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In this work, a series of boron-doped microcrystalline silicon samples [µc-Si:H(B)] were deposited by plasma-
-enhanced chemical vapor deposition, using silane (SiH4) diluted in hydrogen, and diborane (B2H6) as a dopant
gas. The concentration of B2H6 in SiH4 was varied in the range of 0�100 ppm. The density of states was obtained
from the thermally stimulated conductivity technique and compared with results obtained by the modulated
photoconductivity methods. To explain the poor agreement between the density of states obtained from the
thermally stimulated conductivity and the other methods, it is shown by means of numerical simulations that the
density of states is very sensitive to experimental errors introduced in the calculation of the µnτn product (mobility
of electron × lifetime of the electron). The thermally stimulated conductivity method is applied here for the �rst
time to calculate the density of defect states in the forbidden band of µc-Si:H samples.

DOI: 10.12693/APhysPolA.125.174

PACS: 68.55.Ln, 73.61.Ga, 61.72.uf

1. Introduction

The optoelectronic and transport properties of hydro-
genated microcrystalline silicon (µc-Si:H) are strongly in-
�uenced by the localized states present within the for-
bidden energy band. These localized states, which act
as trapping and recombination centers, may arise from
intrinsic defect states or from impurity atoms.
Some experimental techniques originally developed to

measure the density of states (DOS) within the gap of
hydrogenated amorphous silicon (a-Si:H) [1�3] have also
been applied to µc-Si:H [4�6]. In previous works we have
measured the DOS of µc-Si:H samples from the mod-
ulated photoconductivity (MPC) method, both in the
conventional trapping and release regime [7] and in the
recombination regime (RR-MPC) [8, 9]. We have found a
correlation between the doping level of the samples and
the subgap DOS. In this work we apply the thermally
stimulated conductivity (TSC) method, which has been
used for years to determine the DOS of amorphous semi-
conductors [10], for the �rst time to µc-Si:H samples.
In this work we present DOS measurements performed

by using the TSC method on boron doped µc-Si:H sam-
ples. We compare these results with DOS measurements
obtained from other reported methods. Based on numer-
ical calculations of TSC and steady-state photoconduc-
tivity experiments [11], we show that the DOS is largely
in�uenced by experimental errors introduced by the es-
timation of the µτ (electron mobility times electron life-
time) product.

2. Experimental

Samples were prepared in a capacitively coupled
plasma enhanced chemical vapor deposition (PECVD)
reactor, operated at a frequency of 50 MHz and described
in a previous publication [12]. Corning 7059 glass at a
temperature of 160 ◦C was used as a substrate. The gas

source was a mixture of 94% hydrogen and 6% silane with
a total �ux of 20 sccm. Diborane was used as a boron
source, with a concentration in the gas phase between
0 and 100 ppm relative to silane. The base pressure
of the reactor, previous to deposition, was lower than
10−6 Torr. During deposition the pressure was kept con-
stant at 0.45 Torr, and the applied power density was
50 mW/cm2.
To perform the conductivity measurements, interdigi-

tated aluminum contacts were deposited by photolitho-
graphic techniques, with a total length of 25 cm and an
inter-electrode spacing of 0.01 cm. The current was mea-
sured with a Keithley 617 electrometer. For σ measure-
ments the initial temperature of the samples was 120 K.
For the TSC conductivity, σTSC, measurements the sam-
ples were illuminated with a 10 mW He�Ne laser during
10 min. After an equivalent waiting time, an electric �eld
of 103 V/cm was applied and the σTSC was recorded while
the samples were heated at a constant rate of 1.5 K/min.
Measurements were performed in the temperature range
100�423 K, and controlled by a computer code. After
the TSC measurements, the µτ product was evaluated
by using the method of the photoconductivity matched
to the thermally stimulated conductivity (PMTSC) [13].

3. Results and discussion

Figure 1a presents the dark conductivity curve (σdk,
dashed line) and the TSC curve (TSC, solid line) ob-
tained for the µc-Si:H sample doped with 25 ppm dibo-
rane in the gas phase. It can be seen that for T = 345 K,
the σdk and TSC curves join and present the same be-
havior for higher temperatures. This is due to the fact
that, for temperatures higher than this one (called the
Fermi temperature, TF), all the trapped charge has been
released. The TF is a material-dependent property, and
for the case of a-Si:H lies around room temperature.
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Fig. 1. Experimental TSC measurements for a µc-Si:H
sample doped with 25 ppm diborane. (a) TSC and σdark

measurements as a function of temperature. TF is indi-
cated by a vertical arrow. (b) σTSC, obtained from the
di�erence between the TSC and the dark conductivity
curves shown in (a). In the inset, mobility × lifetime
product obtained from the PMTSC technique.

The σTSC is obtained by subtracting the dark conduc-
tivity from the TSC curve. The shoulder observed for
σTSC in Fig. 1b around T = 110 K and the peak around
T = 330 K appear due to the release of trapped charge.
The release of charge occurs when the energy εm, for
which the carriers emission rate is maximum, shifts to-
wards midgap as the temperature is increased. The σTSC

depends on the DOS through the expression [10]:

σTSC = ef (εm, T0)µτ(T )g (εm)
d |εm|
dt

, (1)

with

εm(T ) = −0.967kT ln

(
52
νefect
β

)
+ 0.017, (2)

where e is the absolute value of the electron charge, g(εm)
is the DOS at energy εm, and f(εm, T0) accounts for the
initial occupation probability at energy εm, which is usu-
ally taken as one. The variation of εm with t can be
evaluated knowing that the temperature is a linear func-
tion of time, T = T0 + βt. DOS at energy εm can be
obtained from

g(εm) =
σTSC

µτ(T ) [|dεm| /dt]
. (3)

In the inset of Fig. 1b we present the values of the
µτ product obtained by using the PMTSC method for
the µc-Si:H sample doped with 25 ppm of diborane. In
Fig. 2 we present the DOS spectra obtained from the
TSC method for the µc-Si:H samples doped with 25 ppm
(Fig. 2a) and 50 ppm (Fig. 2b) of diborane. The DOS
shown in Fig. 2a is obtained from the application of
Eq. (3) to the curves previously shown in Fig. 1. As
a comparison, the DOS spectra obtained from the con-
ventional MPC and RR-MPC methods are also presented
in Fig. 2a and b.

In Fig. 2 it can be clearly seen that the DOS obtained
from the TSC method is for both samples signi�cantly
larger than the DOS obtained from the MPC and RR-
-MPC methods, which agree with each other. The dis-
agreement that can be seen in Fig. 2 between the DOS ob-
tained from the TSC and the MPC methods contradicts
previous results obtained from numerical simulations of

Fig. 2. DOS obtained from the TSC method (squares)
for the µc-Si:H samples doped with (a) 25 ppm and (b)
50 ppm of diborane. The DOS obtained by using the
conventional MPC (circles) and the RR-MPC (trian-
gles) methods is also shown.

the TSC experiments, where it was shown that trustable
information on the DOS distribution could be obtained
from this method. To analyze in more detail the origin
of this discrepancy for our microcrystalline samples, we
studied the in�uence that a small error in the µτ prod-
uct determination may have on the �nal results. For
that purpose we used the numerical simulations of the
TSC experiment where the coupled di�erential equations
that rule the evolution of the free and trapped charge
are solved as a function of time. A DOS representative
of µc-Si:H was introduced in the codes, and after solv-
ing the di�erential equations that rule the experiment,
Eq. (3) was used to reconstruct the initial DOS (solid
squares in Fig. 3b). It can be seen that, knowing the
right values of the µτ product for each temperature, the
introduced DOS can be recovered with great accuracy.

Fig. 3. (a) Simulated µτ data where a random disper-
sion between 0 and 30% has been introduced. The data
were �tted with a polynomial of order 3 in the range
T > 150 K. (b) DOS obtained by applying Eq. (2) to
the σTSC data of Fig. 1b and the µτ values of Fig. 3a.
Solid squares are obtained when no dispersion is intro-
duced to the µτ data.

Later, Eq. (3) was used again to reproduce the original
DOS, but taking into account the experimental limita-
tions in the determination of the µτ product. In fact, the
µτ product can only be determined with an acceptable
accuracy in a limited temperature range. The temper-
ature limitation comes from the fact that, for tempera-
tures lower than ≈ 150 K, the values of the thermally
stimulated as well as the dark current are extremely low,
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on the order of 1 × 10−11 and 3 × 10−14 A, respectively
(see Fig. 1). These values are just in the limit of de-
tection of the electrometer used to measure the current
(≈ 10−14 A), leading to inaccuracies in the application of
the PMTSC method [13]. Thus, the µτ values obtained
in the range T < 150 K should not be taken into con-
sideration for the DOS reconstruction. Another source of
error comes from the temperature range close to TF, since
in this range the TSC and dark conductivity curves are
quite close to each other, thus increasing the uncertainty
when the curves are subtracted.
Taking into account the experimental uncertainties in

the µτ product determination, we performed simulations
of the TSC experiment introducing a random dispersion
of 10% in the µτ product. Later, the data in the range
T > 150K were �tted with a third order polynomial func-
tion, and this function was used to reconstruct the DOS
from Eq. (3). As can be seen in Fig. 3a, if the polynomial
function is plotted from temperatures lower than 150 K,
it deviates largely from the calculated µτ values. The
same procedure was applied to µτ data where random
dispersions of 20% and 30% have been introduced. Fig-
ure 3b presents the resulting DOS reconstructions, cor-
responding to the cases shown in Fig. 3a.
In Fig. 3a it can be appreciated that the introduction

of a 10% dispersion in the simulated µτ data leads, when
a polynomial �t in the range T > 150 K is performed,
to a large variation in the values especially in the low
temperature range. Comparing with the data a�ected
with no dispersion (solid squares), it can be seen that for
T = 80 K the µτ product changes from 7.22 × 10−8 to
4.58×10−11 cm2 V−1, that means almost three orders of
magnitude lower than the correct value.
Moreover, it can be seen that an increase of the degree

of dispersion to 20 or 30% causes that the µτ product for
T = 80 K changes in more than six orders of magnitude
relative to the right value. As can be seen in Fig. 3b,
the µτ values a�ected by a certain dispersion and �tted
with a polynomial function in the region where the mea-
surements can be performed, do not reproduce correctly
the introduced DOS. In this �gure we also include, as
a reference, the DOS obtained from the µτ values with
no dispersion (solid squares). It can be seen that even
a small error of 10% in the µτ determination leads to
a poor reconstruction of the introduced DOS, with val-
ues that di�er signi�cantly from a realistic DOS for this
material. Consequently, we can conclude that the DOS
obtained from the TSC experiment is very sensitive to
experimental errors introduced during the measurement
of the µτ product, which can lead to wrong information
about the quality of the material.

4. Conclusions

In this work we have presented a detailed study of the
DOS obtained from the application of the TSC method to
thin µc-Si:H �lms doped with boron. The TSC method
has been applied here for the �rst time to estimate the
DOS within the forbidden gap of this material. Based
on numerical simulations of the TSC experiment we have
shown that the DOS is very sensitive to the experimental
error introduced in the calculation of the µτ product.

Acknowledgments

This work was partially �nanced with fund from the
ANPCyT (PICT 12-06950).

References

[1] S. Guessasma, M. Chahdi, Mater. Sci. Semicond.
Proc. 7, 411 (2004).

[2] W.B. Jackson, A.J. Franz, H.-C. Jin, J.R. Abelson,
J.L. Gland, J. Non-Cryst. Solids 227-230, 143
(1998).

[3] S. Kugler, J. Non-Cryst. Solids 358, 2060 (2012).

[4] K. Mourgues, A. Rahal, T. Mohammed-Brahim,
M. Sarret, J.P. Kleider, C. Longeaud, A. Bachrouri,
A. Romano-Rodriguez, J. Non-Cryst. Solids 266-

269, 1279 (2000).

[5] A. Dussan, J.A. Schmidt, R.D. Arce, R.H. Buitrago,
R.R. Koropecki, Thin Solid Films 449, 180 (2004).

[6] A. Dussan, R.H. Buitrago, R.R. Koropecki, Micro-
electron. J. 39, 1292 (2008).

[7] C. Longeaud, J.A. Schmidt, R.R. Koropecki, Phys.
Rev. B 73, 235317 (2006).

[8] R.R. Koropecki, J.A. Schmidt, R. Arce, J. Appl.
Phys 91, 8965 (2002).

[9] C. Longeaud, J.P. Kleider, P. Kaminski, R. Ko-
zlowski, M. Miczuga, J. Phys., Condens. Matter 21,
045801 (2009).

[10] G.E.N. Landweer, J. Bezemer, in: Amorphous Sil-
icon and Related Materials, Advances in Disordered
Semiconductors 1, Ed. H. Fritzsche, World Sci., Sin-
gapore 1989, p. 525.

[11] J.A. Schmidt, R.R. Koropecki, R. Arce, A. Dussan,
R.H.V. Buitrago, J. Non-Cryst. Solids 338-340, 322
(2004).

[12] S.B. Concari, R.H. Buitrago, M.T. Gutierrez,
J.J. Gandia, J. Appl. Phys. 94, 2417 (2003).

[13] M. Zhu, M.B. von der Linden, J. Bezemer,
R.E.I. Schropp, W.F. van der Weg, J. Non-Cryst.
Solids 137, 355 (1991).

http://dx.doi.org/10.1016/j.mssp.2004.09.009
http://dx.doi.org/10.1016/j.mssp.2004.09.009
http://dx.doi.org/10.1016/S0022-3093(98)00331-7
http://dx.doi.org/10.1016/S0022-3093(98)00331-7
http://dx.doi.org/10.1016/j.jnoncrysol.2012.01.056
http://dx.doi.org/10.1016/S0022-3093(99)00937-0
http://dx.doi.org/10.1016/S0022-3093(99)00937-0
http://dx.doi.org/10.1016/S0040-6090�03.01403-2
http://dx.doi.org/10.1016/j.mejo.2008.01.019
http://dx.doi.org/10.1016/j.mejo.2008.01.019
http://dx.doi.org/10.1063/1.1469695
http://dx.doi.org/10.1063/1.1469695
http://dx.doi.org/10.1063/1.1469695
http://dx.doi.org/10.1063/1.1469695
http://dx.doi.org/10.1088/0953-8984/21/4/045801
http://dx.doi.org/10.1088/0953-8984/21/4/045801
http://dx.doi.org/10.1016/j.jnoncrysol.2004.02.065
http://dx.doi.org/10.1016/j.jnoncrysol.2004.02.065
http://dx.doi.org/10.1063/1.1593215
http://dx.doi.org/10.1016/S0022-3093(05)80129-2
http://dx.doi.org/10.1016/S0022-3093(05)80129-2

