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Boron atoms at trigonal, alloying sites are shown to be electronically active in a-Si:H.
Alone among the dopant elements of groups III and V, boron produces deep gap states in
this configuration. The position of a level depends on the bond angle of the site and thereby
its occupation. We predict that there will be a conduction tail of empty levels and a long
valence tail due to paramagnetic B; ™ sites. We discuss evidence that such states have been
seen in luminescence, optical-absorption, and transport experiments.

I. INTRODUCTION

It is generally believed that dopants of groups III
and V can occupy two types of site in a-Si:H, a
“substitutional” fourfold (or (4)) electronically ac-
tive site, and a more common threefold or ((3)) “al-
loying” site. Impurities at alloying sites are assumed
to be passive because the atom is able to satisfy its
normal valence requirements, and so these sites
merely reduce the doping efficiency. We show that
all group-V elements and most group-III elements
are indeed passive, but triply coordinated boron B;
produces deep gap states in a-Si:H. We find a
strong occupation dependence of the energy levels
due to relaxation, making them efficient nonradia-
tive recombination centers.

The origin of boron’s gap states is easily seen
from a table of orbital energies, such as Table I. A
symmetric (4) site possesses sp> hybrids at ener-
gy 7€+ 7€,. If each hybrid forms a bond, then
bonding (o) and antibonding (o*) states are formed
on either side of the hybrid energy. If such a sp?
site has only three neighbors, the unbonded hybrid,
or dangling bond, remains at the hybrid energy and
gives a gap state, as in a-Si. Group-III and -V ele-
ments are naturally trivalent and do not give gap
states because they adopt different bond angles.
Group-V elements are s%p3, form p bonds with an-
gles close to 90° leaving a nearly s-like nonbonding
level deep in their valence bands. Group-III ele-

ments may bond in planar (3) sites using sp? hy-
brids leaving an unoccupied nonbonding p orbital.
This level is assumed to lie well into the conduction
band of a-Si, giving a passive site. Table I shows
that the p energies of all group-III elements except
boron lie well above the sp® energy of Si. In con-
trast, boron has a p energy only 0.9 eV higher and
thus may lie in the upper gap of a-Si. Worse, if the
boron site distorts, the nonbonding state acquires
some s character and drops in energy. The boron
sp3 energy lies 0.3 eV below that of Si. Thus boron
may produce levels in any part of the gap of a-Si.

These simple bonding pictures are confirmed by
detailed cluster calculations in the next section. The
pyramidal angle of B; depends on the occupancy of
the nonbonding orbital and the constraints imposed
by the rest of the network. We show in Sec. III that
the gap level energy depends strongly on €r and
thereby on doping and compensation. Boron is
known to be a more problematic dopant than P or
As. In Sec. IV we discuss evidence from lumines-
cence, optical, and transport data that B-centered
deep levels could be one of the causes.

II. CLUSTER CALCULATIONS

The electronic structure of various trivalent im-
purities has been calculated using a semiempirical
tight-binding (TB) Hamiltonian and the recursion
method. The TB Hamiltonian uses a sp’s* basis

TABLE I. Hartree-Fock s- and p-orbital energies in eV [from W. A. Harrison, Phys. Rev. B 24, 5835 (1981)].

Si B Al Ga In Tl N P As Sb
—E(s) 14.79 13.46 10.70 11.55 10.14 9.82 26.22 19.22 18.91 16.02
—E(p) 7.58 8.43 5.71 5.67 5.37 5.23 13.84 9.54 8.98 8.14
—E(sp?) 9.38 9.69 6.96 7.14 6.56
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FIG. 1. LDOS for the pw orbital at a planar (3) Ga
site, referred to the valence maximum of c-Si.

and retains only first-neighbor interactions, as
described in more detail earlier."? All the energies
are referenced to the valence maximum of crystal-
line (c-) Si for convenience. The recursion method
represents the Hamiltonian of the cluster as a con-
tinued fraction, truncated after a number of levels,
which is then manipulated to give the local densities
of states (LDOS) on the selected atom.? Thirty-five
levels of the fraction are retained in the present cal-
culation. The positions and orbital content of the
gap states is found from the poles of the Green’s
function.*

The cluster consists of three separate crystalline
units of 128 Si atoms connected only via the impuri-
ty atom at the vertex, whose angle is allowed to
vary. A planar vertex has D3, symmetry in which
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FIG. 2. LDOS of the four sp? orbitals and of the A, p,
orbital at a (3) P site with 98° bond angles.
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only the p7 orbital is 4]. A pyramidal site is C;, in
which both p, and s belong to 4; and may hybri-
dize. The LDOS for all four s and p orbitals or just
the p, obital can be displayed; usually the latter is
more informative.

The LDOS of the pm orbital at a planar Ga site is

istrongly concentrated around 3.3 eV, the p-orbital
energy, showing its nonbonding character (Fig. 1).
Similar results are found for Al and In. If the ver-
tex angle is decreased to give bond angles of 109.5°,
the nonbonding level falls but always remains above
2 eV for these elements. Together, the results con-
firm the passivity of (3) Al, Ga, and In sites.

Figure 2 shows the LDOS for a (3) P site with
its usual 98° bond angle. There are no gap states.
The nonbonding orbital is the s-like resonance seen
at the bottom of the valence band. The p, orbital is
involved in the o and o* states around —2 and 3 eV.
Similar results are found for the other pnictides, also
confirming that their (3) configurations do not pro-
duce gap states.’

Figure 3 shows the LDOS of the Bp, orbital at
(3) sites with bond angles of 120° and 109.5°. Both
configurations produce gap states at 1.0 and 0.05
eV, respectively. These energies are within 0.1 eV
of the p and sp® energies, confirming that the bond
angles determine the hybridizations.® The B p lev-
el is expected to be insensitive to its environment
like the occupied p levels in Se. The dangling bond
energy varies with its environment, and Fig. 3 shows
that this will be largely through the effects of bond-
angle variations on its hybridization. Hence (3) bo-
ron is not electronically passive. The difference in
behavior between B and the other group-III elements
is caused by its lower p energy and its relatively
small s-p energy difference.
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FIG. 3. LDOS for the p, orbital at a (3) B site with
120° and 109.5° bond angles.
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II1. POSITION OF THE GAP STATES

We have shown the dangling-bond energy of (3)
B to depend on its bond angle. In the “molecular
limit” in which both the on-site correlation energy
and the constraints imposed by the rest of the net-
work are neglected, the angle varies to optimize the
hybridization for each occupation number, as in a
XH; molecule. In this limit, B; is planar, B;~ has
angles of 109.5° and B3~ would have angles close
to 90°. Additionally, the diamagnetic B;° and B;2~
states would be more stable and the reaction

2B;~— By’ +B3?~

would be exothermic, implying that B; possessed a
negative effective correlation energy or ‘“negative
U.”’~° We argue that the molecular limit does not
hold for Bj sites. Similar bonding configurations
have been suggested for Si atoms in buckling models
of the 2X 1 reconstruction of the (111)Si surface'®
and for dangling bonds in a-Si.!! These forms of
surface reconstruction have recently been shown to
be less stable than the undistorted surface,'? and the
Si dangling bond is now known to have a positive
U.'3 We believe the correlation energy of B; to be
much larger than for Si; because of boron’s smaller
radius and particularly because of the low stability
of a highly charged B2~ gap state on an electroposi-
tive element.’* We propose that B;° and B;™ to be
the observable gap states of (3) B, and that each
will have metastable distorted configurations.

We position Bj levels in the gap of a-Si:H using
the energies in Fig. 3 as a guide. The gap of a-Si:H
is about 1.6 to 2.0 eV wide.!>~!7 Taking a value of
1.8 eV, we argued earlier' that the edges should be
placed at —0.5 and 1.3 eV with respect to the
valence maximum of c¢-Si, the reference energy of
our calculations. Deep-level transient spectroscopy
(DLTS) places the D~ Si dangling-bond state 0.8 eV
below E_,!” 1.0 eV above E, (Fig. 4). Its correlation
energy is 0.4 eV,'®18=20 placing D° 0.6 eV above E,,,
0.1 eV above E, in c-Si. Our calculations place the
Si3 level at 0.24 eV in ¢-Si, 0.14 eV higher than this.
By subtracting this figure from all our calculated
levels, the planar and tetrahedral Bj sites lie at about
1.4 and 0.4 eV above E, in a-Si:H, respectively.
Scaling the Si correlation energy to the smaller ra-
dius and valence of B, we estimate it to be at 0.6 eV,
placing the B;>~ planar state well above E,, where it
would delocalize into the extended conduction
states. A much larger correlation energy of 1.4 eV
is needed to force the tetrahedral By~ site above E,
also, but this is probably necessary. In summary, B,
has three charge states: B;° which prefers to be pla-
nar, B;~ which prefers bond angles of 109.5°, and
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FIG. 4. Predicted energy levels for (3) B sites in a-
Si:H, with the valence maximum of c-Si assumed to lie at
+ 0.5 eV.

B;2~ lying above E,. The lower charge states are
both accessible by varying the doping polarity. A
boron ESR signal from B; ™ should be seen in com-
pensated samples.

IV. DISCUSSION

Gap states due to boron dangling bonds should be
most evident in compensated samples. With unipo-
lar doping, € lies close to the valence-bond edge E,
and the B; sites preferentially adopt their planar
configuration giving states close to E., far away
from €r. Compensation raises € above the B;~ lev-
el causing more borons to distort and produce states
away from the band edges. We discuss evidence
that boron centers have been seen in luminescence,
transport, and optical measurements.?’—22

Gap states in doped a-Si:H can be both Si dan-
gling bonds and extrinsic dopant centers. Unfor-
tunately, the density of Si dangling bonds depends
on the doping level so their effects in doped films
cannot be just subtracted away. It is found that the
luminescence efficiency of a-Si:H decreases with
doping level due to an increased density of recom-
bination centers, attributed to Si dangling bonds.??
Compensation reduces the number of Si dangling
bonds, but Dersch et al.!° found that their number
increases above the undoped level if €y is held near
midgap. Behind all these variations in dangling-
bond density, Street et al.?! note that the 1.4-eV
luminescence peak shifted to lower energies with in-
creased doping in compensated samples. This was
assigned to the growth of a large tail of states out of
the valence band. The tail causes the red shift in the
luminescence peak and is only found in the compen-
sated samples. In uncompensated samples the peak
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remains at a fixed energy but reduces in intensity
with heavier doping. As the tail is only found in
compensated samples, it is tentatively identified
with the dangling-bond levels of the 109.5° B site in
Fig. 4. As they are singly occupied, they should be
identifiable by their ESR signal. The tail should
also be absent in compensated Ga-doped a-Si:H.

The transport mechanism in doped a-Si:H films
can be analyzed from combined conductivity and
thermopower measurements. Boron doping is found
to affect electron transport as well as providing free
holes.?? In uncompensated samples, planar B; levels
are expected to introduce a 0.4-eV tail below E,
which would modify electron mobilities. There is
some evidence of a valence tail in p-type samples
from the difficulty of DLTS measurements. This
may indicate that B could adopt a pyramidal site in
p-type samples which would require B;~-D* com-
plexes. Any tail does not itself prevent doping, some
of the lowest conductivity activation energies have
been found in p-type chemical-vapor-deposition
(CVD) a-Si films.**

Band tailing can also be identified by optical ab-
sorption. It has been observed in both P- and B-
doped samples.”® In the P-doped samples, n-type
photoconductivity was found when the tail states
were excited proving them to be valence tail states,
interpreted as Si dangling bonds. The tailing band
has yet to be positively identified in the B-doped
samples. However, the experimental absorption
spectrum is consistent with our model of B 7 states
just below E.. This could be confirmed if a light-
induced ESR signal due to B was observed for a
1.2-eV excitation.

Nuclear magnetic resonance and Raman spectros-
copy should both be able to test the model. The
NMR linewidth of B is too large to be ascribed to
(4) sites and is known to decrease as the site be-
comes more pyramidal.?> NMR should find a nar-
rower B line in compensated samples or samples in
which an electric field during deposition causes the
occupation of the p, state. The A4 vibration of B
along the z axis is polarized and only Raman active
if the site is pyramidal. Its frequency increases from
a low value as the site distorts.

Al, Ga, and In should be simpler p-type dopants

because their (3) sites are passive. However, the
levels of their (4) sites are not as shallow as
boron’s.! Trivalent Al, Ga, and In compounds are
strong Lewis acids with a great tendency to over-
coordinate, as in Al,Cls. This will obviously in-
crease doping efficiencies. A possible problem is
that the low stability of (3) sites may manifest it-
self instead as autocompensation by the formation
of Ga**(Ga; ™ ); complexes.

V. CONCLUSIONS

Our model can be summarized as follows. Triply
coordinated boron produces deep gap states in a-
Si:H, at positions very close to those expected from
its orbital energies. As yet there is no direct ESR
evidence of deep boron levels in a-Si:H, but the sim-
plicity of the energy arguments suggests that boron’s
dangling-bond states must be deep and we give in-
direct evidence that such centers have been seen. In
p-type samples planar sites are expected to cause a
0.4-eV-wide conduction tail which could be identi-
fied by subgap optical absorption and light-induced
ESR (LESR). Compensation transforms the con-
duction tail into a valence tail of singly occupied
states due to pyramidal Bj; sites. Their levels should
be singly occupied giving a cold dark ESR signal
and subgap absorption. We suggest that NMR and
Raman spectroscopy on variably compensated sam-
ples could prove the model. We also suggest that
the strong electron-lattice coupling associated with
these sites will make them efficient nonradiative
centers. In this respect they may be much more
deleterious than silicon dangling bonds as their lev-
els span the whole gap between both band tails. We
also predict that Al, Ga, and In should be chemical-
ly simpler p-type dopants because their (3 ) sites are
passive. The difference between B and the other ac-
ceptors is due to its lower p energy and smaller s-p
splitting.
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