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Abstract

Gap states in amorphous hydrogenated silicon (a-Si:H) doped and microcrystalline silicon doped n and p
were examined by analysis of subgap absorption spectra obtained by the Constant Photocurrent Method
(CPM) and the Photothermal Deflection Spectroscopy (PDS). Assuming a Gaussian distribution of defect
states in the gap, broad distribution of states was found in a-Si:H and doped a-Si:H. A dependence of the de-
fect concentration on Fermi energy was detected and analysed by thermodynamic model of defect formation
in a-Si:H.
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1. Introduction

Over the last decade, attention has been paid to study
hydrogenated microcrystalline silicon (uc-Si:H) be-
cause of its good optoelectronic properties, and stability
against light-induced changes [1]. But the nature of den-
sity of gap states (DOS) of wuc-Si:H is still not well
understood, because of structural heterogeneity of this
material. Recently, Sanjay Ram et al. [2,3] proposed
numerical simulation modelling using Shockley-Read
statistics in steady state conditions which describe the
effective DOS picture in (uc-Si:H).

The defect states in hydrogenated amorphous silicon
(a-Si:H) and microcrystalline silicon act as trapping and/
or recombination centers, and affect the electronic de-
vices performances based on these materials, such as
solar cells. Photoconductivity measurements and PDS
provide a simple way of obtaining information on the
density of states in amorphous and microcrystalline
semiconductors. The density of gap states can be consid-
ered as composed of tail states corresponding to Si-Si
weak bond states and Si-dangling bond defect states. It is
well known that the density of Si dangling bond states
can be determined by chemical equilibrium process due
to interconversion of weak and dangling bonds [4-6].

Copyright © 2011 SciRes.

In this paper, we report experimental results of CPM
obtained on defect states in a series of undoped and
doped a-Si:H films and experimental measurement of
PDS in wuc-Si:H doped and intrinsic samples. The den-
sity of states in the gap of a-Si:H samples was exam-
ined by the deconvolution analysis of the subgap spectra.
The dependence of the defect concentration on Fermi
level was established and analyzed by thermodynamics
model [7,8] based on the chemical equilibrium reaction
between the weak and the dangling bonds involving the
emission and trapping of hydrogen.

2. Experimental Details

uc-Si:H films were produced by reactive Radio Fre-
quency Magnetron Sputtering deposition (RFMS). The
sputtering chamber was evacuated to about 10~ Torr.
For the plasma gas mixture of 30% Argon and 70% H,,
the power density of 0.9 W-cm? used to excite the
plasma and target-sample holder distance of 70 mm was
maintained constant for all the samples. For each of the
two doping (n) and (p) and intrinsic samples, we used a
100°C substrate temperature and a 30 minute deposit
time. The total pressure was maintained constant at 3 Pa
and the films thickness (d) was typically about 0.4 pm
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for all samples.

a-Si:H samples were prepared by conventional Plasma
Enhanced Chemical Vapour Deposition (PECVD) using
a standard reactor configuration [9]. Doping of plasma
was achieved by adding phosphine (PHj3) or diborane
(B,Hg) gases to plasma. The samples were deposited at
different substrate temperatures. Prior to the deposition
phase, the pressure and RF power were varied and the
partial pressure of doping gas was taken at selected val-
ues from 0.5% to 1.5%. The parameters of deposition are
summarized in Table 1. The films were deposited on
glass substrate Corning (7059). Evaporated coplanar alu-
minium electrodes were used for the measurement of the
conductivity and photoconductivity. The Tauc optical
gap (Etac), the thickness (d) and the absorption coeffi-
cient o for the most absorbed wavelength were deter-
mined from the measurement of optical transmission in
the wavelength ranging from 400 nm to 2400 nm. The
constant photocurrent method (CPM) was used to meas-
ure the subgap absorption.

3. Results and Discussions

3.1. Defects Density Models in a-Si:H

For a-Si:H, various methods have been proposed for
evaluated the deep defect density (Np) in a-Si:H density
of states (Np) via optical absorption spectra, we quote in
particular studies:

+ Jackson and Amer [10] proposed for evaluated the
deep defect density Np in a-Si:H a method based on
the integration the excess absorption in the weak
energies, estimated by subtracting from the meas-
ured absorption a(ha)) the contribution of the
transitions involving states located in the bandtails,
obtained by extrapolation of the exponential part of
the edge of absorption according to:

N, :7.9><1015_[{a(ha))—a0 exp(l—wﬂdha) (1)

o
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where E, is Urbach energy, can be considered equal to

the valence bandtail E,, . The apparent Urbach energy

E,,, which characterize the disorder and consequently the

weak Si-Si bonds is usually determined by the linear

regression in the exponential range (Figure 1). The term
of proportionality (7.9 x 10"°) was determined by the
good correlation enter the defect density deducted in
certain samples of a-Si:H and the defect density para-
magnetic determined by the EPR technique, defects were
identified by their factor g = 2.0055 as neutral hanging
connections D°.

It is necessary to note that this method is widely used
in the case of a-Si:H, and criticized for several reasons:

+ i-It takes into account the neutral hanging connec-
tions only, while it can have defects without spin
contributing to the optical absorption.

+ For the worst samples the defect density is very
important, we can have a covering in energy enter
the optical absorption involving the deep states and
those bringing in states localized in the bantails,
what leads then to one under estimation of the ex-
cess absorption and the defect density Np.

+ The optical absorption in a reference energy was
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Figure 1. The CPM spectra were normalized to the trans-
mission measurement. The extrapolation of the Urbach tail
equal to Tauc plotat Aiw=E_  +0.1eV.

Tauc

Table 1. Substrate temperature (Ts), thickness (d), RF power, partial pressure of doping (P.P).

Prior Pressure

Part.Pres P.P P.P P.P

: Thick
Label Ts (C)  RFpower (W) (mTorr) SiH (%) H, (%) B.Hs(%)  PH; (%) ick d (4 m)
Al 200 0,5 152 100 0,459
A2 250 0,53 158 100 0,531
A3 250 1,5 155 100 1,505
A4 250 1,05 360 50 49 1 0 1,055
A5 250 0,78 254 99,3 0,66 0,791
A6 250 0,78 257 98,75 1,24 0,786
Copyright © 2011 SciRes. JMP
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widely used in the case of a-Si:H and even for has it
a-Ge:H. This value of absorption can be directly
correlated in the defect density, and the choice of
the reference energy (in little meadows in the mid-
dle of the gap [11] or in the intersection of the ex-
ponential edge with the axis of the energies [12])
has no other purpose than to define a scale of com-
parison between the various samples. Among the
authors who used this method, we quote in the case
of a-Si:H, Yamasaki ef al. [13] who showed a good
correlation between the density of spins measured
by EPR and the coefficient of absorption measured
by the PDS at an energy of 1.2 eV according to the
relation:

Ny =(12-2.5)x10"a,, (1.2 eV) )

+  The fitting or deconvolution of the absorption spec-
tra was also widely used and allowed to get very
useful information on the DOS (Density of State)
and at their distribution in the gap [14,15]. The
principle of this method consists of using a model
of DOS suitable to the tetracoordinated amorphous
semiconductors [16], to calculate numerically the
coefficient of absorption, while modifying system-
atically the parameters of adjustments of the model
to obtain a better reproduction of the experimental
spectra on all the range of energy. For more infor-
mation on this method one can be consult the ref-
erence [17].

For the analysis of the absorption spectra, withdrawn
from CPM measurement, we used the method of decon-
volution and we have developed the necessary programs
for the numeral calculation to get information on the de-
fects density of states in the gap and at their distribution
in energy.

3.2. Deconvolution Model and Deep Defect
Density

We fit theoretical model for a-Si:H gap state density to

the measured optical absorption spectra in order to esti-

mate a more accurate value of the Urbach energy and the

deep defect density Np. The principal characteristics of

this deconvolution procedure are:

+ The conduction band mobility edge taken as the
origin of energies;

+  The conduction and the valence bands are supposed
parabolic;

+  The conduction and the valence band tails are de-
scribed by exponential distribution.

+  The deep-gap states are represented by a Gaussian
distribution centred at £ below the conduction and
mobility edge E..

Copyright © 2011 SciRes.

After these assumptions we deconvolute the experi-
mental absorption spectra by using the formula [18]:

a(hw) = %Ef N.(E)N , (E +ha)dho 3)

The integration is performed over all initial (filled)
states with density N,(£) and all final (empty) states
with density N, (E) separated in energy by /. The
symbol K is a factor depending on the refractive index
and on the momentum matrix element, it can be assumed
constant and equal to 1.8 x 107* cm’-eV? for all the op-
tical transitions involved provided the energy depend-
ence on these parameters is neglected [19]. All the opti-
cal absorption spectra were analyzed by this procedure
and fit well to the experimental data in Figure 2. The
determination of Fermi level is obtained from the dark
conductivity measurements by:

o(T) =0, exp[_AE } ()

k,T
where o, is the pre-exponential factor, corresponding
to the conductivity at infinite temperature, k, is the
constant of Boltzmann and T represented the tempera-
ture.

The CPM spectra obtained were normalized to abso-
lute values by fitting to the transmission measurements
by setting the extrapolation of the Urbach tail equal to
Tauc plot at energy E = Ez,,. + 0.1 eV [20]. The Tauc
gap (Er..) separating the extrema of the valence and
conduction bands supposed parabolic and not perturbed
by the disorder, by the extrapolation of the part strong
absorption (a(hw) > 10* cm ™' ) towards the weak ener-
gies according to the relation:

o experimental curve.
4 | l—theoretical curve.

Log[a (cm™)]
o

(=)

-2

1.0 1.5 2.0
Photon energy (eV)

Figure 2. The open circle is the experimental absorption
coefficient data and the solid line is the optical absorption
spectra fit obtained by deconvolution procedure.
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[hwa(ha))]% ZCSM (ha)_ETauc) (5)

Although the values of Tauc gap determined by this
method are subject to pledge for the more or less thick
layers, they follow the same variations as the energy Eo4
(correspond to a =10*cm™); the difference between
the values of Ez,,. and of energy Ey, remains appreciably
constant.

In the Figures 3(a) and (b) we represented the varia-
tions of the room temperature conductivity and dark
conductivity activation energy versus the doping concen-
tration of n and p-type a-Si:H. It clearly appears that the
addition of small quantities of phosphine or diboranne to
the deposition gas promotes a very high change factor
(10% in the room temperature conductivity. The activa-
tion energy decreases from 0.8 eV in undoped material to
about 0.2 eV with phosphorus doping and to 0.4 eV for
boron. Previous experiments showed that the conductiv-
ity change was due to a shift of the Fermi energy, and
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Figure 3. (a): The variation of the room temperature con-
ductivity with the doping concentration of the phosphine
and the diborane; (b): The dark conductivity activation
energy versus the doping concentration of PH; and B,Hg.
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that n-type and p-type conduction was occurring. These
results show that the Fermi energy (Er) still remains in
localized states and Er does not reach the conducting
states above the mobility edge. This is due to the high
density of bandtails localized states and also to the low
doping efficiency. The conductivity is lower in p-type
than in n-type samples. This can be attributed also at to
the wider valence bandtail which keep Ep farther from
the mobility edge, and may be to the doping efficiency of
boron which is lower than the phosphor doping effi-
ciency.

Figure 4 compares the optical absorption spectra of
phosphorus, boron doped and undoped a-Si:H. The addi-
tion of small quantities of phosphine or diborane to the
deposition gas promotes caused an important increase in
the level of absorption towards the weak energies. This
increase of the level of absorption or deeper states is
around two orders of magnitude for the doped spectra,
although it is more important for the doped n with regard
to the doped p. The inferred defect density increases with
doping and is exactly the same in both n-type and p-type
material at the same doping level. This observation is in
concordance with the results obtained by the street analy-
sis [21]. In this model it is assumed that in both case the
n-type doping with phosphorus and p-type doping with
boron are accompanied by the creation of the charged
defect given by the following reactions:

Si04 +P «—— P, +D

Sig*+ B’ «— B,+D"
Some characteristic parameters of state density in the
gap can be deduced by the analysis of the optical absorp-
tion spectra described in the first section. The fit of the

absorption coefficient allows determining the Urbach
energy Egy, the deep defect density Np and its energetic

| A Undoped a-Si:H (A3)
® p-type a-Si:H (A4)
o n-type a-Si:H (A6)

-
T
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Figure 4. The optical absorption spectra of phosphorus
doped (open circle), boron doped a-Si:H (solid circle) and
undoped a-Si:H (solid up triangle).
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position with regard to the conduction band (E¢ — Ep).
Typical characteristic parameters are summarized in Ta-
ble 2.

Important remarks can immediately be pointed out
from the data listed in this table:

*  The energy position of the neutral defect is situated
at the middle of the gap Ec — Ep = 0.9 eV. However
the energy of the positive and the negative charged
dangling bonds are located at 0.6 eV and 1.2 eV
from the conduction band edge respectively. This
allows concluding that correlation energy can be
estimated equal to 0.3 eV. de- duced from relation:
E*=E,+U, were E* is the energy of positive
or negative charged dangling, E, present the en-
ergy of neutral dangling and U corre- sponding the
correlation energy.

*  For the n-type, the displacement of the Fermi en-
ergy from the middle gap to conduction band edge
promotes the displacement of the Gaussian center
(Ep) to the valence band edge. In the case of the p-
type, when Eg tends to the valence band edge, Ep
reaches the conduction band edge. We also remark
that there is an important increase of the deep center
density when the Fermi energy moves from the in-
trinsic level in the gap. These results can be ex-
plained by the model developed in the theory of
defect formation in a-Si:H [7]. This last one is
based on the thermodynamic analysis of few simple
chemical reactions, where the neutral defect forma-
tion in undoped a-Si:H are described by the follow-
ing reaction:

SiH + SiSi 4——— D’+ SiHSi
where SiH are the hydrogen atoms bonded to Si and Si-
HSi are the trapped hydrogen at a weak-bond site. To
interpret the correlation between the Fermi level and the

density of localized states, Winer [7], consider the addi-
tional reactions given by:

Table 2. Urbach energy E,,, deep defect density Np, defect
energetic position Ec — Ep, gap mobility E;, dark conduc-
tivity activation energy AE.

Ec—Ep Np

Label E; (eV) V) (10" cm™)

AE (€V) Eoy (meV)

Al 1.97 0.98 14 0.98 60
A2 1.85 0.90 4 0.80 54
A3 1.84 0.90 5.5 0.80 60
A4 1.78 0.60 500 0.49 140
A5 1.84 1.20 700 0.21 72
A6 1.83 1.20 600 0.23 75

Copyright © 2011 SciRes.

D'+e e=—— D
D’+h’ e—— D'

In the forward direction, these describe the capture of
electron from the conduction band and hole from the
valence band by a neutral defect respectively. An in-
creasing of the electron or hole number in the system
pushes these reactions and consequently a creation of
larger deep defect concentration. This process is inde-
pendent of the extra electron and hole origin. Defect
creation by this process can result from applied field,
light exposure, doping, and all parameters can modify
the position of the electronic neutrality level. Shift in the
Fermi energy to fill or empty defect states leads to a
change in their distribution. Further more the dependence
of states density can be described in terms of defect for-
mation theory developed by Winer [7] where the defect
density is expressed by:

NVOEOVKT}

[D(ED)]:LE .

(6)

[25;,/ exp[_tuD(ED)/EOV]_eXp[_zluD(ED)/KT]:|
where Ep, is the energy of the most probable defect con-
figuration, k is the Boltzmann constant, 7 the tempera-
ture and up the defect chemical potential. The defect
chemical potential plays an important role in determining
the equilibrium defect concentrations. We represented in
Figure 5 the variation the defect concentration as func-
tion of Fermi energy for all samples. The calculated
equilibrium charged defect concentrations exponentially
increase with increasing separation of the Fermi energy

1E19}

1E18 |

1E17 }

Defects density (cm™)

IEIG—0 1t 1
0.0 03 10 5

Ec—E; (eV)

Figure 5. The defect concentration as function of Fermi
level obtained by the absorption spectra deconvolution
(solid square). The calculated equilibrium charged defect
concentrations as function of the chemical potential dotted
line with Eyy = 60 meV, E, = 0.9 eV, Ny = 6.710*' em eV,
Er and Eg are given by the Table 2.
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Figure 6. The optical absorption spectra of boron, phos-
phorous doped and intrinsic microcrystalline silicon ( HC-
Si:H).

from midgap with a slope K7, = E,, + KT/2 ~ 75 meV
for n and p type a-Si:H. Although we have assumed that
the intrinsic Fermi level E; = 0.9 eV lies at intersection
point of p-type and intrinsic curves, the charged defect
concentrations in a-Si:H are quite small when Er is near
the midgap. This is in agreement with experience.

For wuc-Si:H we represented in Figure 6 the ab-
sorption spectra obtained by Photothermal Deflection
Spectroscopy (PDS) as function of photon energy for n,
p doped and intrinsic samples. It in absence of quite
model who allows to determine in a absolute and weak
way the defects density in these materials heterogeneous,
we can simply compare the absorption spectra between
the doped and the intrinsic samples and say also that the
increase of the level of absorption in the region of the
weak energies is due to the increase of the defect density.
We also notice that the doping by boron (p) or phosphor-
rus (n) increases the level of absorption spectra (defects
density) with regard to the intrinsic sample, although we
see clearly that the difference is not more important be-
tween doped spectra and intrinsic. This comportment is
due to the technique of deposit (reactive Radio Fre-
quency Magnetron Sputtering deposition (RFMS)) which
deposit a samples represents a big concentration of de-
fect.

4. Conclusions

The results obtained by analysis the subgap absorption
spectra deduced from CPM and PDS measurements com-
pleted by optical transmission and conductivity meas-
urement for a-Si:H and uc-Si:H thin films doped (n
and p) and intrinsic deposited by different methods
(PECVD and RFMS), shows clearly that addition of
phosphine (PH;) or diboranne (B,Hg) gas to silane pro-
vokes an increase in room temperature conductivity, the

Copyright © 2011 SciRes.

level of fermi shift which is signature of doping realisa-
tion. The optical absorption of phosphorus and boron
doped a-Si:H are very high compared with absorption
spectra of intrinsic one. The increasing of the DOS de-
termined by deconvolution model with doping both n
and p of a-Si:H are interpreted in the context of the ther-
modynamic model by creation of charged defect. The
similar results are obtained for uc-Si:H . However,
uc-Si:H doped by boron (p) or phosphorus (n) present
also a great increase in the level absorption coefficient
spectra compared to the spectra of xc-Si:H intrinsic.
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