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Electrically Active and Inactive B Lattice Sites in Ultrahighly B Doped Si(001): An X-Ray
Near-Edge Absorption Fine-Structure and High-Resolution Diffraction Study
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B lattice positions are determined as a function of B concentrafipin ultrahighly doped Si(001):B
layers grown by gas-source molecular beam epitaxy fromBSihHs. For Cg = 2.5 X 10%° cm™3,
all B atoms reside on tetrahedrally bonded electrically active substitutional Si sites. At ligher
inactive B is incorporated as B pairs located on single Si sites and oriented primarily along in-plane
[100] and [010] directions. The B pairs arp? bonded with trigonal coordination while substitutional
single B atoms arep?. A surface reaction path leading to inactive B incorporation is proposed.
[S0031-9007(99)09265-0]

PACS numbers: 61.72.Tt, 61.10.Ht, 68.55.Ln, 81.15.Gh

Si films with B concentrations far exceeding bulk and local bonding configuration into which the inactive
solubility limits are of particular interest for nanoscale B is incorporated during film growth. A study of B ion-
electronic device fabrication such as base layers in higimplanted depth distributions measured by secondary-ion
frequency Si and $Bi,—,Ge, heterostructure bipolar mass spectrometry (SIMS) predicts that B clusters larger
transistors [1]. Although high dopant concentrations carthan five atoms are unstable [2]. B-Si interactions in small
be achieved by ion implantation, spreading of B profilesclusters have been modeled usatginitio methods based
due to transient-enhanced diffusion during post annealingn density functional theory and the local density ap-
limits the formation of shallow abrupt junctions at sub- proximation [8,9]. The lowest-energy configuration for B
micron scales [2]. Gas-source molecular beam epitaxglusters was proposed to be B pairs aligned al{tg )
(GS-MBE) offers the possibility of achieving ultrahigh directions and occupying single Si lattice sites.
doping concentrations, transport properties equivalent to The possible existence of small B clusters is difficult to
bulk Si, and the formation of abrupt doping profilessitu ~ test experimentally due to their weak scattering power.
without subsequent annealing [3,4]. In the present study, carried out using ultrahigh B

While the ability to prepare kinetically controlled ultra- doped Si(001) layers grown by GS-MBE, we have used
high B doped Si film structures represents an importanhear-edge x-ray absorption fine-structure spectroscopy
advance, there is still little understanding of the reactionfNEXAFS) which has been shown to be capable of
path leading to the incorporation of B in nonelectrically distinguishing sp> from sp? bonding in inorganic B-
active sites during GS-MBE growth of Si(001):B with B containing compounds [10,11]. In BFhexagonal BN,
concentrationg’g > 2.5 X 10%° cm™3. For other com- and BOs, where B is bonded to three atoms in a planar
mon p- and n-type dopants such as Al, Ga, P, and Sb.trigonal configuration, th€p orbitals are split resulting
the electrically active fraction progressively decreases am 7 (originating from 2p, atomic orbitals) ando
the dopant concentration is increased above the kineti@rising from hybridizeds, 2p., and2p, atomic orbitals)
solubility limit [5]. This is due to the formation of pre- molecular orbitals [12]. As a consequence, B sip?
cipitates which, once nucleated, act as sinks for dopartoordination yields a sharp intense low-energy NEXAFS
atoms and thus decrease the doping concentration in supeak corresponding to &s — 2p, (a*) excitation and
stitutional Si sites [6]. The second-phase precipitates typia broad high-energy feature corresponding to the—
cally exceed 10 nm in size and can therefore be detected” transition. In contrast, for tetrahedralkp® bonded
by transmission electron microscopy (TEM). In the caseB (e.g., in KBR and cubic BN), all three hybridized
of ultrahigh B doping, however, there are no credible re-p states are degenerate giving rise to omty bonds.
ports of observed precipitates in as-grown layers suggestherefore, NEXAFS spectra fromp?® coordinated B
ing that, if they are present, they must be in the form oftompounds exhibit a single broad feature originating from
small (=50 atoms) dispersed clusters. Moreover, unlikeoverlappingls — o™ transitions [10,11].

other dopants, the concentratidfy of electrically active In this Letter, we present the first experimental evidence,
B in GS-MBE Si(001) continues to increase with increas-obtained using NEXAFS, high-resolution x-ray diffraction
ing Cg even asVg/Cp decreases [3]. (HR-XRD), Hall-effect, and SIMS measurements for the

It has been suggested that B clustering is the cause d@ficorporation of B pairs into substitutional Si sites. This
incomplete B activation in ion-implanted Si [7]. How- occurs during GS-MBE growth whefig exceed2.5 X
ever, there has been no clear explanation of either the ra0?° cm™3. The B pairs are electrically inactive as shown
action path leading to inactive B incorporation or the siteby temperature-dependent Hall measurements.
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Si(001):B layers withCy ranging from35 X 10'° to e

1.2 X 10%2 cm~3 were grown in ultrahigh vacuum (UHV) ?i'x?%SI(OOI)'B 10

by GS-MBE using SiHs and BH, at temperature®, = 43¢ ~ 8

600 °C, well above the monohydride desorption tempera- ;‘: 6

ture [4]. Detailed information concerning film growth < 4

can be found elsewhere [4]. Film structural quality was 2 s MS 2

examined by reflection high-energy electron diffraction, ™ 0 | Si substrate @
TEM, and HR-XRD. Si(001):B out-of-plane lattice 2 N

parameters:; were obtained from HR-XRDQv-260 mea- 420 2 4 6

surements using a high-resolution diffractometer with a sarl © Measured Ky (10* A7)
four-crystal Ge(220) monochromator and Cy;Kradia- ’ — Calculated,

tion (A = 1.540597 A). In-plane lattice constantg) and eqn. 2

residual strains were determined from high-resolution 1 2 3 ;
reciprocal lattice maps (HR-RLM) around asymmetric C, (10" em?)

reflections. For these measurements, an additional two-
crystal Ge(220) analyzer was placed in front of the detectoFIG. 1.  Si(001):B lattice parameter, along the film growth

and a series of»-20 scans was acduired at differeat direction asa function of the total incorporated B concentra;ion
offsets q 8. The inset shows a HR-RLM around the 113 reflection

, , , , of a Si(001):B film with Cy = 4.2 X 10*' cm™ and Np =
Total B concentration<y in as-deposited Si(001):B 75 x 1(()20 cZn‘3. ? ’

layers were determined by SIMS. Quantification, with
an experimental uncertainty of 10%, was carried out by . . I .
a comparison to B ion-implanted bulk Si(001) standardsg‘!ienctt:'ec‘?iltl)\/,v‘ie,:ﬁu,[\éee sel:(bsr'ggg[ilggal sites (Table I). The data
Electrically active B concentrationd’s were obtained P
from temperature-dependent Hall-effect measurements in a, = asi — BNz, Q)
the van der Pauw configuration. For degenerate sampleﬁJr which ag; is the bulk Si parameter (5.431 Alg
we used the formalism of Bennett [13], based upon thE-Fs the activel B acceptor concentration, afid= 4.5 X
earlier work of Klauder [14], to account for many-body 10~23 Acm? is the strain rate coefficient’ Note thﬁt=
interactions leading to changes in the density of stateg| | ) /(1 — ,)[(as — ap)/ns;] for which » =
and narrowing of the band gap and to correct for th 278 is the Poissoln ratio ns_‘:' 5% 102 em=3 is
overestimate iiVg values'provided by Hall measuremer)ts.the atomic density of Si, an’dB‘: 41 A is the lattice
NEXAFS spectra, using bOth the total elect_ron yleldconstant of diamond structure B calculated using the
(TEY) and the fluorescence yield (FY) detection teCh'tetrahedraI covalent radius. 0.88 A.
niques, were acquired near the B 188-&Vedge at the As Cy is increased abo;/és % 1020 cm™3, 4, con-
Canadian Grasshopper beam line of the Synchrotronnues to decrease me(CB)' becomes non’linear as B

Radiation Center in Stoughton, Wisconsin [15]. TEY is incorporated into both electrically active and inactive

is more surface sensitive, while FY is essentially a bulkgj;o (Table 1) in parallel reaction paths. A comparison

probe. ) i
All Si(001):B films were found to be epitaxial and of the a, (Cg) relationship forCy less than and greater

completely coherent with the substrate as determined

from HR-RLM. The inset in Fig. 1 shows a typi- TABLEI. Total (Cp), electrically active(Ng), and inactive B
cal map around the asymmetric 113 reflection from aconcentrations in B doped Si(001) layers.

Si(001):B layer withCg = 4.2 X 10*! cm 3 and Ng = Total B Active B Inactive B

7.8 X 10* cm™?. Diffracted intensity distributions are ~,centration Concentration Concentration
plotted as isointensity contours as a function of the recip- Cp (cm3) Ng (cm™3) (Cs — Ng) (cm™3)
rocal lattice vectors) andk, parallel and perpendicular

to the surface, respectively. The substrate and the film ?(7) i }8; ?(7) i }8;(8)
peaks are nearly perfectly aligned along #jedirection 25 % 102 25 % 102
indicating negllgl_ble in-plane strain relaxatlon. TEMre- 45 % 10 23 % 102 22 X 102
sults show no evidence of extended defects in the film. 50 x 102 2.5 % 1020 2.5 % 1020
Figure 1 is a plot of the out-of-plane lattice parameter 7.0 x 102 3.0 X 102 4.0 X 102
a, as a function ofCg in Si(001):B films. For films 1.6 x 10% 4.8 X 10% 1.1 X 10%
with Cg = 2.5 X 102 cm™3, a, decreases linearly with 2.7 X 10*! 6.5 X 10%° 2.1 X 10*
increasingCs. However,a, vs Cy becomes nonlinear 42 X 10” 7.8 X 10% 3.4 x 10*
for Cg > 2.5 X 10° cm™3. The initial lineara, (Cp) ?'8 i }82 ?g i }gz? gé i }82
relationship is consistent with Vegard's rule as well as 2 % 102 13 % 102 11 % 102

Hall measurements showing that all B is incorporated inta
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than2.5 X 10%° cm~3 shows that while the incorporation NEXAFS spectra. Since the effective electron escape
of electrically active B results in purely in-plane tensile depth for semiconductors with incident x-ray radiation in
strain, the presence of B in the electrically inactive conthe 100—200 eV range is100 A compared to a fluores-
figuration gives rise to compressive strain. The full set ofcence photon escape depth>ef000 A [15], the peak at
a, vs Cg data, including the kink in the curve &g-Ng) 192 eV must be related to bulk rather than surface B.
becomes larger than zero, is well described (see Fig. 1) by The 192 eV feature in Fig. 2 cannot be attributed to
the addition of another term to Eq. (1) to yield previously reported B-related species with similar peak
- . _ positions: o-carborane(BoH;oC;H,), diborane(B,Hs),

a, =asi — BN + a(Cp — Np). (2) and decaboran@®oH4) [16]. SIMS measurements show
a, the inactive-B strain coefficient, #&8 X 1072* Acm?®.  that C in our films is below the detection limit5 X
The fact that the entire curve can be fit with a single valuel0'® cm™3, while boron hydrides either dissociatively
of a suggests that all inactive B is incorporated into achemisorb or desorb from short-lived physisorbed states at
single type of configuration, whose size remains constanthe film growth temperatures employed. We attribute the
in the Si lattice irrespective af's. 192 eV peak to a Bs — 2p, transition corresponding to

Typical B K-edge TEY and FY NEXAFS spectra, sp? bonded B incorporated as B pairs located at single
obtained with the x-ray beam incident at’20 the sample  Si sites (inset of Fig. 2). In this configuration, each B
normal, are shown in Fig. 2 for films witlf's values is surrounded by three atoms: two Si and one B, and
between5 X 10" and 1 X 10> cm™3. The 196 eV has a planar trigonal coordination. The fact that this
peak, corresponding to the Bs — 2p. (7") transition, peak is at a lower energy than the sharp peak arising
is present for all films, but is much more pronouncedfrom surface BO; is consistent with the lower Pauling
in the surface sensitive TEY spectra. The broad featurelectronegativity values of Si (1.8) and B (2.0) compared
at 205 eV, due to the Bs — ¢ transition, is clearly to O (3.5).
visible in the TEY spectra. We assign both peaks to The broad feature in FY spectra near 201 eV (also
B,O; formed at the surface due to a combination of Bvisible, although weaker, in the surface-sensitive TEY
segregation during film growth [4] and subsequent samplepectra) is attributed to a convolution of contributions
air exposure. arising from B1s — ¢* transitions associated withp?

The NEXAFS peak located at 192 eV emerges in theB-B and B-Si (B in the electrically inactive configuration)
layer with Cg = 5 X 10%* cm™3, and the intensity of the bonds together withp> B-Si (B in the electrically active
peak increases sharply with further increas&€in This  configuration) bonds. The individual peaks cannot be
peak is much more prominent in the FY than in the TEYresolved.

Angle-dependent NEXAFS measurements were carried
out on the Si(001):B layer witlCg = 1.0 X 10> cm3,

gis(‘;l‘;{ll;g . > > “(3;; o E fl:() for which the electrically inactive B concentration
e g o =a (Cg-Ng) = 8.8 X 10*! cm™3 (Table I), in order to de-
N 2\ 5 2 termine the polarization dependence of thel 8— 2p,
> & (7r*) signal. The angl® between the film surface normal
e a and the direction of the incident beam was varied between

10° and 60. If all B pairs were oriented along the [001]
growth direction, i.e.,7* orbitals oriented alond/k0]
with h,k = *1, the intensity/ of the 192 eV feature
1x10% should be proportional to cé. However, if the B pairs
are in plane with7* orbitals aligned alond0k/] and
[A0l] with k,I and h,] = *1, I should be independent
of 6. We did not observe a strong dependencé ohf 0
indicating that most of the B pairs are oriented in plane.
L7510 Within the resolution of the measurements, we cannot,
however, rule out the Possibility that the B pairs are
5x10"*cm? randomly oriented, with; of them along [001], which
1;0 2[‘)0 210 1;0 250 2io would give only a weal{ () dependence. _
E V) E (V) Based upon the above results, we propose the following
reaction paths for B incorporation in ultrahighly doped
FIG. 2. (a) Total electron yield (TEY) and (b) fluorescence GS-MBE Si(001):B layers. During Si(001):B film growth
yield (FY) NEXAFS spectra obtained near the B-edge of at Cg = 2.5 X 10 cm™3, Cy increases linearly with

GS-MBE Si(001):B layers withCy ranging from5.0 X 10'8 . . .
to 1.0 X 1022 szs_ ﬁ]e inset thowsgagB pair incorporated the ByHg/SihH¢ flux ratio and incorporated B segregates

into electrically inactivesp®> bonded trigonally coordinated tO the second layer [4] with a coveragg = 0p s =
substitutional sites in a Si tetrahedron. 0.5 ML (monolayer), the saturation value [4,17]. All B

6x10*"

Intensity (arb. units)

5x10%°
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incorporated in these layers is located at tetrahedrall®.5 X 10%° cm™3), excess B accumulates at the outer sur-
coordinated substitutional Si sites and is electrically activeface where it forms stable B pairs which are incorporated
As a result,a, for these films decreases linearly with as a unit in substitutional sites, thus reducing the overall
increasingCg and the 192 eV NEXAFS peak is absent. in-plane tensile strain.
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