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This paper addresses the doping mechanism of amorphous semiconductors through the investiga-
tion of boron doped rf co-sputtered amorphous hydrogenated silicon. The activation energy and
room temperature conductivity varied from 0.9 to 0.3 eV and from 10�12 to 10�4 Ohm�1.cm�1,
respectively, by ranging the boron concentration from 0 to 3 at.%. These ranges of electronic prop-
erties are of the same order of those reported for samples prepared by plasma enhanced chemical
vapor deposition (PECVD). In spite of these similarities, there are some relevant di�erences. The
doping eÆciency, at low boron concentrations, is much lower than that of PECVD samples. In
addition, the creation of deep defects (dangling bonds) does not follow the square root power law
dependence on the boron concentration as proposed by Street and observed in PECVD samples.
These di�erences are associated with the density of defects, which is much higher in �lms prepared
by sputtering. The increase in the deep defect density is more likely related to topological disorder,
introduced by the presence of a high concentration of inactive impurities.

I Introduction

The observation of doping in a-Si:H thin �lms, in 1975,
by Spear and Le Comber [1] was an important break-
through in the �eld of amorphous semiconductors, since
at that time most people use to believe that disordered
materials could not be doped at all. Indeed, due to
the lack of constraints of an amorphous network, the
8-N Mott's rule [2] predicts that all the elements intro-
duced into those materials would be bonded at their
own con�guration. Thus, the impurities could not act
as donors or acceptors. A modi�ed Mott's rule (in-
cluding charged atoms) was then proposed by Street
[3] in order to explain the mechanism that allows the
experimentally observed doping of amorphous semicon-
ductors. This model managed to explain the low and
variable doping eÆciency and the creation of additional
dangling bonds in hydrogenated amorphous silicon and
germanium prepared by plasma enhanced chemical va-
por deposition (PECVD), doped either with boron or
phosphorous. This model is supposed to be very gen-
eral: independent of deposition technique, and valid
for silicon and germanium doped with any element of
columns III and V. Nevertheless, arsenic doped a-Si:H
deposited by PECVD [4], as well as a-Ge:H prepared
by rf-sputtering using column III and V dopants other
than B and P [5], do not �t Street's model. This is an

indication that other mechanism, besides charge injec-
tion, is also taking place. Though a lot of researches
have been performed and several technological devices
have been developed using doped amorphous silicon,
the actual doping mechanism of amorphous semicon-
ductors is, until now, not completely understood. In
this work, boron doped a-Si:H �lms was studied in order
to investigate the validity of Street's model in �lms pre-
pared by rf-sputtering, which have much higher concen-
tration of deep defects than �lms prepared by PECVD.

II Experimental details

The samples were prepared in a Leybold Z400 rf-
sputtering system co-sputtering small pieces of boron
on a 3" diameter silicon target. The boron to sil-
icon area ratio (from 0 to 13 %) was the only pa-
rameter modi�ed. All the other deposition parame-
ters were kept �xed (bias of 1000V; 250 oC substrate
temperature; H2 ux of 8 sccm; Ar + H2 pressure of
8x10�2mbar; and 120 min of deposition time). The
�lms, of about 0.6-0.8 �m thick, were deposited onto
crystalline silicon and quartz substrates, for the mea-
surements of optical properties and the concentration
of hydrogen and boron, and on 7059 corning glass cov-
ered with a thin layer of chromium, for conductivity
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measurements.

The actual concentration of boron in the �lms was
determined using the nuclear reaction 11B(p, a) 2a [6].
A quite linear correlation between the boron area in
the target and the boron content in the �lm was ob-
served. The concentration of bonded hydrogen was de-
termined by infrared absorbance using a conventional
Nicolet FTIR spectrometer and the well-known cali-
bration constant for the hydrogen-silicon wagging vi-
bration (at 640 cm�1) [7]. The absorption coeÆcient
and pseudo-gap were determined by the procedure de-
veloped by Swanepoel [8] using the transmittance data
on the visible region. Photothermal Deection Spec-
troscopy (PDS) was used to obtain the density of dan-
gling bonds and the Urbach energy. The conductivity
measurements were performed using a sandwich setup
(the top contacts were evaporated aluminum dots) in
order to avoid surface e�ects, which are usually present
in measurements performed using conventional parallel
contacts. The measurements were taken in the 300-450
K temperature range at a rate of 3K/min, during the
cooling cycle. All samples were measured at the same,
�xed, voltage and in the ohmic regime.

III Results

Fig. 1 shows the results of the conductivity measure-
ments as a function of the boron content. Fig. 1a dis-
plays the room temperature conductivity, while Fig. 1b
shows the activation energy. For comparison, Fig. 1
also includes data from Spear and Le Comber [9] for
doped a-Si:H prepared by PECVD using diborane as a
source of boron; and by Kalbitzer et al. [10] for a-Si:H
also prepared by PECVD, but introducing boron into
the �lms by implantation. One can notice that in our
samples we manage to change the room temperature
conductivity, as well as the activation energy, in the
same range obtained for PECVD �lms. The most im-
portant di�erence is the large amount of boron required,
in the sputtered �lms, to achieve the same parameters
obtained for glow discharge �lms.

Fig. 2 presents the variation of the defects density,
inferred by PDS spectroscopy, as a function of the boron
content. The dotted line, with a log-log slope of 0.65,
is a power law �t to the data. The �lms with boron
content higher than 3x1020 atoms/cm3 were excluded
from this �tting because at about this concentration the
optical and structural properties start to change signif-
icantly. In particular, the hydrogen concentration and
band gap decrease as the boron concentration increases
in that range.

Figure 1. Activation energy and room temperature con-
ductivity of boron doped a-Si:H as a function of the boron
concentration. The full circles are co-sputtered samples; the
open circles are boron implanted PECVD samples; and the
solid line is the result obtained for PECVD �lms using dib-
orane as a source of boron.

500 1000 1500 2000 2500 3000 3500 4000

For all BN samples
F(N

2
): 44

F(B
2
H

6
): 44

B
2
H

6
/N

2
: 1x10-2

rf-power: 0.5 W/cm 2

N-H

h-B-N

h-B-N

WAVENUMBER  (cm -1)

A
B

S
O

R
B

A
N

C
E

  (
a.

u.
)

340 oC

180 oC

RT oC

 

Figure 2. Deep defect density as a function of boron con-
centration. The solid line is a linear �t, whose slope is 0.65.

Fig. 3 shows the relation between the Urbach en-
ergy and the density of dangling bonds. Data from lit-
erature, used by Stutzmann [11] to support his model
of spontaneous conversion of weak bonds into dangling
bonds, were also added to the �gure for the sake of com-
parison and to increase the range of data for testing his
model.
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Figure 3. Deep defect density as a function of Urbach en-
ergy. The circles are data from literature and the squares
are data from this work (co-sputtered samples). The dashed
line is calculated according to the weak bond to dangling
bond conversion model proposed by Stutzmann.

IV Discussion

The Street's model claims that the ratio between the
four-fold and three-fold coordinated silicon atoms is
given, on equilibrium, by the chemical reaction:

Si04 + X0
3 � Si+3 + X�4

where the subscripts are the coordination number
and the superscripts are the charge state. X is any im-
purity from III and V periodic table columns. From
this simple chemical reaction, using the mass action
law, one can �nd the dangling bonds density (ND), as
well as the doping eÆciency (�), as a function of the im-
purity concentration. The dangling bond density varies
directly with the square root of impurity content (ND

� [X]
1

2 ), while the doping eÆciency is inversely pro-
portional to the square root of the impurity content (�

� [X]�
1

2 ).
Fig. 2 shows that, in our samples, ND �[B]0:65;

i.e., it does not follow the square root power law func-
tion predicted by the Street's model. This disagreement
must be related with the electronic structure di�erences
between the sputtered and PECVD samples. First of
all, the density of deep defects on the intrinsic sputtered
material is almost 500 times higher than that of �lms

deposited by PECVD. Besides, the Urbach energy, of
about 80 meV, is also much higher than that obtained
from good PECVD samples, which is about 50 meV or
lower. Indeed, as it is well know, a high density of deep
defects must pin the Fermi level near the midgap. As a
consequence one must incorporate much more boron in
sputtered �lms than in PECVD ones in order to obtain
the same activation energy variation. For instance, in
Fig. 1 one can notice that in order to reach values of
Ea ~0,4 eV and CRT ~10�7 W�1cm�1, the boron in-
corporation in the sputtered �lms is almost 3 orders of
magnitude higher than that of PECVD �lms. There-
fore, the e�ect of distortion around the impurity vicin-
ity due to the incorporation of such a high concentra-
tion of atoms with coordination 3 cannot be neglected.
In this process, the amount of Si-Si weak bonds in-
creases and a certain quantity of dangling bonds must
be created. This statement is supported by the results
obtained for the Urbach energy, since its relation with
the dangling bonds density (Fig. 3) is quantitatively
in good agreement with the model proposed by Stutz-
mann [11]. This model explains how an increase of
weak bonds, expressed in terms of Urbach energy, can
produce an excess of dangling bonds. Thus, the dan-
gling bond production in boron doped amorphous sili-
con prepared by sputtering cannot be explained only in
terms of charge injection Street's model as in PECVD
samples. Other features such as topological disorder
created by the large amount of boron introduced into
the �lms must be taken into account.

V Conclusion

In summary, we managed to dope amorphous silicon
with boron, using a co-sputtering technique, with ac-
tivation energy and conductivity of the same order of
those obtained for PECVD �lms. However, the amount
of boron required to shift the Fermi level is about
3 orders of magnitude higher than that necessary in
PECVD samples. It was also observed that the charge-
induced model does not describe satisfactorily the pro-
duction of dangling bonds. However, the data �ts very
well to the Stutzmann model based on the creation of
topological disorder due to the incorporation of a large
concentration of 3-fold coordinated boron atoms into
the silicon network.
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