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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 concentrationCB in ultrahighly doped Si(001):B
layers grown by gas-source molecular beam epitaxy from B2H6ySi2H6. For CB # 2.5 3 1020 cm23,
all B atoms reside on tetrahedrally bonded electrically active substitutional Si sites. At higherCB,
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 aresp2 bonded with trigonal coordination while substitutional
single B atoms aresp3. 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
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Si films with B concentrations far exceeding bul
solubility limits are of particular interest for nanoscal
electronic device fabrication such as base layers in hi
frequency Si and SiySi12xGex heterostructure bipolar
transistors [1]. Although high dopant concentrations c
be achieved by ion implantation, spreading of B profile
due to transient-enhanced diffusion during post anneal
limits the formation of shallow abrupt junctions at sub
micron scales [2]. Gas-source molecular beam epita
(GS-MBE) offers the possibility of achieving ultrahigh
doping concentrations, transport properties equivalent
bulk Si, and the formation of abrupt doping profilesin situ
without subsequent annealing [3,4].

While the ability to prepare kinetically controlled ultra
high B doped Si film structures represents an importa
advance, there is still little understanding of the reactio
path leading to the incorporation of B in nonelectricall
active sites during GS-MBE growth of Si(001):B with B
concentrationsCB . 2.5 3 1020 cm23. For other com-
mon p- and n-type dopants such as Al, Ga, P, and S
the electrically active fraction progressively decreases
the dopant concentration is increased above the kine
solubility limit [5]. This is due to the formation of pre-
cipitates which, once nucleated, act as sinks for dopa
atoms and thus decrease the doping concentration in s
stitutional Si sites [6]. The second-phase precipitates ty
cally exceed 10 nm in size and can therefore be detec
by transmission electron microscopy (TEM). In the ca
of ultrahigh B doping, however, there are no credible r
ports of observed precipitates in as-grown layers sugge
ing that, if they are present, they must be in the form
small (u50 atoms) dispersed clusters. Moreover, unlik
other dopants, the concentrationNB of electrically active
B in GS-MBE Si(001) continues to increase with increa
ing CB even asNByCB decreases [3].

It has been suggested that B clustering is the cause
incomplete B activation in ion-implanted Si [7]. How-
ever, there has been no clear explanation of either the
action path leading to inactive B incorporation or the si
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and local bonding configuration into which the inactiv
B is incorporated during film growth. A study of B ion
implanted depth distributions measured by secondary-
mass spectrometry (SIMS) predicts that B clusters lar
than five atoms are unstable [2]. B-Si interactions in sm
clusters have been modeled usingab initio methods based
on density functional theory and the local density a
proximation [8,9]. The lowest-energy configuration for
clusters was proposed to be B pairs aligned alongk001l
directions and occupying single Si lattice sites.

The possible existence of small B clusters is difficult
test experimentally due to their weak scattering pow
In the present study, carried out using ultrahigh
doped Si(001) layers grown by GS-MBE, we have us
near-edge x-ray absorption fine-structure spectrosc
(NEXAFS) which has been shown to be capable
distinguishing sp2 from sp3 bonding in inorganic B-
containing compounds [10,11]. In BF3, hexagonal BN,
and B2O3, where B is bonded to three atoms in a plan
trigonal configuration, the2p orbitals are split resulting
in p (originating from 2pz atomic orbitals) ands

(arising from hybridized2s, 2px , and2py atomic orbitals)
molecular orbitals [12]. As a consequence, B insp2

coordination yields a sharp intense low-energy NEXAF
peak corresponding to a1s ! 2pz sppd excitation and
a broad high-energy feature corresponding to the1s !
sp transition. In contrast, for tetrahedrallysp3 bonded
B (e.g., in KBF4 and cubic BN), all three hybridized
p states are degenerate giving rise to onlys bonds.
Therefore, NEXAFS spectra fromsp3 coordinated B
compounds exhibit a single broad feature originating fro
overlapping1s ! sp transitions [10,11].

In this Letter, we present the first experimental eviden
obtained using NEXAFS, high-resolution x-ray diffractio
(HR-XRD), Hall-effect, and SIMS measurements for th
incorporation of B pairs into substitutional Si sites. Th
occurs during GS-MBE growth whenCB exceeds2.5 3

1020 cm23. The B pairs are electrically inactive as show
by temperature-dependent Hall measurements.
© 1999 The American Physical Society
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Si(001):B layers withCB ranging from 5 3 1016 to
1.2 3 1022 cm23 were grown in ultrahigh vacuum (UHV)
by GS-MBE using Si2H6 and B2H6 at temperaturesTs 
600 ±C, well above the monohydride desorption temper
ture [4]. Detailed information concerning film growth
can be found elsewhere [4]. Film structural quality wa
examined by reflection high-energy electron diffractio
TEM, and HR-XRD. Si(001):B out-of-plane lattice
parametersa' were obtained from HR-XRDv-2u mea-
surements using a high-resolution diffractometer with
four-crystal Ge(220) monochromator and Cu Ka1 radia-
tion sl  1.540597 Åd. In-plane lattice constantsak and
residual strains were determined from high-resolutio
reciprocal lattice maps (HR-RLM) around asymmetr
reflections. For these measurements, an additional tw
crystal Ge(220) analyzer was placed in front of the detec
and a series ofv-2u scans was acquired at differentv

offsets.
Total B concentrationsCB in as-deposited Si(001):B

layers were determined by SIMS. Quantification, wit
an experimental uncertainty of 10%, was carried out
a comparison to B ion-implanted bulk Si(001) standard
Electrically active B concentrationsNB were obtained
from temperature-dependent Hall-effect measurements
the van der Pauw configuration. For degenerate samp
we used the formalism of Bennett [13], based upon t
earlier work of Klauder [14], to account for many-bod
interactions leading to changes in the density of sta
and narrowing of the band gap and to correct for th
overestimate inNB values provided by Hall measurements

NEXAFS spectra, using both the total electron yie
(TEY) and the fluorescence yield (FY) detection tech
niques, were acquired near the B 188-eVK-edge at the
Canadian Grasshopper beam line of the Synchrotr
Radiation Center in Stoughton, Wisconsin [15]. TEY
is more surface sensitive, while FY is essentially a bu
probe.

All Si(001):B films were found to be epitaxial and
completely coherent with the substrate as determin
from HR-RLM. The inset in Fig. 1 shows a typi-
cal map around the asymmetric 113 reflection from
Si(001):B layer withCB  4.2 3 1021 cm23 and NB 
7.8 3 1020 cm23. Diffracted intensity distributions are
plotted as isointensity contours as a function of the rec
rocal lattice vectorskk andk' parallel and perpendicular
to the surface, respectively. The substrate and the fi
peaks are nearly perfectly aligned along thekk direction
indicating negligible in-plane strain relaxation. TEM re
sults show no evidence of extended defects in the film.

Figure 1 is a plot of the out-of-plane lattice paramet
a' as a function ofCB in Si(001):B films. For films
with CB # 2.5 3 1020 cm23, a' decreases linearly with
increasingCB. However,a' vs CB becomes nonlinear
for CB . 2.5 3 1020 cm23. The initial linear a'sCBd
relationship is consistent with Vegard’s rule as well a
Hall measurements showing that all B is incorporated in
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FIG. 1. Si(001):B lattice parametera' along the film growth
direction as a function of the total incorporated B concentratio
CB. The inset shows a HR-RLM around the 113 reflectio
of a Si(001):B film with CB  4.2 3 1021 cm23 and NB 
7.8 3 1020 cm23.

electrically active substitutional sites (Table I). The dat
can be fit with the expression

a'  aSi 2 bNB , (1)

for which aSi is the bulk Si parameter (5.431 Å),NB
is the active B acceptor concentration, andb  4.5 3

10223 Å cm3 is the strain rate coefficient. Note thatb 
fs1 1 ndys1 2 ndg fsaSi 2 aBdynSig, for which n 
0.278 is the Poisson ratio,nSi  5 3 1022 cm23 is
the atomic density of Si, andaB  4.1 Å is the lattice
constant of diamond structure B calculated using th
tetrahedral covalent radius, 0.88 Å.

As CB is increased above2.5 3 1020 cm23, a' con-
tinues to decrease buta'sCBd becomes nonlinear as B
is incorporated into both electrically active and inactiv
sites (Table I) in parallel reaction paths. A compariso
of the a'sCBd relationship forCB less than and greater

TABLE I. Total sCBd, electrically activesNBd, and inactive B
concentrations in B doped Si(001) layers.

Total B Active B Inactive B
Concentration Concentration Concentration

CB scm23d NB scm23d sCB 2 NBd scm23d

5.0 3 1018 5.0 3 1018 · · ·
1.7 3 1020 1.7 3 1020 · · ·
2.5 3 1020 2.5 3 1020 · · ·
4.5 3 1020 2.3 3 1020 2.2 3 1020

5.0 3 1020 2.5 3 1020 2.5 3 1020

7.0 3 1020 3.0 3 1020 4.0 3 1020

1.6 3 1021 4.8 3 1020 1.1 3 1021

2.7 3 1021 6.5 3 1020 2.1 3 1021

4.2 3 1021 7.8 3 1020 3.4 3 1021

6.0 3 1021 9.0 3 1020 5.1 3 1021

1.0 3 1022 1.2 3 1021 8.8 3 1021

1.2 3 1022 1.3 3 1021 1.1 3 1022
4465
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than2.5 3 1020 cm23 shows that while the incorporation
of electrically active B results in purely in-plane tensile
strain, the presence of B in the electrically inactive con
figuration gives rise to compressive strain. The full set
a' vs CB data, including the kink in the curve assCB-NBd
becomes larger than zero, is well described (see Fig. 1)
the addition of another term to Eq. (1) to yield

a'  aSi 2 bNB 1 asCB 2 NBd . (2)

a, the inactive-B strain coefficient, is4.8 3 10224 Å cm3.
The fact that the entire curve can be fit with a single valu
of a suggests that all inactive B is incorporated into
single type of configuration, whose size remains consta
in the Si lattice irrespective ofCB.

Typical B K-edge TEY and FY NEXAFS spectra,
obtained with the x-ray beam incident at 20± to the sample
normal, are shown in Fig. 2 for films withCB values
between 5 3 1018 and 1 3 1022 cm23. The 196 eV
peak, corresponding to the B1s ! 2pz sppd transition,
is present for all films, but is much more pronounce
in the surface sensitive TEY spectra. The broad featu
at 205 eV, due to the B1s ! sp transition, is clearly
visible in the TEY spectra. We assign both peaks
B2O3 formed at the surface due to a combination of
segregation during film growth [4] and subsequent samp
air exposure.

The NEXAFS peak located at 192 eV emerges in th
layer with CB  5 3 1020 cm23, and the intensity of the
peak increases sharply with further increase inCB. This
peak is much more prominent in the FY than in the TE

FIG. 2. (a) Total electron yield (TEY) and (b) fluorescenc
yield (FY) NEXAFS spectra obtained near the BK-edge of
GS-MBE Si(001):B layers withCB ranging from 5.0 3 1018

to 1.0 3 1022 cm23. The inset shows a B pair incorporated
into electrically inactivesp2 bonded trigonally coordinated
substitutional sites in a Si tetrahedron.
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NEXAFS spectra. Since the effective electron esca
depth for semiconductors with incident x-ray radiation
the 100–200 eV range is,100 Å compared to a fluores-
cence photon escape depth of.1000 Å [15], the peak at
192 eV must be related to bulk rather than surface B.

The 192 eV feature in Fig. 2 cannot be attributed
previously reported B-related species with similar pe
positions: o-carboranesB10H10C2H2d, diboranesB2H6d,
and decaboranesB10H14d [16]. SIMS measurements show
that C in our films is below the detection limit,5 3

1016 cm23, while boron hydrides either dissociativel
chemisorb or desorb from short-lived physisorbed state
the film growth temperatures employed. We attribute t
192 eV peak to a B1s ! 2pz transition corresponding to
sp2 bonded B incorporated as B pairs located at sin
Si sites (inset of Fig. 2). In this configuration, each
is surrounded by three atoms: two Si and one B, a
has a planar trigonal coordination. The fact that th
peak is at a lower energy than the sharp peak aris
from surface B2O3 is consistent with the lower Pauling
electronegativity values of Si (1.8) and B (2.0) compar
to O (3.5).

The broad feature in FY spectra near 201 eV (a
visible, although weaker, in the surface-sensitive TE
spectra) is attributed to a convolution of contribution
arising from B1s ! sp transitions associated withsp2

B-B and B-Si (B in the electrically inactive configuration
bonds together withsp3 B-Si (B in the electrically active
configuration) bonds. The individual peaks cannot
resolved.

Angle-dependent NEXAFS measurements were carr
out on the Si(001):B layer withCB  1.0 3 1022 cm23,
for which the electrically inactive B concentratio
sCB-NBd  8.8 3 1021 cm23 (Table I), in order to de-
termine the polarization dependence of the B1s ! 2pz

sppd signal. The angleu between the film surface norma
and the direction of the incident beam was varied betwe
10± and 60±. If all B pairs were oriented along the [001
growth direction, i.e.,pp orbitals oriented alongfhk0g
with h, k  61, the intensityI of the 192 eV feature
should be proportional to cos2u. However, if the B pairs
are in plane withpp orbitals aligned alongf0klg and
fh0lg with k, l and h, l  61, I should be independen
of u. We did not observe a strong dependence ofI on u

indicating that most of the B pairs are oriented in plan
Within the resolution of the measurements, we cann
however, rule out the possibility that the B pairs a
randomly oriented, with1

3 of them along [001], which
would give only a weakIsud dependence.

Based upon the above results, we propose the follow
reaction paths for B incorporation in ultrahighly dope
GS-MBE Si(001):B layers. During Si(001):B film growth
at CB # 2.5 3 1020 cm23, CB increases linearly with
the B2H6ySi2H6 flux ratio and incorporated B segregate
to the second layer [4] with a coverageuB # uB,sat 
0.5 ML (monolayer), the saturation value [4,17]. All B
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incorporated in these layers is located at tetrahedra
coordinated substitutional Si sites and is electrically activ
As a result,a' for these films decreases linearly with
increasingCB and the 192 eV NEXAFS peak is absent.

When CB exceeds2.5 3 1020 cm23, the B incorpora-
tion rate increases (i.e.,CB increases with B2H6ySi2H6
flux ratio at a faster rate),uB . uB,sat during film growth,
and, as has been recently shown by isotopically tagg
temperature-programmed desorption, B begins to acc
mulate at the outer surface [4]. B surface adatoms a
mobile at the growth temperatures employed and form
pairs which are then incorporated as a unit into the grow
ing Si film. Simultaneous with the overall increase in th
B incorporation rate, the fraction of electrically active B
decreases from unity (Table I). This is consistent wit
the B pairs being incorporated with trigonal symmetry o
substitutional Si sites such that all Bs-bonds are satu-
rated. Furthermore, incorporation of electrically inactiv
B at the expense of active B decreases the overall tens
strain in the layer by contributing a compressive comp
nent (Fig. 1).

Previousab initio calculations show that the lowest-
energy configuration for B pairs in Si is for the bond
direction to be alongk100l with a B-B bond lengthrB-B 
1.6 6 0.2 Å [8,9]. Using this result with our angle-
resolved NEXAFS data which rule out the possibility tha
the B-B bonds are all aligned along the [001] growt
direction, we calculated, based upon the value ofa

obtained from Fig. 1 and Eq. (2), the bond length betwe
a nearest-neighbor Si and a B pair atom for two case
(1) all B pairs are aligned in-plane equally along [100
and [010] directions, and (2) the pairs are distribute
randomly in all three orthogonal directions. The resul
yield rSi-Bpair  2.18 and 2.01 6 0.04 Å, respectively.
rSi-Bpair for case (2) agrees with total energy calculation
predicting a value of 2.01 Å for randomly alignedk100l
B pairs [8].

In summary, we have shown that B in GS-MBE
Si(001):B layers grown from B2H6ySi2H6 mixtures is in-
corporated into electrically activesp3 bonded tetrahe-
dral sites at concentrationsNB up to 2.5 3 1020 cm23.
For layers with higher B concentrationssCB  5 3

1020 1.2 3 1022 cm23d, NB continues to increase with
increasing CB, but the electrically active B fraction
NByCB decreases rapidly. Electrically inactive B is in
corporated assp2 bonded trigonally coordinated B pairs
in substitutional Si sites giving rise to a strong1s ! 2pz

sppd NEXAFS feature. We propose a surface reactio
path leading to B dimer incorporation which is consis
tent with our HR-XRD measurements. That is, whe
the second-layer B coverage during film growth excee
the saturation value of 0.5 ML (corresponding toCB 
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2.5 3 1020 cm23), excess B accumulates at the outer su
face where it forms stable B pairs which are incorporat
as a unit in substitutional sites, thus reducing the over
in-plane tensile strain.
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