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ABSTRACT 

Reflectance (R) and Transmittance (T) measurements can provide infonnation 

about optical properties of thin ftlms. Optical characteristic of different transparent 

conducting oxides (TeOs) have been studied. Optical band gap of hydrogenated 

amorphous silicon and hydrogenated amorphous silicon alloys thin. films are calculated 

from R & T measurements using Hishikawa's relation and the program we have written. 

Thickness, optical band gap and dielectric function of a-Si:H films can be obtained at a 

time from Rand T measurements using an optical simulation soft ware for layer stacks. 

Near nonnal incidence R data is fitted with a model to obtain dielectric function and from 

the obtained result T curve is simulated to prove whether the obtained die1ecttic function 

represents the ftlm or not. This method can be extended even to non-transparent ftlms. 

To characteIize non-transparent mms, however, is necessaty to perfonn R, (s -

polatized) and Rp (p - polarized) measurements for incidence angle different from near 

nonnal incidence (6") angle. p-i-n solar cell has been charactetizcd by the same method 

with a model. 
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1. INTRODUCTION 

Photovoltaic, the conversion of sunlight directly into electricity using solar cells, is one of 

the most environmentally safe and renewable energy options for the world [1]. Hydrogenated 

amorphous silicon [a·Si:H) and its alloys thin film solar cells have got attention for covering 

large area with low cost [2]. The optical and electronic properties of a·Si:H are suitable for 

its application in the areas of photovoltaic and electronics devices such as: the low cost thin 

film solar cells, electrophotographic devices, image sensors and thin film transistors [3·6]. 

Moreover, deposition of a·Si:H and its alloys multi· layer thin film solar cells using modern 

semiconductor technology is easy. Thus, the research interest of a·Si:H for its importance in 

producing low cost solar cells has been continuously growing [2,4,5]. 

a·Si:H and its alloys thin film solar cells show a promising new approach for low cost 

solar cell development. A world record solar cell performance of 10.2% with stable conversion 

efficiency has been achieved by United Solar System Corp. (USSC), American joint venture 

between Energy Conversion Device Inc. (ECO), and Canon Inc. on a multi·junction amorphous 

silicon alloy solar panel [1]. 

Therefore, to improve the conversion efficiency of a·Si:H solar cells, precise cell design 

based on the knowledge of optical constants of the material is essential [4,5.7]. Nowadays, 

in order to optimize the deSign of solar cells, it becomes a prerequisite to understand the 

optical characteristics of individual layers in particular and the cell as the whole [3-6,8,9]. The 

method often chosen to determine the optical constants of materials is by measuring the 

intensity of reflected (R) and transmitted (T) light [9·14]. That is measuring Rand T, and 

determining optical band gap (E,), dielectric function € = €1 - i€2' and thickness of the film (d) 

therefrom. 

In our work, Perkin Elmer Lambda 19 UV/VIS/NIR double beam spectrophotometer was 

used to perform Rand T measurements of thin films. And then, the program we have written 

in TransEra HTBasic software was used for interference free determination of a after 
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Hishikawa's relation (a~ (·l/d)·ln(Tf(l·Rll) and to prepare data for Tauc's plot. The optical band 

gap (Eg) was determined from Tauc's plot (Le. from plot of sqrt( cr.hv ) Vs hv). R data were 

fitted using an optical simulation software for layer stacks called window version software for 

variable angle spectroscopic ellipsometer (W.V.A.S.E) data. From the fitting result, thickness (d), 

E" optical functions refractive index (n) and absorption index (K) or dielectric functions 

€ = €1 - i€2 were obtained. To prove, if one has received a definite set of parameters for € 

together with the thickness d from R·fitting, one has to check if the obtained parameter set 

describes the T·measurement. 

In section 2, fundamental theory of Rand T, and Fresnel's relations are discussed. General 

Fresnel's relations, and their relations to Rand T in particular case for polarized light incident 

on the plane interface is included. Rand T of thin film are also presented. Section 3 contains 

a list of experimental apparatus and procedures to carry out measurements. In the fourth 

section the results of the work are presented and the interpretation of the graphs are given. 

Optical design of multi· layered a·Si:H thin film solar cells requires not only understanding of the 

complete cell, but also understanding of absorption in its individual layers [4,5J. In section 4, 

individual layers used in p·i·n a·Si:H solar cell and the complete cell itself are characterized. 

And finally, in sections 5 and B conclusions and reference materials are stated. 
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2. THIN FILM OPTICS 

Absorption is an important thin film phenomenon that can give information about 

electronic structure of solids [3,4.7J. The accurate, fast and powerful method for the 

determination of optical absorption coefficient (aJ. optical energy gap (E,I and optical constants 

of thin film is from the measurement of reflectance (RI and transmittance (T] (7, 12·14J. So, 

the discussion about transmittance, reflectance and absorbance in this chapter is worthwhile. 

In the following sections we will consider R, T and a of thin films based on the electro· 

magnetic theory of light. The electromagnetic waves considered are basically the solutions of 

the boundary value problems of electromagnetic wave equations. 

2.1 Reflectance and transmittance at interface 

In the foregoing discussion the following subscript: 

· i for incident 

· r for reflected 

· t for transmitted 

· 0 for amplitude 

· II for parallel 

and . .1 for perpendicular 

are used throughout the paper. 

The electromagnetic fields, electric field LEI and magnetic field (jf] are interdependent. 

One can be expressed in term of the other. The Fresnel's relations are defined as follows. 

~ 

Fresnel's amplitude transmission coefficient (t I is defined as the ratio of the amplitude 

of transmitted electric field (Eo,1 to the amplitude of the incident electric field (Eo;!. Whereas, 

Fresnel's amplitude reflection coefficient (F I is defined as the ratio of the amplitude of the 

reflected electric field (Elkl to (Eml. 



Suppose a plane polarized and monochromatic wave is incident on a plane interface 

separating two isotropic media of uniform refractive index Iii and Ii" i and r can be found 

from the conditions of ff and if fields at the interface. Suppose a plane monochromatic wave 

(2.1.1) 

is incident on an isotropic and homogeneous plane interface (Fig. 2.11. 

k, 

a) An incident E-field is normal to 
the plane of incidence. 

Fig. 2.1 

." 
; . 
i. 

E, 

b) An incident E-field is parallel. to, 
the plane of incidence. 
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then ;: and t are dependent on the orientation of the incident electric field (E il with respect 

to the plane of incidence [15,161. There are two cases: al where electric field is parallel to the 

plane of incidence (ffill (p·polarized light) and bl where electric field is perpendicular to the 

plane of incidence (ffil ~ (s·polarized lightl. ;: and t in terms of generalized complex refractive 

index N are as given by equations (2.1.3) and (2.1.4) below where the generalized complex 

refractive index (N) is given as 

(2.1.21 

where j can take two values: 0 (for the medium through which 

light is incident) or t (for transmitting mediuml and e i is angle 

of incidence. 

For normal incidence the generalized complex index of refraction reduces to complex 

refractive index of the material, i.e., N. = ii. = (ii.1I .)1/2 , , ,.-, 

When the electric field (ffl is perpendicular to the plane of incidence (Fig. 2.1 al, ;: ~ and 

t ~ are as given by [17·191: 

__ (Eor) N;/Ili - Ntlll t (a) r - - = 

~ Eo' N;/Ili + Ntlll t I ~ 

and (2.1.31 

- _ (EOt
) 

2Ni Illi (b) t - -
~ Eo' N;/Ili + Ntlll t I ~ 
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while for the case when E is parallel to the plane of incidence, r i and t II 

are given as [10,13]: 

__ (Eor) N;/ei -NJe, 
(a) '.- - N, Ie, + Ni lei Eo· I I 

and 12.1.4) 

__ (Eo,) 2NJei (b) tij - - = 

Eo· N, Ie, + Ni lei I I 

Eqn. 12.1.3) and eqn. 12.1.4) are referred to as Fresnel's reflection and transmission amplitude 

coefficients for plane polarized electromagnetic wave. 

For normal incidence where sine; - sine, - 0, there is no difference in the plane of 

polarization. Thus, for normal incidence, the Fresnel's relations satisfy: 

12.1.5) 

t = t = 2iij 

I ~ ii, + iii 
(b) 

and 

(c) 

In eqn. 12.1.5) ii; and ii, are refractive indices of the materials. 

Reflectance IR) and transmittance IT) are defined as a ratio of the reflected light 

intensity to the incident light intensity and a ratio of the transmitted light intensity to the 

incident light intensity respectively [15,16]. 
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Intensity which is also known as flux density or irradiance is directly proportional to the 

square of the amplitude of electric field (disturbance). It is given by: 

(2.1.6) 

where Eo is permittivity of free space and c is speed of light in vacuum. 

For normal incidence, from definitions of R, T and eqn. (2.1.6) one can obtain the 

relation for Rand T in terms of refractive indices of the materials as: 

(a) 

(2.1.7) 

- -(2-)(2-)' nt - -. n( ni nj 
T. =-tt =-I - II - - __ _ 

1I j 1I j 1I j + 11, 11, + lIj 

(b) 

The medium through which light is incident on the substrate is air. Therefore, n
i 
~ no is 

assumed to be real. For an absorbing substrate, Ii I should be replaced by its complex 

representation n I - n·iK. Substituting for ii I and ii i' eqn (2.1.7) can be rewritten as: 

R= 
(11 - 110)2 + K2 

(a) 
(11 + 110)2 + K2 

and (2.1.8) 

T= 
4110 (11 - iK) 

(b) 
(11 + 110)2 + K2 

We have discussed Fresnel's relations, and relations of Rand T at interface. In the next 

section let us extend our discussion to Rand T of a single film. 
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2.2 Reflectance and transmittance by a single film 

Consider Fig. 2.2, 

T 
, 

n~ll-iK 
~ -' 4.r 

l~~~&i ____ ¥ _______ ~ __ ~ 
ni!. i z ·. 

Fig. 2.2 Multiple reflection and transmission from a single film 

a parallel and isotropic film of refractive index ill between media of refractive indices no and 

n" the amplitude reflection (n and transmission (t) can be obtained by summing multiply. 

reflected beams [16·19]. , and t are given by: 

r ~ 

and 

'1 + '2exP( -2io 1) 

1 + 'i2exP( -2io 1) (a) 

(b) 

~ 

where tl . and r1 are Fresnel coefficients at the 1I0lill interface 

(2.2.1) 
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t2 and '2 are Fresnel coefficient at ii1/112 interface 

d is thickness of the film and ;\ is vacuum wavelength. 

Eqn. (2.2.1) holds for both cases when the electric field is parallel and perpendicular to 

the plane of incidence, i.e. for p·polarized and for s·polarized electric fields. One can obtain 

from eqn. (2.2.1), reflectance (R) and transmittance (T) of the single film as: 

(a) 

and (2.2.2) 

(b) 

Eqn. (2.2.2) is a general relation for Rand T. It is valid for any type of film on a substrate. 

2.3 Optical absorbance 

Absorption is a phenomenon of fundamental interest because of its relation to the 

dynamics of electrons and ions of the medium which influence the electromagnetic radiation 

(3.41. An absorbing medium is characterized by a complex dielectric function € = E:1 - iE:
2 

or 

very often by the complex refractive index ii = 11 - iK which describes the propagation of an , 

electromagnetic wave in the material is used instead (9,161. Eqn. (2.1.1), an expression of E 

can be rewritten in tenns of complex refractive index. For a wave moving in y·direction, using K = w/u 
y 

and ii, = u/e, it can be rewritten as: 



----------- ----~~~ 

. 10 . 

~ ~ WK}' ny 
E = Eo exp( - -) x exp( -iw (t + -»-

C C 

(2.3.1) 

In absorbing media the light disturbance will proceed with a speed of c/n. As it progresses 

into the absorbing medium its amplitude is attenuated exponentially [Eoexp( -WKY/C)]. And 

the irradiance (I) which is proportional to the square of the amplitude of jf is given by: 

where 10 is the irradiance at an interface (y~O) and a= 2wK/c is 

the absorption coefficient or the attenuation coefficient. 

(2.3.2) 

The inverse of a is known as penetration depth [15J. Penetration depth is the thickness 

for which the flux density (I) drops by a factor of lie. For a material to be transparent its 

penetration depth should be large compared to its thickness. Metals have exceedingly small 

penetration depth. Thus for materials to be transparent, their thickness must be very small. 

For near normal incidence, T, R, d, and a are related according to Hishikawa [16J as given 

by eqn. (2.3.3) 

a = - -.!. In(~) 
d 1-R 

(2.3.3) 

The optical band gap (Eg) is usually determined from Tauc's plot. Eg is supposed to be 

the intercept of sqrt( ahv) Vs hv) plot. Two decades ago, Tauc derived the equation [20,21J 

(2.3.4) 
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2.4 Dielectric functions 

The response of dielectric materials to electromagnetic waves is of special concern to us 

in optics. An absorbing medium is characterized by a complex dielectric constant € = €1 - i€2' 

and complex refractive index ii = n - iK [9,191. 

The effect of introducing a homogeneous, isotropic dielectric material into the region of 

free space is to change Eo to ii and flo to fl in Maxwell's equations. It follows from 

Maxwell's equations for free electrons that 

(2.4.1) 

so that 

The spectral dependence of the refractive index and absorption index can be described by 

Cauchy, and Forouhi and Bloomer dispersion equation for amorphous material [20,211. 

Simulating parameters with the dispersion equation to get a curve that fits the experimental 

data, one can precisely determine optical constants. 

Tauc's relation eqn. (2.3.4) can be rewritten with the help of informations that 

rxhv '" (hv - El (2.4.2) 

To determine Eg of layers graphically, we used the concept of eqn. (2.4.21. 
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3. EXPERIMENTAL DETAILS 

In this chapter, all experimental apparatus used are listed and the methods used are 

briefly discussed. 

3.1 Experimental apparatus 

Rand T measurements were performed on Perkin Elmer Lambda 19 UV/VIS/NIR double beam 

spectrophotometer (Fig. 3.1). It measures the ratio of the intensities of two beams (Le. ratio 

of the intensity of sample beam to intensity of reference beam). It is a fast and powerful 

machine for measuring reflectance (R) and transmittance (T) of layers. Parts of Lambda 19 and 

the instruments used with it are: 

1. Main compartment of spectrophotometer 

2. Normal reflectance accessory with: 

· two near normal incidence reflectance sample holders 

· two transmittance sample holders 

· two variable angle reflectance sample holders 

· standard mirrors with calibration data 

3. 6 inch diameter integrating sphere with: 

· center mount sample holder 

· standard reflectance materials 

4. PC computer with plotter 

5. Samples 
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M2 

M4 

----
SA 

M7 

Monochr. { 

M5 

I------------------~ 
I 
I 
I 

I 
I 
I 
I 
I 
I ,----­
I 
I 
I R 
I 
I 
I 
I 
I 
I 
L ____ _ 

M10 

detector room 

S 

sample room 

c M9 

Fig. 3.1 Optics of Lambda 19 spectrophotometer 
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Description of Fig. 3.1: 

· Dl is Deuterium lamp that produces UV light 

· Hl is Halogen lamp that produces VIS/NIR light 

· M1 stands for mirror number 1 

· FW stands for Filter Wheel that filters light from the source 

· SA is a slit 

· Monochr. is an abbreviation for monochromator 

· C is a chopper (half hole and half mirror disk) that divides the single beam into two 

· BM stands for Beam Mask 

· In the sample room there are two ports where R (reference mirror holder) and S (sample 

holder) can be installed. 

· And at last, the detector compartment comes were two type of detectors exist. PMT (photo 

multiplier tube) that detects UV/VIS light and PbS (Lead sulfide semi·conductor) detector that 

detects NIR light 
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3.2 Experimental procedures 

Spectrophotometer measures the ratio of intensity of the sample 

reference beam. Before measuring samples it is necessary to perform an in: 

correction. 

3.2.1 Near normal incidence Rand T measurements 

To measure near normal incidence Rand T lambda 19 spectroph 

compartment was used and measurements have been performed as follow' 

a/ reflectance (R) measurement 

i. The spectrophotometer was switched on and waited for 20 minutes l 

thermal equilibrium. 

ii. Using the software the appropriate scan method was chosen. 

iii. Reference and sample beam reflectance holders were mounted in 

normal compartment. After pulling standard mirrors on both holders 

background correction (BC) was done. The machine automatically re 

is the ratio of the intensity of sample beam (I,) to intensity of refen 

BC ~ 1,11, 

iv. The mirror on the sample beam was replaced by a sample to be me 

measurement was performed. The ratio Fr, 

Fr - (I, 'R)f(I, "R,) ~ BC'(RIR,) 

where R is reflectance of the sample 

and R, is the reflectance of the standard 

was measured by the machine and the ratio Fr/BC was displayed on 

v. To obtain the reflectance of the sample the displayed result was mu 

calibration data (RJ 

R ~ (Fr/BC)"R, 
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bl transmittance (T) measurement 

i. Both reflectance sample holders were taken out of the normal compartment and 

transmittance sample holder was installed in the sample beam. 

ii. Instrument background correction (BC) was performed. 

iii. The sample was installed on the transmittance holder and measurement was performed. 

The displayed result is 

T - Fr/BC. 

cl The absorption coefficient (a) of the sample was calculated using the program we have 

prepared in HTBasic software (appendix) and the relation of eqn. (2.3.3) from the 

measured values Rand T. The data for Tauc's plot was also calculated using our pro 

gram. 

dl The optical gap E, was determined using Tauc's plot, i.e. from the plot of sqrt(ahv) vs 

hv. 

el Dielectric functions (E1,E2), refractive index (n), extinction coefficient (K) as a function of 

wavelength and thickness of the sample were simulated from Rp and R, results. For 

simulation, W.V.A.S.E. (variable angle spectroscopic ellipsometer software for windows) 

was used. 

3.2.2 Angle resolved reflectance measurements 

i. Spectrophotometer was switched on and waited for 20 minutes till lamps reach 

thermal equilibrium. 

ii. Using the software the appropriate scan method was chosen. 

iii. Polarizer's were fixed on reference and sample beams. 

iv. Variable angle reference and sample reflectance holders were mounted in normal 

compartment. After putting standard mirrors on both holders and setting angle, instru· 

ment background correction (BC) was done. 

The machine automatically recorded BC, that is the ratio of the intensity of sample 
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beam (I,) to the intensity of reference beam (I,) 

BC ~ I,ll, 

v. The mirror on the sample beam was replaced by a sample to be measured and the 

measurement was performed. The ratio Fr, 

Fr ~ (I;R)((I/R,) - BC*(R/R,) 

where R is reflectance of the sample 

and R, is the reflectance of the standard. 

was measured by the machine and the ratio Fr/BC was displayed on the screen. In 

our case, R, was simulated from ellipsometer data. 

vi. To obtain the reflectance of the sample the displayed result was multiplied by the 

calibration data (R,l. 

R ~ (Fr/BC)*R, 

vii. Dielectric functions (E 1,E), refractive index (n), extinction coefficient (K) as a function 

of wavelength and thickness of the sample were simulated from Rp and R, results. 

Foi simulation, W.V.A.S.E. (variable angle spectroscopic ellipsometer software for 

windows) was used. 

3.2.3 Integrating sphere 

In principle integrating sphere (RSA·PE·90), Fig. 3.2, is the same as the normal compartment 

except the integrating sphere measures also the scattered light. Because it collects diffused 

light, it is also known as diffuse reflectance and transmittance accessory. The internal part 

of the sphere is made up of white material that diffuses light in all directions. The standard 

reflectance material or SRS·99 reference material (spectralon) and light trap were used. SRS· 

99 is made up of white material that diffuses light falling upon it to nearly 100% in the 

whole spectral range. The integrating sphere has sample mounting ports for reflectance and 

transmittance measurements, and a reference port for standard material. It also provides a 

center mount sample holder that allows Rand T measurements at different angles. BC and 

Fr are defined as for normal compartment and the quantities that the machine measures are 

also the same. 

i. Spectrophotometer was put off and dismounted from the power supply. 
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ii. The detectors of normal compartment were disconnected and normal compartment was 

replaced by integrating sphere. Integrating sllhere detectors were connected. 

iii. Switching on the machine for 20 minutes, spectralon was mounted either on wall 

mount or on center mount and BC was done. 

iv. For reflectance measurements, the standard reference material was replaced by a 

sample and measurement was performed. The ratio Fr/BC was displayed. 

v. To get R of the sample the result of stepiv. was corrected by the reflectance data 

of the reference material. 

vi. For transmittance measurements the sample was mounted on the transmittance port 

and the measurement was performed. All transmitted light was measured and Twas 

displayed. 

REiTREIlCE 8EAM EliTRMICE pOIH 1 
mAlISl.!lTTNICE SAl.IPLE HOLDER 'I 

REFEREIlCE 
BEAI.! 

SN.tPLE 
BEA!.! 

LIGHT mAP QI{ POI{ T PLUG ~ / 

REFEIlEIICE HOLDER..../ . 

103 

Fig. 3.2 Optics of integrating sphere 
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4. RESULTS AND DlSCUSSIDN 

4.1 p·i·n solar cell structure 

Photovoltaic (solar cells) convert the sun light directly into electricity. The energy 

converted by solar cells is renewable and friendly to our environment. Solar cells can be 

produced from different materials. Crystalline silicon, GaAs, and a·Si:H and its alloys are 

among the materials from which solar cells can be produced. However, a·Si:H and its 

alloys thin film technology show a promising new approach for low cost solar cells 

development. 

There are different solar cell structures of a·Si:H and its alloys thin film. These 

structures include p·i·n, p·i·n·p·i·n (tandem solar celli, and Schottky·barrier cell. Each 

structure has its own advantage and disadvantage. For instance, depositing p·i·n solar cells 

is more simple and requires much less time than p·i·n·p·i·n solar cells. Where as p·i·n·p·i·n 

solar cells have the ability to absorb light in wider wave length range. When light falls on 

the p·i·n·p·i·n solar cells, energetic light that do not absorb on the front p·i·n layers have 

the opportunity to be absorbed in the next p·i·n layers. The back p·i·n is prepared in such 

a way that it will absorb the light that passes through the front p·i·n layers. Thus, p·i·n·p·i· 

n cells using their two p·i·n layers can absorb more than p·i·n solar cells. Of course p·i·n 

solar cells have also the ability to absorb much of the light in the wave length range where 

the light intensity is strong. Among these structures, we have characterized p·i·n solar cell 

and each layers. Here (Fig. 4.1) is a schematic structure of a·Si:H p·i·n solar cell. 



20 -

Glass d = 1 mm 

TCO Sn0 2:F, d = 500 nm 

~ .AA VVvvv-v p-Iay;r v v I a-SiC:H. d = 10 nm 

i-layer a-Si:H, d = 400 nm 

n-Iayer a-Si:H. d = 25 nm 

lvletal 
I 

Fig. 4.1 p-i-n solar cell structure 

Fig. 4.1 is a schematic cell structure and the thickness of each layer is a typical value. In 

the next section, the use of each layer in the solar cell from their optical characteristic 

point of view will be considered. 



· 21 . 

4.2 R, T and a of layers 

4.2.1 Transparent conducting oxides (TeDs) 

Transparent conducting oxides in solar cells play an important role. One of the primary 

roles of TCO in solar cell is that it serves as a front ohmic contact for the solar cell. 

Moreover, TCO is scattering the light passing through it. Scattering enhances long 

wavelength light absorption by increasing optical path Ijlngth of the incident light [7,22,23J. 

The TeOs used for our experiments are fluorine doped (Sn02:F). 

For the discussion of the nature of TCOs and absorption of light in layers, 

understanding of the radiation spectrum is necessary. So, let us discuss a little about 

radiation. 

The black body is a physical model for a body that absorbs all the radiant energy 

incident upon it regardless of wavelength [15J. It is clear that if the body is in equilibrium 

with its surrounding, it emits as much energy as it absorbs. Planck asserted that an atomic 

resonator could absorb or emit only discrete amount of energy which is compatible with its 

oscillatory frequency. Moreover, he asserted that each such an energy value is an integral 

multiple of h v. i.e. 

Energy (E) - mhv 

where h stands for Planck's constant, h - 6.626*10 34 Js. 

and m is a positive integer. 

He also derived a relation (eqn. (4.1)] for spectral excitance (I,). He arrived at this relation 

by fitting curves to the experimental data. 

I (A) = 2rthc
2 
__ 1_ 

s A 5 he 

e!.kT-1 

(4.1) 
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where speed of light (c) - 3' we mis, 

and Boltzmann constant (k) - 1.381'10 23 J/K. 

The scattering ability of TCO depends on how rough the TCO is. Haze is defined by 

eqn.(4.2) and eqn.(4.3). We have determined haze of rough, standard and flat TCOs. The 

TCOs measured have the following thicknesses: d - 90 nm (flat TCO), d - 500 nm 

(standard TCO), and d ~ 800 nm (rough TCO). 

Haze of TCO is often measured with "white" light, i.e. a standard 5400 K black body 

source. For the "natural" haze one would have to multiply the spectral dependent haze with 

AM 1.5 solar spectrum. For evaluation of laboratory measurements a standard 5400 K 

black body source is often used. In our case too, intensity of light from 5400 K black body 

source on the surface of the earth (Fig. 4.2) was used to find haze of our TCOs. I, for a 

standard 5400 K source was calculated using eqn. 4.1 and converted to I, (intensity of sun 

radiation on the surface of the earth) by taking the distance between the sun and the earth 

into consideration. The relation between I, and I, is: I, ~ (r,lr,)"I" where r, - 7* 1 05 km 

is radius of the sun and r, - 1.5'108 km is the distance between earth and sun. Spectrum 

of I, is a smooth curve but AM 1.5 spectrum (26J has some minima which arise due to 

light absorption by H,O, CO, and ot.her molecules in the air. 
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Fig. 4.2 AM 1.5 - spectrum and black body radaition at T = 5400 K 
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The sun radiation spectrum Ifig. 4.21 has maximum spectral irradiance at around 500 

nm. Wien's law, T* Am" - 2.8978*10 3 mK asserts that for T - 5400 K the maximum 

spectral irradiance occurs at Am" - 536 nm. Thus, for maximum output, the solar cells 

must be designed in such a way that they absorb much of solar energy around 500 nm. 

That is the region of interest where solar cells should absorb much. 

The spectral haze IHI is defined as the ratio of the difference between total 

transmittance ITt) and specular transmittance IT,) to T" i.e. 

T-T 
Hs(A) ~ ITs 

I 

And the total haze IH j ) is determined from H, using eqll. 14.31. 

H ~ fle(A,5400K)H,(A)dA 

T • fle(A,5400K)dA 

14.21 

14.31 

T, was measured using the normal compartment while Tt was measured by collecting 

all transmitted light using the integrating sphere. The results are as given by Fig. 4.3 a, b 

and c. 
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b) standard TCO 
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Fig. 4.3 Total and specular transmittance of a) rough, b) standard and 
c) flat TCOs. 
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The interference fringes we observe on the spectrum of T of the standard and rough 

TCOs are due to the thickness of the films. Thickness of the films, d - 500 nm for 

standard and d - 800 nm for rough TCOs are comparable with the wavelengths where the 

fringes are observed. But in the case of flat TCO a thickness of d ~ 90 nm is small. The 

interference fringe observed on the curve of flat TCO is broad. The fine interference fringes 

lie outside of measured wavelength range. 

For higher wavelength (lower frequency) the transmittance of TCOs drop exponentially 

[15]. The reason, why the transmittance of TCOs drop exponentially, is that TCOs act as 

a metal. Metals have complex refractive indices [15,16]. It is clear that if refractive index 

is complex the incident disturbance will be attenuated exponentially and thus much of the 

incident intensity will be absorbed. 

Since rough and standard TCOs scatter much of the incident intensity around 500 

nm, the total transmittance is greater than the specular transmittance (Fig. 4.3), while the 

total and the spectral transmittance of flat TC 0 are nearly the same. Thus from figure 4.3 

one observes that the rough TCO scatters more than the standard TCO, whereas the 

standard TCO scatters more than the flat TCO. The difference between the total and 

specular transmittance describes also that the rough TCO scatters most. 

The spectral haze of the rough TCO is greater than that of the others (Fig. 4.4), indicat· 

ing once again that the rough TCO is the most scattering TCO. Fig. 4.4 of the spectral 

haze indicates also that standard TCO scatters more than flat TCO. 

Above 1000 nm, the transmittance of rough TCO is greater than that of standard TCO. 

This indicates that standard TCO exhibits more metallic properties than rough TCO. 

By the same argument, flat TCO exhibits less metallic properties than the others for 

wavelengths greater than 1000 nm. 
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Fig. 4.4 Spectral haze of different TeOs. 

The values of total haze calculated with eqn. 4.3 is found to be 0.95%, 7.7% and 

13% for flat, standard and rough TCOs respectively. The values of total haze 0.3% and 

22% for flat and rough TCOs respectively was given by the manufacturer. The total haze 

we have determined for the TCOs also prove that rough TCO is the most scattering TCO. 

From optical characteristic point of view, because of its high scattering ability, using 

rough TCO in the solar cells is more advantageous. But, the rough TCO is not as metallic 

as the standard one above 1000 nm. 
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Fig. 4.5 Specular reflectance of different TeOs. 

All reflectance and transmittance measurements of TeOs are carried out in such a 

way that light enters from the glass side. i.e. Iight·glass·TeO. 

The reflectance of flat TeO around 500 nm is much pronounced than that of the 

others (Fig. 4.5). For this reason using flat TeO in solar cells is disadvantageous from 

optical point of view. However, the reflectance of the Asahi U TeO around 500 nm is 

smaller than that of the standard TeO. Therefore, from optical side, using Asahi U TeO is 

advantageous specially for wavelengths less than 1400 nm. But, above 1400 nm Asahi U 

reflects most and thus has poor metallic behavior. 
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4.2.2 p., i·, and n· layers 

In addition to the optical properties of the solar cells, design of hydrogenated 

amorphous silicon thin film solar cells require understanding of the optical properties of 

. individual layers [4,5J. The method often chosen for characterizing a·Si:H and its alloys in 

the spectral range of fundamental absorption are from Rand T measurements [1, 15·18J. 

We have carried out Rand T measurements of p', i·, and n· layers using Lambda 1 9 

spectrophotometer (Fig. 4.6 a, b and c) to study their optical properties. All the layers, 

which we have measured, have a thickness of approximately lDoo nm. 
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Fig. 4.6 Rand T of aJ p, bl i, and cl n - layers 
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The spectral fringes on Rand T curves of Fig. 4.6 are due to the thickness of the 

films. The. periodicity of the fringes are inversely proportional to the product of the 

thickness and the refractive index of the film. Obviously, the thicknesses of the films do 

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 fringes on the curves of Rand T measurements are 

getting broader with decreasing energy. 

The reflectance curves of all layers above 2.2 eV energy show a tendency to increase, 

whereas the transmittance curves do not show a significant change. Transmittance is 

strongly connected with penetration depth. The penetration depth of an absorbing material 

is equal to an inverse of the absorption coefficient [15,16J. Thus, since amorphous materials 

have high absorption coefficient, the transmittances of the layers above 2.2 Ev are 

negligibly small to be detected by spectrophotometer. 

For energy range between 1.5 and 2.2 Ev, the amplitude of the spectral fringes on R 

and T curves are not equal (Fig. 4.6J because of the absorption of light in the layers. This 

is the range where hydrogenated amorphous silicon thin films have a very high absorption 

coefficient. 

We note from the tail of the transmittance curves (Fig. 4.6J that p-Iayer stops 

transmitting at relatively higher energies. Thus, p-Iayer has more band-pass which allows 

much lig,~t to pass through. 

From the magnitude 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. 
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Fig. 4.7 Absorption coefficient of po, i- and n- layers. 

Fig. 4.7 contains information about the absorption coefficient of the layers we have 

considered. Information about the absorption coefficient of layers are crucial to optimize the 

structure of the solar cells in order to maximize light absorption in the active layer 122,231. 

Between 1.75 and 2.5 eV, Fig. 4.7 shows that p·layer has low absorption coefficient 

which enables much light to pass into the i·layer without much absorption. 
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Fig. 4.8 Taue's plot of po, i- and n- layers. 

The band gap of layers has a significant importance in the design of a·Si:H thin films 

solar cells because it affects both the short·circuit current and open· circuit voltage [7]. From 

Fig. 4.8, we observe E, of n·layer (1.70 eV) is about the same or slightly smaller then E, 

of the i·layer (1. 72 eV). From transmittance and reflectance curves one can observe that 

i· and n· layers have similar optical properties in VIS light range. The p·layer we have 

measured has an E, of 1.92 eV. This shows that much of VIS light (with energy less than 

1.92 eV) can pass through the p·layer into the i·layer where it is needed to be absorbed. 

o 
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4.2.3 Dielectric function of n·layer 

The dielectric function of the n·layer is simulated using window version simulation software 

for variable angle spectroscopic ellipsometer (W.V.A.S.E.) from near normal incidence R· 

measurement (Fig. 4.9). For energies less than 1.5 Ev, €2 is zero. According to equation 

(2.4.1) (,;2 zero implies that either both nand K are zero or one of them is zero. Obviously 

n of a material is different from zero. It must be K which is zero. Thus, since K is directly 

proportional to a, n·layer has zero a for energies below 1.5 Ev. For the reason that n 

increases with increasing energy, €1 increases with energy even when (,;2 is O. Above 1.5 

Ev, both €1 and €2 are increasing because nand K are increasing. 
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Fig. 4.9 Dielectric function of n-Iayer obtained form near normal incidence 

R measurement. 
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It is necessary to generate T curve from the obtained dielectric function and compare 

it with the near normal incidence T measurement . This comparison is important to prove 

whether the obtained dielectric function exactly describes the n·layer or not. The 

comparison (Fig. 4.10) shows that the fitted curve is almost the same with the measured 

T spectrum. This proves that determination of the dielectric function of layers by near 

normal Rand T measurement method is a precise way except for non·transparent materials. 

T measurement is impossible for non· transparent materials. So if you want to determine 

dielectric function of non·transparent by this method, you can not counter check the 

obtained result. In this case, it is possible perform R, and Rp measurements and determine 

dielectric function therefrom. 
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Fig. 4.10 Measured and fitted transmittance of n·layer. 



4.2.4 R, and Rp measurements 

First, R, and Rp (fig. (4.11)) of the corning glass have been measured. While performing 

R, and Rp measurements of the corning glass, we have fixed a prism from the back of the 

sample using index matching fluid to avoid light reflected from the back surface. That is 

to avoid the light reflected from the glass· air interface. Except for higher angles (specially 

above 60"1 where the measurement is affected by false light which reflects from the frame 

of the holder, the experimental curves are in good agreement with the fitted curve. This 

result gives information how exact our R, and Rp measurements using the spectrophotome· 

ter is. 
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Fig. 4.11 Measured and fitted R, and Rp of mirror. 

And then, R, and Rp measurements at 60" for different layers was performed. The 

measured R, and Rp curves together with the fitting results are as shown fig. (4.121. 
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R, and Rp curves·for incident angle 60' is generated by W.V.A.S.E from the dielectric 

function which was obtained from near normal R measurement. The generated curves are 

compared with the result of 60' incidence angle R, and Rp measurement. 

Unexpected behavior is observed on the measured spectrum of R, and Rp of layers for 

energy above 3 Ev. It is so because of the index matching used at the back. At higher 

energies the index matching fluid used starts to reflect. Even at some energies it reflects 

nearly 100%. In the remaining energy range the measured R, and Rp curves are in 

agreement with the fitting result. The small deviation observed can be accounted by false 

light reflected from the frame of the holder. It is possible to improve R, and Rp 

measurements for determination of the optical constants of absorbing thin films on a 

substrate by reducing the effect of the reflected false light. Of course, even with the 

existence of false light, R, and Rp measurements we have done is not bad. It fairly fits to 

the curve generated from dielectric function which obtained from near normal incidence 

angle R measurements. 

The advantage of using this method is that it helps to determine the optical constant 

of non· transparent materials. That is with out T measurement, one can determine the 

dielectric function of non·transparent films to the accuracy of 1 %. The determination of 

optical constants from R, and Rp measurements holds true also for transparent material 

with out performing T measurements. 

The other advantage is that one can proof whether R, and Rp measurements performed 

exact or not using relations; RJ (p·polarized light) and R ~ (s·polarized light). 
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4.3 Characterization of p·i·n a·Si:H solar cali 

The reflectance measurement of a·Si:H p·i·n complete solar cell is performed and 

simulated using W.V.A.S.E. to obtain the exact thickness of each layers (Fig. 4.13). 
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Fig. 4.13 'R of a·Si:H p·i·n solar cell 

The interference fringes on the curve over the intire range is delJendent on the 

thickness of the reflecting layers. The broadness of the interference fringe is inversily 

proportional to the thickness of the layer from which light is reflected. 
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5. CONCLUSION 

For the characterization of a·Si:H thin films, Rand T measurements have been 

performed. 

TCO in p·i·n a·Si:H solar cells which acts as a front ohmic contact must be 

transparent so that light passes into the inner layers. Scattering property ?f TCO enhances 

a long wavelength light absorption by increasing optical path length. Thus, TCO used in 

solar cell must have good metallic, scattering and transparency properties. Even though 

rough TCO with total haze 13% scatters most, its application in solar cell is hindered by 

its poor metallic property. Flat TCO with total haze 0.3% (poor scattering property) and 

high metallic property is not the material of choice for solar cell application. However, 

standard TCO having optimum scattering (total haze 7.7%) and metallic properties and also 

being transparent is an appropriate material for solar cell application. 

Fundamental absorption in a·Si·H thin films occurs in the spectral range between 1.5 

and 2.2 eV. p·layer, being next to the TCO and having optical band gap Eg ~ 1.92 eV 

passes incident light of energy less than 1.92 eV to the i·layer (Eg ~ 1.72) without 

absorption. i·layer having high absorption coefficient, however, absorbs most of the light 

in spectral range of fundamental absorption. Of course, this is the layer where light is 

needed to be absorbed. n·layer with Eg ~ 1.70 eV has similar optical properties with i·layer. 

Characterization of thin films from R, & Rg measurements at an angle different from 

near incident angle is reliable. Specially, characterizing non· transparent films by R, & Rg 

allows a counter check. 

R of solar cell depends on the thicknesses of individual layers used. In particular 

between 1.5 and 2.2 eV, R of solar cell is dependent on the thickness of i·layer. 
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