4) at 750 °C for 20 minE,=160 eV.
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metric ratios. Figure 6 shows the SEE spectra collected for 0 10 20 30 40 50
the c-BN sample from 0-50-eV absolute kinetic energy as a ELECTRON KINETIC ENERGY (eV)

function of primary beam energy in thé(E) vs E mode.

The integrated intensity of these secondary electrons are FIG. 7. SEE spectra af-BN (100 as in Fig. 6, but collected in
commonly used in order to image surfaces in the SEM, an¢he negative of the double derivative mode.

the total intensity of the secondary electron yield directly

correlates with the brightness of the sample SEM image. As_ d2(E)/d[N(E)]? as indicated in Fig. 7. The spectra in Fig.

can be seen, between 1000- and 500-eV primary electr' were normalized for comparison. Varying the beam energy
beam, the energy dependence of the secondary-electron yi m 1000 to 600 eV did not affect the peak positionsSgf

consists of several well-defined peaks indicatedSgs S, ,
LT . . - (7.5 eV), S, (13 eV), S, (17 eV), andS; (24 eV). As the
Sz, ands; in Fig. 6. To identify the true energy positions of c-BN Fermi level is extrinsic and band bending may occur at

the fine-structure peaks and to eliminate the background, tht% BN surf i i ible t the elect
spectra in the integratetl(E) mode were differentiated ec-BlN surface, it was not possible to measure the electron

twice to obtain thed?(E)/d[N(E)]? spectra, where the true kinetic energy accurately with respect to 8N vacuum

energy positions can be read off from the negative maximuni€Ve! from our study, and peak positions are simply quoted in
absolute kinetic energies. These peaks were consistently well

defined in terms of shapes and positions as the electron beam

So was scanned across the surface. Below a primary beam en-
. S ergy of 400 eV, the secondary-electron yield declined, and
! the resolution of the fine structures was lost in (&) vs E
l 1 S, mode.
The dependence of the SEE fine structures on crystal per-

fection was investigated by sequential low-energy argon ion
sputtering of thec-BN sample in order to introduce defects

gradually onto the surface. lon sputtering has been known to
a) E, = 1000 eV amorphorize diamortd andc-BN.? The results of the cumu-
lative argon sputtering are shown in Fig. 8 in tRéE) vsE
mode. Clearly, there is dramatic transformation in the SEE
spectra for an argon sputtering time as short as 15 min, as the
well-defined peakss;, S,, andS; become smeared out in
Fig. 8(b). The spectra as indicated by Figcgand &d), and
which correspond to longer 500-eV argon sputtering time
¢) 600 &V suffer a gradual loss in secondary-electron yield. With
d) 400 eV higher-energy argon sputtering at 1-2 KeV, the total
\/6)3006\,\ secondary-electron yield became drastically suppressed,
\/—K along with the degradation of ped as shown in Figs.
Lo Paooev 8(f)—8(h). Further to cumulative argon sputtering, the surface
0 10 20 30 40 50 was treated with pure hydrogen plasma for 20 min. As a
result, the SEE fine structures and the total secondary-
electron yield as shown in Fig.(i¢ dramatically recovered.

FIG. 6. SEE spectra of the-BN (100) sample collected in the The peak profiles in Fig.(® are qualitatively similar to the
N(E) vs E mode excited by different primary-electron energies asinitial unsputtered surface in Fig.(@, indicating strongly
indicated. that hydrogenation of the surface is capable of regenerating

b) 800 eV

INTEGRATED SECONDARY ELECTRON YIELD (COUNTS)

ELECTRON KINETIC ENERGY (eV)
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FIG. 8. Evolution of the SEE fine structures starting from a 0 10 20 30 40 50 60

hydrogen-plasma treatedBN (100 sample in(a); and after cumu-
lative argon sputtering using an argon-ion beantf(d) 500 eV
for 20, 40, and 60 minfe) and(f) 1000 eV for 20 and 40 min(g) FIG. 9. Evolution in the EELS spectra starting from as-received
1500 eV, 20 min; andh) 2000 eV, 20 min{i) Showing the regen-  sample in(a), and after cumulative argon sputtering using an argon-
eration of the fine structures following a second hydrogen-plasmgyn beam of(b)—(d) 500 eV for 20, 40, and 60 mirie) and(f) 1000
treatment for 20 min. eV for 20 and 40 min(g) 1500 eV for 20 min; andh) 2000 eV for

o o ] 20 min. (i) After hydrogen-plasma treatment for 20 min.
initial-state crystallinity. It is also clear from the results that

the SEE fmg structures are meaningful expression of the Suggonal BN, as well as the growth efbond peakP. Thesp?
face crystalline integrity.

phase can be regenerated however by hydrogen-plasma treat-
ment as revealed in Fig(i9. The m-bond peak is completely
suppressed following hydrogen-plasma treatment, along with
The SEE spectral evolution af-BN during the entire the regeneration of the bulk plasmon peBk (36.8 eV).
sequence of surface modification was accompanied by EELFherefore we can identify plasmon pelak as the fingerprint
and high-resolution AES studies in order to understand théor good crystallinity inc-BN. It is worthwhile pointing out
structural changes that effected the transformation in théhat while the lower-energy bulk plasmon peBk(27 eV) is
SEE spectra. The peak positions were obtained after pecommonly observed for polycrystalline-BN,? the higher
forming a linear background subtraction and Gaussian deenergyE; (36.8 eV} peak is rarely reported despite being
convolution to the energy-loss spectra. For the as-receivepredicted by theoretical optical calculatiof?sThis could be
sample, the EELS spectrum as shown in Fi@) ollected due to the fact that most of the surface studies to date in-
in theN(E) vs E mode, reveals two major plasmon pe&ks Vvolved polycrystalline or nanocrystalline BN material con-
(27 eV) andE; (36.8 eV}; the smaller peakE, at 15.8 eV is  taminated with carbon and oxygéA! In addition, argon
assignable to interband transition based on the reflectivitpombardment has sometimes been used for surface “clean-
data of Phillip and Taft® who reported a prominent peak at ing” of these polycrystalline material before recording the
14.5 eV. Following 500-eV argon sputtering for 15 min, a electron spectrum, which we have just demonstrated here to
small shoulder labeled & (8 eV) assignable to ther— 7 be effective in suppressing bulk plasmon pé&ak
transition ofs p? unsaturated bonds can be seen in Fi),9
which grows in intensity with longer sputtering time. After
further cumulative argon sputtering at higher argon beam D. Auger KVV
energies, two further changes took place. First, the bulk plas- High-resolution AugeKVV (core-valence-valengaspec-
mon peakE; (36.8 eV} is attenuated. Second, the peaf  tra of boron are shown in Figs. (@ for the as-received
(27 eV) moves to lower loss energy at positién (23 eV). surface, and Figs. 10)-10e) for the argon-sputtered sur-
Comparing Fig. ¢h) with the EELS spectrum of pyrolytic face. No significant shift in the main Auger peak can be
hexagonal BN in Fig. 1(b) suggests that the effect of argon discerned along the whole course of argon sputtering, sug-
sputtering is to convert thep® bonding on the surface into gesting that charging effects were not present, due to the
sp? bonding. This is evident in the suppression of plasmorconductivity of our doped samples. The Auger peak posi-
peakE; and the shift of the plasmon pe&lg to positionE;  tions are taken at the middle excursion of the maximum and
(23 eV) closer to the bulk-plasmon pedR2.5 e\j of hex-  minimum in the derivative curve to reveal the position of the

Electron energy loss (eV)

C. EELS
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FIG. 10. High-resolutioriKVVV Auger spectra fofa) as-received 2
c-BN, and after cumulative argon sputtering usfiig) and(c)] 500 )
eV for 20 and 40 min(d) 1000 eV for 20 min; ande) 2000 eV for Z
20 min. (f) After hydrogen-plasma treatment for 20 min. ©
main Auger peakA; (167 e\) and one smaller peak &t, 140 150 160 170 180 190 200

(152 eV). Both peaks were assigned in Ref. 2 to pyrolytic ELECTRON KINETIC ENERGY (eV)

c-BN, considering the self-convolution of the valence-band g 11. composite spectra showit® SEE, (b) EELS, and(c)
density of states. After cumulative argon sputtering, the Au-ayger BKVV of pyrolytic hexagonal BN.

ger spectra become richly structured with peak&ai(172
eV), Ag (177 eV), A, (144 eV), A; (184 eV), andAg (193
eV) as shown in Figs. 10)—10e). These finer features are
suppressed upon hydrogen-plasma treatment of the surfa
as shown in Fig. 1@), along with a complete regeneration of
the Auger peak profile before argon sputtering. The result i

charging occurred during electron spectroscopy, as verified

by a shift in the low-energy cutoff with changes in the pri-
ary excitation energies. Another possibility is the oc-

curence of a negative electron affinity condition BN

‘dent of the t f i f the local bondi U I3yhich can place the vacuum level below the conduction-
eviaent of the transtormation of the local bonding environ-y,, 4 minimum. No distinct fine features can be seen in the

ment of ¢-BN from sp’ to sp’ types characteristic of th? SEE spectrum oh-BN collected in theN(E) vs E mode
hexagc_mal phase following 500-1500-eV argon Spuue”ngcompared to that of-BN. The EELS spectrum di-BN in
Follovymg hydrogen-plasma treatment, thagg phase was Fig. 11(b) shows a distinct peak at 8 eV duete-7* tran-
effectively etched. A comparison with the B8VV Auger of sition of unsaturated bonds and a plasmon peak at 22.5-eV
hexagonal BN, shown in Fig. 1d), reveals peak#,, As, loss energy. The AES BVV spectrum ofh-BN in Fig.

andAg to be common to both the argon-sputtereBN and 11(c) shows distinct peaks &%, (143 eV, A (174 eV) and

h-BN. As (181 eV) which are common to the argon-sputtere8N
(Fig. 10.
E. Pyrolytic hexagonal BN
The SEE, EELS, and AES spectra of pyrolytic hexagonal IV. DISCUSSION
BN (h-BN) are provided for comparison in Figs. (81—
11(c). The SEE spectrum df-BN is rather distinct from that A. Surface structure

of the c-BN; it consists of a sharp peak at 11 eV, which is  The ability of hydrogen plasma to smooth diamond sur-
due to the secondary-electron cascade before the vacuuiaces is well-documented:? After treating the €100) sur-
level cutoff. In c-BN spectra, no discernible sharp low- face with pure hydrogen plasma, a shaip12LEED pattern
energy cutoff near zero kinetic energy can be discerned focan often be seen which is stable in air. Under more extreme
the SEE spectréFig. 6). Apparently, the vacuum level of conditions of etching time, plasma power, and substrate tem-
h-BN is situated farther than that ofBN from the spectro- perature, however, hydrogen plasma can result in increased
scopic Fermi constant. One reason is thatti@N sample is  faceting or roughening of the diamond surfa&®at present,
more insulating than the Be-dop@dBN sample, and that the mechanism responsible for smoothening or roughening
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of the diamond surface by hydrogen is not understood. It is TABLE I. High-symmetry points from band-structure calcula-
clear from the present study that hydrogen plasma can effe¢ions ofc-BN (Ref. 30.
tively etch and restructure treeBN surface, with the extent
of such restructuring, i.e., evolution of the LEED pattern, Symmetry points Energy values ~ SEE peaks assignment
dependent on treatment time and substrate temperature. Ip- 0
. 15p
terestingly, after moderate hydrogen-plasma treatment condk 6.3
tions (short treatment time, lower temperature of 690, 1Ge Le 11'3
c-BN (100 crystal was observed experimentally to adopt thex3'C 2 1'9
(100) 2x1 surface symmetryFig. 3). Such a structure could -°¢ ' Ss

be produced by parallel rows of boron or nitrogen dimers onrl'C ﬁ‘i Sl
the surface. The observation of a single-domainl2struc- 15¢ :
ture also suggests that within the domain €i@é nm de- Lic 12'2 S

fined by the electron-beam coherence width, the surface is3c
terminated only by either nitrogen or boron, but not by both

since the latter configuration will give rise to different do-
mains orthogonal to each other and result in effectively aelectron peaks over the structureless secondary electron cas-

2X2 or 2X1/1X2 multidomain structure. With prolonged cade c_)bserved using a IowerTe_znergy exci';ation beam. These
hydrogen-plasma etching, the surface becomes faceted, an E fine st_ructures are sensitive fmgerp_rlnts of the crystal-
sequential transition of the surface symmetry fr¢®0) tl)ne perfec;c]lonl on thf"EN surfaced._f}Ne f.md a correlagonh
2x1 (Fig. 3 into intermediat€100) 1x1 (Fig. 4 and finally ~ €tween the loss of the LEED diffraction spots and the
(111 1x1 (Figs. 2 and 5can be observed. THa11) 1x1 smearing out of the SEE fine features followmg Iow-en_ergy,
structure appears to be relatively stable to further restructuﬁr:]ortg'.?e argon sputterlng,dtogether V;”tr; the reger}elrlathn of
ing at the plasma conditions employed in this work, althoug e difiraction spots and  spectral features following
the reason for this is not clear at the moment. In view of th ydrog_en-plasma treatmen;. It 1S mstrpcnve to compare the
readiness at which theBN (100) surface can be structured, peaks in our SEE spectra in Fig. 7 with the theoretical va-

20,30,31
future attempts at cleaning or preparing a smasBN (100 Iﬁ”ﬁe band ?pectrad(aﬂ?_N. b dTTetenergy V?Iues Ofdﬂt]eth
surface using microwave hydrogenplasma will require care- Igh-Symmetry conduction-band states are referenced 1o the

ful control of treatment time and substrate temperature. valence-band maX|mur(VBM) I'15,., which is set to zero
energy value, as tabulated in Table I, along with possible

assignments of the SEE peaks assuming integration of pho-
B. Origins of c-BN SEE spectra toelectrons over the who_lle space. The most likely _a_ssign—
ment of peakS, (7.5 eV) is the conduction-band minimum
The SEE spectra have been demonstrated for many sygcgm) in c-BN. Similar observation of an intense peak at
tems including graphifé >’ and diamond*** and peaks 556 eV with respect to the top of the valence band and
in the fine structures have been shown to reflect high-energyitributable to the CBM has been reported for the SEE spec-
conduction-band states in agreement with other spectrGyym of diamond with an electréf or a photod? as the
scopic techniquesi.e., inverse photoemissiprsensitive t0  primary excitation source. In this case, if the CBM is above
the empty density-of-states and band-structure calculationgne vacuum level due to a negative electron affinity condi-
The SEE fine structure may originate frdf) direct excita-  jon, electrons that are excited into the CBM can propagate
tion of the valence-band electron by the primary electt@n, into the vacuum with a band-gap energy-86—7 eV. The
by the population of unoccupied electronic states by cascadggirect band gap ot-BN has a the CBM at th&, ¢ sym-
electrongtrue secondarigsand(3) by means of the deexci- metry point, located at 6.3 eV from the VBM. This means
tation channel for collective plasmon modes. Prior to theirnat 1.2 eV(7.5-6.3 eV should be added to the as-measured
propagation into a vacuum, these secondary electrons occURfsolute kinetic energies in our SEE spectra in order to ref-
conduction-band states above the vacuum level in the cryst@hence them to the VBM. This allows us to assign the ob-
field; therefore, fine structure in the SEE spectrum will re-gened SEE peakS,—S; by comparison with the theoreti-

flect the density of the unoccupied electronic states at thga"y calculated band structure @EBN.2° as tabulated in
corresponding measured secondary-electron kinetic energieggp|e |.

As seen from Fig. 6, there is some dependence of the SEE
spectrum on primary energy. The relative intensities of the
peakS, (7.5 eV) to peakS; (13 eV) are observed to decrease
from 1:0.6 to 1:1.8 as the primary beam is decreased from It is interesting to consider the correlation between the
1000 to 500 eV, along with a smearing out of the fine structeduction in the integrated secondary-electron yield and
tures in theN(E) mode. There is no change in the peakchanges in surface condition as probed by EELS or Auger
positions with changes in primary beam energy, indicatingspectroscopy, since the deexcitation of plasmons or Auger
that the structures are derived from conduction-band statg&rocesses may act as a generation channel for the measured
since a change in primary excitation energy will affect peaksecondary electrons. It is worthwhile comparing the sam-
positions (kinetic energiesif the structures originate from pling depth of the different spectroscopic techniques used in
the valence levels. The higher-energy primary beam has this study in order to correlate the spectral evolution of the
higher efficiency in exciting electrons from deep-level statesargon-sputtered surface with the loss of long-range order
These electrons undergo plasmon or Auger deexitation prddiffraction symmetry, the disruption of short-range order
cesses and can contribute to the structured secondarysp®—sp? bonding and the suppression of secondary-

C. Comparison with EELS and Auger spectroscopy
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electron yield(scattering by surface defettsThe sampling tron production channel. In that context, the near-zero
depth of EELS using 1000-eV electrons is about 2 nm, whilesecondary-electron peaks in amorphous carbon thirf it
the mean free path for the &VV) Auger electrons is about as well as graphif€ have also been correlated to plasmon
0.6 nm* The mean free path for the low-energy secondarydecay.
electrons below 20 eV can be higher than 2 nm, but the The short mean free path of thel8vV Auger electrons
escape probability is critically dependent on surface defect€0.6 nm) (Ref. 33 means that the line shape is representative
long-range order, surface chemical composition, etc. Thef the surface structure up to three atomic layers from the
damage range of 1.5—-2-KeV argon ions is in the same ordegurface. The Auger spectrum of crystalline BN is less well
as the sampling depth of 1000-eV EELS basedramigs  resolved compared tti-BN. The main signature for the
calculations®® Both EELS andKVV Auger results have amorphorization of the surface develops on the right shoul-
shown that amorphorization of tteBN surface by 0.5-2- der of the derivative B<VV peaks, in the form of peak&s
KeV argon ions cause an increasing conversion of the suand Ag as shown in Fig. 1®). In the context ofh-BN, the
face intosp? bonding, while the SEE spectra show that theorigin of peaksAs and Ag have been interpretédy the
yield of secondary electrons in the near surface region deself-convolution of the valence band density of states, or by
creases drastically with argon ion beam energy greater tharonsidering interatomic Auger transitions of tl(engng3
1.5 KeV. Since the skin depth of EELS covers the entiretype from electron orbital components. Peak has been
thickness of the ion-beam-modifiedBN using 0.5-2-KeV linked to double Auger transitidfinvolving a core exciton
argon ions, the evolution of the bulk-plasmon featlie in the final state while the high-energy peAk may be the
(36.8 eV reflects the damage range of the argon ions. Fodirect nonradiative recombination of such an excition.
example, while low-energy argon-ion begm500 eV) can  Hydrogen-plasma treatment of the amorphorized surface re-
disruptsp® bonding on the surface, its damage range is lim-moves all the fine features;—Ag. Therefore, in contrast to
ited to 1 nm, so the bulk-plasmon pe&k remains strong, the SEE spectra where the fine features become smeared-out
and is suppressed only by 1.5—-2-KeV argon treatment wittiollowing argon sputtering, the Auger BVV spectrum ac-
deeper damage rande 2.5 nn). The suppression of peak tually develops sharper features following the amorphoriza-
E; in Figs. 99) and 9h) following 2-KeV argon treatment is tion of the surface. One possible interpretation is that the
evident of the loss of crystallinity of up to 2.5 nm from the effect of argon sputtering creates defect as welt-dmnding
surface, due to the conversion of the near-surface regiorgates, narrows the band gap, and that the richly structured
into sp?> amorphous layers. Therefore the regeneration ofAuger features arise from a self-convolution of these states.
peak E; (bulk plasmon and suppression of peaR (sp?  An additional observation involves the gradual evolution of
bonding following hydrogen-plasma treatment in Fig(i)@ the Auger KVV spectra in contrast to the sudden loss of fine
implies that atomic hydrogen is effective in etching away allstructures in the SEE spectra during the earliest stage of se-
the amorphorizedp? BN layers and to uncover the deeper quential argon sputtering. This prompts us to infer that the
undamaged crystalline phase. It is interesting to consider thauger KVV features are sensitive to short-range local order
the drastic suppression in secondary yield and the disappeaisp>—sp®) which is only gradually disrupted with increas-
ance of peal§, (7.5 eV) in the SEE spectrgFigs. §g)—8(h)] ing argon dose while the SEE fine features are sensitive to
corresponds to the disappearance of the bulk-plasmon pedtng-range ordering, which is readily disrupted at the early
E; (35 eV) in the EELS spectr@Figs. 99)-9(h)]. Whereas stage.
higher-energy SEE fine featur&, S,, andS; are attenu-
ated with short-time and low-energy argon sputtering, sug-
gesting that their disappearance is related to the shorter mean
free path of these electrons which cannot escape through the
amorphorized surface layers, the SEE p&glkparallels the Harris et al3® demonstrated recently that a polycrystal-
plasmon pealE, along the course of the argon sputtering, line, mixedsp?/sp® BN film grown heteroepitaxially on Si
and both peaks extinguished simultaneously towards the endan be etched by a dilute GH, mixture in a hot filament
We speculate therefore that the secondary-electron Bgak reactor, as is evident from the etching of the film to the bare
has its origins from the plasmon deexcitation processessubstrate on some areas. They suggested thatghehase
which manifest in energy-loss pedk;. In other words, was preferentially etched. In this study, we observed that by
bulk-plasmon deexcitation process generates secondary elegsing pure hydrogen plasma, both e andsp® phases on
trons that collect at the bottom of conduction bagg)(prior  a single-crystakc-BN can be etched. The ability of atomic
to their escape into the vacuum. hydrogen(produced by the dissociation of pure hydrogen in
To test our hypothesis, the EELS spectraceBN was  microwave plasmketo etch awaysp? BN layers onc-BN and
collected with the primary excitation energy varied betweerregenerate crystallinity suggests a possible role of atomic
1000 and 200 eV in order to correlate the plasmon peaks tbydrogen as asp? etchant during the vapor phase deposi-
the total intensity and fine structures of the correspondingion of c-BN. For example, there could be alternative growth
SEE spectra. We observed that as the primary excitation emnd etching cycles for producing a higher purity film. How-
ergy was decreased from 1000 to 200 eV, the bulk-plasmorver, we discover in this study that atomic hydrogen is ca-
peakE, became increasingly weaker, along with a parallelpable of etching thep® layers to restructure the-BN sur-
suppression in the integral secondary-electron yield and aface as well. This means that the presence of atomic
tenuation in the intensity of pedk,, as shown in Fig 6. We hydrogen duringc-BN growth will modify the steps distri-
interprete the connection by linking the excitation of the bulkbution and affect the step flow, influencing the morphologies
plasmon at 36.8 eV as being the primary true secondary eleida an unpredictable way. The differing reactivities of

D. Possible roles of atomic hydrogen
in ¢c-BN in growth
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nitrogen- or boron-terminated faces to hydrogen implies thaf111) 1x1 face that is stable to further hydrogen restructur-
hydrogen etching may selectively promote the appearance drfig.
the face that forms the less volatile hydrides. We are cur- (2) Low-energy(0.5 KeV) argon-ion sputtering destroys
rently extending the work to examine the nature of the terthe long-range ordering of-BN, which is reflected in the
minating species on the surface following hydrogen-plasmamearing out of the SEE fine structures related to
treatment ofc-BN. Nevertheless, our results suggest that itconduction-band states. Higher-enerdy5—2 Ke\j argon
may be worthwhile introducing atomic hydrogen and/or hy-gpttering converts the near-surface region spé bonding.
drogen ions during the vapor phase depositioc-&N. The amorphorizedp? BN layers can be effectively removed
by hydrogen plasma to regeneratg® crystallinity.
V. CONCLUSIONS (3) There is a relationship between the integrated

(1) Atomic hydrogen generated by microwave plasma issecondary-electron yield and the buI[(—pIasmon peak at 36.8
capable of structuring the-BN (100 face at temperatures €V. Our results suggest that the origin of the low-energy
between 700 and 800 °C. TI#00) 2x 1 face is not stable to Secondary electrons io-BN come from the bulk-plasmon
hydrogen etching and becomes faceted, finally generating thHéeexcitation process.
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