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The B K-cdge spectra of varicus model compounds { BF,, KBF,, B,0,, B{OH),, orthocarborane
{B,,H,,C-H.) and elemental boron } were investigated to characterize the sensitivity of B K-edge
spectra to local chemical environment. Electron yield detection of synchrotron photoabsorption
at the boron K-edge was used to study the B sites in S5i{B) epilayers grown by molecular beam
epitaxy and in sitt B doped from evaporated B,0,. Although there were interesting spectral
variations with composition and annealing, comparison between the x-ray electron yield results
and those from secondary ion mass spectroscopy and electrochemical capacilance voltage
measurements indicate that the yield spectra are strongly influenced by surface segregation.

L INTRODUCTION

Recently, many new device structures have been proposed,
which are based on the premise that molecular beam epitaxy
{(MBE) can precisely control the uniformity and distribu-
tion of dopants over exceedingly small dimensions."* How-
ever, for the case of silicon MBE, " problems such as surface
segregation, low incorporation probabilities, and clustering
of the dopants has hindered progress.! In principle, boron
(incorporated by coevaporalion using sources ranging from
elemental boron,” 10 boron-doped silicon® to HBO.™* o
B,0,,"'* would seem an obvious choice as the p-type dopant
because of its lower onization encrgy and higher solid solue-
bility. However, recent studies suggest significant redistribu-
tion problems.' "

Models of the chemical reactions occurring during boron
doping of MBE layers with B.(0, have been proposed.™'
Essentially, the B.0), is absorbed on the surface and then
reacts with incoming Si to decompose 1o B and 3i,0, com-
plexes, Further interaction with §i produces 510 which de-
sorbs above a certain temperature. [ncomplete reduction of
8i0); 1o SiCrat Jower growth temperatures can lead to oxygen
mcorporation into the growing lattice. The thermodynamics
of oxygen incorporation has been worked out in detail by
Tuppen er al."* and was shown to correspond well with ex-
perimental findings.

Secondary jon mass spectrometry (SIMS) and electro-
chemical capacitance-voliage profiling (eCV) have been
used by Tackman er 2f.""'* 1o study the effect of substrate
temperature on the boron incorporated by coevaporation of
B.O,. This study clearly demonstrated significant redis-
tribution and clustering of boron at growth temperatures
above 700 °C. " As the substrate temperature was lowered, it
was found that one could obtain abrupt interfaces and layers
with electrical activity far in excess of the solubility limit of
Boron in 5i, but that there was significant oxygen incorpora-
tion {As high a5 1.5 times the amownt of boron ). The tem-
perature dependence of the oxygen-lo-boron rabio in both

highly and lightly doped samples agrees fairly well with the
thermodynamic model of Tuppen ef al,'" although this
model does not comment on any interaction between the
oxygen and the substitutional boron. In addition, post-
growth diffusion of the multilayers showed a strong depen-
dence on the original growth temperature.

Obviously the chemical state and possible role of the oxy-
gen in the electrical activity and boron diffusion are impor-
tant questions to address. Technigques such as Fourier trans-
form infrared spectroscopy'® and Raman scattering'®!?
have not shown any evidence for B-0-8i complexes bur it is
difficult 1o ascertain whether the negative results are related
to the absence of such complexes or simply insufficient sensi-
tivity. X-ray absorption near edpe spectroscopy can provide
detailed information on local geometric and electronic strue-
ture about selected atoms. The sensitivity of X-ray absorp-
tion to local structure is particularly valuable for probing the
character of point defects, abowt which most other tech-
niques can provide relatively little structural information.
Core excitation spectroscopy is a spatially localized probe of
unoccupied density of states in the region of the core excited
atom.,

For specific reasons related to the preferred bonding
maodes of boron, B K-shell { 15) spectra could be an effective
tool for differentiating among local environments of boron
relevant o boron doping in semiconductors. In many com-
pounds, such as BF, BN, B0, and B{OH ), where boron is
bonded to three atoms in a planar trigonal configuration, the
ligand field splits the B 2p orbitals resulting in a compact,
low-energy, empty B 2p_ orbital (z is perpendicular to the
plane defined by the nearest neighbor atoms). In conse-
quence there is a sharp, intense, low energy eleciric dipot: B
ls—B 2p._ excitation in these species, On the other hand,
there are other boron environments, such as the icosahedra
of elemental boron, ' the polyhedra of borane and carborane
complexes,'” or the tetrahedral substitutional site of boron in
a 8i lattice, in which each boron atom is coordinated by four



or more other atoms. In these structures rehydridization
spreads the empty B 2p_ density over a wider range of enes-
gies a0 that the B K spectra of boron in these environments
might not be expected to exhibit the sharp, low energy spike
characteristic of trigonal environments, The posaibility that
the presence or absence of a low energy B 15— B 2p_ could
be used to distinguish trigonal and nontriponal environ-
ments has been discussed previously by Hallmeier et al,™
who performed electron yield measurements of B X spectra
of 2 range of boron-containing minerals. Blau ¢f of.’" have
further elaborated this concept. They propose that boron in
high symmetry environments {spherical, tetrahedral, or oc-
tuhedral ) should exhibit only a single broad band (since the
B 2p orbitals remain triply degenerate in these symmetries )
while boron in lower symmetry environments {cylindrical,
hexagonal, tetragonal or trigonal ) would exhibit at least two
bands with the lower energy one being rather sharp (in the
symmetry groups mentioned the B 2p orbitals would split
intoa 7" and a “o" component). Very recently McLean er
al.** have reported the B K-edge spectrum of the 8i{111}-
B{v 31131 R 30" surface state in which boron is approxi-
mately tetrahedrally coordinated. ™ This spectrum exhibits a
broad s-polarized band at 191 ¢V and a strong, p pelarized,
fow energy peak at 188.6(5) eV. The latter feature is unex-
pected for tetrahedrally coordinated Boron according to the
concepts proposed by Hallmeier ef /" and Blau er al.™" We
have performed model compound studies in order ta further
clarify the relationship between B K-edge spectra and local
boron coordination.

Il. EXPERIMENTAL X-RAY ABSORPTION
MEASUREMENTS

The B K-edge spectra were acquired with electron yield
detection at the Canadian grasshopper beam line®** of the
Synchrotron Radiation Centre (SRC) in Stoughton, Wis-
consin. The pressure of the system was 33 10~ * Torr and
the samples were at ambient temperature (300 K} during
measurements. The sample mounting was such that the E
vector of the radiation was always in the surface plane and
thus polarization studies could not be made. This was not a
major limitation for the model compound aspects of this
study since they were randomly oriented polycrystalline ma-
terials. Electron yield detection™ is well suited for Aard x-ray
studies of dopants in semiconductors™ ™ since the depth
sensitivity is well matched to typical dopant distributions
and thicknesses of MBE grown layers. However the tech-
nique is less well suited for B K-cdge spectroscopy due to the
very shallow depih sensitivity in the safi x-ray range. Flo-
orescence detection may have been preferable for this study
since it is & decper probe, but this requires a thin window x-
ray detector which was not available for these measure-
mefils.

Two techniques were used (i measure the electron yield.
The first involved using a channeltron to detect electrons
cjected from the sample as un amplified current. The second
involved measuring the current at the sample. Sample cur-
renil detection was used for most measurements since the
slatistical precision was somewhat better. The two tech-
nigues measure complementary aspects of the same physical

process and thus should provide equivalent information al-
though the acceptance angle of the channeltron is smaller
than the 27 sreffective “acceptance angle™ of sample current
detection,

The incident photon flux (I} from the CSRF grasshop-
per beam line was measured simultanecusly as the current at
a Au mesh located just upstream of the sample. However,
this signal was not uwseable for most of the spectra since it
contained artifacts at the B K-edge region, perhaps due to
boron contamination on the gold mesh. It is critical that the
I, signal does not contain structure in the spectral region of
intercst, particularly when attempting to study dilute sys-
tems. A common alternative f, monitor is measurement of
the electron yield signal from & substrate free of the element
of interest. We attempted to use the photoionization sample
current of a Si wafer which had no borot doping, as an accu-
rate measure of the combination of the incident Aux and the
underlying $i L., extended x-ray absorption fine structure
(EXAFS) signal. In many ways this is preferable to a simple
I, monitor™” since it corrects for the i L., EXAFS as well as
for variations in the incident photon flux. The single crystal
silicon is highly ordered and there iz relatively strong Si L,
EXAFS. In practice substrate-1 normalization did not work
satisfactorily. We have found that the best procedure 10 ana-
lyze our measured spectra has been 1o use the sample curreni
(1) signai without explicit correction for £, The reason for
the failure of the clean substrate normalization procedure is
not fully understood. It may indicate chat the rime delay
between measuring 51(B) and clean 81 samples exceeded the
time scale of changes in shape of the incident Aux specirum.

fll. MODEL COMPOUND STUDIES

The studies by Hallmeier e o/ of oxide minerals con-
taiming B0, and BO, units show that the B K-edge spectrum
of trigonal planar coordinated boron is characterized by a
sharp B 15— B 2p, transition around 195 ¢V and suggest
that this feature is absent in structures in which boron is not
trigonal-planar eoordinated. This eoncept is well illustrated
by the boron Auorides. Figure § compares the B K-edge spec-
tra of BF, (gas) and KBF, (solid) along with spectra simu-
lated from extended Hiickel MO calculations.™ The B K-
edge spectrum of BF , was recorded at McMaster by inclastic
electron scattering.’’ It is jdentical 1o published x-ray ab-
sorption spectra of BF,.'>"' The B K-edge spectrum of
KBF, was digitized from the x-ray eleetron yield specirum
of the solid.™ The experimental spectra are shown after
background subtraction and have been normalized at 218
eV, in the far continuum. The sharp, intense spike observed
in the calculated and experimental spectra of BF, is due to
the B ls—2p_(#%a,) transition. In contrast, the B K-edge
spectrum of KBF, does not exhabit a low encrgy peak. In-
stead it is dominated by 8 broad /., #*{ B-F) band at higher
energy (200.5 e¥). The absence of the low-energy spike in
BF, can be rationalized in terms of the 5p° 10 5p” rehybridi-
zation of the boron atom which shifts the empty B 2p, den-
sity 10 hipher energy.

The broad feature in the ionization continuum of both
BF, (205 ¢¥) and KBF, (200.5 eV} is attributed 10 B
15— g*(B-F) transitions. The shift to lower encrgy of the B
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Fi. 1. Comparison of experimental and caleulated B K-edge speetra ol BF,
(gas) and KBF, (solid). The simulated specera are derived from eigenval-
ues and eigenfunciions caleulated by extended Hiekel theory (EHT ) using
the equivalent wemie core virtual arbital metled (Ref. 300, The inner shell
electron loss spectrum of BF , was obtaimed wing 2.5 ke impact energy anc
2*scattering angle. The spectrum of K BF, was measured with synchrotron
radiation using electron yield detection [ Ref, 20}, The experaimental specira
have had a smaooth beckground subirscted ad have been nocmalized 1o the
samme intensity 41 218 ¢V in the continuum where the crass secton is eapect-
e 10y ke atomic-lke. Both she EMT-simulated amd eaperimental BF, and
KBF, spectra are plotied on common intensity scales. The B Is innization
pientials are 202 R ¢V (BF ) and 1998 e¥ (KBF,) (Ref 20).

ls—g*(B-F} transition in KBF, relative to that in BF, is
consistent with the longer B-F bond length in BF, (138
A) than in BF, (1.31 A), according (o the documented cor-
relation of 1s—o* energies and bond lengths.™ The weak
features observed between the #* and o* features in BE, are
Rydberg states,”™ "' The fine structure superimposed on
the main peak in the KBF, spectrum may be related to mul-
tiple scattering from more distant coordination shells.
Figure 2 plots the boron K-edge specira on an absolute
energy scale of B(GH, ). B,O,, o-carborane™ and elemental
boron. The x-ray electron vield spectraof B{OH ), and B0,
are somewhat better resolved but otherwise in good agree-
ment with those reported by Hallmeier or af. ™" As expected
from their very similar BO, trigonal local environment, ' the
spectrum of B.O, is very similar to that of B{OH),. The
spectrum of each exhibits a sharp spike at 193 eV, corre-
sponding to the B 15— 3p_{7*) transition, and a broad fea-
ture at 202 V, corresponding to B 15— o*(B-0) transi-
tions. The B K-cdge electron yield spectrum of elemental
boron shows similar features but with greater contrast than
in the true photoabsorption spectrum reported by Kizler
ef of. " Consistent with the concept proposed by Hallmeier,™
the B K-spectrum of elemental boron does mot exhibit a
strong low energy spike but rather consists of a series of
broad structures spanning a wide energy range. The weak
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Fuei. 2. B K-cdge specien of BOH ) . B.0, and @ rhombohedeal boron (s)
mexsurcd by synchrotron photoabsorption with elecimon yield detecton
and a-varboranc [ g} measered by electron impaci.

feaiure around 195 e¥ may be assoctated with surface oxide,
sinee it is not evident in the spectrum of Kizler er al. ™ Since
the local boron coordination is rather similar to that of ele-
mental boron one might have expected o-carborane
(B,.H,C:H.) 1o have a similar B K-edge spectrum. How-
ever, this spectrum, recently recorded in the gas phase by
electron impact,"* contains a sharp low lying fearure ar 192
eV, The shiflt of the first feature in the B K-edge spectrum of
g-carborane to lower energy relative to that in the trigonal
oxides and fAuorides is consistent with the lower oxidation
state of boron in o-carborane. This trend is continued further
in boride compounds,”” where the lowest energy feature,
which is also a relatively sharp, well-isolated peak, occwrs at
188 eV, similar to the position of the low energy peak inthe B
K-edge spectrum of SI{1113-B{ v/ 3=+ 1R W0

Thus the model compound studies (Figs. | and 2) suggest
that the B K-spectra of triponal planar coordinated boron
will be characterized by &n intense, sharp peak which should
oceur around 195 ¢V for cationic boron. Structures with a
different boron coordination are significantly different, in
general shifting to lower energy for less oxidized boron, as
expected from electrostatic chemical shift concepts. The o-
carborane spectrum clearly indicates that the presence of a
low-lying peak is not specific 1o trigonal planar coordinated
boron. However, the combination of characteristic spectral
shapes and the energy of the lowest excitation does allow
considerable insight into the local boron environment. The
model compound spectra suggest That, if boron K-shell near



edge spectra can be acquired at the dilute concentrations
typical of boron doping. these may be useful in distinguish-
ing electrically active tetrahedral substitutional boron do-
pant sites from other forms in which boron could be incorpo-
rated inio diamond-lattice semiconduciors.

IV. MOLECULAR BEAM EPITAXY STUDIES
A. Sample preparation

The growth procedures and molecular beam epitaxy fa-
cility have been described in detadl previously." Briefly, the
epilayers were grown on standard, 100-mm-diam Czoch-
ralski walers in a Vacuum Generators VEO Silicon MBE §a-
cility. The boron doping was carried out by co-cvaporation
of B0y from a shuttered evaporation cell. SIMS spectra
were recorded with a Cameca IMS 4 iom microprobe and
the secondary ion vields were calibrated using ion-implanted
reference standards. Carrier concentrations were measured
with a Polaron PN4200«CV profiler. Post-growth annealing
wus carried oul on some pieces inastandard UHY furnace to
remove oxygen from the epilayers, The sample characteris-
fics are summarized in Table 1. Because of the extreme sur-
face sensitivity of the electron yield detection technigues, the
mative oxide layer was removed by etching with concentral-
ed HF acid, rinsed in deionized water, and dricd with N, gas
immediately prior to insertion into the measurement
chamber via a load lock.
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Fuei. 3. Comparison of the 8i L, [ 2p) und B K spectra from the high concen-
Iraticm as-grown sample (oo 271 with 3 107" . cm 7 of boron i the
oumer(, | e aconrding to SIMS ) before and after etching. The background
subiracted speciru have not been corrected For the incident flux { see the text
for rationalization ). The shurp drop after 130 eV is related o second order
C Yasignal in the trapsmission fanction of the moscchromator. The dashed
line is & simulwlion of the B K-edge spectrum of the nonetched sample as a
weighied sum ofthe ﬂsﬂ.‘trum:ﬂll‘w elched sample (409 b and that of B-O»,
[,

B. Effect of etching of 51 L;; and B K-edge spectra:
Depth sensitivity of electron yield detection

Background subtracted 8i L., (2p) and B K-cdge electron
yield spectra of the as-prepared high-boron sample (no.
271) are shown in Fig, 3. The spectra recorded before and
after HF ctching show significant changes in both the 8i L
and B K regions. Essentially the same results with regard to
the effect of etching were found for all of the Si{ B} samples
studied.

The observation of both i and 5i0, related signals at 100
and 108 ¢V, respectively. in the 51 L., spectraofthe unetched
sample allows an estimation of the depth sensitivity of sam-
ple current (electron yield) detection at the B X edge. Since
the ratio of the intensities of features associated with bulk Si
(100 eV) and Si0, (108 V) is approximately 1:1, the depth
sensilivity must be of the order of 40 A, assuming the stan-
dard protective onide of ~20 A thickness. Silicon-oxide
growth measurements performed by M. Monita 7 o/ ™ indi-
cated that less than § A of oxide should regrow during the
time between HF dip etching and pumpdown.

The B K-cdge spectrum of the as-made material is remi-
niscent of that of B(OH), and B,O, (Fig. 2} although the
broad continuuwm structure is more complex and the sharp
peak at 195 eV s less intense. After etching, the intensity of
the 195 eV “oxide” spike in the B K-spectrum is greatly
reduced and the broad maximum at 205 ¢V disappears. The
changes in the boron spectra with etching can be explained
a5 follows, In the nonctched sample, the detected signal is
produced by boron primarily in the surface silicon oxide lay-
er. Thus the boron atoms are in an oaygen-rich environment
and are likely to have a local structure similar to that in B.O,
or B{CGH),. It is assumed that etching removes the boron
oxide along with the surface silicon oxide layer, hopefully
revealing a spectrum representative of the chemical environ-
ment of boron in the bulk of the silicon epilayer. The spee-
trum after ciching (Fig. 3) retains a 195 ¢V spike, although
it is much weaker than that in the oxide surface laver, The
fact that the peak does not shift 1o lower energy indicates
that the boron contributing to the spectrum after erching is
still in the form of some type of BO, complex, bul it is prob-
ably not completely oxidized (1.e., 1 <x< 33, If the boron
atoms were in a tetrahedral substitutional environment then
there should be structure below 190 eV, "

The change in the oxide character with etching can be
understood in terms of removal of B,O -like material since 2
6:4 linear combination of the boron spectrum of B0, with
that of etched sample no. 271 gives an excellent match to the
B K-edge spectrum of the as-grown, nonetched material (see
dashed linc in Fig. 3). The estimated B.O,/BO . ratio is sim-
ilar to the relative contributions of the silicon oxide and bulk
silicon signals in the 5i L., spectrum suggesting that one
chermical form of the near-surface boron 15 selectively re-
moved by etching.

C. Effect of annealing of the B X-edge spectra of the
surface boron environment

Figure 4 shows the B K-edpge spectra of the as-grown and
annealed samples for two of the materials studied. In each
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FiG. 4. Comparison of the B K-edge specira of the high (no. 271} and low
{no. 638 concentration samples, as-grown and aller vacuum annealing at
900 °C for 2 h. The specira were measured by sample current detection on
5i( B} samph=seiched just prior to study. A smooth background esirapolat-
ed from the preedge region hus been sublracted in cach case. The feature
around [#4c¥ isa% £, EXAFS osciliation. The dashed line just below the
spectrum of annealed no. 271 & the spectrum of clemental borom.
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case the samples were ¢iched to remave the surface oxide
layer immediately before installation in the wvacuwm
chamber. Surface segregation of boron appears to strongly
affact these results. The intensity of the B 15 ionization con-
tinuum {at 215 ¢V} relative to that at the Si L-edge spike at
100 e¥ (which is characteristic of bulk silicon) has been
used to estimate the amount of boron that is contributling to
the detected x-ray signal. These results are summarized in
Table I for all four samples. If the boren in the surface layer
sampled by the current detection scheme is in fact represen-
tative of the bulk boron, then one would expect the boron
signal in no. 658 to be four times smaller than that in no. 271
for the as-made samples. This is nol the case. The absolute
boron concentration can also be astimated. The B Ls cross
section at 215 eV is 1.5 times the 51 2p cross section at 100 eV
based on boroa and silicon spectra normalized in the contin-
aum to atomic cross sections™ [see footnote {d) of Table 1
Yor further details ]. This eross-section ratio has been used to
convert the relative B 1551 2p spectral intensities to boron
concentrations ( 4+ 30%} in the layer sampled by the chec-
tron yield x-ray measurements. These values (Table I) show
that the x-ray spectral data {surface) are incorsisient with
the SIMS (bulk ) both in terms of the absolute and the rels-
tive amounis of boron in the no. 271 and no. 658 samples.
The amount of boran in the surface region is more than an
order of magnitude greater than that in the bulk of the epi-
layer measured by SIMS. In fact, boron constitutes a large
fraction of the surface atoms instead of the actual doping
level of less than 1 %.

We suggest that the BO, structure deduced from the B K-
edge spectra of the first 40 A represents a surface residue at
the end of the epitaxial growth {or the annealing process)
and that it is not relevant to the chemical environment of

TABLE }. Onygen, boros, and carper concentraling ip st-made and anoseaded Sif B ) determined ber SIMS and

x-raY elecivon yield measuremenis.

SIMS Activity

[op* 8" XAS [ carrier]
Code (at.om "y (atom 1 Bla %) Raw’ Blat @1 Pred” eCcv
No. 458
As-mads 1= 10 B 10 0.1 10 7 1% 10 Fw1p™
Anneall 1% 0™ Tx 10" .14 015 i % 10 B3 10
No. 271
As-made 13 1™ I 0™ .60 o3 L] 1= 10 B Q™
Anneal” e L % j0"™ 0.18 o7 i1 2% o™ Ex 10

_———————————T

* Average SIMS conceniration in the epilayer determined by 10 k=¥ Cs ' bombardment with O detection,
Note, aithough SIMS indicates a very ugifornm concemiration throughout the full epilayer, determinimg accus
rate concenirations in the outer 30 A by SIMS is very difficult. The estimated accuracy of the bulk epilayer

conceniration is 10596,

* A verage SIMS concentration in the epllarer determined by 7.5 keW O bombardment with B * delection.

* Ralutive boron inensity expresed o8 ratio-of sgnal sbove background al 215 <V (B 1 continuum ) to that st
100 &W (Si 2p ciscrete feature). Uncertaintiss based on replicats determination are 407%.,

“This estimate of the aiombc percent of boron i the region sampled by the x-tay measuremenis is based on
normalization of the B X spectrum of o-carborans and the 5i £ spectrum of sputtered no. 271 to atomic
ntenghties in the comtinuum [SL,, (133 e¥) 0 00433eV B K (210eV) to 00102 eV ' (Ref. 39). The
raticvof F{ 215 &V} is then found to be 1.5 for equivelent amounis.of B and Si. Estimated uncertainiyis + 50¢%.

* Predicted from the solwbility limit of boton in Si at the growth or aonsaling temperature {25 messured with
B,0, doping {Ref. 41).

"Samples annealed in vacaum wt 900 °C for 2.5 %, The epitaxial layer in the no, 658 sample was 2.0 gm thick,
grown at 700 °C, while that of the no. 271 samiple was 0L gm thick, grown a1 680°C.



boron in the deeper portions of the silicon epilayer. In order
to eaplore the latter, the as-grown, unetched no. 271 sample
was A" jlonsputtered (2keV, 10pA ) to remove 1000 A or
one-sixth of the doped epilayer as determined by subsequent
SIMS measuremnents. Spectra of this sample before and after
sputtering are presented in Fig. 5. We note from the change
in the 8i L-edge shape that the sputtering effectively removes
the ogide layer but it also amorphizes the surface region. We
did not anneal to remove this damage since we did not wish
to cause surface segregation of the boron. Surprisingly, after
sputtering B K-edge structure could not be detected even
after several hours of signal averaging. From the statistical
precision of the spectrum of the sputtered sample and simu-
lations of weighted mixtures of a clean, normalized boron
spectrum and that of the sputtered no. 271 sample, we esti-
mate the detection limit for boron with our electron yield
detection method 1o be around 0.1 at. %. This is lower than
the boron concentration in the no. 271 Si{ B} sample { Table
1) s0 we are somewhat surprised that B 1s signal was not
detected in the sputlered sample. Preferential sputtering of
boron is not expected to occur. At present we do not fully
understand this result. We note the detection limit deduced
by our simulations is similar to that determined from paral-
lel electron energy loss spectra of S5i{ B) samples recorded in
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Fit;, 5. Comparison of the Si L., and B K-edpge speciea of {(unetehed) as-
grown sample no. 2T before and after o 10 min Ar © jon sputter {10 gA, 2
keV 1. An identical polynomial background subtraction and intensity scal-
g hus been psed i each case 10 prepare the expansion of the B K-edge
regiom. The change o the 5i L-edpe region with sputtering indicates remaov
al of the oxide pnd wmorphizanon. The dip and structare between 150 and
165 eV urises from 5i L, ( 2e) womization end incomplete normalization of
seeoand order carbon signal.

a transmission electron microscope.™ The principle limira-
tion is overlap with the Si L., extended fine structure,

It is possible that fAluorescence detection, which probes
depths of the order of 0.1 gm at the boron edge, may give
some advantage for studies of boron doped Si. However the
boron K fAuorescence yield is very small ( < 0.01%:) and it
would be extremely difficult to distinguish the weak B &
(183 eV) emission line from the wings of the much more
intense 81 L line ([ ~ B0eV) Because of these factors fluores-
cence detection of boron in Si is probably not feasible with
current x-ray detection technology.

The dramatic change in spectral shape with anncaling
(i.e., the loss of oxygen) of the high boron concentration
sample (no. 271) is attributed to a change from a trigonal
BO, environment to one very similar to that of elemental
boron, This is deduced from the similurity of the B K-edge
spectrum of annealed no. 271 to that of elemental boron ({see
the dashed line in Fig. 4). It is interesting to note that the
boron signal from the annealed was significantly stronger
than that from the as-grown no. 271 sample, as indicated by
the improved statistical precision (Fig. 4). The much im-
proved signal quality is associated with a six fold increase in
the detected sample current in both the B X and Si L regions
for essentially the same incident photon flux. Since the boron
concentration in the sampled region increased by only 30%
according to the ratio of the B K and Si L., intensitics {see
Table 1}, we suggest the increased signal strength is eelated
tochanges in the structure at the surface which decreases the
work function and thus increases the depth sampled.

In sharp contrast to the high concentration sample, the
shape of the boron spectrum of the lower boron concentra-
tion sample {no. 658) does not change appreciably with an-
nealing. This suggests that the boron in the near-surface re-
gion of no. 658 is in an environment which is chemicaily
stable at 900°C, The presence of the 195 €V spike in the
spectrum of both the as-made and the annealed no. 658 sam-
ple suggests that the near-surface boron remains as a BO,
complex. The absence of changes in the local boron environ-
ment with annealing of no. 658 is nor consistent with the
SIMS/eCV results (Table I, which indicate a large drop in
the oxygen concentration in the first 0.1 pm and some in-
crease in electrical activity, The lack of shape change i con-
sistent with no significant increase in signal strength (i, no
change in the work function), even though the concentra-
tign within the surface region sampled by the current detee-
tion technique appears (o increase by 505 (Table 1. Over-
all, these results indicate that there are large differcnces
between the chemistry occurring in the outer 30-30 A and
that occurring in the bulk of the 1 pm thick epilayer.

V. SUMMARY

The model compound studies show that B K-edge spec-
troscopy is a sensitive probe of the local structure of boron.
The spectrum of boron trigonally coordinated by oxygen
consistently exhibits a strong sharp feature around 195 &V
but that of boron in other environments can also exhibit low-
lying peaks which shift to considerably lower energy for bo-
rom im lower oxidation states.

The electron yield spectra of the Si[ B) test samples were



found to be dominated by a surface residue rather than the
bulk boron environment. However the variations in the
Si( B} spectra with eiching, annealing and concentration did
demanstrate the chemical sensitivity of B K-edge spectros-
copy. Unfortunately the proximity of the B K-edge to the
strong Si L,, continuum makes it difficult to achieve ade-
quate sensitivity, even at relatively high doping levels.

Finally, this study further reinforces the need to be careful
in assuming that the surface region sampled is actually rep-
reseniative of the bulk whenever a highly surface sensitive
technique such as soft x-ray photoyield is used. The possibil-
ity of large variations in the depth sensitivity of soft x-ray
electron yield measurements associated with work fumction
changes should also be noted.
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