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ABSTRACT

In the fundamental absorplion region, near normal incidence reflectance R and
transmittance T measurements can provide information about optical properties of thin films [1]
. Temperature dependent optical properties of p -, i -, n - layers of a-Si:H films have been
studied. The behavior of reflectance R and transmittance T as a function of temperature of
a-Si:H thin films is analyzed. From temperature dependence of R and T the teraperature
dependence of the absorption coefficent (o) is calculated using Hishikawa relation. From the
temperature dependent absorption coefficient, the variation of the optical energy gap of the films

with temperature is determined. Finally its effect on solar cell applications is discussed.
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INTRODUCTION

World wide, the energy supply is continuously dependent on energy sources whose
‘material is very limited. In addition they cause risk for the environment and climate; greenhouse
- effect in case of fossils, and radiation risk in case of nuclear energy. Therefore, research is
being carried out on the one hand to use energy more efficiently and economically and on the
other hand to replace fossil and nuclear energy sources by other means : Here the chance is
opened for renewable energy, which also gives an interesting perspective for 3rd world

countries.

One of the regenerative energy sources is the direct transformation of solar energy into
electric encrgy - Photovoltaics, Conceptually, in its simplest form a photovoltaic device is a solar
- powered battery whose only consumable is the light that fuels it [2] . It is environmentaily
friendly and particularily interesting as a dis-centeralized energy source. Because sunlight is

universally available, it is usable and acceptable to all inhibitants of our planet .

The research goal in this area is to make the transformation more effective and 1o
reduce the cost of production of the solar cells. Solar cell from hydrogenated amorphous Silicon
(a-Si:H) is of advantage in material consumption and large area production cost in comparison
to solar cells from crystalline or polycrystalline silicon. However, the efficiency of a-Si:H solar
cells is lower and its long-time-stability worse . Therefore, currently there is intensive research

going on in order to improve such behavior of a-Si:H solar cells.

In addition to low efficiency in a-Si:H cells, it was proved that the operating temperature
has significant effect on its efficiency. Short circuit currents and open - circuit voltages are
directly related to the optical absorption coefficients and optical band gaps [3], respectively,
which are themselves dependent on temperature. It was also reported [4] that with decreasing
temperature, both the blue and red response of an a-Si:H p-i-n solar cells decrease. Thus, it is

important to investigate the effect of operating temperature on a-Si:H solar cells quantitatively.




A precise determination of the temperature dependence of the optical constants of all
layers and their inclusion into the multilayer optical behavior of the solar cell is the primary
motive of this work. With increase in temperature the energy gap decreases; also the absorption
coefficient o(E) was found to increase for arbitrary but fixed energy.This would lead to the
increase of spatially dependent generation rate G(x,E). Therefore, from this result one would
expect that I, increases with increasing temperature.This is valid provided that the charge
carrier collection via field plus recombinafion is not drastically affected with temperature.
However, it is indeed altered - in particular under blue light illumination{4].

In this work, section two introduces solar cell operation principles. In section three the
optical constants of thin - films is defined and the general properties.of the film such as optical
gap, densities of states (DOS), defects and hydrogenation effects and the absorption processes
was considered. In section four the temperature dependence of the energy gap in

semiconductors is discussed.

In section five the experimental details is given; and in secfions six and seven the
experimental results, discussions and conclusions was presented respectively. In the last section

references was given |




2. P-I-N Selar cell Operation

In this section the operation principte of amorpous Silicon P-I-N solar ¢ells ars
itroduced and discussed,

2.1 Light Absorption

The first step of the photoveltaic energy conversion in the senriconductor based
solar cells is the optical absorption of photons in the semiconductor material, leading to the
creation of free clectron-hole pairs. This absorption can be reearded independently of the
subrequent steps of separation and collection of the resulting electrical cawviers in the

semiconductor junction. -

Figure 2.1 shows the optical absorption of hydrogenated amorphous Silicon
{a-Si:H) as a function of the wavelength of the light. Additionally, the absorption of the
crvstabline and the AM 1.5 solar specinum power density are plottzd. The most relevant featurs
of the absorption corve of a-31:H is a greater absorption in Uie wavelength region from 300 -
00 nm compared to that of crvstatline Silicon. It is this high optical absorption that makes
anerphous Silicon a suitable thin - Gilm for sotar cell material. The horizontal tine in Figure 2.1

eive an estimatz of the absorption limit of films with different thicknesses.
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Atathicknvss of Tum, an a-SitH can absord tie light up to a wavelength much loneer than
a el il ol the same thickness. The sharp decrease of the absorption of a-Si:H at hicher
wavelenglhs o the other hand makes it virtually impossible to exploit the fraction of the sun
spectrum above 730 am with a-Si:H ( by alloying a-Si:H with Germanium {a-3i, Ge, ), the

absorption can be extended to about 900 nm .

Figurs 2.2 shows the carrier generation rate G(x) [6,12] in a-Si:H, as the function of the

pune . ton depth %, as producd by the AM 1.5 solar spectrum (at 1000W/m? ) .
o .
3 - — ] _E_ )*IU.{ ;u)
G(x) imﬂ‘s(x);wa(x)e )

and the resulting cumnmulative photogeneration current [6) JL0)

I
Jioie(D) = ¢ | G(x)cke

0

whers P s the spectral power, o is the absorption coeflicient and e is the clementary charge.
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The generation rate sharply decays in the first few tenths of a micrometer, and for
thickness greater than 0.5 pum the resulting photocurrent saturates towards a value of about 20
mA/cm? . In practice, two effects lead to deviation from the theoretical curve, First different loss
mechanisms reduce the usable photocurrent, The losses include reflection and transmission
losses in non-photovoltaically active overlayers, e.t.c. On the other hand, various "optical
enhancement” schemes can increase the photocurrent by lengthening the optical path of the light
. For example the absorption probability is increased by reflection at the back side of the layer
( if the reflection is 100%, the thickness required to absorb a given photocurrent is reduced to
one half, as indicated in figure 2.2, and by other than perpendicular angle of incidence of the
light as realized by using textured substrates such as Transparent Conductive Oxides (TCO).

2.2 Carrier Collection in P-I-N Solar Cells

To produce electrical power available on external electric terminals, i.¢ to realize
photovoltaic encrgy conversion , the photogenerated electrons and holes have to be separated in
suitable electronic devices. It is thereby crucial to prevent the recombination of the electrons and
holes in the absorbing material itself. Typically, the separation is achieved by electrostatic

barriers that are induced in solar cell through an appropriate doping scheme,

Due to the high recombination probability in amorphous Silicon, p-i-n diodes have proven

to be the most succesful solar cell design for a-Si:H. In a p-i-n device, the electrostatic barrier

between a p-doped and a n-doped layer ( the built in potential V,; ) is used to induce an electric
field into a non-doped, intrinsic layer ( i-layer ), which extends over most of the solar cell (figure
2.3). In this intrinsic layer, the electric field enhances the carrier transport to a degree that allows
for the collection of the photocarriers before they recombine. In the highly doped p- and n-
layers of the a-Si:H p-i-n solar cells virtually all the photocarriers are lost because of an even
increased recombination as compared to intrinsic a-Si:H material [7], i.e., these layers are
"photovoltically dead”. The thickness of the doped layers is therefore reduced to the minimum
needed to form the barrier; this thickness is of the order of 10-20 nm .
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3  Optical Constants
3.1 Definitions [9] :

Let us consider the effect of a monochromatic plane wave of angular frequency ®
and wave vector g traveling through an absorbing medium. The electromagnetic radiation
incident on a medium causes an ¢lectric polarization by the induced dipole moments of the
molecules (a permanent dipole moment is here excluded). As the perturbing effect of the
clectromagneric wave is usually very small, the relation between the macroscopic electric field E

and the ¢lectric polarization P is linear:

D=F+4nP =€k

The complex dielectric constant € represents the response of the medium to the electromagnetic

radiation. If V is the complex refractive index, then
=g1+1i83 =N*=(n? -n?) + 2inn

where # is the index of refraction and # the extinction cocfficient . The electromagnetic field in

absorbing medium can be represented by the relation :
E(r,t) = Eoexpi(q.r — of) (2.1)
H(r, 1) = Hoexp i(q.r — i) (22)
where ¢ is the complex propagation vector; g = g, +/ ¢, and the imaginary part governs the

attenuation of the wave. Equations (2.1) and (2.2) form the solution of Maxwell's equation[36]

for uncharged medium of magnetic permeability 1 = 1, if

q.q = en?/c? 23)




If g, and g, are parallel (homogencous plane wave), the two fields and directions of

propagation are mutually perpendicular and we find from equations (2.3)

{ 1=no/c and g2 = no/c

In this case the time averaged encrgy flow is given by
_ 1 *
s = sneeo(L” E)eg
where e, is a unift vector in the direction of g. With the expression for £ from equatibn (2.1):
_ 1 *
s = zheeo(leg. Lo)egexp(—2q2r) .

It is seen that the energy flow decreases by a factor exp(-2¢q,d) over the distance d. The
absorption coeflicient o, defined by the relative decrease of energy flow per unit distance in the

direction of propagation ( A being wavelength in vacuum), is thus :

o =2g2 =2nw/c = 4nn/A

3.2 Optical Gap

The diclectric function £,(w) for a crystalline semiconductor is given by [10,11]

2ney 2
&2(0) = (5& 2} szdj K pok)f SIE(k) - EJ(k)-ho]  (3.1)

where P (k) is the momentum matrix element, ¢ and v denote the conduction and valence

bands, respectively, E_(k) -E, (k) is the interband energy, and the infegration is performed over
the first BZ.

It is well known that the valence and conduction bands retain their meaning even in

amorphous state. Assuming the basic volume V confains the same number of atoms in
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amorphous as in the crystalline state and that P, (k) is independent of wave vector on¢ obtain
[13]

£2(®) = (2“9)(2’"‘) P2 j 2 (ENg(ho —~ENdE* 32

where g, and g, are the densities of states in the conduction and valence bands, respectively . It

is apparent that g,(®) is determined by the convolution of densities of states in the conduction
and valence bands g, and g_ for which energy is conserved. If for example the density of states
at the bottom of the conduction band is represented by g, K (£ - E, )" and at the top of the
valence band by g, C (E,- E )? and if the band cdges are parabolic ( p = s = 1/2) then [9]:

g2(0) = D(ho)*(ho - E,)? (33)

where D is a nondimensional strength parameter and E, is the optical energy gap. If the
transition involves band tails which are assumed to be linear in energy, i.c., if s = p =1, then

g o (he - E, y’. The fundamental absorption corresponds to band - to - band transition and
manifests ttsclf by a rapid nse in absorption. In the encrgy range where fundamental absorption
occurs the experimental g,(®) follows the relation above. Such behavior is observed for
amorphous semiconductors and insulators. If we plot hof az(co}}m versus i (Tauc plot [15])
near the band gap, then we get the values of D and E, from the linear extrapolation of the plot .
Neglecting exciton formation a(hv) depends on the joint density of states for bands containing

the initial and final states. For simple parabolic bands g(E) OC E™?, for direct transitions
(amorphous semiconductors), the absorption is given by (D and B are related by D = fincB)

aho = B(ho — Eg)™ (3.4)

for constant index of refraction and m = 2 or 3 depending on parabolic or linear band edge
respectively. The most important features of optical absorption processes in amprphous

semiconductors is the relaxation of the wave vector conservation rule that apply to opfically

9




induced transitions in crystalline materials. Equation ( 3.4 ) is generally used for a-Si:H alloys
with m = 2 and implicifly assumes parabolic bands and equal mamix elements for all optical
transitions for photon energics in excess of the band gap [37] . It has also been reported that the

better fit to the data is obtained when m = 3 [ g(E) linear dependence on £ is used [38].
3.3 Defects

In a-Si:H and related alloy films, defects play the important role in determining their
properties. Dominant defects in these films are believed to be dangling bonds. The dangling
bond is defined as the constituent atom which has the coordination number smaller by one than
the normal coordination number. Thercfore, it has an unpaired spin when it is not charged. One
can determine the density of neutral dangling bonds by electron spin resonance (ESR)

measurements[16]. ESR signals can be expressed by the following resonance conditions:
gugH = hv

where |4, is the Bohr magneton, H is externally applied magnetic ficld, h is Planks constant, v

is the microwave frequency and g is a constant called g - value .
3.4 Relation Between Hydrogenation and Defects

The density of neutral dangling bonds in a-Si without hydrogenation is known to be
around 10 ¢cm™ | but by hydrogenation it is possible to reduce the density to about 10** cm?
[16]. Usually around 10 at. % H is needed to reduce the dangling - bond density to such extent .
Fourfold - coordinated a-Si has a small structural flexibility resulting in a large stress Si network
structure. This fact should be an important origin of the presence of a large density of dangling -
bonds in a-Si without hydrogenation. Hydrogenation effectively reduces the coordination
number to make the structure more flexible.

Hydrogenated amorphous Silicon , a - 51, H, has an average coordination number
7. = 4-3x, so that a typical concentration of 20% hydrogen decreases Z from 4 to 3.4, thus

inducing a considerable reduction in overall strain. This reduction manifests itself not only by

10




minimization of the large scale imperfections but also by the sharp decrease in local distorted
bonds and defects.

In addition, the Si - H bond strength is approximately 3.4 ¢V, about 40% greater than
the Si - Si bond strength, Since H is more electronegative than Si tight binding calculation
indicates that the Si - H bonding states are deep in the a - Si:H valence band, while the Si - H
antibonding orbitals are not too far from the conduction band mobility edge (see figure 3.1).

Figure 3.1 Tight - binding approach to the band structure of a-Si:H films : (a) a central S
atom is tetrahedrally coordinated by four neighboring Si atoms; the eight sp3 hybridized
orbitals are split into four bonding and four antibonding orbitals , which repectively spread in
to the valence and conduction bands of the solid . (b) 4 central Si atom tetrahedrally
coordinated by three neighboring Si atoms and one H atom ; the Si-H bonding orbital falls
deep within the valence band , while the Si-H antibonding orbital lies near the lower edge of
the conduction band . (¢} A central Si atom surrounded by only three neighboring Si atoms

Jorming hybridized sp3 bonds . The fourth electron on the central atom occupies a nonbonding
orbital (a dangling bond ) , separated from its unoccupied partner by the correlation energy

U, both non bonding states lie within the gap [17].
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3.5 Density of States

Figure 3.2 sketches the density of electron energy states g(E). This is essentially the
distribution of energy states of the CFO model [18] that has been proposed by Cohen Fritzsche,
and Ovshinsky in 1969. -

v
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Figure 3.2 Band model of a noncrystalline semiconductor . E, and E_ are the mobility edges

of the valence band and of the conduction band , respectively{19] .

Both the conduction band and the valence band have tails of states and deeper in the gap
there arc states originating from structural and coordination defects (atoms which are not
bonded according to their normal valency ) as well as from impurities. Hence in contrast to
crystals, g (E) is nowhere zero.

It is belicved that the tail states are unavoidable because they are intimately associated
with the disorder in noncrystalline structure. The valence band tails are covalent bonds that are
weaker than normal. This can happen, for instance, when the covalent angle is bent from its
equilibinum value, or when the bond is stretched due to internal strains, Moreover it was
recently found, both theoretically and experimentally that there are net static charges on some
atoms or groups of atoms [20]. These produce potential fluctuations which push states up and
down and prevent any sharp feature in g(E). All these effects are expected to produce also a tail

of states extending down in energy from the (antibonding ) conduction band.
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The total number of tail states is approximatety 107 of the number of states in one band,
and the number of defect - related gap states varies between 10”° and 107 of band states [21] .
This sounds like a very small fraction. Indeed, it is; but the requirement for device quality
semiconducior materials are very stringent. One wishes, of course to have as few gap states as
possible in order to control the electronic propertics by intentional addition of donor and
acceptor atoms. Furthermore, the gap states act as recombination centers of photoexcited
charge carriers, and thus limit the photoconductivity and the life time of electrically injected

carriers [22].

3.6 Optical Absorption

In describing absorption processes in solids, it is possible to categorize the major
phenomena under six headings. They are, in order of comtnonly encountered decreasing energy

of the transition :

(1) Electron fransifions from the valence band to higher - lying conduction band, characterized
by continuous high - absorption processes with structure variations depending on the density of
states distributions in the bands involved. The optical absorption is usually in the range 10° - 10°
cm™

(2) Electron transitions from the valence band to the lowest - lying conduction band with a
minimum required energy of the forbidden band gap. The magnitude and variation with energy
of the absorption constant depends on whether the transition involves a photon only (direct
transition) or whether it involves both a photon and a phonon ( indirect transition ). The
absorption constant decreases by many orders of magnitude as the photon energy drops below
the band gap cnergy .

(3) Optical excitation producing a bound electron - hole pairs, known as an exciton, requiring
less energy than to produce a free electron - hole pair by excifation across the band gap. The
exciton can be thought of as a hydrogenic system, capable of moving and transporting energy
through the crystal without transporting net charge. The electron and hole making up an exciton
may be thermally dissociated into free carriers or may recombine with the emission of light or

phonons,
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(4) If imperfections are present in the crystal , they create energy levels that lie in the forbidden
gap (see sec.3.5 ). Therefore at energies less than the band - gap energy it is still possible (o
excite electrons to the conduction band from imperfection levels occupied by the electrons, or to
excite electrons from the valence band to unoccupied imperfection levels, each process giving
rise to optical absorption. This absorption in turn comes to an end when the photon energy is
less than the energy required to make a transition from the imperfection level to one of the
bands. For very high imperfection densities, the corresponding absorption constant may have
values as high as 10’ cm™ | but in general is considerably less. In hydrogenated amorphous
semiconductors defect absorption is of the order of 1 ¢m™ .

(5) Absorption of photons by free carriers, causing a transition to higher energy states within
the same band to higher bands. This process can occur over a wide range of photon energies. It
involves the absorption of both photons and phonons since both energy and wave vector must
be changed in the fransition. There is also an optical absorption due to free camiers acting
collectively as a kind of " electron gas ", which is known as plasma resonance absorption .

(6) Absorption of photons in the excitation of optical mode vibration of the crystal, known as
Reststrahlen absorption, This is the only one of the above six phenomena that does not involve

electron transitions.

Loy g (&)

Figure 3.3 Optical absorption processes : B - B benveen extended band states ; T - B between

tail states and band states ; and G - B between gap states and band states.
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In Figure 3.3 the band model is plotted on a loganthmic scale in order to emphasize the
relative magnitudes of band states, tail states, and gap states, Quantum statistics applies equally
to electrons in noncrystalline and crystalline materials, Therefore, there is a Fermi energy E;
below which the energy states are occupied by electrons in equilibrium .

Essentialty no elecironic optical excitation can occur unless the photon energy exceeds a
threshold energy that is large enough to lift an electron from E, to an empty state above E; or
from an occupied state below E; to E_. These gap state to band state (G - B ) transitions start at
the threshold energy for photoconductivity. At higher photon energy, transition between tail
states and band states (T - B ) occur, and at even higher energy band to band (B - B )
transitions take place .

The strength of the optical absorption is given by the logarithmic fraction of photons
absorbed per cm of material . This absorption coefficient is proportional to the product of the
density of those occupied states and the density of those unoccupied states that can be bridged

by the energy of the incident photon, if the transition probability is the same for all states [23] .

Since the density of states g(E) of band tails and gap states differ so drastically, the
absorption spectrum shown in figure 3.4 is expected. Strongest absorption is caused by B - B
transitions ; G - B absotption is weakest and changes with g(E) of the gap states from sample o
sample . The T - B absorption is nearly exponential suggesting that g(E) of the tail states falls
off exponentially. The main objective of this experiment is the measurement of the B - B

absorption coefficient as a function of temprature of a-Si:H thin films.

Figure 3.4 shows a typical plotting of the optical absorption coefficient o of a-Si:H against
the photon energy E =hv. The optical absorption can be classified into three regimes [24]; (A) a
band - to - band transition, (B) a transition between band tail and extended band states; and (C)

a transition between defect and band states. In regime (A), o can be expressed as :

(hv~Eg)?
hv

o=8
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and such a plot is called the Tauc plot. Here E, is defined as the optical gap and B is a

proportionality constant which reflects the randomness of the network structure. In regime (B)

v

o= ocoexp(E” ,

and E  is calied the Urbach tail energy and is determined by the slope of the valence band tail .
In such localized states, the carrier conduction is possible onty through hdpping, so the mobility
is very small. Therefore, the boundary between such localized states and extended band states is
called the " mobility edge “. The gap between the mobility edges in the conduction band and the
valence bands is a "mobility gap" which corresponds to the band gap in crystals for cartier

condugction,

104

10°

10?

o {cm-)

10

10°

107

Figure 3.4 Typical features of the absorption coefficient « against the photon energy E=hv
6]
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4 Temperature Dependence of the Energy Gap in Semiconductors

The variation of the energy gap with temperature is one of the fundamental problems in
solid state physics. It is also a major problem in photovoltaics wherein solar cells are exposed to
temperature varying conditions. It was suggested [25] that the following relation holds for the

temperature dependence of the energy gap in semiconductors :

_ ol?
Ey=1Lo- (T+B)

where E_is the energy gap which may be direct or indirect, Z, is ifs value at 0 K, o and B are
constants.
Most of the variation in the energy gap with temperature is believed to arise from the

following two mechanisms :

(1) A shift in the relative position of the conduction and valence bands due to the temperature

dependent ditation of the lattice [26,27] . Theoretical calculations [27] show that the effect is
linear with temperature at high temperatures, At low temperatures the thermal expansion
coeflicient is nonlinear with temperature, correspondingly the dilation effect on the energy gap is

also nonlinear.

(2) The major contribution comes from shift in the relative position of the conduction and
valence bands due to temperature - dependent electron lattice interaction. Theoretical treatments

[28-33] show that this leads to a temperature dependence of the following form :
AE g € 77 for 1<0
Abgoc T for 120

where O is the Debye temperature .
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On the other hand for a-Si:H, G. Weiser and H. Mell [43,45] formulated the variation of

£, with temperature to be ;

E, = E0) - BhQn(hQ)

where the Einstein - Bose distribution n (hQ2) of the optical phonons determine the temperature
dependence [ is the coefficient of the gap in units of the Boltzmann constant k. They reported

[43] that the thermal shift of the absorption edge both in ¢-Si and a-Si :H is proportional to the
density of optical phonons which in both cases could be represented by the same Einstein -
Oscillator of about 33 meV and thereby confirmed interband mixing of valence and conduction
band states. In the following section we will consider the experimental techniques used to
determine the temperature dependent behavior of optical constants (energy gap, absorption

cocfficient) of layers of a-Si:H thin films.
5 Experimental Details

The aim of this experiment is to study the optical properties of different layers of a-Si:H films as
a function of temperature. The spectral region of major interest for semiconductors is in the
vicinity of the absorption edgg, since it can provide information on the opiical gap as well as on
the density of states within the gap. For semiconductors such as a-Si:H, n and k are usually
obtained from transmittance (T) and reflectance (R) measurements[39]. Therefore, in this work
we want to se¢ the variation of E_ and absorption coefficient o from near normal incidence
transmittance and reflectance measurement in visible range of the spectrum ( 300-1100) fm as
the temperature of a-St:H films varied from (80-400) K. The experiment was carried out under
vacuum condition ( isolated system for thermal shielding) using cryostat; otherwise the optical
constant of the sample environment for exampile its refractive index could vary. Light is incident
on a-Si:H film with film side facing the illumination where the sample is fixed in the sample
holder inside the cryostat at known temperature, the reflected and transmitted intensity is
measured at each temperature using photodetector and from it reflectance and transmittance is
calculated. In what follows we will consider the vacuumn system, photodiode array system

,cryostat system and optical systems each separately in brief.
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5.1 Vacuum system

The main componzats of the vacuum system are : cryostat, vacuum gauge [ 211 with [ONIVAC
M 2160, TURBOVAC 50, frequency controller NT 30, prepump TRIVAC D4DB and exhanst AF4
- 8. The principle of the operation is such that gas (air) is pumped out from the volums of the
system to creatz vacuum pressure. The actual pressure reached i1s indicated by pressure gaues.

At room temperature the lowest pressure reached was about 107° mbar {see diagram 5.1 .

Vacuum

gaugs

Turhovac

Turbotronik
NT 50

CoRCERT twie s R Coardiy Spoc T ICG I BE Qe @S grvea )
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5.2 Cryostat system

The temperature in the cryostat is controlled by using liquid nitrogen, heating system and
platinum resistance thermometer ( PT 100 ). Liquid nitrogen is tapped from one side of the
cryostat, it circulates through it ( through heat exchanger ) and its outflow is controlled by an
adjustable valve. There is also a heating unit connected to the cryostat so that one can increase
the temperature of the system as desired . The PT 100 sensor is closely situated near the sample
site so that the temperature of the sample could be accurately known. In this manner the
temperature of the system was regulated in the range 80 - 400 K (range of measurement). The
vatiation of the temperature during measurement was less than 0.2 K. To ensure good thermal
contact, Silver fluid was used to fix the sample to its holder. The diameter of the sample holder
is about 8 mm (see diagram 5.2 ) for temperature control ). In the diagram when one wants to
cool the system, liquid nitrogen from reservior flows through the cryostat under pressure when
the pump is applied through Nz-exhaust. connection on the cryostat, The flow rate is controlled
by an adjustable N, exhaust valve connected to the pump. The cooling rate is proportional to N,
flow rate. This way the cooling rate is controlled and the requried temperature is reached. The
region around the sample is effectively cooled. When we want to increase the temperature we
stop the pump and simply heat the system ( heater placed near the sample site } to the desired
temperature by applying the current. The current is "tuned” and automatically stops when the
temperature reaches the "preset” value and shortly afterwards it oscillates about the "preset”
value and finally the system will be in thermal equilibrium at the "preset" temperature.The
sample and Aluminum film were fixed on the sample holder using silver fluid as contact as the

arrangement in diagram (5.2b) for convenience of R and T measurement ( for details see sec.5)
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5.3 Optical syvstem :

For measurement of the transmittancs and reflectance of the sample at near normal incidencs
the following optical alignments (Figure 3.3 ) wers used. For oblique incidence one has to
consider s - and p - polarizations separately [45,}. The light sourss used svas hulogen lamp. We
used Kochler’s principle for illumination of the sample in order to vary the "spotsizg” (2-6)
mm and intersity independently at the sample site ( center of ths crvostat J; for details see
see. 351 Neatral filters were also used when required to adjust the light intensity to the
mueisurable range of the detector. The schematic drawing of the optical systemn 18 indicated in

figure 3.3
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5.3.1 Details of the illumination technique

The filament of the halogene lamp is placed at a distance of 24 mm from the first lens L1

( Figure 5.4 ). The first diaphragm ( ficld stop ) is placed at a distance of 39 mm from the
filament. The image of the filament is 5 times magnified and formed at a distance of 144 mm
from the filament, Here we have placed a second diaphragm (aperture stop ). A second lens is
placed a distance equal to its focus i.e. 40 mm from the aperture stop. Qur goal is to vary the
intensity and the spot size independently at the object plane. This in essence is the Koehler's
principle. We need to vary the spot size as our sampie holder has limited diameter d = 6 mm and
we need to vary the intensity as our detector has a 12 bit A/D converter. Consider now the
etfect of reducing the diameter of the field stop (Figure 5.5) as compared to the reference one
(Figure 5.4 ); the image of the filament does not change but we reduce the spot size at the
object plane. Again consider the effect of reducing the diameter of the aperture stop without
changing the field stop diameter (Figure 5.6); the effect is to reduce the intensity of the light at
object plane without changing the spot size (compare with Fig 5.4 ). This is so because we have
reduced the solid angle of illumination. In other words, we have reduced the numerical aperture

NA of the system. Thus, using the above approach we controlled the sample illumination .
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5.3.2 Collecting optics

In this section, the technique used to optimize the numerical aperture NA of the optical fiber
to the divergence of the beam, focal length and diameter of the commerically availble lens is
discussed. As it is known, for light to be transported through the optical fiber and reach the
detector, it must be incident on the fiber within the solid angle corresponding to
its numerical aperture; otherwise it will be attenuated and does not fully reach the detector.
Therefore, this optimization is very essential.
consider Fig.5.7 ; indicating light diverging from the sample and collected by lens to the fiber.

/ .,

Ems

i

optical tiber

L

\, Figure 3.7
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We used the distance j = 100 mm; the numerical aperture of the fiber is NA = 0.2 and its
diameter is 0.5 mm. Now for magnification of 0.4, with the diameter of the spot size at the
fiber of 2 mm (overfilled fiber head) and with maximum angle of divergence of the beam of 4
degree, we have the numerical aperture of the system M4 = tanf3 = %tanot = 0.18. This is close
to the optimal value . B

The focatl length of the required lens is , from the thin lens formula /= ;% = 29mm . But the
commercially available lens is of 30 mm focal length. To calculate the diameter of the required

lens consider the diagram below.

X
spot
size D
at the —
sample site

X

Figure 5.8

\- J

fortano = 0.07, (a0 =4), the diameter of the lens is given by 2X + D =(2jtan o+ D). and
D = 5 mm, we get lens diameter of 19 mm and for D = 2 mm, we get the diameter of the lens
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to be 16 mm . But for tana = 0,05 (o = 3 ), and for D = 5 mm, we get for the diameter of the
lens 12 mm and for D = 2 mm a diameter of 9 mm. So if we limit the primary divergence to «

= 3 and the spot size to less than 5 mm, a commerically available achromat lens with £ = 30
mm, diameter 11.5 mm, will fit to our need.

5.4 Photodiode array system

The detector is a miniature spectrometer modul (CARL ZEISS , MMS) with interface
and software. It has a built-in self - scanning photodiode array. A photodiode array is a line of
siicon detectors constructed as an integrated circuit. Light generates photo-current and causes a
charge to accumulate in a series of diodes. Switching transistor sequentially read and reset the
charge from each diode element, and direct the output to a single output line. The output
charges are converted to a voltage, amplified and converted by analog-to-digital converter into a

serics of digitalized readings for computer processing.

The cycle time for the scan of the diodes, along with the light intensity, govemns the charge

stored before it is read. The scan rate is determined by clock pulse which are fed to the array

circuit by an external controller,

The most important advantage of photodiode arrays over other detectors such as photomultiplier

tubes is the multichannel nature of the arrays. Many hundreds of data points

(channels, wavelengths) can be recorded in one single reading. As a consequence, diode arrays

are excellent for taking a series of scans of a changing optical source and take an entire spectra

in a few miliseconds.

Diode arrays and photomultiplier tubes are fundamentally different in their method of light

measurement., Unlike photomultiplier fubes which measure radiant flux (power) diode arrays

measure radiant energy. The diode elements accumulate charge generated by the arrival of
photons, and the charge is proportional to the total radiant energy. For constant light source, this'l
is the product of the radiant flux and exposure time. In essence a diode array acts as an

¢lectronic photogrphic film and the exposure time is adjusted to obtain the best signal. Thus we

set the integration time depending on the incident light intensity to get optimum signal from

diode array system.
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The spectral response of asilicon diode is that of silicon, and is from about 180 nm to 1100 nm,
while liet source was halogen  launp 300 nm to 1100 nm. Diode arvay systems ability 1o make
many scans a second and to present the results graphicatly, with constant updating makes it
uselul tool for the adjustment of of the optical system. Changes in intensity, unage size and
position, and spectral distribution are immediately visualized. Labortous alignments of many
lours can oflen be accomplished in a few minutes by suvitabily placing the diode array and
observing changss in signal shape on graphic dispaly.

fts measuring principls is as follows : Light is incident on a difliacting grating from left (Figure
5.9y throngh optivat fibre. Light is "reflected” at the grating (reflection grating} and dispersed
nto different wavelengths, The photodiods arrays (with second order diffiaction suppresssd
using appropriate wavelength filters) detects light incident on it. fhe Silicon phoiodiode
responds fo all photons with energy greater than or squal to its optical band gap. The
waveleneth interval was from 300 - 1100 nm for this measurement. The computer registers and
stores the number of counts as a function of pixel (diode ) number. The calibration certificate
gives the feast - sguare fit for wavelength as a function of pixel number. Using this relation one

can oblain cowtly as a function ofwavelength .

. e e

driving
' unit

Photodiode
array

light through fiber Blue
light

interface
card

PC

o ;5 : ot ' '
Figure 5,0 sohomare deawene of the photodiode srray soeviom
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3.5 Sample preparation

fn thix section a short discription of saunple preparation is give for the sake of complztensss,
otherwise the sample is prepared by [SI-PV depesition group led by Dr.Claus Baueking for
which I am grateful.

a-Si:H thin films are prepared by "Plasma Enbanced chemical vapor Deposition” (PECVD).
The concept of PECVD is derived from CYD - process, in which an appropriale gas 13
thermally dissociated i hot plate and leads to deposition of thin films. In CVD - process ths
requirad hich deposition temperature leads to vaised production ¢ost and limits also the choice
of substrate whivh i its maivr sutback.

On conlrary, in PECVD - process throueh an additional plasma the deposition is enhanced so
that e deposition temperature s considerably lowered. The standard deposition-temperaturs
for amorphous siticon by PECYD is about 200 czlcius whereas for CVD - deposition of a-StH
a minimum oS00 celeius is required

The plasma used for deposition of a-Si:H flin {s only weakly tonized. The hich ensrgy sisctrons
can wransfor 118 enerey to the eas molecules by collision whereby the molecules cither dissocinie
and form radicals which leads to deposition or simply stay inthe excited oo, In order to avoid
the vooling down of electrons and thus the disapperancs of plasma, the plasma must absorb
envrey contintousty, This happens through the electric field, which aceelerate the electrons,
Films with fose micrometer thickness need substrate for s mechanical stability, For this

purpose Corning glass is used.

l2mesa- "r(_

conteoHep i {
!
|
SiH, '
— //P//V/// L_ Purpe QO High frequenvy
7 sl lasma P ~ aiap ’
Gasin flow ////// / [ ?;,-‘Ef;ei:\c‘;
1% S :'-.‘IZ
T | !
e |
Reaction vesse] U I
L |

|

R L U TRUPT S . e KA iy L T O T
Crowre SO seneimetic wiaonant o -0 T Bl Goposilion sysicomE 83,

31




Figure (5.10) illustrates the plasma deposition principle of amorphous silicon. Silane (SiH,) is
continuousty pumped into the reactor, Silane is decomposed by glow discharge between the two
¢lectrodes, From the depcomposition products undoped or intrinsic layer a-Si:H film is formed.
For p-doping the process gas diborane (B,l), and for n-doping phosphine (PH,) is mixed in
few concentrations with silane.

The thickness of a-Si:H films was accurately determined from interference pattern (R and T)
curve obtained from experimental data and interference patterns obtained from calculations
using the exact expression from the single layer structure based on known (Standard) optical
constants using the optical simulation programme[40].

We also measured the thickness of the films by using Dektak 3030. The basic principle of its
measurement is that the film wiil be first etched from the substrste and when scanned it would
enable us to measure the thickness of the film. The structure of the surface to be scanned looks
like" L." .

5.6 Rand T measurement

As mentioned previously, the temperature dependent optical constants of p-,i-, n-
layers of a - Si:H films were determined from the temperature dependence of reflectance R and
transmittance T measurements. We performed the R and T measurements in the temperature
range of 80 to 400 Kelvin . Since the maximum temperature during our measurement was 400
K ( less than the deposition temperature of a-Si:H ), our measurement is in the reversible
range.If the temperature is greater than the deposition temperature the film starts to loose its

amorphous property [7].
5.6.1. Transmittance measurement
The transmittance T at various temperatures was measured using the following steps .

- We have set the temperature of the system to the required value using liquid nitrogen

Jheating system and adjustable valve together with the nitrogen exhaust pump . We have waited
until thermal equilibrium is reached (67<0.2 K).
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- we adjusted the " spot size " and the intensity of the illumination (non - saturation mode ot

the detector ) without sample and we measured the intensity 7, .

- we measured the transmitted intensity 7, from the sample ( sample adjustment was done by
cryostat holder ( manufactured at workshop ) for both R and T measurement). The cryostat
holder was designed in such a way that it can be fixed on the optical table and one can roll it
back and forth perpendicular fo the incident beam along the rail to align it to the center of fixed
incident beam. In addition it can be moved up and down perpendicular to the plane of the
optical table to center the sample with the incident beam. Moreover, the orientation of the plane
of the sample can be finely adjusted for the incident light to be normally incident on it within +/-
5% angle. The cryostat can also be fully withdrawn from the beam to optimize the incident

(reference) beam.

- Then the transmittance is calculated as 7= fi; , where /7, and /, are transformed into counts
as a function of wavelength by the transformation e¢quation from the manufacturer of the

detector .

5.5.2 Reflectance measurement

We followed the steps below for reflectance measurement. We used Aluminum film deposited

on corning glass as reference reflector .

- We calibrated the reflectance of AVGlass film using Perkin - Elmer I.ambda 19 UV/VIS

/NIR double beam spectrophotometer, at room temperature. Afier calibration correction is done

we obtained Ry . We assumed that ijrﬁ = (0 for this temperature range

- Then we fixed Al /Glass film on the sample holder with orientation of the film towards the

illuminator.
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- Adjacent to that we placed our sample and we left empty space above Al /Glass for

transmittance reference intensity measurement .

- We measured the reflected intensity from Al / Glass Iy and we measured the reflected
intensity from our sample /; at required temperature .

- Then the reflectance was given by R = f—LR y
6 . RESULT & DISCUSSION

The a-Si:H films used in our work were produced by a widely used plasma - enhanced
chemical vapor deposition (PECVD) technique using rf (13.56 MHz) glow - discharge
decomposition of silane. The films were prepared by ISI - PV deposition group. From
measurement of Reflectance R and transmittance T depending on temperature, we have

calculated the absorption coefficient o at different temperatures using the Hishikawa relation

i T
[41] givenby O = —% ln('f:fe') ,

The reflectance R and transmittance T of p -, i-, n - lavers at room temperature is
shown in Figures 6.1. The speciral fringes on R and T curves of Figures 6.1 are due to the
thickness of the films . The periodicity of the fringes is inversely proportional to the product of
the thickness and the refractive index of the film. Obviously, the thickness of the films does not
change with increasing wavelength. However, the refractive indices of the films are energy
dependent . At lower energies, since the refractive indices of the films are decreasing with
decreasing energy, the spectral fringe on the curves of R and T are getting broader with

decreasing energy .

The reflectance curve of all layers above 2.2 eV show a fendency to increase, whereas
the transmittance curves go to zero. Transmittance is strongly connected with penetration depth
. The penetration depth of an absorbing material is equal to an inverse of the absorption
coetticient [41] . Thus, since amorphous materials have high absorption coefficient, the

transmittance of the layers above 2.2 eV are negligibly small to be detected .
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For energy range between 1.5 and 2.2 eV, the amplitude of the speciral fringes on R
and T curves are not equal because of the absorption of light in the layers. For E> 2.2 eV a
increases stil, but as T curve is zero one can not evaluate it with Hishikawa relation. This opaque

region is the domain of ellipsometry where instead of measuring only intensities, one measures

two quantities y and A which are respectively related to the ratio of the reflected intensities and
the difference in phase shifts at reflection corresponding to the components of vibration parallel

and perpendicular to the plane of incidence.

We note from the tails of the transmittance curves that p - layers stop transmitting at
relatively higher energies . Thus a p - layer has more band - pass which allows much light to
pass through and reach the active i - layer .

From the magnitudes of the reflectance curves, we note also that the reflectance of the

p - layer is small as compared to the reflectance of i- and n - layers.

Figure 6.2 a shows the reflectance of i-layer a-Si:H film; d = 1000 nm at different

temperatures. From the figure, as the temperature increases the reflectance curve shifts towards
lower energy (red shift). In the energy range of about 1.75 eV to 2.05 eV, the amplitude of the
reflectance curve drops as temperature increases, Therefore ,one can say that the reflectance R

decreases with increase in temperature in this energy range.

In figure 6.3 a, the transmittance T of 1 - layer a-Si:H film is shown for different
temperatures . As it is clearly apparent, with increase in temperature, the transmitiance curve
shifts towards lower energy range, The maximum shift occurs near the optical energy gap
regions. In region where absorption occurs, transmittance decreases with increasing temperature.

The penetration depth also seems to be decreasing with increasing temperature.

Figure 6.4 shows the absorption coefficient o of i - layer and n - layer (calculated from
Hishikawa relation) at various temperatures. Since R and T decreases in the fundamental

absorption region with increasing temperature and generally R+ T + A = 1 from ¢nergy
conservation where A is the fraction of energy absorbed, we expect the absorption coefficient

o to increase with increase in temperature. This same behavior is observed in our result. As the
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temperature is increased, the curve of the absorption coefficient o in general shifts towards
lower energy. At constant energy, absorption increases with increase in temperature. The same
behavior was also observed for p - layer with regard to R, T, and @ dependence on
temperature,

Figure 6.5 shows E,, ( the energy at which the absorption coefficient o0 is exactly 10' em™

) for p i ~,and n - layers of a-Si:H films with d = 1000 nm each as a function of temperature.
E,, decreases non-linearly for each layer as the temperature decreases. The measured data

points are indicated on the curve for each layers. The data points were fited with the fiting
equation y = ax? + bx + ¢. We observed good fit for each layer. Moreover we fitted the data
with Varshini's formula and we observed a good agreement.

Figure 6.6 shows Tauc's plot for different temperatures of measurement for the i - layer
sample. From the figure one can conclude that the optical energy gap decreases when the
temperature increases. The optical energy gap decreased from 1.76 eV to 1.64 eV as the
temperature is increased from 100 to 400 K. The Tauc's curve shifts to lower energy range with

increase in temperature and it has nearly the same slope parameter.
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Figure 6.1 a Reflectance and Transmittance of p - layer a-Si:H film (04-110, d = 1000 nm) at

T=300K
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Figure 6.1 ¢ Reflectance and Transmittance of n - layer a-Si:H film ( 95-212, d = 1000 nm) at
T=300K
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Figure 6.2 a Reflectance of i - layer a-Si:H film { 95-113)} at different temperatures. As temperature

increases R-curve shifts towards lower energy range.
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Figure 6.2 b Reflectance of n - layer a-Si:H (95-212} filni at different temperatures. As temperature

increases R-curve shifts toward lower energy range ( red shift).
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Figure 6.3 a Transmittance of i - layer a-Si:H (95-113) film at different temperatures. As

temperature increases T-curve shifts toward lower energy range.
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Figure 6.4 a a of i- layer a-Si:H (95-113) film at different temperatures. a-curve shifts toward

lower energy range as the temperature increases. In other words, absorption increases for arbitrary

but fixed energy when temperature increases.

44




n-layer

10
£
= 10
B

T=100K
T=200K
10°
1.7 1.9 2.1 2.3 25

photon Energy {eV)
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a-curve shifts toward lower energy range,
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when temperature increases.
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Conclusion

The optical absorption coefficients measured at 400 K were about 20 % larger than those
measured at room tempreture. Figure 6.6 shows the plot of (0&,4)"? vs Epy .
~ An excellent lincarity was obtained. The optical band gaps were determined from the
extrapolations of the plot of (aE)!? vs E . The optical band gaps decreased non - linearly
with increasing operating temperature. This is in agreement with the Varshni's suggestion as the

Debye temperature of c-Si is about 645 K [44] ( if we assume the same order of magnitude for
a- Si ).The empirical relation given by Varshni states that the optical energy gap of
semiconductors decreases non-linearly with increaseing temperature for the range of

temperature less than deposition temperature of the film . The slope parameter A was about 633
eV "Y2emV2 in our experiments . This is in good agreement with previous data [42], It is known
that short - circuif currents and open circuit voltages are directly related to the optical absorption

coefficients and optical band gaps, respectively [3] . Therefore, short - circuit current increases
with increase in temperature and the open circuit voltage decreases with increasing temperature.
But obviously the carrier generation increases with increases in temperature due to increase in
absorption . This fact could be of advantage for performance of solar cells if the photogenerated
charge carriers could somehow be collected before the recombination occurs. Therefore, this

result indicates that device remodeling is required for p-i-n type solar cells.
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