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Dispersion and Fundamental Absorption Edge
Analysis of Doped a-Si:H thin Films I : p-type

!Assem Bakry

Physics Dept., Faculty of Science, Ain-Shams Univ., Cairo, Egypt 11566.

The refractive indices and the extinction coefficients of Al doped a-Si:H
films are determined from their transmittance spectrograms over a wide energy
range, 0.45-2.5 eV. Analysis of the refractive index data yields the values of the
long wavelength dielectric constant, the average oscillator wavelength, average
oscillator strength, average oscillator energy, dispersion energy, and lattice
energy. The change of the absorption edge versus photon energy shows the
transition to be of the indirect type and gives as well the Urbach energy. The
real and imaginary parts of dielectric constant are used to calculate the free
carrier plasma resonance frequency, optical relaxation time and the ratio of
free carrier concentration to the free carrier effective mass.

1. Introduction

The suitability of hydrogenated amorphous silicon (a-Si :H) for
photovoltaic devices has stimulated great interest in the preparation and
characterization of this material. Since the first a-Si:H solar cell was made by
Carlson et al. [1] the technology has improved tremendously, leading to
reported initial conversion efficiencies exceeding 15% [2]. For optoelectronic
devices, an accurate determination of the optical constants such as bandgap,
absorption coefficient, refractive index, extinction coefficient with doping
concentration and wavelength of semiconductor thin films are important to
precisely model their spectral response.

The optical constants also provide information about the electronic band
structure, the band tail, and localized states [3]. This practical and fundamental
significance has led to a number of studies [4] concerned with the optical
properties of a-Si:H and related alloys.
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The approach of alloying a-Si:H with materials of lower coordination
number was previously attempted. The di-valent O-atoms was used [5] and
found to decrease the average coordination number in a pronounced matter.
Alloying a-Si:H with the tri-valent Al was also performed [6], and found to
reduce the network strain due to lowering of the average coordination number.

In this work, a comprehensive study for the optical properties of a-
Si:Al:H is carried out. The dispersion behavior of this structure allows the real
and imaginary parts of the refractive index to be obtained. The real part of the
refractive index provides values for the oscillation energy, dispersion energy
and lattice energy to be quantified. The imaginary part of the refractive index
yields the variation of the absorption coefficient due to the increase in Al
concentration. The disorder in the material is traced through the evaluation of
the change in the Urbach energy. The indirect transitions in the optical gap have
been studied as well.

2. Experimental Procedures

The preparation of the films was carried out in Klaushal Ziellerfield
Technical University in Germany. The investigated films were prepared on
Corning 7059 glass substrates at a temperature 300°C as follows. First, silicon
was evaporated from an electron beam heated vitreous Carbon crucible at a rate
of approximately 3 A° per second to a thickness of about 5000 A°. Then the
dopant material (Al) was introduced into the material through thermally
evaporating different rates. The thickness of evaporated films was determined
interferometrically [7]. The base pressure of vacuum was 107 mbar. During the
entire evaporation process, atomic hydrogen was blown at the growing film
from a radio frequency dissociation system. The resulting hydrogen pressure in
the vacuum vessel was 3x10®° mbar and the hydrogen flux through the
dissociator was about 16 ml N/min. In this environment most dangling bonds in
Si were saturated by hydrogen and the properties of amorphous films of pure Si
are similar to those of a-Si:H prepared by Silane decomposition [8]. Al
concentrations were estimated using Secondary lon Mass Spectrometry (SIMS).
It is an analytical technique that detects very low concentrations of dopants and
impurities. It can provide elemental depth profiles over a depth range from a
few angstroms to tens of microns. SIMS works by sputtering the sample surface
with a beam of primary ions. Secondary ions formed during the sputtering are
extracted and analyzed using a mass spectrometer. These secondary ions can
range from matrix levels down to sub-parts-per-million trace levels. The
concentration of dopants was found to range from 3.6-8.3 at.%. The hydrogen
content in all the used films was kept fixed at C4=12 at.%. The transmission, T,
and reflection, R, spectra were carried out between 400 and 2500 nm in steps of
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2 nm using a computer-aided double-beam spectrophotometer (Shimadzu 3101
PC UV-VIS-NIR). The relative uncertainty in the transmittance and reflectance
given by manufacturer is 0.2%. Transmittance scans were performed using a
glass substrate in the reference compartment of the same kind as the one used
for the film deposition. The transmittance and reflectance were measured at the
same incidence angle of 5°.

3. Results and Discussion
3.1 Evaluation of optical constants

For the calculation of the optical constants, the refractive index » and
extinction coefficient k£ were calculated using the envelope method suggested by
Manifacier et al. [9] and modified by Swanepoel [10, 11]. The spectral
envelopes of the transmittance, 7,.x(A) and T,,.(L),.which are assumed to be
continuous functions of the wavelength, were computed using a polynomial
interpolation between extremes.

The transmittance spectra near the absorption edge and in the
transparent region for the a-Si:H films is shown in Fig. (1). The computed
envelope for the interference maxima is shown in the same figure as well. It can
be observed that the thickness of films is almost uniform because the shrinking
of the interference fringes is not remarkable. Considering the coherent
interference of light inside the studied films, the optical constants, refractive
index (n) and extinction coefficient (k), can by deduced from the transmittance
(T) spectrogram using the Swanepoel procedure [10, 11].
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Figure (1): The transmission spectrum for a-Si:H film along with the calculated
envelope spectrum



Assem Bakry 194

The change of the refractive index » as a function of wavelength [ for
different doping concentrations is shown in Fig. (2). It has been found that, the
incorporation of AI** notably decreases the refractive index of the films. The
same behavior was previously reported using boron as a dopant [12]. The
estimated error for the refractive index, on, is 0.003.
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Figure (2): The change of the refractive index » versus wavelength A for different
doping concentrations

3.2 Calculation of the Coordination Numbers

To calculate the coordination number, the complete network approach
was used according to the following equation [13]:

(r)= %;m @
where N=>N,

r>1

and N, is the total number of atoms with » bonds. The values of the calculated
coordination numbers are given in Table (1). From the table, the decrease of the
coordination number with doping could be seen. The reduction of the
coordination number causes reduction of the mechanical hardness of the
material as predicted by the rigidity percolation theory [13]. The expected
percolation threshold for ideal glass <r> = 2.4. Similar behavior was found in a-
SiO:H films doped with boron [13]. The decrease in the coordination number
with doping could attribute to the decrease in the refractive index [14].
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Table (1): The doping concentration, coordination number, oscillation energy
E,, dispersion energy E,, lattice energy E, static refractive index no,
the average interband oscillator wavelength 4, and the average

oscillator strength S, for different evaluated films.

Sample DCOCE::QQ Coordination| E, Eq E " A 1So ><1_(2)'5
(at. %) number (eV) (eV) (eV) ° | (nm) | (nm™)
Si 0 3.640 | 259 | 16.32 | 0.062 | 2.94 | 402 | 4.73
All | 24 3616 | 233 | 10.17 | 0.042 | 3.03 | 378 | 5.74
Al2 3.6 3.604 2.28 | 10.06 | 0.061 | 3.06 | 415 | 4.77
Al3 8.3 3.557 1.82 749 | 0520 | 3.23 | 359 | 7.32

3.3. Analysis of energy gap and absorption coefficient

The method developed by Swanepoel [10, 11] was used to calculate the
absorption coefficient a. Fig. (3) shows the change of a as a function of energy
for different doping concentrations, where three characteristic regions are
indicated. Region | corresponds to band-to-band absorption, region Il originates
from absorption processes involving band tail states, and region Il arises from
absorption via Si dangling bond defect states in the middle of the band-gap. It
could be seen from Fig. (4) that the absorption edge shifts towards lower photon
energies as the Al content increases. A pronounced broadening of the
absorption edge is also observed. Similar behavior was reported when doping
with Al [6] and diborane [15].
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Figure (3): The absorption coefficient a (cm™) as a function of the doping
concentration.



Assem Bakry 196

4 40
—&— Optical Gap —B— Average Gap
—+— Static Refractive Index —x— Dispersion Energy
35 | - - Plasma Frequency A 13
AN

T30

T25

T20

Arb. Units

+ 15

- 10

0 1 2 3 4 5 6 7 8 9
Al conc. (at %)

Figure (4): The change of average gap E, (eV), dispersion energy E; (eV), static
refractive index n,, indirect energy gaps E;p‘ (eV) and the plasma frequency
, (s™) with doping concentration for different evaluated films

An expression for the absorption coefficient, «(v), as a function of
photon energy (#v) for direct and indirect optical transitions is given by the
following expression [16]

B A(hv—E")"
B hv

a(v) (2)

where the exponent m =1/2 for allowed direct transition, while m = 2 for

allowed indirect transition. E;p‘ is optical band gap energy and 4 is a constant

related to the extent of the band tailing. Plotting (civ)*? against photon energy

(hv) gives a straight line with intercept equal to the optical energy band gap for
indirect (E;’p‘) transitions as shown in Fig. (5). Table 2 lists the different

determined energies, where the error for bandgap energies is + 0.003. The value
of the optical gap for the undoped sample agrees with previously reported
values [6, 15, 17-19]. From Table (2), it could be seen that the optical band gap
energy decrease with increasing the Al content. Similar results were previously
reported [6, 15, 18-24]. This behavior was attributed to that the energy gap is
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determined by the weakest bond present in the alloy system (Si-Al or Si-B)
which contributes to states near the band edges, lowering the Fermi level and
consequently affecting the energy gap. Another reason was the increase of
disorder in the network and broadening in the band tails produced by the
introduction of large amount of threefold coordinated dopant atoms.
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Figure (5): Tauc plot to obtain the indirect energy gap for different doping
concentrations.

Table (2): Indirect energy gaps Eé‘f”', the Urbach energy Ey, the ratio of free

carrier concentration to the free carrier effective mass Nim ", the plasma
frequency @, and the optical relaxation time z for the used films.

E” E N/m* rx10°®
Sample & v ) %
i ev) | (mev)  (em?) (s”) (s)
Si 1.73 119 8.84x10% | 1.1x10’ 9.1
All 1.54 124 4.90x10%2 | 2.5x10’ 3.2
Al2 1.49 165 1.00x10%® | 3.6x10’ 2.7
Al3 0.97 262 6.10x10® | 3.5x10° 0.29

3.4. Urbach energy and the tail of absorption edge

It is well known that the shape of the fundamental absorption edge in
the exponential (Urbach) region can yield information on the disorder effects
[25]. With energy for the incident photon less than the band gap, the increase in
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absorption coefficient is followed with an exponential decay of density of states
of the localized into the gap [26] and the absorption edge is known as Urbach
edge. The lack of crystalline long-range order in amorphous/glassy materials is
associated with a tailing of density of states [26]. At lower values of the
absorption coefficient (1 cm™ < & < 10* cm™), the extent of the exponential tail
of the absorption edge characterized by the Urbach energy is given by [27].

a(hv)= pexp(hv/E,) 3)

where fis a constant, £y is the Urbach energy which indicates the width of the
band tails of the localized states. The optical absorption coefficient just below
the absorption edge shows exponential variation with photon energy indicating
the presence of Urbach’s tail. Plotting In(e) vs. ha and taking the reciprocals of
the slopes of the linear portion in the lower photon energy of these curves, Ey
could be obtained where the error in computing Ey is + 0.001.

The values of Ey for different compositions are listed in Table (2) and
demonstrated in Fig. (6). As it can be seen, the addition of AI** ions is remarkably
increasing the Urbach energy values, in agreement with others using different
material for doping [21, 23]. Such increase could be related to the increase in the
defect density due to the incorporation of threefold coordinated atoms and the
spontaneous conversion of weak Si-Si bonds into dangling bonds [23]. The
decrease in the optical gap, shown from Table (2), could be correlated to increase
of disorder in the network, indicated by Urbach’s energy E.
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Fig. (6): The change of the Urbach energy Ey (mev) and the ratio of free carrier

concentration to the free carrier effective mass N/im~ (cm™) with doping

concentration for different evaluated films
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3.5. Evaluation of material characteristic energies

An interesting model (single oscillator model) describing the index
dispersion behavior was proposed by Wemple and Di Domenico [28, 29]. This
model is given to obtain a proper evaluation of the real part of the dielectric
constant &(w). Hypotheses given to satisfy the model; (1) the important
interband transitions can be approximated by individual oscillators ,, (2) the
summation over oscillators can be approximated, for w < @,, by a summation of
the first strong oscillator and a proper combination of the higher order
contributions in which only the terms to order « are retained providing a single
effective oscillator model of &(w). It accounts for the dispersion curve
according to the relation:

nz(ha))=1+2E"7E°2 4)

E, —(ho)

where nw is the photon energy, E, and E, are two parameters connected to the
optical properties of the material and they are known as the single oscillator
energy and the oscillator strength (or dispersion energy) respectively. Ey defines
the average energy gap usually considered as the energy separation between the
centers of both the conduction and the valence bands. E, is a measure of the
average strength of the interband optical transitions and is related to the
coordination number of the atoms. Plotting (r*-1)™ against (hw)?, and fitting it

to the straight part of the curve in the high-energy region allows obtaining from
the slope and the intercept values of the single oscillator parameters (E, and Ey).
Table 1 lists the obtained values of E, and Ey for the film compositions. The
decrease in £y values obtained for the films are in accordance with the red shift
in the edge of the recorded absorption spectra and the decrease in the optical
band gap. As shown from table and demonstrated in Fig. (4), the average gap
decreased with increase in doping concentration, same as previously reported
conclusion using diborane for doping [15]. The decrease in values of E; could
be attributed to the decrease in the average coordination number of the atoms.

In case of wavelengths much shorter than the phonon resonance, the lattice
contribution is given from [30].

n’-1=E,E,I(E. -E*)-E" | E* (5)

where E, is the lattice energy. A plot of (n* -1) versus 1/E* approaches a straight
line. At long wavelengths where £? << 2 Eq. (5) can take the form [31]

n-1=E,|E,~E’|E’ (6)
The intercept is the ratio g,/ £,, and the slope is —E. Thus the obtained values
of E; are listed in Table (1).
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3.6. Determination of inherent absorption wavelength and oscillator strength

Many semiconductors materials have generally an inherent absorption
in the ultraviolet range. The inherent wavelength of the ultraviolet absorption or
the average interband oscillator wavelength, Ao, and the average oscillator
strength, So, is determined using Drude-Voigt dispersion formula as [32].

n® —1=(e’ I x mc*)N,S, (U 22 11 2%) (7

where N; is the number of molecules per unit volume of the film. Eq. (7) could
be expressed in a single term Sellmeier oscillator with the refractive index as
[33].

(n; ~1)/(n* 1) =1~ (4 / 2)? (8)
where n,is the static refractive index, which provides a good indication on the
structure and density of the material, and it equals to /&, (static dielectric
constant). n, and A, can be evaluated from the plots of (n*-1)" versus 172
Table (1) lists the obtained values of n, and 4,. As shown form table, values of

n, increased with increase in doping. The same behavior was previously
reported when doping with boron [15, 20, 21].

Furthermore, Eq. (8) can also take the form
n? —1=(S,22) I(1— 221 %) )
where the average oscillator strength S is defined as
Sy =(n2 =114 (10)

The computed values of Sy are given in Table 1.

The decrease in the average gap E, can be correlated with the increase in n,
according to the formula [34]:

(ha)p)2

2
o

where 7w, is the plasma energy for valence electrons and 4 is a parameter

n? =1+ 4 (11)

depending on the matrix elements. As could be seen from Eqn. (11), there exist
an inversely proportional relationship between the average gap and the static
refractive index, which is applied to the obtained data shown in Table (1).
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3.7. Complex dielectric constant and related characteristic parameters

The complex dielectric function describes the interaction of electromagnetic
waves with matter. The complex dielectric constant ¢ of the material in terms of
the optical constants » and & is given as:

(n+ik)? =§=@ (12)
0 0

where ¢&,is the dielectric constant of free space. Separation of the real part and
the imaginary one leads to the real part, [35].

g=n"-k’=¢ —Llﬂf (13)
Y 4rntcteym”
and to the imaginary part,
2
&, = 2nk = D g2, (14)
87%c°r

where determination of the imaginary part of dielectric constant could be
employed in determination of the optical relaxation time, z, of films. Here & is
the free space dielectric constant, N/m" the ratio of free carrier concentration, ,
to the free carrier effective mass, m and &, is the high frequency dielectric
constant. a, is the plasma frequency for the valence electrons and is given by:

o, =(eZN/50 £, ~m*)‘/2 (15)

Using Egs. (14)-(15) the parameters Nim’, @,, 7 could be determined. Table 2
lists the evaluated values of the previous parameters. It is clear that both &, and

Nim”™ (Fig. (6)) change in the same manner with the average coordination
number. Such unusual similarity in &, and N/m" behaviors has been observed

for p-type Pb-Sn-Te chalcogenide system [36] and to Ge-Sh-Se system [37]. It
may be attributed to the relatively higher carrier concentration that is consistent
(assuming that m” is constant in the first approximation) with our case.

The &, spectra plotted in Fig. (7) characterize the effect of doping
a-Si:H films. As seen in figure, the entire curve is redshifted with increase in
doping level. The same behavior was previously reported when using B with
high doping levels [21].
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Figure (7): The change of the imaginary part of the dielectric function &, with doping.

Within the framework of the single oscillator model, the position of the
maximum of &, corresponds to the resonance energy 7, Of the oscillator. The

resonance frequency w, is sensitive to the local chemical environment. The
modification of this parameter is linked to the changes of the average separation
between the valence band and the conduction band [28].

The static refractive index can be linked to the resonance frequency and

the volume plasma frequency [28, 29]:
2

n =n(w—>0)=1-22 (16)
[0}

2
4

The above equation suggests that n, is imaginary for o, < o, i.e., the
reflectivity of the material is 100%. The plasma frequency depends on the
density of the material. The redshift of ¢, and the decrease of the optical gap
with doping are compatible with a decrease of the resonance frequency of the

oscillator. As a consequence, the increase of n, with doping is supported by an

increase of @, as shown in Tables (1) and (2), and a decrease of w, in
agreement with Eq. (16). The same behavior was previously reported [32].
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4. Conclusions:

The inclusion of A" in a-Si:H thin films caused a decrease in the

refractive index values due to a decrease in the average coordination number of
the system. A Decrease in dispersion energy values was also observed, indicating
a strong ionic environment, which increases with increasing the aluminum
concentration causing a decrease in the overall coordination number. The average
gap decreases as well as the Tauc optical band gaps due to a decrease in the
average bond energy of the system. An increase in Urbach energy indicating that
more static disorder has taken place. An increase in free carrier concentration and
a remarkable decrease in the relaxation time are obtained. An increase in the
plasma energy and static refractive index is observed.
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