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Abstrakt: Tato práce se zabývá vývojem fotoelektrických charakterizačních metod 

pro potřeby výzkumu v oblasti tenkovrstvých solárních článků na bázi křemíku. 

Abychom získali relevantní výsledky je nutné aplikovat fotovodivostní spektroskopii 

a měření voltampérových křivek, přímo na reálné struktury, které však mohou být 

mnohovrstvé, vícepřechodové a s nanostrukturovanými rozhraními. Jak analytické 

tak numerické optické modely jsou pouţity pro studium absorpce světla a výpočet 

absorpčního koeficientu křemíkových vrstev v oblasti pod absorpční hranou. Podle 

sklonu absorpční hrany a absorpce na dně zakázaného pásu pak lze posuzovat 

uspořádanost a mnoţství poruch v materiálu. Na základě studia elektrické interakce 

dvou částí dvoupřechodového solárního článku byly vyvinuty metody pro měření 

fotovodivostních spekter a voltampérových křivek přímo těchto jednotlivých částí 

bez nutnosti jejich přímého kontaktování. Pouţitelnost Fourierovské fotovodivostní 

spektroskopie jakoţto robustní metody pro měření fotovodivosti amorfního křemíku 

je zde podrobně analyzována. Detailně je řešena otázka frekvenční závislosti a je 

provedeno srovnání s fototermální deflekční spektroskopií. 
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Abstract: This work concerns with today‟s challenges of photoelectrical 

characterization methods in the research and development of thin film silicon solar 

cells. Relevant results are obtained only when photocurrent spectroscopy and 

measurement of current-voltage characteristics, are applied on the real structures that 

can however be multi-layered, multi-junction devices with nanostructured interfaces. 

Analytical and numerical optical models comprising light scattering are used for 

analysis of light absorption and for evaluation of optical absorption coefficient of 

silicon layers in sub-gap region. The slope of absorption edge and residual absorption 

in mid-gap indicate material disorder and defect density. Based on the investigation 

of electrical interaction between sub-cells in the dual-junction solar cell we 

developed new methods of evaluation of photocurrent spectra and current-voltage 

characteristics individually for each sub-cell with no need to contact them directly. 

Usability of Fourier Transform Photocurrent Spectroscopy as a robust method for 

photocurrent spectroscopy of amorphous silicon is thoroughly analyzed here. The 

issues of frequency dependence are addressed in detail and comparison with 

photothermal deflection spectroscopy is made. 

Keywords: solar cells, amorphous semiconductors, photocurrent spectroscopy, 

Fourier transform, current-voltage characteristics  
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1 Introduction 
 

 

1.1 Motivation  

 

There are many reasons for worrying about electrical energy supply. Except 

the small drop in 2009 caused by the world financial crisis, the world electrical 

energy consumption grew in past 30 years by roughly 3.3% every year (doubling 

roughly every 20 years) and is now close to 20,000TWh (IEA 2011). Even if we 

don‟t accept the paradigm of human driven global warming we see that the faster and 

faster mining of fossil fuels is not a sustainable solution. So what are the 

alternatives? As physicists we shall always respect the efforts for searching for safer 

and CO2–free energy based on nuclear. As a citizens however we shall ask for the 

costs of the given energy solution. In a view of recent crisis in Japan one can hardly 

expect that the costs of nuclear energy, including new security measures and stronger 

perception of society to environmental question will decrease. Rather negative trend 

is observed (Grubler 2010). The fossil fuels are also connected to many external 

costs, one of the most frequently mentioned, apart form environment, is the political 

dependence. These are some of the reasons why decision makers in Europe look into 

two directions of future energy policy. European Union‟s commitment ‟20-20-20‟ 

aims to reach by year 2020 energy consumption by 20% lower due to more energy 

efficient solutions and 20% of energy supply from renewable sources. We should 

remark here that according to famous observation of  economist Jevons (Alcott 2005) 

economy works in a way that efforts to increase energy efficiency without increasing 

the energy costs at the same time may eventually lead to its higher consumption. 

That is not exactly what we want. 

These are the basics of argumentation that has led us to believe that the 

renewable energy sources are the most promising future way to go. Nevertheless as 

we could see in past years in Czech Republic, the costs (financial, environmental and 

aesthetical) should equally be concerned also for renewable sources and only 

a careful deployment should be supported. Photovoltaics (PV) has among other 

renewable sources great potential of usability. It can be installed quickly, easily and 

almost everywhere. It is quiet, clean and it requires only very little maintenance. 

Silicon based solar cell technology uses only non-toxic and largely abundant raw 
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materials. Concerning environmental costs of production, solar cells have energy 

payback time 1-2 years and its green house impact in equivalent to CO2 is 

10-30g/kWh, depending on location and technology (Alsema & de Wild-Scholten 

2007). 

Photovoltaics, being long time one of the smallest in scale and one of the 

most expensive renewable sources, is nevertheless experiencing very optimistic, 

long-time and stable evolution (Breyer & Gerlach 2010). From the historical data we 

can observe that over past 35 years the cost of solar panels were falling each year 

roughly by 20% (i.e. halving the price every 4 years) and the solar panel production 

was growing over last 55 years roughly by 45% each year (i.e. doubling every 2 

years). The amount of installed power increased in 2010 by roughly 17GWP
1
 to total 

installation of 40GWp worldwide that fabricates some 50TWh electrical energy per 

year (EPIA 2011). The average cost of the installation is around 2.2€ per WP. In 

Czech Republic the average yearly yield is around 1kWh from each WP meaning that 

with guaranteed lifetime of 20 years the cost is around 0.11 €/kWh that is around 

price of electricity from the grid. Such situation is called „grid parity‟ and is 

occurring since 2010 in many European countries. 

Nevertheless, to correctly compare prices of PV one has to take into account 

the added value of the electricity form the grid: stability and flexibility. PV is 

intermittent source that cannot supply more than the illumination conditions allow at 

a given moment. Therefore the cost of energy storage should be accounted for. 

Today the energy storage is not necessary yet due to the small amount of PV, 

coincidence of daily maxima of consumption with daily maxima of PV production 

and due to the complementary performance with wind power. If the energy storage 

had to be accounted in the cost of PV then the moment of „PV+storage parity‟ i.e. the 

full competitiveness with grid would just follow 4 years after grid parity (Breyer 

2011). 

  

                                                 
1
 Watt-peak (WP) is a unit of nominal power of photovoltaic source corresponding to illumination of 

1000W/m
2
 at standard spectral and temperature conditions (25°C, AM1.5).  
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1.2 Operation of solar cell  

 

 In this section the operation of the solar cells is briefly described in order to 

give a basis for the further discussions. 

 Fundamental element of a solar cell is a light absorbing medium where the 

energy of a photon can be transformed into an excitation of matter. In the inorganic 

semiconductors such excitation is the creation of an electron-hole pair.  The 

inorganic semiconductor has a band structure where the electrons and holes are 

separated by energy gap, which is 1.12eV in crystalline silicon (c-Si) or 

hydrogenated microcrystalline silicon (c-Si:H) and around 1.75eV in hydrogenated 

amorphous silicon (a-Si:H). Only the photons with the energy greater than the band-

gap can create these pairs. This energetic separation between electrons and holes is 

the only moment when the system gains energy. All the other processes are 

connected with a loss of energy. Energy losses that occur after the absorption are 

electrical and the losses that occur before absorption are optical losses. The energy 

loss that occurs when the photon has energy higher than the band-gap is the 

thermalization loss. At this point we already can guess that there is an efficiency 

limit of a solar cell given just by the shape of energy distribution in the sunlight. This 

limit is 30% for cell based on one band-gap of energy 1.1eV (Shockley & Queisser 

1961). 

 The creation of the electron-hole pair is from the thermodynamic point of 

view a non-equilibrium state of the system. Therefore there exist various 

mechanisms for restoring the equilibrium, i.e. for returning the electrons back into 

the holes. The main goal is to manage that the electrons or holes on their way back to 

equilibrium will perform work in the outer circuit. First, they have to be separated 

from each other and then directed to the contacts to be collected. This is realized by 

combination of differently doped semiconductors. In the combination of p-doped and 

n-doped semiconductors the separation is realized in a very narrow region of internal 

electric field at the interface. Otherwise the transport is forced by diffusion; i.e.         

a thermal movement from region of higher concentration to region of lower 

concentration. If on the other hand the layer of intrinsic (undoped) semiconductor is 

inserted between the p- and n-doped layers (p-i-n structure, see Figure 1) the internal 

field ranges over whole intrinsic part, if it is not too thick. 
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Figure 1. Left: Schematic sketch of the band structure of the p-i-n solar cell 

and the process of electron-hole pair generation. Right: Equivalent circuit of 

the thin film p-i-n solar cell. Black lines represent typical case of p-n 

photodiode with components of photo-generation Iph, Joule losses in serial 

(RS) and shunt resistance (RSH). Grey lines represent the effects typical for 

thin-film p-i-n devices (discussed in more details in section 4.5). 

 

  When the junction is polarized in forward direction as in a regular diode, the 

internal electric field has to be compensated in order to drive a recombination current 

through it. Then the exponential dependence of current on applied voltage is 

observed. When the photodiode is illuminated the internal field separates the 

photogenerated carriers. To maintain the continuity these carriers are either collected 

on contacts or they recombine as we just described. Voltage on the contacts is always 

established in a way that the recombination current plus the current of collected 

carriers are equal to photogenerated carriers. Thus for the case of disconnected cell 

all the carriers must recombine and the voltage (open circuit voltage VOC) must be 

high and fully compensates the internal field. These current flows are illustrated by 

arrows in the equivalent circuit of the cell in Figure 1. For short circuited cell the 

voltage is zero, no carriers recombine and all carriers are collected and the current 

(short circuit current ISC) is the highest. The internal field that is fully uncompensated 

effectively separates all the generated carriers.  

Between the points of maximum voltage and maximum current the solar cell 

performance is described by the illuminated current-voltage (I-V) characteristics, see 

Figure 2. Illuminated I-V curve has in the first approximation shape as the regular 

(dark) I-V curve, but is shifted downwards (convention: forward current is positive) 

by the photo-generated term Iph . The actual generated power is the product of the 
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current and the voltage and is expressed as rectangle inscribed into the illuminated 

I-V curve, see Figure 2. The power is maximal for a point called maximum power 

point (MPP). The relation between the maximum power (PMPP), the short circuit 

current ISC and the open circuit voltage VOC is described by formula (1), that defines 

the parameter FF called fill factor. The fill factor is dimensionless parameter that is 

defined only by the shape of the I-V curve.  

 In practice, FF and VOC are experimentally obtained from the measurement 

of I-V curve under standardized solar simulator
2
. Short circuit current (if normalized 

to area of 1cm
2
 is labeled as JSC) is usually obtained from integration of measured 

external quantum efficiency (EQE) and the standardized average solar spectrum 

AM1.5 that has integrated intensity 100mW/cm
2
 (ASTM 2003), see formula (2).  

External quantum efficiency is spectrally resolved ratio between number of 

collected electrons (measured at short circuit conditions) and number of incident 

photons. The reason why the ISC is obtained from integration of EQE but not from 

measured I-V is that unlike VOC and FF the accuracy of ISC depends strongly on the 

simulator accuracy that is quite limited.  

                                                 
2
 Illumination delivered by best sun simulators has accuracy ± 25% in each interval of 100nm with 

respect to reference sun spectrum 100mW/cm
2
 AM1.5 (ASTM 2003) 

FFVIP OCSCMPP   (1) 

 dAMEQEJ SC )(5.1)(    (2) 

 

        

Figure 2. Left: Dark (thin, black) and illuminated (thick, red) I-V curve of     

a single a-Si:H cell. Right: Schematic sketch of the light propagation in the 

optical structure of dual-junction a-Si:H/c-Si:H p-i-n solar cell. 



section 1.2   Operation of solar cell 

11 

For purposes of solar cell performance evaluation we can use our previous 

assumption that in the short circuit conditions all the electron-hole pairs generated 

are also collected. Then the spectrum of EQE is given by the spectrum of number of 

photons absorbed in the absorber. As the absorber we consider usually only weakly 

doped p-type bulk of p-n crystalline solar cell and only the undoped i-layer in the 

p-i-n thin film solar cell. Heavily doped layers are considered as „dead zones‟ where 

the lifetime of minority carriers is too short and all electron-holes pairs recombine 

before being collected. 

From the optical point of view the solar cell is a stack of many layers, see 

Figure 2. Except the absorber, there are various layers that have their electrical 

purpose like doped layers, transparent conductive oxide layers (TCO) and metal 

conductors. Some of the layers have mechanical purpose like glass, lamination glues. 

Finally there are some layers with optical purpose like back reflector, internal 

reflector or antireflective layers. The structure of solar cell is optically designed to 

maximize the number of photons absorbed in the absorber and to match this 

absorption spectrum well with spectrum of sunlight. Some of the layers are 

structured with features scaled from nm to m that can redirect light e. g. by 

scattering in order to increase its path in the absorber. 

Finally, we can write a new formula (3) analogical to formula (1) that is 

widely used for calculating the efficiency of solar cell. Efficiency is a product of the 

three key parameters here. The VOC and the FF are given mainly by electrical 

parameters that are obtained from illuminated I-V curve. To understand these values 

a more deep analysis of the materials has to be done. Important parameters are the 

value of the band-gap, disorder and defect density of the absorber. If the electrical 

parameters are good enough then the JSC is given almost only by optical absorptance 

of solar cell. Here, a complete understanding of absorption spectra in absorber layer 

can be obtained only by accurate optical simulations on a basis of accurate evaluation 

of optical properties of all components of solar cell. 

 

1100  mWcmFFVJ OCSC  (3) 
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1.3 Scope and outline of this thesis 

 

The topic of this doctoral thesis is experimental and can be classed mostly as 

an applied research in the field of silicon photovoltaics. More specifically it can be 

described as development of inspection methods for thin film silicon solar cell 

research and development. 

The work summarized in this thesis follows up with the tradition of optical 

and photocurrent spectroscopy of thin film silicon materials (a-Si:H, c-Si:H) and 

optical simulations in the group of Dr. Vaněček and a closely collaborating Swiss 

institute EPFL-IMT in Neuchâtel. In the early stages more principal questions of 

measurement and interpretation, focused to evaluation of disorder and defect density, 

were important. Since that time however, these materials have become standard 

bases of many industrial products including various types of solar cells and flat panel 

displays. The scope of research has shifted from studying the absorber material to 

studying other components such as new transparent conductive layers or new doped 

layers or effects of these components on the quality of absorber material. Since that 

time the photocurrent spectroscopy of amorphous and microcrystalline materials has 

become one of the standard inspection and development methods. New tasks are 

therefore different now and are twofold. Fist, to make the evaluation quick and 

robust and second, evaluate the material in conditions of real structures.  

As the effort to make the photocurrent spectroscopy fast and robust a Fourier 

transform spectrometer was employed instead of monochromator-based setup and 

Fourier transform photocurrent spectroscopy (FTPS) was developed. This brought 

many technical issues but also several more fundamental questions. This constitutes 

the theoretical part of this work, chapter 3. 

The task of evaluation of material incorporated in real structures is addressed 

in experimental part of this thesis in chapter 4 and includes very thin films with 

strong surface effects, films on rough substrates such as transparent conductive 

oxides or even metal foils with scattering effects. 

At the same time when the solar cell technology had mastered the fabrication 

of the material and the electrical part of solar cells, the focus was more put also on 

the optical part to increase generated current. Optical simulations have become 

important tool to explore ways of structure optimization. Optical simulation on the 
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other hand became necessary also for evaluation of photocurrent spectra in the real 

structures, structures with strong scattering and the whole solar cells. Therefore in 

the chapter 2 we give an introduction into various approaches of optical simulation in 

order to use it for the task of evaluation of absorption coefficient from the 

photocurrent spectra. 

The dual-junction structures as another step in the solar cell development 

brought new challenges into field of characterization. Not only the optical 

simulations are necessary for being able to evaluate material quality of individual 

sub-cells by photocurrent spectroscopy, but also electrical interaction of the two 

serially connected cells has to be understood. (This is important for correct 

evaluation of total device efficiency as well.) On the basis of analysis and 

understanding of this interaction we developed methods for evaluation of 

photocurrent spectra and also the I-V curves in each individual sub-cells without the 

need for their direct electrical contacting. This is the content of the rest of the 

experimental part in chapter 4. 
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2 Optical simulations 
 

 

In this chapter several fundamental approaches to optical simulation will be 

introduced. The reason for using optical simulation is usually to investigate the 

optical losses in the complex structure of solar cell and to calculate the spectrum of 

absorptance. The optical simulation is often the only technique that can give an 

insight into the light propagation in the material. Simulation can be used also for an 

inversed task of calculating the optical constants from the known absorptance. In this 

chapter we will discuss the simulation mainly form this point of view. We will start 

with the simplest case of layer on glass and we will continue to more complex 

structures later.  
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Figure 3: Absorption coefficients of various types of silicon. For the quantum 

efficiency of thin film solar cell the medium absorption part (=10
2
–510

4
) is 

important. Low absorption part (=10
3
–510

4
) is important for material quality 

evaluation.  
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2.1 Analytical calculations of smooth layer 

 

In the easiest case of single layer on glass simple analytical calculations can be used. 

2.1.1 Free-standing layer 

This theory is introduced here for the purposes of evaluation of absorptance 

of a thin layer. We first assume a thin free-standing layer with thickness d and 

complex refraction index N separating two different non-absorbing media with 

refraction indices n0 and n2, see Figure 4. Complex refraction index N=n+ik is 

composed of real part n and imaginary part k=/4, where  is wavelength and  is 

absorption coefficient. It can be easily calculated from sum of infinite series (and 

from identity t01t10 – r01r10 = 1 ) that the transmittance and reflectance amplitude
3
 

coefficients for electromagnetic fields are given by formulae (4) where we used well 

known Fresnel‟s coefficients for perpendicular transmittance and reflectance of 

electromagnetic fields on the interface (5): 

 However in experiment we always measure light intensity  (in W/m
2
) or 

photons flux rather than the electromagnetic fields. To get to the intensity
4
 

                                                 
3
 „amplitude coefficients‟ will refer to amplitude of electric or magnetic fields  

4
 „intensity coefficients‟ will refer to light intensity or photon fluxes 

 

Figure 4: The system under study: thin absorbing layer on non-absorbing thick 

substrate. The bottom interface of substrate is omitted for the moment.  
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coefficients, the ratio of Poynting‟s vectors (6) has to be used, instead. This yields 

formulae (7), note the presence of ratio of refraction indices in the intensity 

coefficient for transmittance. In the formulae (5) and (7) we can notice that for 

interface (i.e. for neighbouring indices k,l=k±1 ) a symmetry (8) holds and the 

intensity coefficients for the reflectance and transmittance through an interface are 

equal for both directions. The single interface does not absorb energy so that the 

energy conservation implies formula (9).  

k

l

klkl
n

n
tT

2
                      

2

klkl rR   (7) 

1 for,,  klTT kllk      1 for,,  klRR kllk  (8) 

1 klkl RT  (9) 

 

To recalculate the amplitude coefficients (4) into intensity coefficients 

formulae (7) have to be used. To calculate square of absolute value the multiplication 

by the complex conjugated term (*) can be used and formula (10) is obtained. In the 

next step we express terms tij rij by terms Tij Rij according to formulae (7), we use 

identity (11) and also identity xxx Re2 
, where Re means real part to yield 

formula (12). With the use of formula (12) and with expressing the terms tij rij by 

their absolute values multiplied by complex exponentials and with definition  (13) 

we get final formula for transmittance of a free-standing layer (14). We can notice 

that based on the symmetry (7) the symmetry of total transmittance holds generally, 

not only for interface (15). But this is not true for reflectance.  
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 For reflectance we again start with amplitude coefficients (4) and recalculate 

them into intensity coefficients by formulae (7). We proceed the same way and after 

intermediate results (16) and (17) we obtain final formula for reflectance of free 

standing layer (18). Now the T02 and R02 are not coefficients for single interface, but 

for a layer, so the energy conservation gives formula (19) that can be further adapted 

with the use of identity cos x – cos y = – 2sin(½ x+½ y) sin(½ x–½ y) into form (20).   

These formulae were derived in (Ritter & Weiser 1986) where it was also 

shown that the ratio A/T in formula (21) has reduced interference maxima, because 

the first term contains no goniometric function and the second term is much smaller 

than the first one.  
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If we neglect the second term we get formula (22) that can be inverted for 

purpose of calculation of absorption coefficient from ratio A/T by formula (23). This 
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is highly useful due to two reasons. First, it elegantly gets rid of the goniometric 

terms in preceding formulae and allows direct expession for absorption coefficient. 

Second, the interferences usually change faster than the absorption coefficient 

making the accurate evaluation very difficult. Evaluation from a physical quantity 

A/T that has these interferences almost removed increase strongly the accuracy of 

absorption coefficient evaluation.  
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Figure 5: Left: The simulation of relative error in A/T if second term in 

formula (21) is neglected. Right: Simulation of absolute scaling by residual 

interferences in ratio (1–R)/TREL in 500nm thick a-Si:H free standing layer. 

Thick lines represent the case of correctly scaled R, thin lines represent the 

scaling of R with error ±5%. 

 

 The formula (23) have been frequently used to evaluate absorption 

coefficient also of photocurrent spectra of thin film silicon (Vaněček et al. 1995;  

Poruba et al. 2008) layers of thickness around 1m. The error of the formula (22) 

was assessed in (Ritter & Weiser 1986) for such samples as 2%. As we can see from 

calculations for different thicknesses (Figure 5) it is approximately correct, however 

for thinner samples the error may grow to tens of percent. Thus for correct evaluation 

of very thin samples the correction for second term in formula (21) should be used. 

Analogically to ratio A/T the ratio (A+T)/T that is equal to (1–R)/T must have 

reduced maxima too (Hishikawa et al. 1991). But for evaluation of absorption 

coefficient, the ratio A/T is much better than (1–R)/T because in low absorbing region 
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the evaluation of absorption coefficient from absorptance (measured by some 

indirect method) is much more accurate than evaluation from reflectance. 

However the fact that (1–R)/T is free of interferences can be useful for 

approximate absolute scaling of quantities T, R or A in case when these quantities are 

measured only relatively. Residual interferences in (1–R)/TREL vanish if R is correctly 

scaled even when TREL is relative, see Figure 5. Once R is absolutely scaled, T can be 

scaled in region of low absorptance where T+R≈1.  

2.1.2 Effect of substrate 

 To take into account effect of substrate to air interface (Figure 6) we have to 

solve again a sum of infinite series. This time the substrate is taken as non-coherent 

layer, i.e. the phase of the wave is lost during the path through the glass. Instead of 

averaging in phase we can use energy conservation law and get the same results by 

calculations with energy fluxes, i.e. with intensity coefficients.  

The layer of semiconductor will be called coherent multi structure (CMS) and 

will be represented by its transmittance TCMS (equal for both directions) and 

reflectances RCMS,02 and RCMS,20. We take into account symmetries (8) and (15) and 

obtain formulae (24) and (25).  
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Figure 6: Left: The system under study: thin absorbing layer on non-absorbing 

thick substrate. The bottom interface of substrate is taken into account. Right: 

Relative error of neglecting the bottom interface in A/T ratio for light incidence 

from layer side in case of air and tetrachloride. For incidence from glass side 

the error is zero. 

 

N1, 1, d 

n2 

n0 

n3 



section 2.1   Analytical calculations of smooth layer  

20 

2320,

23

2

02,03
1 RR

RT
RR

CMS

CMS

CMS


      
2320,

20

2

23

2330
1 RR

RT
RR

CMS

CMS


       (24) 

2320,

23

3003
1 RR

TT
TT

CMS

CMS


  (25) 

 

CMS

CMS

T

A

T

TR

T

A 20,

30

3030

30

30 1



   

(26) 

CMS

CMSCMSCMS

CMS

CMS

TT

RTRRRT

T

A

T

A

23

23

2

02,20,232302,

03

03
)1)(1( 

  
(27) 

By using formula (19) absorptance A03 and A30 can be calculated and the error 

of neglecting the glass-air interface in calculation of A/T can be evaluated. We 

calculated two cases for ratio of refraction indices 1.5 corresponding to layer on glass 

in air and 1.04 corresponding to tetrachloride with refraction index 1.46. 

Interestingly, we see that the error for illumination from glass side is zero.  Indeed 

we get by use of energy conservation (9) and identity 2323

2

23

2

23 TRTR   relation 

(26). This is not the case for illumination from layer side because R03 is a function of 

both RCMS,02 and RCMS,20 and therefore it is not possible to simply calculate RCMS,20 

and TCMS  just from measurement of T and R (or A) only from layer side. So we get 

complex formula (27). Neglecting the second term corresponds to error that is below 

10% if the sample is in air or below 0.1% if the sample is immersed in tetrachloride 

as in photothermal deflection spectroscopy, see Figure 6. The A/T ratio is always 

higher with the glass-air interface than without. Obviously the glass-air interface 

increases absorptance by back reflection of part of the transmitted light and at the 

same time decreases transmittance. In case of illumination from glass side these 

effects compensate in A/T ratio.  

2.1.3 Evaluation of absorption coefficient in experiments 

Here we will refer to evaluation of absorption coefficient from absorptance of 

smooth layer on glass in the photocurrent spectroscopy (for example FTPS) 

measured in air or in the case of photothermal deflection spectroscopy (PDS) 

measured in tetrachloride with refraction index 1.46. 
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 As we showed in paragraph 2.1.1 it is advantageous for more accurate 

evaluation to work with spectra of A/T that has almost fully reduced interferences 

and to use the formula (23) for evaluation. Another advantage of the A/T ratio is that 

it does not saturate when A or T saturates at region of transmittance or opacity and 

the absorption coefficient evaluation is sensitive in whole range. In the two previous 

paragraphs we showed that the error of using formula (23), that is an approximation, 

depends on sample thickness (Figure 5), direction of incidence and refraction index 

of the environment (Figure 6). In typical conditions the error can be kept below 10%. 

For evaluation of absorption coefficient in logarithmic scale such accuracy is usually 

sufficient. If higher accuracy is needed, an iterative correction is possible.   

For measurement of low absorption coefficients the indirect methods have to 

be used. FTPS and PDS (see chapter 3) are such methods. Disadvantage of these 

methods is that the absorptance is measured only relatively. Both these method have 

their approximate techniques of absolute scaling. Some of them are referred in 

section 3.4.2. In this paragraph we introduce a technique that was developed mainly 

for absolute scaling of A/T data obtained from FTPS and PDS experiments. This 

technique is following the technique presented in (Vaněček et al. 1995) and is 

improved by employing more advanced computer fitting so that thickness of the 

sample does not have to be known as in the older method. In the PDS or FTPS 

spectroscopy usually also transmittance is measured relatively, either because the 

electrical electrodes stop part of the light beam or because the pyrodetectors are not 

sensitive enough to be combined with integration sphere in order to collect whole 

transmitted light beam. 

It should be also noted that the PDS or FTPS methods are unlike ellipsometry 

designed for measurement of mainly low values of sub-band-gap absorption 

coefficient of semiconductors. According to (Born & Wolf 1998, p.95) the refraction 

index below the absorption edge can be approximately described by Cauchy formula 

(28). Some typical values that can still vary by the deposition conditions are 

nC0=3.29, nC1=0.36 for a-Si:H and nC0=3.32, nC1=0.2 for c-Si:H.  

The evaluation is divided into two steps: 

1) In the first-order absolute scaling we have to use some „default‟ values of 

absorption coefficient and refraction index. Since we cannot use the information 

2

10 )(/)( mnnn CC    (28) 
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about the layer thickness the scaling is made only according to maxima and minima 

of interference patterns of A or T in the regions of high or low absorptances. In high 

absorption the transmittance is small and A≈1–R, in low absorption region 

absorptance is small and T≈1–R. Thus the spectra of minima and maxima of 

interferences of a quantity 1–R can be used for scaling both absorptance and 

transmittance, see Figure 7. These spectra are obtained by formulae (24) and (18) 

calculated from some typical values of refraction index and absorption coefficient.   

2) In the second step we fit the transmittance scaled from the previous step by 

formula (25). There are maximally five fitting parameters here: the thickness, the 

parameters nC0 and nC1 of Cauchy formula (28) and scaling factors of A and T.  

Absorption coefficient is calculated by formula (23) from the newly rescaled A/T 

corrected first by subtraction of the second term of the formula (21) that does not 

depend directly on the absorption coefficient. 

 In the case of PDS or in the case of FTPS measured from the glass side the 

accuracy of this evaluation is better than 1% provided that the fit really finds the best 

set of parameter values. However in the case of evaluation of FTPS from the layer 

side the correction for the glass-air interface (Figure 6) has to be done by subtracting 

the  second term in formula (27) from the A/T data before evaluation. This time the 

1.0 1.5 2.0 2.5 3.0
0.01

0.1

1

10

glass side

 

 

T
 ,

 R
 ,

 A
 (

-)

photon energy (eV)

 1-R

(min/max)

 T

 A

 A/T

500nm a-Si:H

 

 

Figure 7: Left: Absolute scaling of A and T from the maxima and minima of 

1–R. Right: Coherent multi-structure (CMS) between two glasses for a 

special purpose of independent scaling of A, T in PDS method. 
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correction term depends directly on absorption coefficient, so an iterative method 

should be used.  

This way of evaluation is advantageous, because no model for absorption 

coefficient with many parameters as e.g. Tauc-Lorentz model (Jellison & Modine 

1996) is needed. 

 In formulae (24) - (26) we saw that it is possible to get from A and T of a 

whole system of a (multi)layer on glass to the ACMS and TCMS of just that (multi)layer. 

But this is possible only in case of illumination from glass side. In the other case the 

information from illumination from both sides is necessary. Analogical recalculation 

must therefore exist also for symmetrical case - the coherent (multi)layer surrounded 

by two glasses, sketched in the Figure 7. The use of this structure might be useful 

when we want to absolutely scale A and T data of a layer measured in tetrachloride 

by PDS by an independent measurement done at commercial UV-VIS 

spectrophotometer. Simple PDS setup has usually only (relative) measurement of 

transmittance and no measurement of reflectance. To maintain the same conditions 

as in PDS, another glass can be „glued‟ by index matching liquid to create a 

symmetric structure as in Figure 7. If this structure is measured by UV-VIS then 

(unlike in PDS where large tilted cuvette is used) the multiple reflections from glass-

air interface have to be also taken into account. 

 In order to solve this problem, matrix calculations analogical to those that will 

be introduced in next section 2.2 was used to yield formulae (29), where T0, R0 

means transmittance and reflectance of glass-air interface.   
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2.2 Matrix calculations of smooth multi-layers 

In case of more interfaces the simple analytical formulae cannot be used. 

With matrix approach the problem of any number of layers can be solved easily.  

 

2.2.1 Coherent calculations 

The transfer matrix approach can be used for treatment of coherent multi-

structure (CMS), a stack of smooth thin layers (Yeh 1988, p.102; Santbergen & van 

Zolingen 2008). In this approach we represent at each point the electric field by 

vector of two components: for positive and for negative direction E
+
, E

-
. Positive one 

is going to the right and negative one to the left. See Figure 8. It is assumed here that 

there is only one incident illuminating beam that is outside the CMS and by its angle 

it defines the tangential component of the wave vector for whole CMS. This 

tangential component is conserved according to Snell‟s law. If the field in whole 

multi-layer comes originally from the same incident beam, all the amplitudes Ei
+
, Ej

-
 

then interact coherently, i.e. with summing the complex amplitudes. 

 

Figure 8: Representation of light in the matrix approach into two components 

at each side of each interface.  

 

 Each interface and each layer (i.e. distance between two interfaces) is then 

represented by scattering matrix Ŝ
 I
 or Ŝ

 L
, respectively. The matrices then handle the 

transmittance, reflectance at interfaces and the propagation between them. The 

convention is that each matrix multiplication (30) gives the electric field on the left 

side from the electric field on the right side (Figure 8). The complex elements Ŵij of 

complex matrix Ŝ
 I

 are not given uniquely. We will use the form (31). These 

calculations also imply the inverse relations from the elements of a matrix to the 

amplitude coefficients of transmittance, reflectance (34). The complex matrix Ŝ
 
i
L
 

treating the propagation in medium is linear and is given by formula (32). 
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The coherent multi-structure is then solved as a multiplication (33) of 

matrices of interfaces and of layers, see Figure 9. When the final complex matrix Ŵ 

is obtained the total transmittance and reflectance amplitude coefficients can be 

obtained by formulae (34). 

 
 

Figure 9: Left: Coherent multi-structure (CMS) is solved to relate electric 

field on left side to those on right side. Right: Coherent multi-structure 

(CMS) surrounded by incoherent structures. Solution relates light intensities 

on left to those on right.  

 

When the total transmittance and reflectance coefficients are obtained, we can 

get the values of vectors of amplitudes on both sides of the CMS structure based on 

the given illumination conditions. Once the vector of amplitudes on right side of 

structure En
+
, En

-
 is known we can calculate vectors of amplitude in any m-th layer 

En
+
, En

-
 by formula (35). Once the amplitudes in m-th layer are known the intensities 
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can be calculated for perpendicular incidence by formula (36) that takes into account 

the superposition of two mutually coherent waves going in opposite directions (Born 

& Wolf 1998, p.33). (By inserting E
- 
= 0 into (36) we get again formula (6).)  Since 

all the results will be finally in ratio of absorbed or transmitted light, the factor         

½√0/0 will be omitted in formula (6) and (36). By calculating the balance of 

intensities on each side of a layer by (37) one can get the absorptance in that layer.  
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2.2.2 Incoherent calculations 

  If the CMS structure is surrounded by some incoherent layers like thick 

glass (Figure 7), analogical calculation to the one just presented must be done. Now, 

instead of electric field and amplitude coefficients we will work with light intensities 

and intensity coefficients. Instead of complex matrix elements Ŵij and matrices Ŝi,,j
I
, 

Ŝi,,j
L
 we will have real matrix elements Wij and matrices SI,J

I
, SI,J

 L
 (38). Formulae (30) 

- (35) will now have analogues (38) - (44). The only difference is between 

representation of interface (between I-th and J-th media) on one hand that will now 

be represented by matrix SI,J
I
  (39) based on intensity coefficients for transmittance 

and reflectance TI,J RI,J and CMS structure on the other hand that will be represented 

by matrix SCMS
I
  (40) based on total intensity coefficients TCMS, RCMS

+
, RCMS
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obtained from (34). Here again TCMS is independent on direction. When we combine 

the coherent and incoherent parts we first solve the CMS structure and then 

incorporate it into incoherent calculation (42) and by solving this we get total 

intensity coefficients of whole stack comprising CMS and incoherent layers. Again, 

based on the illumination we calculate the intensities on both sides of the structure 

and we insert the intensities on right side into formula (44) to calculate intensities on 

sides of any M-th incoherent sub-layer. Then the formula (45) can be used to get the 

absorptance in sub-layer of incoherent part. 
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For obtaining the absorptance in CMS structure, we first calculate intensities 

at the right side of CMS by formula (44). Then these intensities will have to be 

transformed into complex amplitudes that will be the input for the formula (35). It is 

important to note that the two intensities  +
, - on the right side of CMS are not 

mutually coherent, because they were calculated by incoherent calculations. That is 

why they will have to be treated separately as two different cases. First, as if CMS is 

illuminated from right side only by -, second, as if CMS is illuminated from right 

side only by  +
/RCMS

-
. We don‟t have to care about the phase of the complex 

amplitude of the components of the vector. We set the phase of one of the component 

to zero and the phase of the other component will be given by phase of reflection 
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coefficient r
 -

CMS (46). Thus the formulae (35) - (37) will be solved separately for the 

two vectors (46) and the two results will be summed together. As a proof of 

correctness of the calculations, the sum of all absorptances plus transmittance and 

reflectance must give 100%. In the Figure 10 the simulation of example of stack of 

layers as in simple solar cell with smooth interfaces is shown. This calculation is fast 

and accurate also in logarithmic scale and is then very suitable for evaluation of 

measured spectra of layers on glass where different surface effects were studied 

(paragraph 4.1.1).  
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Figure 10: Left: Distribution of photons either absorbed in different sub-

layers, reflected or transmitted in a smooth multilayer resembling to solar cell 

with 250nm a-Si:H absorber with aluminium reflector.  

Right: Absorptances and reflectance (transmittance is too low to see) of a 

smooth multilayer in logarithmic scale. 
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2.3 Nanostructured interfaces 

 

As we can see from Figure 10 the smooth solar cell based on 250nm a-Si:H 

has large losses due to reflectance and absorptance in the back reflector. To prevent 

electrical losses, as briefly discussed in paragraph 1.2, the absorber of a-Si:H must 

stay thinner than 300nm (Bailat et al. 2010). This is due to high density of defects 

(around 1ppm) of the a-Si:H material that unfortunately exhibits the light-induced 

degradation effect (Staebler & Wronski 1977). In c-Si:H the reason for thinner 

absorbers is low deposition speed (below 1nm/s) and high costs of equipment.  

So for example the layer of 250 nm thick a-Si:H with back reflector absorbs 

roughly only half of incoming light at 2eV, whereas bandgap is around 1.75eV. For 

increasing absorptance and keeping layer thin various methods of „light 

management‟ can be used (Vaněček et al. 2009). All this methods go the way of 

introducing some either random or periodic nanostructures into the structure. 

To theoretically assess the effect of a given light management measure or to 

understand the experimental results the optical simulation is almost the only 

possibility. The largest difficulty of the simulation is correct mathematical 

representation of certain physical details and the huge number of input parameters. 

Some of the parameters are difficult to obtain directly from other experiments and 

may require approximations or again heavy computer simulations as for example 

angular distribution of scattered light (Bittkau et al. 2011).   

Recently some experimental methods of direct study of propagation in 

complex structures were reported; e.g. such as a near field spectroscopy by SNOM 

(Bittkau & Beckers 2010), method of light-beam induced current (Poruba et al. 

2011), measurement of EQE under variable angles (S derstr m et al. 2010) or 

measurement of angular distribution of scattering in real conditions (Schulte,  ittkau, 

J ger, et al. 2011). These methods help to make the mathematical models more 

accurate by comparing the simulations with more experimental data. 

From the optical simulations we can get the spectra of energy absorbed in 

different layers or reflected from the solar cell and optical losses can be quantified.  

The conversion efficiency can be calculated based on empirical values of open 

circuit voltage VOC and fill factor FF by formula (3) under assumption that under 

short circuit conditions all the photons absorbed in i-layer contribute to short circuit 
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current JSC. However some more advanced programs (Zeman & Krč 2007) contain 

also the electrical model to address this point more accurately.  

Among the techniques to simulate the light propagation in the nanostructures 

we can name the Monte-Carlo ray tracing (Springer et al. 2004; Krč et al. 2004; 

Schulte, Bittkau, Bart et al. 2011), matrix approach (Leblanc et al. 1994; Santbergen 

& van Zolingen 2008; Lanz et al. 2011), and a large number of methods of solving 

the partial equations in the space (Haase & Stiebig 2006; Klapetek et al. 2010; 

Čampa et al. 2010; Naqavi et al. 2010;  ittkau et al. 2011).    

Most of the large number of recent publications concerning optical simulation 

are performed in order to optimize conversion efficiency of solar cells and the results 

are then studied in linear scale. In this work the aim was to study the absorption in 

the structures in logarithmic scale in order to evaluate mainly sub-bandgap 

absorption. 

2.3.1 Random roughness: Monte-Carlo simulations  

In our group a simulation program CELL (Jiří Špringer 2004; Springer et al. 

2004), was developed to simulate the effect of enhancement of absorptance due to 

random roughness that is introduced e.g by a substrate made of ZnO prepared under 

low pressure chemical vapour deposition. At each transmission or reflection on 

rough interface, a part of the light is scattered into various angles that increase the 

path length in the layer. Effect of increase of absorptance of a layer due to the 

scattering is called „light trapping‟ and can significantly increase the efficiency of the 

solar cells (Vaněček et al. 2003). 
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In our model the scattering is included according to scalar scattering theory 

(Beckmann & Spizzichino 1963) by modifying the Fresnel‟s coefficients by s-factors 

(47) and (48). The s-factors express how the amplitude of non-scattered light is 

reduced. The theory is correct for morphology that has the correlation distance 

smaller than wavelength of light. The reduction of non-scattered field depends on 
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product of refraction index (or its difference for transmittance) and root mean square 

roughness RMS, wavelength  , and incident angle , see Figure 11.   

During the scattering event the scattered light losts coherence and is then 

treated further incoherently, i.e. the intensities are calculated. The intensity of 

scattered light is however not well defined because whereas the final intensity of non 

scattered light always depends also on the interference with the light going in the 

opposite direction, the scattered light not, see Figure 11. This makes the problems 

with energy conservation and ad hoc corrections to that have to be done (Jiří 

Špringer 2004). 

      

 

 

         

 

Figure 11. Left: Dependence of s-factor for reflectance on the wavelength 

and product of refraction index and RMS roughness. (For transmittance the 

values are the same if (ni-nj)/2 is taken.) Right: Explanation of problem with 

energy conservation: intensity of scattered beams does not depend on the non-

scattered beams that are however subjected to interference. 

 

We should note here that some groups use „modified‟ scalar scattering theory 

that is adapted to the empirically observed data and are applied already to intensity 

coefficients. Principal difference is additional empirical correction factor in the 

exponents and empirical power of 3 instead of 2 in exponent for transmittance (Krč 

et al. 2002; Zeman et al. 2000).     

Additionally to scattering, the rough interfaces also exhibit antireflection 

effects that can be simulated by an interlayer of effective medium that has a 

thickness twice thicker than the RMS (Franta & Ohlídal 2006). 
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The model CELL processes in two steps. In first step the coherent part of the 

light propagation is solved and electric fields are calculated for all interfaces. The 

structure is represented by complex amplitude transmittance and reflectance 

coefficients for each interface, reduced by s-factors. That is principally the same 

problem as in section 2.2.  

In the second step the intensities of scattered light are calculated for each 

interface from the electric fields obtained in previous step and form the s-factors. The 

intensity of scattered light in any direction is given by angular distribution. In 

calculations presented in this work the Lambertian distribution (represented in 

1-dimension by sin(2), where  is inclination from normal) is used. A given 

number of photons for each wavelength is then taken and each one-by-one is then 

placed onto one interface with one direction of propagation. Interfaces and the 

directions are chosen randomly by Monte-Carlo algorithm. The propagation of the 

photon is then tracked and it is on each interface either transmitted or reflected with 

or without scattering and by each layer it is either transmitted or absorbed. These 

events are again chosen randomly by their probabilities.  

 The adaptation of the model CELL to low absorption was mainly 

programmatic. The principle remained the same so that for simulating low 

absorptances accurately enough, finer random number generator and especially very 

high number of photons (10
6
) had to be used. Consequently the calculation was much 

slower. 

2.3.2 Correction methods for FTPS in solar cells 

As we announced in the introduction, the task of this work is to evaluate 

quality of material from FTPS measurement in real conditions, for example solar 

cells. As will be discussed in chapter 3, some of the evaluation methods exist 

already. Her we test these methods by Monte-Carlo simulations in logarithmic scale.  

 Python showed in his thesis (Python 2009) a correction procedure of FTPS 

absorptance spectra of c-Si:H solar cell (i.e. absorptance of i-layer of the cell) for 

the unwanted effect of absorptance ATCO in transparent conductive oxide (TCO). 

Correction is based on approximate idea that TCO act as a filter with transmittance 

TTCO. We know that TTCO=1–ATCO–RTCO and that RTCO has small effect so 

approximately it holds that TTCO≈1–ATCO. In the next step we assume that total 



section 2.3   Nanostructured interfaces  

33 

absorptance is Atotal=1–T–R≈ATCO+Aabsorber that yields finally formula (49) where 

A*absorber is corrected for losses in TCO.  

)/()1/(* absorberabsorberTCOabsorberabsorber ARTAAAA   (49) 

As a second point we test the assumption that the factor of enhancement due 

to light scattering changes only a little between point at 0.8eV where defect density is 

evaluated and the point at 1.35eV where the absorption coefficient of c-Si:H has 

roughly value 245cm
-1 

(more details about this scaling are in paragraph 3.4.2). Below 

1.35eV the absorption coefficient is small and apart from the effect of scattering and 

interference patterns the (smoothened) absorptance is directly proportional to 

absorption coefficient.  

 In the Figure 12 I show the input parameters of the test simulation and the 

simulated absorptance in i-layer in logarithmic scale for three values of RMS 

roughness (0nm and 60nm). We see the increase of absorptance in whole region up 

to 2eV due to the light trapping effect of scattering. This also looks like a shift of the 

position of (apparent) absorption edge to lower values.  

In the Figure 13 I show the absorptances evaluated as absorption coefficient 

only by normalization to 245cm
-1

 at 1.35 eV or by normalization together with 

correction by formula (49) to the absorptance in TCO. Four different cases are 
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Figure 12: Left: Input data into the simulation of as structure: glass/TCO/    

p-layer/i-layer/n-layer/TCO, thicknesses in nm in brackets. Right: Simulation 

of increase of absorptance in i-layer due to increase of roughness.  
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studied: two different roughnesses (0nm, 60nm) and two different absorption 

coefficients of TCO (TCO, 5TCO). From the right graph in Figure 13 we see that 

with the TCO correction and 0nm RMS roughness we get almost perfect match with 

the input absorption coefficient. We can also see that the method removes the 

difference between the two curves for RMS 60nm. On both graphs in Figure 13 we 

observe the same increase of low end of the curve with increase of RMS roughness 

that makes approximately factor 3. In left part we see that uncorrected effect of TCO 

reduces the absorptance and that this may partly compensate the increase by light 

trapping. Consequently the error here is within the factor 2 but may go in both 

directions. 

To conclude, when comparing samples with different TCO absorption or with 

low scattering, the TCO correction is necessary and it gives the upper limit in the 

defect absorption region. On the other hand for typical highly scattering samples well 

optimized for losses in TCO more accurate results are obtained without the TCO 

correction.  
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Figure 13: Simulation of absorptance in i-layer for 2 different RMS 

roughnesses and 2 different absorption coefficents of TCO. Left: Curves only 

normalized to 245cm
-1 

at 1.35eV. Right: Curves corrected to TCO 

absorptance and normalized to 245cm
-1 

at 1.35eV.  
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3 Fourier Transform Photocurrent Spectroscopy: 
review of the method and improvements 

 

 

3.1 Introduction to FTPS    

Spectroscopic methods are massively used in material physics, because as seen 

already from Einstein‟s explanation of photoeffect phenomenon material response to 

light is wavelength sensitive. Such sensitivity is one of the key characteristics for 

semiconductors and therefore spectral dependence of conductivity on light excitation 

is of strong interest. Band structure of electron configuration in semiconductors 

projects into the spectra of light absorption, emission or photocurrent. In Figure 14 

such projection into spectrum of absorption coefficient (details will be explained in 

paragraph 3.4.1) can be seen. Although absorption can be measured optically, very 

low light absorptance cannot easily be measured so the method of measurement of 

photocurrent upon light illumination is used instead. Basically the aim of the 

photocurrent spectroscopy is to obtain the curve like the one on the right of the 

Figure 14. 

 

Figure 14: Left: band structure of density of electronic states of amorphous silicon. 

Right: optical absorption coefficient curve with indicated regions attributed to 

different electron transitions. Such curve is the desired result that we want to get 

from the photocurrent spectroscopy. 
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Photocurrent method based on the Fourier transform (F-T) and called FTPS 

(Fourier Transform Photocurrent Spectroscopy) is a spectroscopic method where 

monochromator is replaced by FTIR (Fourier Transform InfraRed) 

spectrophotometer. The concept of using Michelson interferometer together with 

conductivity measurement is known long time, e.g. (Jongbloets et al. 1979). 

However in the presented form this method was firstly reported in 1997 (Tomm et al. 

1997) and later (Poruba et al. 2001; Vanecek & Poruba 2002) well promoted mainly 

for the purposes of research of thin film silicon photovoltaics where the quality of 

semiconducting layers are monitored. In earlier method CPM (Constant Photocurrent 

Method) keeping the photocurrent constant during the measurement by complicated 

modulation of light intensity was necessary (Vaněček et al. 1981). In FTPS method 

this condition is fulfilled automatically and also the measurement is much faster. The 

method can be more sensitive and more reproducible. Due to its first publications 

mainly on microcrystalline silicon people usually understand the FTPS simply as 

a method used for quality analysis of this material although its potential is not limited 

only to microcrystalline silicon and its use on amorphous silicon and many other 

non-crystalline semiconductors was successfully proved. Many practical issues of the 

use of FTPS are discussed in this chapter too.  

In general, Fourier-transform (F-T) represents in optical spectroscopy strong 

alternative to the classical approach based on light dispersion (monochromator). One 

advantage (Felgett) is that in F-T spectroscopy light of single wavelength is not 

isolated but only “labeled” or “encoded” so that the measurement can be performed 

for all wavelengths simultaneously. The spectral distribution of measured effect is 

obtained subsequently after mathematic decoding. Second advantage (Jacquinot) is 

much higher limit for resolution with the same light throughput than in 

monochromators. These are main reasons why F-T spectroscopy is used for example 

in FTIR vibrational analysis. The FTIR measurements have standardized procedures 

and usually not deep understanding of principles is necessary. Since FTPS is not a 

standard application of FTIR instrument, many other issues except the main 

advantages have to be considered for correct measurement and interpretation. 

Understanding of them is based on some fundamental principles that are in 

condensed form discussed in the next section. 
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3.2 Principles of Fourier-transform spectroscopy 

 

 In this paragraph we want to discuss in condensed form the principal issues 

important for correct FTPS measurement. For F-T spectrometers many alternatives 

exist, but most common and instructive is the F-T spectrometer based on 

Michelson‟s interferometer, or „modulator‟ as depicted in Figure 15. Incoming light 

is partly transmitted and partly reflected by beamsplitter. Each part continues into 

separate delay line with mirrors at the ends. After reflection on the mirrors two 

beams superpose at the beamsplitter again but with mutual phase shift given by 

product of wavenumber
5
  and retardation  i.e. mutual path difference of the two 

beams. One of the mirror moves linearly with velocity u, so that retardation is time 

dependent: =u(t–t0). It follows from theory of light coherence that the intensity of 

light  will depend on retardation and thus will change in time t as cosine function: 

 ))tt(ucos()(B)t,( 0221    (50) 

The factor B(ν) is baseline and represents compound spectrum of additional 

effects i.e.: lamp radiance,  transmittance and reflectance of beamsplitter and effects 

of other optical elements in the instrument.  Formula (50) can be regarded as a 

„coding key‟ that attributes to each wavenumber ν a harmonic modulation in time 

                                                 
5
 Used in infrared spectroscopy, unit is inverse centimeter cm-1, (cm-1)=107/(nm)  

       

 

          

Figure 15. Left: Michelson‟s interferometer. Light enters from left side, is 

split by beamsplitter (B), reflected at fixed mirror (mF) and movable mirror 

(mM) and then exits downwards. Right: Example of interferogram – 

amplitude of signal in domain of time or mirror position. 
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with frequency f that depends linearly on the wavenumber according to formula (51). 

The modulation is for typical conditions (λ=500-1600nm, u=0.16cm/s) in the range 

from 2 kHz to 6 kHz. If some of the factor in the experiment exhibits frequency 

dependence a correction to that has to be done, see paragraph 3.3.6 

uf 2
 

(51) 

When the wavenumber is „encoded‟ into modulation frequency the light beam 

is ready for measurement. Then other elements in the measurement can be 

introduced: optical filter with spectral transmittance F() and detector that transforms 

light intensity into electrical current. Its spectral dependence can be labelled as D(). 

We make one more step and we will also go from one discrete wavenumber to 

continuous spectrum, i.e. we will just add the signs of integration over . Then we 

get formula (52) where the electrical current J is a function only of time t. The 

example of such time evolution called interferogram is in Figure 15. 

   d)(22cos)()()()( 00 




 ttvuBFDJtJ

 

(52) 

It is very important that the detector is linear so that the current is a linear 

function of intensity and can be therefore represented in formula (52) linearly 

(y=D∙x). Non-linear detectors (y=D∙x+D´∙x2+…) would introduce higher powers of 

cosine and would lead to parasitic contributions to the modulation at higher multiples 

of  (higher harmonics) !  

In formula (52) we can easily recognize Fourier-transform (for ease we 

renormalized time as t’=(t–t0)∙4u ), so that we can directly write bidirectional 

formulae between time domain and wavenumber domain (with FT as a symbol for 

Fourier transform): 

 )()()(2/)(  DFBtJ  FT
 

(53) 

 )(/2)()()( tJDFB  FT
 

(54) 

Formula (54) finally gives simple instruction to calculate spectra from recorded 

interferogram. However only theoretically, because the interferogram is obviously 

not infinite in time and is sampled only in finite steps.  

The finite length has then effect on resolution through Rayleigh criterion: 

Two beams can be distinguished only if they differ in full retardation by full 

wavelength. Which, transformed to domain of wavenumbers, means that the 
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theoretical resolution (in cm
-1

) is inverse of maximal retardation MAX (in cm). In 

reality due to the Gibbs phenomenon and often used triangular apodization
6
 the 

theoretical limit of resolution will for given MAX (MAX is twice the mirror path) be  

~ 2/MAX, that can go well below 0.1cm
-1

. These issues are important in FTIR but not 

in FTPS where typically resolution 32cm
-1

 and triangular apodization is used. 

According to Jacquinot‟s advantage the F-T spectrometer can have up to 100 

times higher light throughput than dispersive instrument for given resolution 

(Griffiths et al. 1977). In reality the built-in sources are optimized only for high 

resolution where the light throughput is comparable with monochromator with low 

required resolution (for thin film Si resolution / or / around 0.01 is enough) 

and thus lower resolution with high throughput is possible only with external light 

source, see paragraph 3.3.3. 

The relation between resolution and spectral range is in fact bidirectional and 

so it concerns also the finite sampling density (sampling „resolution‟). Due to 

Nyquist-Shannon-Kotelnikov theorem that says roughly that the maximal 

distinguishable frequency is half of the sampling frequency, F-T spectrometer is 

unable to distinguish between multiples of 15798/g cm
-1

, where 15798 is 

wavenumber of red laser and g is parameter called sample spacing
7
. This constraint 

unfortunately requires division of the spectrum by appropriate cut-off filters into 

parts from m·15798/g cm
-1

 to (m+1)·15798/g cm
-1

 that have to be measured 

separately. Fortunately modern instruments have g=0.5 and allow measurement up to 

31600cm
-1

 which with using halogen light as a source needs no filtering and 

spectrum can be measured at once. But for example measurement of FTPS of a-Si:H 

of c-Si:H with g=1 and halogen source requires adding long-pass filter with edge 

above 633nm („red glass‟). 

Felgett‟s (or multiplexing) advantage is basically the fact that we can measure 

all wavelengths simultaneously and thus measure much faster. It is also the reason 

why the FTPS can replace CPM method (see paragraph 3.4.5). These advantages 

have one important disadvantage. Like most measuring instruments, F-T 

spectrometer has also limited dynamic range, i.e. the ratio between highest and 

                                                 
6
 In F-T spectroscopy the spectra are not corrupted by convolution with instrument function but with F-T of 

envelope function (rectangular) that can be artificially reshaped (e.g. triangular) by so called apodization so that 

the convolution has better representation of sharp features, but lower resolution.   
7
 In FTIR the sampling is made with the help of red laser (15800cm-1) interference. Sample spacing expresses 

sampling density as a number of intervals between 2 maxima of red laser interference. 
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lowest values measured together and with small relative error. This is especially 

important in the case of steep absorption edge
8
 in photocurrent measurement of 

semiconductors that is investigated always in logarithmic scale. The effective 

dynamic range is approximately 100 but can still vary a little according to the shape. 

In the case of slow slopes the dynamic range can be higher whereas in case of abrupt 

steep edges the dynamic range can be lower. Therefore for measurement of higher 

dynamic range spectra have to be measured with optical filters that reduce or 

eliminate strong parts of the spectra against weaker parts.  

Regarding the noise we can bring one argument that supports the Felgett‟s 

advantage:  Noise is proportional to the square root of spectral range, but signal as 

we can see from formula (52) is proportional linearly to the spectral range, so the 

signal to noise ratio in turn increases with spectral range (Griffiths et al. 1977). 

Therefore it is better for enhancing the dynamic range to use filters that are not cut-

off so they don‟t totally eliminate high signal region but are „smooth‟ and only 

reduce the high signal region and maintain nonzero signal in broad region. 

 

Summary: 

- each wavelength is modulated by different frequency f=2u   

- resolution is limited by mirror path length and aperture dimensions and can 

easily go below 0.1cm
-1

 

- signal linearity is essential condition 

- optical cut-offs are necessary for combination of halogen source with sample 

spacing greater than 0.5  

- dynamic range is  ~100 and has to be enhanced by additional optical filtering 

- filtering by smooth filters is better than by cut-off filters 

 

 

 

                                                 
8
 Due to the Gibbs phenomenon sharp steps are not perfectly represented by truncated F-T. 
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3.3 FTPS experiment 

 

FTPS method is attractive due to its simple implementation to the research 

grade FTIR spectrometer that has an option to external (e.g. photoacoustic) detector. 

FTIR spectrophotometers are since 1970‟s widely used for optical vibrational 

spectroscopy (range from 400 to 25000 cm
-1

). They are user-friendly compact 

instruments including source, modulator and detector.  Advantage is if the instrument 

has an availability of sample spacing 0.5. Then, only a high-quality low-noise current 

preamplifier (with voltage output), suitable optical filters and sample holder and 

cables are necessary for measurement of solar cells. For layers on glass an additional 

voltage source has to be used. Other components such as an external focusing mirror, 

external A/D converter or external light source can be used optionally, see Figure 16. 

Special features (not shown here) are internal motorized filter wheel and grey filter 

wheel. Measurement of a sample (layer on glass) in sample area has advantage of 

possibility of measurement of transmittance directly by internal reference detector. 

Measurement is performed as a sequence of inteferogram scans.  The time for one 

 

 

 

 

Figure 16: Left: „simplest‟ FTPS setup where sample S is inside the sample 

area, reference R is measured without sample and with filter F (generally 

different for sample and reference). Right: „richest‟ FTPS setup with beam 

reflected out by sliding mirror M1 to external focusing mirror M2 , two 

different positions for filter F0 , F1 , external source H, external mirror M4 , 

rotating mirror M3 , external A/D convertor and voltage source. 
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scan is based on mirror velocity and maximal retardation. Recorded interferograms 

are corrected for the phase and summed together. Signal to noise of the calculated 

spectrum increases with number of scans. 1 scan at velocity 0.16cm/s and resolution 

32 cm
-1

 takes approx. 1 second and typically few hundreds of scans are necessary for 

most „difficult‟ samples. 

The evaluation is performed according to simple logic that is obvious from 

the formula (54): We compare two measurements of compound spectrum 

B()·F()·D() one from sample (indexed by 1) and one from reference (indexed 

by 0), see Figure 16 and formula (55). The sample and reference can play a role of 

any factor in the formula. In FTIR the sample and reference play a role of optical 

filter F(), in FTPS the sample plays a role of detector D(). Baseline is for both 

measurements the same and its effect cancels out, as seen in formula (55). Filters can 

be for both measurements generally different. We correct mathematically afterwards 

their effects by dividing the signal by the transmittance spectrum of the filter that 

was used for the measurement.  If we don‟t know the transmittances of the filters, we 

have to use same filters for sample as for reference which in general means a 

limitation. 
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(55) 

Obviously, the response of the detector D0() has to be known too. Since in optics 

we calculate with photon fluxes rather than energy fluxes D() means quantum 

efficiency of the photon-electron generation in the sample or detector. Absolute 

quantum efficiency of sample and reference detector is difficult to find out, so we 

always measure it relatively and additional procedures have to be used for absolute 

scaling, e.g. according to additional optical transmittance and reflectance 

measurement in the region of moderate absorption. For the purposes of FTIR 

measurement, the knowledge of quantum efficiency of reference detector is not 

necessary and therefore it is usually unknown but for purposes of FTPS it has to be 

found out. Typically the detectors are pyrodetectors, so they have flat response in 

energy flux (amperes per watt). By multiplying their response by photon energy (in 

eV) we obtain quantum efficiency (number of electrons per 1 photon). Like this we 

obtain quantum efficiency for modulation frequencies close to zero. For obtaining 
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quantum efficiency at real conditions of wavelength-dependent modulation at 

2-6 kHz frequency we could either do an approximate frequency dependence 

correction (paragraph 3.3.6) or rather do a calibration by frequency independent 

detector
9
. 

 

3.3.1 Sample preparation 

Generally three types of samples can be measured:  

1) Layer of semiconductor on low alkaline glass (low-cost glass will cause 

problems with charging of impurities) is measured in the coplanar configuration, i.e. 

two contacts on layer are evaporated by Al or NiCr or alternatively drawn by 

graphite paste. For smooth layers interdigitated contacts with thin gaps can be used, 

but for scattering layers spacing at least 1.5 mm is necessary (Poruba et al. 2000), 

details in paragraph 3.4.6. Voltage typically in range from 50V to 500V is applied. 

Light is perpendicularly focused to sample so that it has to entirely fill the gap 

between contacts. Sample should be illuminated from layer side (paragraph 4.1.3). 

Advantage of these samples is possibility of transmittance measurement (Figure 16) 

at the same time and easy and accurate interpretation of the results, details in 

paragraph 3.4.2. Disadvantage is that these samples do not correspond to material 

grown on real substrates used in solar cell technology (section 4.2 ).  

2) More close to real conditions e.g. in solar cell technology might be layers 

grown on conductive substrates as ZnO or SnO2 coated glass. These have to be 

measured in sandwich configuration when measured semiconductor layer is 

sandwiched between the conductive substrate and another planar electrode deposited 

on top. At least one of the electrodes has to be transparent for illumination. In this 

case the current flows perpendicularly to surface and thus only very small distance is 

between the electrodes. Usually also band bending effects are presented and so small 

voltages (up to 2V) have to be carefully chosen to compensate such effects (Poruba 

et al. 2003), more details in section 4.2. 

3) Solar cells on the other hand don‟t require any preparation and are 

typically  measured without any voltage applied (Poruba et al. 2001). Application of 

voltage is used to simulate real working conditions of solar cells (Julien Bailat 2004). 

                                                 
9
 Commercial calibrated c-Si detectors are unfortunately strongly frequency dependent, but can be used for low 

frequency calibration of e.g. thin film solar cells with low frequency dependence and these can then be used for 

calibration of reference detector in FTPS. 
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Monolithic multi-junctions e.g. tandems or modules have to be selectively light-

biased, more information in section 4.3.  

3.3.2 Choice of the FTIR instrument 

The main requirements for the FTIR instrument used for FTPS are related to 

sample spacing, mirror velocity, beamsplitter, light source, optical windows and 

detector. As described above, the lowest possible sample spacing of 0.5 is strongly 

recommended and spacing of 1 is necessity. Lowest mirror velocity at the lowest 

sample spacing in true linear mode
10

 should be 0.16 cm/s. FTPS measurement is in 

the visible and near-infrared range (0.4-2.5 m) and so the choice of material for 

beamsplitter and windows is mainly quartz or sapphire, detector should be 

pyrodetector, mirrors should be aluminum and light source should be halogen lamp. 

Choice of the halogen lamp is especially advantageous due to its intensity increase 

towards regions of low absorptance of semiconductors. Usually beamsplitter, source 

and detector are exchangeable so that the spectrophotometer can still be used for 

FTIR infrared range. The measurement presented later are performed on Thermo 

Nicolet 8700 with thermoelectrically cooled deuterated triglycin sulphate 

pyrodetector, at spacing 0.5, mirror velocity 0.1581cm/s, with quartz beamsplitter 

and halogen tungsten light. 

3.3.3 External focusing mirror, external A/D converter and 
external light source 

The external A/D converters supplied by the same manufacturers can have 

better performance that the built-in A/D converters in terms of number of bits, 

possibility of gain ranging and signal to noise ratio. The use of external A/D 

converter can be for some instruments impossible for measurement in the sample 

area and has to be combined only with external focusing mirror. The external 

focusing mirror is more flexible in terms of size of samples, additional light biasing 

etc. see Figure 17. Also the beam can be focused to smaller spot to get higher 

intensity. Typical focal length of internal mirror is ~15 cm with the focused beam 

spot size 2x8 mm
2
. 

The external light source can significantly increase intensity of light and also 

enhance its intensity in blue region. Internal halogen source has typically power of 

                                                 
10

 sometimes low speed modes are not true linear scans, but in principle fast step-scan modes (for step-scan mode 

see paragraph 3.3.8) 
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25W, dimensions of filament approximately 2x8 mm
2
 is intentionally kept at lower 

voltage and is coupled to the bench by mirror with high focal length for better 

resolution (~15cm). The photon flux at focus is around 2x10
17

cm
-2

s
-1

. If we use 

halogen lamp with 75W power with filament of comparably equal size
11

 and with 

combination of a mirror with lower focal length (~10cm) we get approximately 7 

times higher intensity. Then the resolution is no more guaranteed by automatically 

controlled internal aperture and has to be checked according to formula (56) where d 

is largest dimension of light source (or entrance slit), f is focal distance and MAX is 

maximal wavenumber in the spectrum. For details see (Griffiths & De Haseth 1986).  

MAXd  2)2/( f  (56) 

For described external source and for MAX=20000cm
-1

 resolution is 

~32cm
-1

 that is what is normally used in FTPS. For maximizing intensity going to 

resolution  ~100cm
-1

 is possible and intensity would grow 4 times. Conservative 

estimate of potential intensity increase of external source is then 20 times. Advantage 

of external source is that the FTIR instrument is more thermally stable. Disadvantage 

is that the bench alignment can be done only for either source, see paragraph 3.3.7. 

 

 

 

                                                 
11

 12V halogen lamp nominally 100W designed for vehicles from manufacturer NARVA  

 
 

Figure 17:  Left: FTPS setup with the use of external focusing mirror for 

measurement of maps of density of defects of PV modules. For selecting one 

spot shadowing stripes and bias light was used. Right: sample holder for 

layers on glass and solar cells that have both contacts on the same side of 

glass substrate 
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3.3.4 Current preamplifier, voltage source and sample holder. 

The choice of these components will strongly affect the signal to noise ratio 

and thus the sensitivity and speed of the measurement. For the voltage source there is 

no necessity to buy expensive sources. For low voltages simple battery source is 

better than expensive programmable sources. For high voltages (up to 500V) some 

high voltage source has to be used. The important issue is the scheme of serial 

connection of the voltage source, sample and current preamplifier in terms of 

electromagnetic noise. The use of BNC 50 coaxial cables has proven to be much 

better compared to connection by twisted pair cables. The connection in series can be 

easily realized by the design of a sample holder where both outer wirings are 

connected to metal frame and each inner wire contacts one pole of the sample, see 

Figure 17. Grounding of the metal frame usually reduces noise level too. In the case 

of measurement without voltage source (solar cells) shorting plug is used at one of 

the BNC connector. 

Most important is the choice of current preamplifier and state-of-the art 

instruments are recommended. Important parameters are: noise level, frequency cut-

offs, input impedances and dynamic reserve. The noise level of preamplifier at high 

amplification is more critical for highly resistive samples of layers on glass 

(1-100G). For amplification 10
7
 V/A broadband noise should not be above 

1 picoamper. On the other hand for measurement of solar cells and modules with 

generally low resisitivity (10-100) dynamic reserve
12

 is critical.  

The frequency cut-offs are inequitable in all preamplifiers at high 

amplifications and cause frequency dependence of signal (see paragraph 3.3.6) and 

prevent from using high amplifications. Modulation frequency range is given by 

formula (51) and for our spectral range and range of mirror velocities (0.16– 

0.47cm/s) frequency range in low signal (=high amplification) region is 1kHz – 

10kHz. High amplifications can neither be used due to increasing input impedance. 

Two different commercial preamplifiers were used: KEITHLEY 428 with lower 

noise level mainly for single layers and Stanford Research 570 with higher dynamic 

reserve mainly for solar cells. Results of their test on solar cell and layers on glass 

are in Figure 18.  Recommended setting for Stanford Research 570 is high bandwidth 

mode and not higher amplifications than 200nA/V.  

                                                 
12

 dynamic reserve express how larger can be broadband noise than the signal before overloading – depends on 

setting and location of frequency band filters 
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3.3.5 Optical filters 

 There are at least four reasons for using optical filters in FTPS:  

1) Measurement with sample spacing greater than 0.5 requires using cut-off 

filters for both sample and reference (for details see paragraph 3.2).  

2) Filters are necessary for improving dynamic range too. One possibility is to 

use cut-off filters, such as 2mm polished Si wafer for measurement of 

microcrystalline silicon (Vanecek & Poruba 2002) or even a set of filters for 

amorphous silicon (Melskens et al. 2008) to eliminate step-by-step more and more 

from high absorption region and to get to lower and lower absorptances. An 

alternative is to use less filters or even only one that only reduces light intensity at 

high absorption region, but not totally. The aim is to „squeeze‟ the measured 

spectrum into only two decades of dynamic range. So if the minimum of signal 

(labelled  that we want to measure is MIN then transmittance of the ideal filter 

would be =1 in region where <100∙MIN and =100∙MIN/ in region where 

>100∙MIN. Like this one would measure whole curve at dynamic range only 100. 

Figure 18 shows example of a long-pass filter for a-Si:H.  
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Figure 18: Left: comparison of number of scans needed for signal to noise ratio 

S/N=1 for preamplifiers Stanford Research 570 and KEITHLEY 428, data are based 

on real measurements of layers of a-Si:H and c-Si:H silicon on glass and for 

a-Si:H solar cell. („ln‟ = low noise mode, „hbw‟= high bandwidth mode).  

Right: FTPS spectra of 250nm thick amorphous silicon measured only with 2 filters 

(long-pass and short-pass), transmittances of the filters and source intensity 

spectrum included.  
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3) Third reason for filtering is that F-T spectroscopy doesn‟t reproduce well 

the spectrum where sharp steps occur (absorption drop on the bandgap in amorphous 

Si at 1.75eV) and better results are obtained when using the filter that reduces the 

signal before the abrupt drop comes, see the short-pass filter in Figure 18.   

4) Fourth reason for filtering is when it is necessary to keep low signal 

conditions. For that the color or neutral density filters can be used (see section 3.4.5). 

The use of optical filters complicates strongly the automation of the FTPS because 

generally for different materials different filters have to be used. 

3.3.6 Frequency dependence correction 

Here I come to the main issue of FTPS. The frequency of modulation ranges 

from 1kHz to 10kHz and is wavenumber dependent as seen from formula (51). If 

performance of any part of experiment (sample, reference, preamplifier) is frequency 

dependent (and this is typical for frequencies above 10-100 Hz) a correction for this 

dependence has to be done in order to obtain results same as measured at modulation 

frequency close to zero. Because sample and reference has different frequency 

dependence, formula (55) can be used only after such correction. We can suppose 

that the signal  at certain wavenumber  and certain frequency f can depend on the 

frequency either according to formula (57) or formula (58), that means that the 

function  describing frequency dependence can be wavenumber dependent and so 

has wavenumber as parameter. 

))(f(),())(f,(   0  (57) 

)),(f(),())(f,(   0  (58) 

Function  is generally unknown and can be investigated only 

experimentally for each sample. In FTPS the way of investigating function  is to 

make additional measurements at different velocities and observe the signal variation 

with velocity. But because we can go from velocity 0.16 cm/s only to higher ones, 

function  can be found only around some central frequency, say 5kHz. Based on 

formulae (57) or (58) we can calculate signal at this frequency and so get from 

measured signal spectrum (, f()) to new spectrum (, 5kHz) that corresponds to 

spectrum as if measured at one wavelength independent frequency 5kHz. Obviously 

we can‟t get further to zero frequency. For some samples we can suppose that 
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formula (57) holds and from it follows that (, 5kHz) = (, 0)∙constant  and so we 

can get correct, but relative spectrum. This explains why even for „good‟ frequency 

dependence (57) we can‟t measure absolutely. For a high preamplification, major 

part of frequency dependence is caused by preamplifier for which formula (57) 

holds. In practice it has only sense to assume wavelength independent frequency 

dependence obeying formula (57). As we will see in paragraph 3.4.3 and 3.4.6 

wavelength dependence as in formula (58) can occur only for photothermal 

ionization effects or for samples where carrier diffusion dominates. For correction 

we measure spectrum at three velocities (0.158, 0.316 and 0.474 cm/s ) and then in 

a set of reference wavenumber points we quantify and fit (typically by exponential) 

the relative decrease of signal with frequency that is calculated for each point by 

formula (51). In the next step the average of the parameter of relative decrease is 

made and finally one of the three curves is corrected (virtually to 5kHz). Only the 

curve that we want to correct (usually the lowest velocity) has to be measured finely 

with enough scans but for the two other much less scans are necessary. Frequency 

dependence can be sometimes significant and can lead to a shift of one end of the 

spectrum compared to the opposite end as high as by 50%, so it is clear that the 

accuracy is strongly influenced by frequency dependence and so the error is usually 

at least few percents.  

Very promising in the point of reducing modulation frequencies are new 

approaches using e.g. arrays of different LED diodes modulated at different 

frequencies or LCD-based F-T spectrophotometer (Funk & D. S. Moore 2000). LED 

diode spectrometers have been used so far for measurement of spectra of quantum 

efficiency of solar cells (Young et al. 2008; Reetz et al. 2011). 

3.3.7 Bench alignment 

For successful measurement a correct bench alignment is necessary. Once 

properly done it does not have to be done for months. Alignment is done in 

commercial instruments automatically and instrument remembers alignment for each 

beamsplitter. It was found that the shape of a baseline spectrum depends on 

alignment and if bench is properly aligned the baseline (i.e. approximately spectrum 

of source) for should always decrease from its maximum monotonously towards high 

wavenumbers. To do so and to enhance intensity in visible range, alignment in two 

steps is necessary: first without filter, then with short-pass glass. 
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When using external source, alignment should be done as follows: 1) Make 

proper alignment for internal source. 2) Mark on a screen that is placed into the focus 

the precise position of the focal points. If you use external output, mark positions of 

both inside and outside focal points. 3) Align manually the mirror (M4 in Figure 16) 

into axis of Michelson‟s modulator.  4) Adjust the external source to obtain the same 

position and dimension of the focal points as you marked on the screen. In case of 

external output check alternately both inside and outside focal points. 5) Make a new 

alignment with external source. When you do this alignment, the bench will not be 

aligned any more for internal source. 

3.3.8 Step-scan mode 

In the presented text we did not pointed much to an alternative step-scan 

mode of FTIR. In the step-scan mode the linear motion of mirror is separated into 

steps and in between them the mirror is stationary. Modulation is then realized by 

slow vibrations of the fixed mirror (phase modulation) or external chopper with lock-

in amplifier (amplitude modulation). This option will certainly solve the problem of 

frequency dependence (paragraph 3.3.6), but will slow down the measurement so 

that the advantage compared to CPM method will be weakened. Though, in some 

cases this solution can still bring the ultimate sensitivity. Usually the disadvantage of 

step-scan mode is the sample spacing (see paragraph 3.2) that is higher than 0.5. 

 

Summary: 

- research grade FTIR and low noise preamplifier are only necessary large 

investments for setting up FTPS method  

- either high dynamic range or low noise of the preamplifier is key parameter 

for measurement of either solar cells or layers on glass, respectively   

- proper choice of long-pass optical filter(s) is the main know-how in FTPS but 

prevents simple automation of the method  

- coaxial cables and grounded sample holder is necessary for low noise signal 

- frequency dependence correction is necessary for FTPS on thin film silicon  

- with external source the high throughput advantage allows theoretically 20 

times higher intensity 

- proper two-step bench alignment is necessary for accurate measurements  
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3.4  Interpretation of FTPS 

 

In the section 3.1 and Figure 14 we outlined the aim of optical spectroscopy in 

disordered semiconductors, e.g. a-Si:H that is to get information about defect density 

and disorder. In section 3.3 we covered most of the technical issues regarding the 

successful measurement of the FTPS spectrum. Nice thing would be to show in this 

part a formula for FTPS signal as a function of defects and disorder. Unfortunately 

situation is much more complex and to puzzle out its complexity a diagram (Figure 

19) is sketched where all the arrows represent one specific relation that will be 

discussed hereafter. In spite of the complexity of the diagram, the individual effects 

themselves are quite straightforward and well known in the field of semiconductors.  

                  

Figure 19: Diagram shows most of the possible effects playing between defects 

density and disorder as input that we want to know and the FTPS signal as the 

output that we measure. 

                

3.4.1 From defects to absorption coefficient 

Defects and disorder induce the electronic states in the energy gap of material 

and they are characterized by their spatial density as a function of energy (Tauc et al. 

1966; Vaněček et al. 1984; Street 1991). In non-crystalline semiconductors these are 

only two parameters fully characterizing the electronic structure of material, because 

due to high electron scattering on irregularities no momentum quantum number and 

its conservation exists. So the conditions for optical excitation between occupied and 
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unoccupied state are only energy conservation and spatial overlap of the initial and 

final state. Mathematically the absorption coefficient can be expressed as 

convolution of density of occupied and unoccupied states by formula (59), where 

W(ħ) is matrix element, the form of which is not consensual
13

.  

  dENN )E()E()()( CV   W  (59) 

This frequently used simplest formula holds for an undoped material under 

low light conditions (Fermi level EF is well defined and is close to the middle of the 

gap) and also low temperature limit is considered (states above EF are unoccupied, 

states below EF are all occupied). 

 

material 
defect 

energy 

typ. good 

value 

scaling 

const.(cm
-2

) 

method citation 

a-Si 1.2 eV 
<1 cm

-1
 2.4-5x10

16
 CPM 

(Wyrsch et al. 1991) 
<2 cm

-1
 1.2-2.5x10

16
 PDS 

c-Si 
0.8 eV <0.1 cm

-1
 ~ 1.7x10

17
 CPM (Vaněček et al. 2000) 

0.7 eV <0.1 cm
-1

 3.6x10
16

 PDS (S. Klein et al. 2007) 

Table 1: Defect absorption energies (center of a broad, gaussian distribution), 

typical values of  for good quality materials and factors for recalculation 

into defect density (cm
-3

) for values obtained from constant photocurrent 

method (CPM) and photothermal deflection spectroscopy (PDS). 

 

In the band structure of amorphous materials the Gaussian humps in the 

middle represent the defect states or unsaturated bonds and the tilt of the edges (band 

tails) represent mainly angular disorder of chemical bonds (Persans et al. 1984). Two 

vertical lines are called mobility edges, separate delocalized extended states and 

localized tail states and define the „mobility gap‟ of the material (Street 1991). 

Y-axis in the Figure 14 is in logarithm scale and only strong transitions are 

identified, i.e. only transition involving always at least one state from valence or 

conduction band. Transitions C1, C2, B1 and B2 project into region of sub-band-gap 

absorption on absorption coefficient. There exist more possibilities of defect density 

evaluation from this region (Wyrsch et al. 1991). Often used is just taking the value 

                                                 
13

 W(E)=const, e.g. in (Davis 1970), W(E)= const∙E , e.g. in (W. Jackson et al. 1985), W(E)=const/E , e.g. in 

(Vaněček et al. 1984) 
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of absorption coefficient at some physically defined energy and multiplying it by 

scaling constant, see Table 1. Transition B2 is much stronger than B1 due to its slower 

slope. Exponential part of absorption coefficient is according to (Shah 2010) function 

of both slopes of B1 and B2, but usually is attributed only to the slope of valence band 

tail that effectively dominates. For its slope the Urbach energy E0 is defined by 

formula (60) (Street 1991). For a good quality non-crystalline silicon material E0 is 

never higher than 50 meV.   

)/exp()( 0Ec   
 

(60) 

  The absorption coefficient as obtained by formula (59) can be obtained by 

Photothermal Deflection Spectroscopy (PDS). In photocurrent methods on the other 

hand not all transitions are C1, C2, B1 and B2 detected, see chapter 3.4.3. 

3.4.2 From structure to optical absorptance 

For evaluation of optical absorptance, as seen from Figure 19 not only 

absorption coefficient discussed in paragraph 3.4.1, but also refraction index, 

material and interface morphology and obviously macroscopic sample structure have 

to be known. Chapter 2 concerns this point in great detail. In this sub-section only a 

short review of several commonly used methods is given.  

When absolute results and not only relative comparison is desired, simple 

well defined samples are preferred; usually smooth and moderately absorbing layer 

on non-absorbing semi-infinite substrate. For the purpose of absorption coefficient 

measurement approximate formulae (61), (62) and (63) presented in (Ritter & Weiser 

1986) and discussed in detail in Chapter 2 can be used: 
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R)T/A()R()T/A)(R(.ln
d

  (63) 

 

Meaning of the symbols is: r01= √R1 ∙ exp(i1) , r01= √R1 ∙ exp(i1) , where r01, r12 are 

Fresnel‟s coefficients of perpendicular reflectance on first and second interface, A, T, 
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, d are absorptance, transmittance, absorption coefficient and thickness respectively. 

Formula (63) is directly derived from the two previous and contains no cosine 

function and so we can profit from the advantage of absence of interference patterns 

in ratio A/T. Therefore it is advantageous for thin films to measure absorptance a 

transmittance spectra simultaneously. This formula however requires absolute 

measurement of A and T, that is not always possible and therefore scaling according 

to additional optical measurement is necessary. Also knowledge of R2 is necessary. 

A mathematic fit of e.g. Cauchy formula ( 2

10  /nn)(n CC  ) parameters of 

refraction index from transmittance measurement, as discussed in paragraph 2.1.3, or 

just assumption of some typical spectrum of refraction index (Vaněček et al. 1995) is 

possible for calculation of R2. 

Simpler, but still useful is to approximate the formula (61) into simple form 

(64) or (65). Both formulae do not take interference pattern into account and should 

therefore be applied to smoothened curve of A. Formula (64) is very often used and 

indeed by analyzing its error we can find that neglecting the term with cosine in 

formula (61) and further neglecting some other terms on a way to formula (64) and 

attributing the result to curve with averaged interference will result in an error -10% 

of evaluated   in region of low absorption in case of amorphous silicon on glass.  

)1)(1( 1

deRA 
 

(64) 

  dAA MAXRELREL ,/1ln 
 

(65) 
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REL 

















,

1ln  (66) 

 Formula (64) however still requires knowledge of R1 and absolutely scaled A. 

Thus often R1 is assumed to be constant and then formula (65) is used. Then only 

saturation value AREL,MAX at high absorption where 1-e
-d
→1 and thickness d have to 

be known. Then the resulting  is well approximated except the region above and 

close to the maximum point. To correct the evolution of refraction index, formula 

(65) can be modified into formula (66) by introducing correction factor CP that have 

values 0.72 or 0.66 for measurement of amorphous silicon from layer or glass side 

respectively (Aleš Poruba 1998). 
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In the case of microcrystalline silicon, even simpler evaluation and absolute 

scaling even without knowledge of thickness can be done according to known value 

of crystalline silicon: value of smoothened absorptance at 1.35 eV is either scaled 

directly to value of c-Si 245cm
-1

 and we can call it normalization back to crystalline 

fraction (Python 2009) or is scaled to value 245cm
-1

*C , where C is crystallinity
14

. 

The scaling point is chosen in region well above the band-gap (1.12eV), but also 

where the absorption coefficient of amorphous phase is still low. This absolute 

scaling is then correct only in region of low and moderate absorption.  
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Figure 20: Left: Result of A/T of total absorptance measured by Photothermal 

deflection specroscopy (PDS) for a 350nm thick a-Si layer on glass with defective 

surface layer. At low absorption region we see higher values obtained from glass 

side and non-vanishing interferences in measurement from film side. Right: True 

absorption coefficient (a,b) and apparent absorption coefficient of 6 different 

materials (c-h) from different labs that all exhibit similar deviation due to the 

effect of scattering.  

 

Presented formulae describe total absorptance. PDS method can measure total 

absorptance of layers on very low absorbing substrates. However characterizing light 

absorption by its total value is not always precise because absorption is generally not 

homogeneous due to many effects: 1) due to exponential decrease of intensity in 

                                                 
14

 In region around 1.35 eV  scales approximately linearly with crystallinity, however more accurate is effective 

medium theory (M Vanecek et al. 1998) and according to (Siebke et al. 1998) scaling in broad range of 

crystallinity is rather exponential 
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absorbing material, 2) due to standing waves in thin films 3) due to inhomogeneity of 

material and thus inhomogeneity of absorption coefficient itself, 4) due to 

inhomogeneously distributed defects, for example close to surfaces of grain 

boundaries. Last two cases are not accounted in above presented calculations and so 

for example the measurement in A/T mode and formula (63) is not legitimate and has 

an effect of non-vanishing interference patterns (Vaněček et al. 1995). Moreover this 

effect depends on position of highly absorbing sub-layer in the whole layer and if it 

is on the back side with respect to illumination, the interference modulation is regular 

(Becker et al. 1995) and non-vanishing interferences are not observed, 

inhomogeneity is masked but generally higher absorptance is observed, see Figure 

20. For more details, see section 4.1.  

For measurement of layers on glass with rough interfaces or even with bulk 

scattering as for example microcrystalline silicon, see Figure 20, more complex 

theory has to be used (A. Poruba et al. 2000). Sometimes effect of scattering can be 

well masked and for example accurate comparison between measurements of total 

and specular transmittance has to be done (Vanecek et al. 1998). Approximately we 

can, analogically to previous scaling at point 1.35eV, scale the curves to the value 

25cm
-1

 at point 1.2eV assuming that the effect of scattering does not change much 

between 0.8eV and 1.2eV, see Figure 20.  

Even more complex is the evaluation of absorptance in absorber AFTPS of 

solar cells where apart from strong scattering the transmittance of transparent 

conductive oxide layers (TCO) also comes into play. Generally the evaluation of 

absorption coefficient of solar cell absorbers is useful mainly for comparative 

measurements of cells with same optical structure (TCO, roughness, back reflectors). 

However, corrections are possible also here. In paragraph 2.3.2 we tested several 

correction procedures for sub-band-gap absorption of absorber.  

 Method of correction for absorptance in TCO, suggested in (Python 2009) 

follows the formula (67) where R is reflectance and T transmittance of a solar cell 

without back reflector. AFTPS is measured absorptance by FTPS and A*FTPS is 

absorptance corrected for losses in TCO. EQE is external quantum efficiency that is 

equivalent to AFTPS, but is absolute and more accurate in linear scale. 

)/(* EQERTAA FTPSFTPS   (67) 
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 As we saw in Figure 20 the effect of scattering of c-Si layers on glass can 

be partly avoided by the absolute scaling at point at 1.2eV. We tested already in 

paragraph 2.3.2 the same approach for c-Si solar cells where we can use for the 

scaling of (smoothened) absorptance the point 1.35eV and value 245cm
-1

 again as for 

smooth layers. The error of this method is however around factor 2-3 in the defect 

absorption region. 

 

3.4.3 From absorptance to excess carrier generation 

 

Until now the analysis was based purely on optics. Now we want to look 

closely whether all absorbed photons create free charge carriers that can eventually 

contribute to photocurrent. In undoped amorphous silicon mobility of holes is much 

smaller and so only the transitions terminating above the conduction mobility edge 

can in principle contribute to photocurrent, see Figure 21. Transitions C1 are 

therefore excluded from photocurrent measurement. Regarding transitions B1 the 

thermal excitation may at room temperature release the carriers from small depth 

below the mobility edge above the edge and so enable them to be electrically 

collected.  This two-step carrier generation is called photothermal ionization 

 

Figure 21: Left: band structure of density of electronic states of amorphous 

silicon together with mobility edge and region of thermalization below. 

Right: „optoelectronical‟ absorption coefficient curve with indicated regions 

attributed to different electron transitions that contribute to photocurrent 
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(Jongbloets et al. 1979). The thermal ionization however has to be fast enough to be 

registered by phase correlated detection, because FTPS is (like other lock-in 

methods) based on measurement of modulated response that is correlated with 

excitation pulses and carriers excited too late are not accounted. In this point we get 

to the issue of frequency dependence dependent on wavelength, paragraph 3.3.6, 

formula (58). Based on the theory developed for Below-gap Modulated Photocurrent 

Method (Abe et al. 1988), we can describe the effect of thermal excitation as a 

dispersion of the conduction mobility edge  down to energies E below original 

mobility edge, analogical to Fermi-Dirac function (formula (68)) where symbols f, f0, 

kB and T have meaning of modulation frequency, attempt-to-escape frequency (in a 

range of 10
12

 Hz), Boltzmann constant and temperature, respectively.  
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In the work of Abe the electronic states below mobility edge having overlap 

with (E) contribute as frequency dependent photocurrent signal. But not only 

frequency dependent signals, but also frequency independent signals from 

displacement current from the same electronic states are considered in his theory. So, 

depending on parameters in formula (68) and depending on the ratio of displacement 

versus real currents, different transitions will have different effect in photocurrent. In 

his work mainly transitions C1 are studied at frequencies from 10Hz to 10kHz with 

strongest frequency dependence around 500Hz. Finally for studying the same effect 

directly for FTPS we made a comparison of photocurrent measurement by FTPS, 

CPM at 13Hz and DBP
15

 method for wide range of frequencies (Holovský et al. 

2008), see Figure 22. From the comparison we see the effects of frequency 

dependence and displacement currents in defect region and beginning of Urbach 

edge in DBP at different frequencies. These effects are consistent with previous 

observations (Main et al. 2004; Sládek & Thèye 1994). We also see difference 

between FTPS and CPM at defect reference energy 1.2 eV well below factor 2. 

According to previous papers (Wyrsch et al. 1991), CPM itself gives values of defect 

absorptance approximately twice lower than optical absorption. Similarly, our 

measurements systematically show differences in defect absorptance between FTPS 

                                                 
15

 DBP stands for Dual Beam Photocurrent, method is explained in paragraph 4.4. 
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and Photothermal Deflection Spectroscopy by factor around 2 at energy 1.2eV for 

amorphous silicon, see section 4.1.3.  

This principal discrepancy of different absorption coefficient for light 

propagation and for photocurrent generation shall not complicate our evaluation, 

because since the differences are in region of low homogeneous absorption                

(1-e
-d
≈d ) we make no error by assuming light propagation according to the same 

absorption coefficient as corresponds to photocurrent generation. Only we have to 

choose correct recalculation constant in Table 1 (for FTPS same as for CPM method) 

for evaluation of defect density.  

 

3.4.4 From structure to mobility lifetime distribution 

When the excess carriers are generated, their efficient conduction to the 

collection electrodes depends on ability of the sample to conduct electrical current. 

As seen in Figure 19 it depends mainly on microscopic morphology, but also 

presence of surfaces and so on macroscopic geometry. And also on the excess carrier 

distribution itself, but it will be subject of next paragraph. Photocurrent in 

semiconductor, i.e. difference between electrical current in dark and under 

illumination is in the simplest case given by excess carrier density n multiplied by 
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Figure 22: Left: Dual Beam Photocurrent (DBP) spectra on 2m amorphous 

Si on glass converge at higher frequencies to FTPS under bias light, at 380Hz 

and 2kHz DBP show anomalous deviation, probably due to the displacement 

currents. Right: Similar effect of light bias on FTPS and CPM methods and 

their comparison on the same sample. 
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carrier mobility , see equation (69). Excess carrier density is result of competition 

between photogeneration G described in previous paragraphs and carrier 

recombination that depends in simplest approximation linearly on excess carrier 

density. Such simple equation has steady-state solution saying that excess carrier 

density n is a product of photogeneration G and lifetime . Lifetime is a measure of 

recombination that in non-crystalline semiconductors is dominated by Shockley-

Read-Hall recombination through active defects. Carrier mobility  on the other hand 

depends on material disorder. So there are basically two material parameters that can 

influence conduction of generated carriers. In homogeneous samples usually also  is 

homogeneous, but near surfaces  is lower due to surface defects. And of course in 

heterogeneous material both  and  are generally inhomogeneous. 

 

3.4.5 Carrier density and lifetime 

In the last paragraph we defined lifetime as a value which after multiplication 

with generation gives excess carrier density. Now we will discuss the fact that 

lifetime is not a constant but a function of the excess carrier density. We discuss this 

phenomenon separately, because it makes the photocurrent measurement special and 

it is a reason why not a simple method of photocurrent can be used. That is because 

whether defect states behave as recombination centres or just traps depends 

approximately on positions of quasi-Fermi levels that depend on excess carrier 

density. As a consequence, conductivity on large scale is not linear with illumination, 

but rather sub-linear. This effect is stronger for more resistive samples like a-Si:H 

and weaker for more conductive samples like c-Si:H. Due to this phenomenon it is 

not possible to measure photocurrent for different monochromatic light of the same 

intensity because with different wavelength we could get photogeneration variations 

over many orders of magnitude and so the lifetime would not be constant. On a small 

scale on the other hand we still assume linearity so that applying small harmonic 

light modulation will result in harmonic modulation of photocurrent. But for the non-

linearity on the large scales there are  at least three methods that solve this problem: 

1) Dual Beam Photocurrent (DBP) method applies large DC light with much 

higher intensity than the modulated monochromatic light so that lifetime is fixed by 

the level of DC intensity. Drawback of this method is that the spectra depend on 

level of illumination (Morgado 2001). That is due to violating the low light condition 
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assumed on the beginning in paragraph 3.4.1. We assume that for the monochromatic 

measuring beam this condition of low intensity is still satisfied.  

2) Constant Photocurrent Method (CPM), (Vaněček et al. 1981) adjusts the 

intensity of modulated monochromatic light in order to keep photocurrent constant. It 

will for the constant mobility mean constant excess carriers density and so a constant 

lifetime
16

.  

3) FTPS method can be regarded as combination of both CPM and DBP, 

because as all the wavelengths are measured simultaneously, the level of modulated 

photocurrent does not change and even the illumination does not change. The only 

question is the low light condition that would not be normally satisfied, because 

measuring beam is much more intense than the monochromatic beam from a 

monochromator. Fortunately this condition is critical in subbandgap region only 

where the long-pass optical filter eliminating majority of light has to be used anyway 

and so reduces the photogeneration to sufficiently small level (paragraph 3.3.5). 

3.4.6 From distributions to electrical current 

 We already discussed all physical properties that play role in 

photoconductivity: absorption coefficient, amount of absorbed light, generated 

excess carriers, mobility lifetime product. We already discussed their properties and 

mutual dependencies. In principle none of these physical values are constant and can 

be distributed non-uniformly. In this paragraph we should put together these 

distributions to get the distribution of photocurrent in our sample. So far we have not 

accounted for time in our thinking because all the processes we have discussed can 

be regarded as infinitely fast. Carrier conduction through sample is however not 

always so fast with respect to modulation frequency in FTPS. Treatment of such 

situation accurately is complicated. In simplified case of strong, homogenous 

external electric field E, we neglect Poisson equation and we solve drift-diffusion 

equation (70) and continuity equation (71), where n , j , G ,   are excess carrier 

concentration, current density, generation rate and lifetime respectively, other 

symbols have their usual meaning. Moreover we assume that the vector E and j are 

parallel and perpendicular to light illumination, and to the vector n . Time enters 

the problem by time dependent generation G(t).  

                                                 
16

 This implication may not hold only if both electrons and holes play significant role and total 
photocurrent in combination of both. This is not a case in non-crystalline silicon. 



section 3.4   Interpretation of FTPS 

62 

 nn  Tke BEj   (70) 



n1n





)t(G

et
j  (71) 

Solving these equations is not practical and so the following conditions for 

any simplification are desirable:  

1) time modulation is slow 

2) lifetime is uniform in bulk 

3) absorption coefficient is uniform in bulk  

4) absorption is low so that (except standing waves) the light intensity is 

uniform 

5) samples are thick and so without standing waves 

6) there is no additional absorption due to surface defects 

7) there is no additional recombination due to surfaces 

 

A) If all 7 conditions are satisfied, solution of equations (70) and (71) leads to simple 

equation (69) and the total photocurrent density is equivalent to total generation and 

so equivalent to the total optical absorptance and for smooth layers we can according 

to the paragraph 3.4.2 use A/T mode and the formula (63). The same will practically 

work even if samples are thin and condition 5 is not satisfied. 

 

B) If there is an additional recombination on surfaces (condition 7 not satisfied) and 

neither absorption is low (condition 4) we will get the situation that was described by 

theory of DeVore (DeVore 1956). It is the effect of signal loss at high absorption 

region when carriers are generated close to the surface. The same effect is however 

observed also in high absorption region in thin samples (when neither condition 5 is 

satisfied) see Figure 23 and section 4.1. 
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Figure 23: Left: Simulated ratio of AFTPS/APDS and FTPS/PDS obtained by 

formula (63) for 400nm a-Si:H layer on glass with front surface 

recombination represented by 150nm dead zone with only 10% carrier 

collection. We see non-vanishing interferences in whole region. 

Right: Effect of high frequency modulation for c-Si solar cell observed by 

use of different mirror velocities. 

 

 

C) If the case of surface recombination and thin samples (conditions 7 and 5 are not 

satisfied), and low or moderate absorption (and not high as in previous case) the 

effect of standing waves with maxima close or far from surface will affect 

modulation of interference maxima in photocurrent. In this case the A/T mode may 

give some non-vanishing interference maxima in whole spectrum depending on the 

direction of illumination with respect to defective surface, see Figure 23 where 

simulated results are shown (details about simulations in section4.1.1). Instead of A/T 

approach (formula (63)) averaging of interference maxima and formula (64) should 

be rather used. Also we can see from Figure 23 that the absorption coefficient will be 

more precise in shape (apart from absolute scaling) for the measurement from the 

layer side. This measurement will have relative error given by effective thickness of 

the sample. Therefore it is necessary to scale absolutely the FTPS also according to 

absorption coefficient obtained independently. Alternatively it could be scaled in 

high absorption region from the measurement from the glass side. 
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 D) If instead of condition 7, condition 6 is not satisfied (there is additional 

absorption, but not recombination on surface) then the effects on non-vanishing 

inreferences in A/T mode are observed only in low absorption regions (see Figure 20) 

where additional absorptance is comparable with bulk absorptance (Vaněček et al. 

1995).  

Because the two previous phenomena affect different regions, it is clear that 

they cannot mutually fully compensate in photocurrent spectroscopy although a 

partial compensation is observed.  In order to reduce these effects the sample 

thickness should be chosen big enough (1.5 m or more) so that the surface areas 

with low mobility or with additional absorption have negligible effects compared to 

bulk absorptance and bulk photoconductivity. For detailed experiments and 

simulation of these effects, see section 4.1. 

 

D) If one of the conditions 2 or 3 are not satisfied (absorption coefficient or mobility 

is not uniform in bulk), for example in microcrystalline silicon, situation is 

overcomplicated and exotic effects can be studied e.g. by comparison of coplanar 

and sandwich arrangement (Unold et al. 2000) or by light biased CPM (Siebke et al. 

1998). 

 

 E) Concerning the 1
st
 condition of slow modulation, we assume that it is satisfied 

when << f 
-1

 (lifetime much shorter than time period of modulation) and then 

G(t)≈ G and thus ∂n/∂t≈ 0 in equation (71). For FTPS f
 -1

=0.2ms and so for non-

crystalline silicon where =1-10s the condition is well satisfied whereas for 

crystalline silicon wafers where =0.1-100ms not and at least in combination with 

high or moderate absorption (condition 4) this leads to strong frequency dependence, 

and so for example using FTPS for photoelectric measurement on c-Si wafers is 

problematic, see Figure 23 and paragraph 3.5.4. 

 

In the previous analysis we assumed homogeneous electric field in the area of 

generation. Usually the metallic coplanar contacts are used that define both area of 

electric field and area of illumination. In case of microcrystalline silicon and trapping 

of scattered light a minimal spacing of 1.5 mm is necessary (Poruba et al. 2000) to 

prevent any effects of any inhomogeneities. 



section 3.4   Interpretation of FTPS 

65 

 

Summary: 

- optical absorption coefficient in disordered materials results from convolution 

of density of states assumed under low temperature and  in dark conditions  

- for homogeneous smooth layer the A/T ratio has no interference maxima 

- generation of conductive excess carriers follows optical absorption 

coefficient except the region of termalization from below the mobility edge 

where its contribution is frequency dependent  

- FTPS gives in defect absorption approximately twice lower value compared 

to the direct absorption measurement by PDS 

- photocurrent depends not only on the optical absorptance, but also on 

distribution of mobility lifetime product that might be inhomogeneous 

- thus only for electrically (mobility, lifetime) and optically (absorption 

coefficient)  homogeneous samples the photocurrent spectrum is equivalent to 

optical absorptance spectrum and the A/T mode can be used  

- any surface defect absorption or recombination may result in residual 

interference fringes in the A/T mode and inaccuracy in  evaluation   

- to reduce the parasitic effects induced by the surfaces, thicker samples 

(1.5 micrometer or more) should be used  

- even for homogeneous samples the photocurrent still depends on modulation 

frequency versus sample thickness and so FTPS on thick samples with 

lifetime well above 0.2ms (c-Si wafers) can be problematic 

-  lifetime is generally dependent on excess carrier density and thus „constant 

photocurrent‟ methods in „dark conditions‟ like CPM or FTPS (used with 

long-pass filter) have to be used. 
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3.5 Review of FTPS applications 

 

Two recent papers of our group gave a broad overview about variety of use of FTPS 

(Vanecek & Poruba 2007; Poruba et al. 2008). In the following we will discuss 

separately in detail some scientific and also industrial applications: 

3.5.1 Microcrystalline silicon 

In the paragraph 3.4.5 we discussed the capability of use of FTPS for 

amorphous silicon due to its specific properties. Microcrystalline silicon is 

heterogeneous material with significant amorphous fraction and therefore basically 

same arguments can be used in the case of FTPS too. Probably the first impulse was 

relative simplicity and good sensitivity especially on c-Si that has advantageous 

shape of absorptance and with using a halogen lamp as a source only one additional 

measurement (additionally to the white light) with silicon filter is needed. The first 

reports of FTPS was (Poruba et al. 2001) on c-Si p-i-n solar cells, later (Vanecek & 

Poruba 2002) on c-Si layers on glass and later (Poruba et al. 2003; Gordijn et al. 

2006) also on solar modules and layers on ZnO coated glass. For the interpretation of 

FTPS spectra the Urbach slope as a measure of disorder and absorption coefficient at 

energy 0.8eV as a measure of defect concentration (see Table 1) can be used. Broad 

study of microcrystalline silicon by FTPS was made at Université de Neuchâtel: 

(Julien Bailat 2004; Python 2009; Sculati-Meillaud 2006) and correlation between 

FTPS and intragrain or grain boundary defects and solar cell deterioration was well 

verified. Microcracks in solar cells as another type of low dimensional defects in 

solar cells are however not visible by FTPS method (Python et al. 2010). 

 FTPS method found its application in R&D of Oerlikon Solar Trubbach, 

Switzerland as the tool for improving the quality of c-Si:H absorbers in solar 

modules (Jakub Holovský 2011).   

 

3.5.2 Amorphous silicon 

FTPS on amorphous silicon is slightly more difficult than for c-Si, because 

it requires different optical filters than just crystalline silicon, see Figure 18. On the 

other hand Photothermal Deflection Spectroscopy (Jackson & Amer 1982) that is not 

enough sensitive for good quality c-Si is usually enough sensitive for a-Si. 
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Drawback of PDS is higher sensitivity to surface defects than FTPS (section 0) and 

sensitivity to substrate absorption. 

Our group first published results of FTPS on a-Si:H/c-Si:H tandem cells and 

a-Si:H modules in 2007 (Vanecek & Poruba 2007; Holovský et al. 2007) followed by 

broad study of a-Si:H layers and cells originated from University of Delft, e.g. 

(Melskens et al. 2008). As discussed in section 3.4.5 FTPS meets the same 

requirements of constant lifetime as CPM method for measurement of amorphous 

silicon, but has the drawback in frequency dependence (section 3.4.3). Our 

comparison between CPM and FTPS on a-Si:H layers and cells (see Figure 22) was 

published shortly after (Holovsky et al. 2008). Later we used the FTPS for 

characterization of various layers of a-Si:H co-deposited on different substrates and 

for study of time evolution of surface states. This work is presented in chapter 4. 

3.5.3 Nanocrystalline diamond, CIS and organic semiconductors 

Together with development of FTPS on μc-Si the method was also used for 

measurement of sub-band-gap absorptance of defects and dopants of nanocrystalline 

diamond layers prepared by MW PECVD (Kravets et al. 2002; Kravets 2005; 

Vanecek et al. 2003). Main issue in interpretation of the FTPS on nanodiamond is the 

effect of photothermal ionization, similar as frequency dependence in silicon 

(paragraph 3.4.3). This effect can be reduced by use of step-scan mode (paragraph 

3.3.8) of FTIR spectrometer when ultimate sensitivity is reached with much slower 

speed of measurement (Remes et al. 2007).  

There has been efforts to use FTPS also for sub-band-gap absorption of 

chalcopyrite semiconductors (CIS, CIGS). FTPS spectra has been measured on solar 

cells only (Poruba et al. 2008), whereas measurement on layers on glass under room 

temperature has seemed impossible due to high dark conductivity. The slope of the 

absorption edge (Urbach) as a measure of compositional disorder for interpretation of 

sub-band-gap region can be used (Wasim et al. 2001).  

FTPS has even been used for measurement of photogeneration down to very 

low values in organic solar cells based on polymer-fullerene blends (Vandewal et al. 

2009). Study of structural changes induced by annealing has been done (Poruba et al. 

2008). According to (Vandewal et al. 2008), frequency dependence is not an issue in 

case of organic solar cells. 
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3.5.4 Comment to the application in crystalline silicon 

The previous sections discussed in great details the use of the FTPS for non-

crystalline semiconductors, especially amorphous silicon. In section 3.4.6 we gave an 

argument why the FTPS method in linear-scan i.e. with modulation frequencies in 

the order of several kHz cannot be used for crystalline samples that are usually much 

thicker and with much longer lifetime. In a step-scan mode (section 3.3.8) however 

the modulation frequency can easily go to tens of Hz. Such use of F-T for e.g. 

spectroscopy of deep levels of crystalline materials at low temperatures is well 

known and deals with completely different problems e.g. (Jongbloets et al. 1979).  

Nevertheless we made in past also an effort to use the FTPS setup (Figure 16) 

for a technique for evaluation of diffusion length and surface recombination in the 

crystalline silicon wafers (Holovský et al. 2006; Jakub Holovský 2006). The 

technique is based on surface photovoltage (SPV) (Goodman 1961; Toušek et al. 

2001). This SPV-FTPS suffered from various parasitic problems, mainly due to the 

reasons already discussed. 

One of the problem was signal non-linearity that, as discussed in section 1.2, 

is the essential condition for the F-T spectroscopy. The reason is that the signal is 

mainly driven by the voltage built-in by the band bending at the surface. It is known 

that band-bending is often reduced by increasing the carrier concentration (Aphek 

1998). Therefore when increasing intensity the photogeneration increase on one hand 

is compensated by drop of built-in voltage on the other hand. Thus with reducing the 

intensity the signal drops much less. This effect is indicated in the spectrum by a 

nonzero signal in regions where there is no photogeneration or by a second harmonic 

signal, see Figure 24. 

The second problem was the observation of parasitic signal appearing as 

second maximum at wavelengths right above the absorption edge of the crystalline 

silicon (Votoček & Toušek 2005; Holovský et al. 2006). This effect was strongly 

dependent on roughness of the back surface and on the intensity. We found recently 

the explanation of this effect: The light scattered on the back rough surface is trapped 

in the wafer and its penetration length 5mm corresponds to the maximum of the 

parasitic peak at 1120nm. The length 5 mm corresponds to the lateral dimensions of 

the sample. That would however not explain the peculiar dependence on the 

intensity. Because the sample was contacted on one side by capacitive planar contact 

and on the other side by one ohmic point contact, the sample was not laterally 
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homogeneous and a small lateral photocurrent component was always added to the 

measured SPV signal. If we attribute the parasitic maximum to this photocurrent 

component, the linearity of photocurrent component versus non-linearity of the SPV 

component perfectly explains the intensity dependence: intensity reduction decreases 

the linear photocurrent component much more than the non-linear SPV component, 

see Figure 24. 
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Figure 24. Left: Signal non-linearity indicated by the false peak between 400 

and 600nm as a second harmonic of SPV peak between 800 and 1200nm. The 

parasitic photocurrent peak is not replicated in the second harmonic.  

Right: The intensity dependence of the parasitic photocurrent peak. 
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3.6 Summary 

 

The Fourier Transform Photocurrent Spectroscopy as a method of measurement of 

absorption coefficient (at room temperature) being firstly published in 1997 has 

relatively short history and in the last two chapters we briefly reviewed its today‟s 

level of use and we more basically explained the general principles and conditions of 

use. Method is largely determined by the use of commercial FTIR spectrophotometer 

that is basis of it. It can make the method attractive on one hand, but brings 

challenges on other hand. Future modern technology might show larger employment 

of the principle of F-T photocurrent measurement. Principal advantages of F-T allow 

maintaining special conditions of measurement such as constant photocurrent or 

constant illumination or allow achievement of high intensities. Method has so far 

been used for variety of materials: thin film silicon, nanocrystalline diamond, organic 

semiconductors and CIS compounds. In a laboratory FTPS can be sometimes 

replaced by CPM method (in most cases) or by Photothermal Deflection 

Spectroscopy (only non-absorbing substrates, lower sensitivity requirements) and its 

advantage over these methods is speed and sensitivity. Its disadvantage is 

wavelength dependent modulation frequency in range of kHz that requires correction 

procedure, complicates the interpretation of results and may even disqualify the 

method for specific types of materials. Despite that FTPS method has been proven to 

be useful in many scientific and also one industrial application. 
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4 Results 
 

 

4.1 Study of surface defects 

 

We briefly discussed the effect of surface states of layers on glass in the 

photocurrent spectroscopy in the section 3.4.6. In the following we will describe our 

experiment that in great detail studies this effect in FTPS method and compares it 

with measurement by photothermal deflection spectroscopy (PDS) (Boccara et al. 

1980) method. It is well known that PDS being sensitive to total absorptance is 

equally sensitive to the excess defect absorption due to the surface/interface defect 

states (Frye et al. 1987; Curtins & Favre 1988). This has bee already studied by the 

enhancement of modulation of interference patterns in defect region, depending on 

the side of illumination incidence (Asano & M. Stutzmann 1991; Grillo & Deangelis 

1989; Becker et al. 1995) 

As we discussed in 3.4.2, it is advantageous for absorption coefficient 

evaluation to remove interference pattern in absorptance (A) by dividing by the 

transmittance (T) (Ritter & Weiser 1986). Then the residual interference maxima in 

the ratio A/T indicate the presence of surface defects (Vaněček et al. 1995).  

At the same time the surface recombination together with lower lifetime in 

the depleted region leads to a „dead zone‟ from which the photocurrent signal is 

reduced. Therefore, an assumption that photocurrent is insensitive to surface defects 

is adopted frequently (Vaněček et al. 1995; Siebke et al. 1991; Amato 1991; Smith et 

al. 1987) and so the comparison of PDS and CPM was even used to study surface 

defect concentration (Smith et al. 1987; Amato 1991). However, as will be shown 

and as was observed (Vaněček et al. 1995)  the residual interferences in A/T ratio of 

photocurrent spectra still indicate that this assumption may need revision.  

For our study we chose a method of comparison of FTPS and PDS spectra in 

A/T mode measured from both sample sides. We focus on investigation of time 

dependent effects and effect of light soaking. Time dependent effects of surface 

adsorption or oxidation processes have also been extensively studied mainly by dark 

conductivity (Tanielian et al. 1980; Yamaguchi & Fritzsche 1984). Dark conductivity 

can be strongly influenced by the surface states related band-bending that can reach 
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several hundred nanometers depth in the material with defect densities below 

10
17

cm
-3 

(Powell & Pritchard 1983). 

We analyze results by optical simulations. The aim is mainly motivated to 

find the correct evaluation of FTPS spectra of very thin samples (around 350nm 

thick) with significant surface defects. We show that upon correct evaluation very 

similar results can be obtained for FTPS and PDS method.  

 

4.1.1 Optical model of surface states 

The semiconductor layer on glass is represented as a stack of multiple 

homogeneous thin sub-layers on thick substrate (see Figure 25). Transmittance and 

absorptance in each sub-layer is calculated by matrix approach (section 2.2). Each 

layer has an absorption coefficient composed of a component representing band-to-

band transitions and a component representing defect-to-band transitions for bulk 

states, see Figure 25. Our purpose is not to investigate profiles of surface defect in 

detail as in (Curtins & Favre 1988; Grillo & Deangelis 1989). Conversely we show 

that the surface defects can be approximately represented by the first and the last 

      

Figure 25: Representation of different sub-layers and their components of 

absorption coefficient in optical model. Defect-to-band spectra are an example 

of as-deposited state as was obtained by fit of PDS measurement.  
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sub-layers of thicknesses fixed to 1nm that have an additional component of 

absorption coefficient representing defect-to-band transitions for surface states. The 

defect-to-band contributions are evaluated from the measured data. Their 

distributions are assumed not to change shape but only magnitude and to be different 

for surfaces where the Fermi level is close to conduction band than for bulk, where 

the Fermi level is close to mid-gap (Winer & Ley 1988).  

In Figure 26, we simulated the behaviour of residual interferences in 

absorption coefficients as calculated from A/T according to formula (63) in regions 

of defect absorption of a-Si:H (around 1.2eV) for PDS and illumination from front 

side or back side, i.e. from side of the layer or substrate. We can observe as general 

rule that the surface defect density on the illuminated side increases the interference 

modulation. On the other hand, the surface defect density on the side opposite to the 

illumination creates no residual interferences but only increases the absorptance, and 

can to a certain extent reduce the interferences created by the defects on the 

illuminated side. Also, the modulation depth of residual interferences always 

decreases with increasing bulk defect concentration. Therefore, we can like this 

attribute any changes of absorption around 1.2eV to either bulk or surface defects 

according to the change of the residual interference modulation. 

The effect of lower carrier collection in FTPS due to the lower lifetime near 

the surfaces was represented in the optical model by the „dead zones‟ from which the 

contribution to simulated absorptance was reduced by a constant reduction factor that 

was obtained from comparison of PDS and FTPS spectra. Reduction factor equal to 

zero would exclude the effect of surface states and would not reflect the experimental 

reality of presence of residual interferences observed in photocurrent spectroscopy 

(Vaněček et al. 1995). Figure 26 shows the simulated effect of the insertion of a 

150nm thick dead zone on one side and of two 75 nm thick dead zones on both sides 

in the 350 nm thick layer of a-Si:H on the evaluation of absorption coefficient with 

absolute scaling in high absorption. Approximately, the effect is the shift of the 

whole curve downwards due to effectively thinner sample. However, the 

photoconductivity, being a relative method, is usually absolutely scaled by an 

independent method. So a proper scaling of data from independent data is especially 

important in case of surface defects. An exception is the case of the illumination 

from the back side with the dead zone on the front side. In that case the region of 

medium absorption is underestimated when absolutely scaled at high absorption, e.g. 
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by additional T, R measurement. From this point of view, measurement with 

illumination from the dead zone side, usually layer side, is more accurate.  

The difference in the spectra measured from two sides can serve as an 

indication of the presence of the dead zone. However, the symmetrical case of 

equally thick dead zones on both sides, as shown also in Figure 26, gives results that 

are independent on illumination incidence.   

A more precise investigation of the simulated curves also in regions of 

medium or low absorption shows that not only the shift but also the shape is changed 

by the presence of dead zones. To conclude, simulation of dead zones demonstrates 

their effect on whole spectrum. However all these effects are generally weaker for 

thicker samples.  
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Figure 26. Left: Simulated change of residual interferences in PDS method 

with increase of defect density of front surface, back surface or bulk.  

Right: Simulated change of calculated absorption coefficient as determined by 

FTPS with absolute scaling at high absorption (e.g. by T,R) with incorporation 

of one or two dead zones (reduction to 10%). Lower set of spectra are divided 

by factor 10.  
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4.1.2 Experiment 

A 360 nm thick layer of intrinsic a-Si:H was deposited on a low alkaline glass 

by VHF PE-CVD from silane diluted by hydrogen at 50 Pa and substrate temperature 

200°C. One part of the sample was characterized by PDS (with use of CCl4) and the 

other part was characterized by FTPS (coplanar Al contacts, spacing 1mm, 300V 

bias). Absorptance and transmittance were measured from both sides of the samples 

by both techniques. The first measurement was taken on the day of the deposition 

and the measurement was later repeated several times. Samples were stored on air in 

dark. As a last step, the samples were degraded by light soaking from layer side for 

400 hours under roughly 1 sun at 50°C. (The experimental part was made in 

collaboration with Swiss partner institute EPFL-IMT-NE.) 

The evaluation proceeded in several steps:  

1) The absorption coefficient of band-to-band transitions was obtained from 

A/T spectra measured by PDS above 1.5eV, where no effect of surface states occurs. 

Absolute scaling of A/T together with Cauchy parameters of refraction index and 

thickness were obtained from numerical fit (paragraph 2.1.3). The exponential part of 

the absorption edge was extended below 1.5eV to remove effects of any defect states, 

Figure 25.  

2) The spectra of bulk defect absorption were fitted from light soaked curves 

of PDS, where contribution of surface states was small and without the effect of dead 

zones.  

3) The spectra of surface states were fitted from the PDS data of as deposited 

sample for which the effect is the strongest.  

4) Relative magnitudes of spectra of defect states were evaluated for spectra 

of all other measurements followed in the time series.  

5) Such relative magnitudes were calculated also for FTPS data but the dead 

zone reduction factor was adjusted at the same time in order to obtain the same 

absolute values of surface defect states for FTPS as for PDS. Since the FTPS spectra 

are just relative, the normalization was done at 1.7eV.  

6) Once the reduction factor was known, the thickness of dead zone was fitted 

at the medium to high absorption region. The dead zone present only on the front 

surface (exposed to air) was assumed.  
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At the end, the steps 2-6 were repeated several times to iteratively increase 

accuracy of the fit. Experimental and fitted PDS and FTPS spectra can be seen in 

Figure 27. 

 

4.1.3 Results 

Figure 28 summarizes how the bulk and surface defect densities evolved in 

time and after light soaking step. Values in Figure 28 are „true‟ material input values 

for optical model and might be rather different from „apparent‟ values obtained by 

standard evaluation methods, e.g. with neglecting the dead zone. The fitted value of 

the reduction factor in dead zone is ¼.  

The fitted bulk defect-to-band absorption spectra (as in Figure 25) were 

transformed into defect density by taking the value at 1.2eV multiplied by factor 

210
16

cm
-2 

or 410
16

cm
-2

 for PDS or FTPS, respectively (Table 1). For the surface 

defect-to-band absorption spectra the fixed thickness 10
-7

cm of the surface defect 

layers was taken into account, giving the recalculation value for surface defect 
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Figure 27, Left: PDS spectra divided by transmittance and their numerical fit 

accomplished by changing magnitudes of surface and bulk defect 

absorptance. The spectra in as deposited state are in scale, the others are 

shifted by a factor 1/10. Right: Analogical fit of FTPS spectra, in the 

numerical fit additional parameter was thickness of the dead zone. FTPS 

spectra are normalized at 1.7eV and shifted by 1/10. 
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density 210
9
 cm

-2
. This value was assumed to be equal for PDS and FTPS. High 

initial value of front surface defects and a close to exponential decrease with time is 

observed and can point to the effects of surface chemical adsorption or oxidation. 

Defects on bottom silicon-glass surface that is protected from atmosphere remained 

small or negligible and almost constant. Bulk defects also stayed constant within the 

accuracy. The last light soaking step affected almost exclusively the bulk defect 

density and the dead zone thickness that dropped significantly. The agreement 

between bulk defect concentration obtained from PDS and FTPS gives also 

confirmation to our method.  

For the obtained parameters we assessed in accordance with (Wyrsch et al. 

1991) that the photocurrent in as deposited state would be practically insensitive to 

surface defects if sample thickness was more than 1.5m. For PDS, this threshold 

would be even four times higher. 
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Figure 28: Fitted „true‟ material parameters as evolved with time 

after deposition and the light soaking for 400 hours in the last step. 
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4.1.4 Discussion 

In the calculation of defect densities we used twice higher factor for FTPS 

than that for PDS, same value as for CPM (Table 1). The explanation of this 

approximate factor 2 is that photocurrent measures only the occupied defect states 

(section 3.4.3). Based on this explanation we assumed here that all the surface 

defects are occupied due to the band-bending and don‟t give, apart from the dead 

zone factor, any additional factor 2 between PDS and FTPS.  

We can see in Figure 28 that the thickness of dead zone has the same trend as 

the concentration of surface defects, however the thickness does not fall that fast. 

The significant shrinkage of the dead zone was observed only after the light soaking. 

This can be explained e.g. by the fact that depletion layer depth depends on defect 

density (Powell & Pritchard 1983). However as surface conditions were not well 

defined, detailed explanation of surface processes would be difficult and out of scope 

of this paper.  

 

4.1.5 Conclusion 

Simple optical simulation was used to address the surface defects in the 

Fourier transform photocurrent spectroscopy of 360 nm thick layer of amorphous 

silicon on glass. Upon correct evaluation same results as from photothermal 

deflection spectroscopy were obtained. Evaluation comprised also fit of the two 

different spectra of surface and bulk defect-to-band absorption and a fit of factor that 

reduces the carrier collection in space charge region. Time evolution of magnitude of 

surface defect-to-band absorption as well as thickness of space charge region was 

observed. At the same time the evaluated value o bulk defect density gave constant 

value that changed only after light-soaking step. As a result, the commonly used 

assumption of insensitivity of photocurrent to surface states was reviewed and 

limited to samples thicker than 1.5m. For thinner samples the presented method 

based on comparison of spectra of absorptance/transmittance measured from both 

sides of sample can be used to evaluate correct bulk defect density or also to examine 

subtle time changes of surface states and surface space region. Measurement from 

layer side was found to given after a correct scaling procedure more accurate results  

and is generally safer due to the indication of surface defect absorption by non-

vanishing interference maxima in A/T mode. 
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4.2 Quality of a-Si:H grown on different substrates 

 

In this chapter we show the use of FTPS to study quality of a-Si:H thin films 

deposited on aluminium foil and aluminium foil coated with rough transparent 

conductive oxide (SnO2). These structures are part of a fabrication process of flexible 

solar cells based on roll-to-roll technology (Rath et al. 2008). In the process of cell 

fabrication the aluminium foil serves as sacrificial substrate that is later etched away.  

Thin film deposited on rough aluminium foil is much more difficult to 

characterize compared to layer on glass. Absorbing metal substrate does not allow 

using the Photothermal Deflection Spectroscopy. At the same time the conductive 

substrate prohibits using coplanar contacts. The efforts to transfer the layer on non-

conductive substrate always led to layer damage and defect creation. Consequently 

a sandwich electrical contacting scheme with transparent electrode was developed to 

measure photocurrent spectra. We compare the quality of such layers with the layer 

grown on low alkaline glass. 

4.2.1 Experiment 

We conduct our experiment on the series of a-Si:H layers co-deposited onto 

four different substrates, see Table 2. Samples called 2A and 2B differ in the type of 

Al foil. All a-Si:H layers were deposited in one deposition run by using the PE-CVD 

technique at 13.56MHz excitation frequency. The films were prepared at substrate 

temperatures below 200 °C. (Sample preparation was made in a collaboration with 

our partner Forschungszentrum Jülich (Germany) and Heliantos (Netherlands) as a 

part of European 6
th

 Framework programme project „SE-Powerfoil“.) 

 
 

sample 0 sample 1 sample 2A sample 2B 

glass  

a-Si:H  

aluminum foil   

a-Si:H   

aluminum foil “A”  

SnO2 

a-Si:H           

aluminum foil “R” 

 SnO2  

a-Si:H 

Table 2: List of samples of layers co-deposited on different substrates. 
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The sample on glass is in coplanar electrodes arrangement, while the samples 

on Al foil are in sandwich configuration. This configuration uses the electrolyte cell 

(Wehrspohn et al. 1999) as a front transparent electrode that adheres to the front 

rough a-Si:H surface. Glycerol is used as an electrolyte and glass with conductive 

ZnO layer as the front window. The back contact is realized by conductive substrate, 

see Figure 29. 

 

The structure glycerol/a-Si:H/substrate exhibits some band bending and 

surface recombination effects, that may as discussed in section 3.4.6, strongly affect 

the absorption coefficient evaluation. In the FTPS spectroscopy the whole spectrum 

can be seen in every moment and many such effects can be observed directly. We 

observed three effects: a) Signal non-linearity that manifested itself as a nonzero 

signal in UV range, where the light source intensity was zero. b) Phase 

inhomogeneity due to the weak internal field that is indicated as interferogram 

without one central maximum. See example in Figure 29. 3) Suppression or 

enhancement of signal from the front surface (blue response) due to the strong band 

bending. These effects are strong for voltage biases close to zero. We found out that 

bias voltage (we used -1.5V on glycerol contact) suppressed the last two effects, 

although some effect of surface recombination always persisted. The intensity of 

 

 

 

 

A   

 

 

  

B 

 

 

 

 

Figure 29, Left: Sandwich arrangement of photocurrent measurement of 

layers on opaque and conductive substrates. Right: Observed interferogram 

(i.e. record of FTPS signal in time and Fourier image of spectrum). A - low 

internal field (zero bias), large phase inhomogeneity, B - sufficient internal 

field (-1.5V bias on glycerol.), signal in phase, interferogram with one 

central maximum. 
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modulated beam in high absorption region had to be lowered 100-1000 times, to 

reduce non-linearities. 

Linearity, as discussed in section 3.2, is the essential for the FTPS. It is often 

observed when glycerol contact is used that the signal changes only a little when 

intensity of measuring beam is reduced 10 times. The reason was discussed in 

relation to surface photovoltage measurement, section 3.5.4. This effect can be 

usually reduced by an intensity reduction that might be drastic.  

4.2.2 Absorption coefficient evaluation 

In the case of thin layers on glass the A/T approach for interference-free 

absorption coefficient evaluation can be used by formula (63). The information about 

thickness and index of refraction is obtained from fit of standard reflectance spectra 

measured from glass side while the refraction index is analytically modelled by 

Cauchy formula (28). 

In the case of layers on rough Al foil, the situation is complicated due to the 

scattering that cannot be easily treated by analytical formulae, but has to be 

simulated by Monte-Carlo, section 2.3.1. By using the Monte-Carlo simulation 

program CELL (Springer et al. 2004) in the inverted task the absorption coefficient 
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Figure 30:  Symbols - experimental data, lines - numerical fit. Left:  

Numerical fit of total reflectances of three substrates before a-Si:H 

deposition. Right:  Numerical fit of total reflectances of three substrates after 

a-Si:H deposition. 
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and thickness was evaluated from measured reflectance and absorptance. The 

spectrum of refraction index had to be however assumed as same as for layer on 

glass in order to reduce number of free parameters.  

Measurement of reflectance of the rough aluminium foil was especially 

difficult due to the effects of both geometrical (macroscopic) and diffractive 

(microscopic) light scattering. In that case the definition of conditions for “specular 

reflectance” was impossible so only the total reflectance RTOT could be measured. 

Since the substrate was not transparent, the total reflectance could be precisely 

measured by placing the sample inside the integration sphere equipped with Si 

photodiode. Measured FTPS spectra were attributed under necessary assumptions 

(case „A‟ in section 3.4.6) to the optical absorptance AFTPS . 

The evaluation of the set of samples on aluminium foil (no. 1, 2A, 2B) 

proceeded in three steps: 

1)  From the RTOT of substrates before a-Si:H deposition the root mean square 

roughness RMS of all surfaces and interfaces and thicknesses of cover layers (either 

protecting oxide Al2O3 or conductive oxide SnO2,) were estimated. See Figure 30. 

For aluminium the tabulated optical constants were taken and for the layer of Al2O3 

the refraction index n=1.77 was taken. The parameters of SnO2 layer were already 

known from preceding measurements by photothermal deflection spectroscopy of the 

same layer deposited on rough foil and then transferred to glass. 

2) From the RTOT of samples after a-Si:H deposition we obtained by numerical fit 

the thickness d, roughness RMS and thickness of effective-medium layer (section 

2.3.1) dEMA. See Figure 30. The use of the effective-medium layer is important to 

simulate reflectance reduction due to the nano-rough surfaces and have to be 

included especially in the case of reflectance on rough medium with high refraction 

index (between aluminium and SnO2 or a-Si:H). Complex refraction index of EMA 

layer was calculated by simplified formula (Franta & Ohlídal 2006) from complex 

refraction indices of surrounding media as 22

2

2

1

2 /)N̂N̂(N̂ EMA  . At this step some 

typical values of absorption coefficient was taken which had only a small effect on 

the evaluation.  
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 3) In the third step the values of d, RMS , dEMA from previous step are used to 

obtain the true absorption coefficient from fit of measured AFTPS. Semi-analytical 

formulae were used for absorption coefficient: In the region of high absorption 

(E>1.8eV) Tauc-Lorentz formula  (Jellison & Modine 1996) was used, where 

parameters EA, E0, EC, EG are in units of energy. Parameter EG comes from Tauc 

model and for correct fit can be attributed to gap energy. In the region of low and 

moderate absorptance 

(E<1.8eV) the Urbach 

exponential (formula 

(60)) together with some 

hump attributed to defect 

absorption located around 

1.2eV was used.  

 For the purpose of 

these simulations the 

numerical model had to 

be adapted for 

calculations of 

absorptance as low as 

10
-5

 (section 2.3.1). 

Parameter variations in 

the fit were done 

manually. 

 

4.2.3 Results and discussion 

From the reflectance measurement we obtained: For bare aluminum substrate 

(sample 1) we found the best fit for 5nm thick layer of Al2O3 on Al, Thickness of 

SnO2 layer on both substrates 2A and 2B was 635nm but the RMS roughness was 

RMS=25nm for Al foil “A” (2A) and RMS=30nm for Al foil “R” (2 ). Thickness of 

EMA layer between aluminium and a-Si:H was 3nm and between aluminium and  
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Figure 31:  Numerical fit of absorptance (AFTPS) 

of a-Si:H layers on different rough aluminium 

foils, bare of covered with rough SnO2. 

Symbols: experimental data, lines: numerical fit. 
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SnO2 it was 10nm. From reflectances of samples after deposition, the thicknesses 

438nm, 390nm and 325nm of a-Si:H layer for samples 1, 2A and 2B respectively 

were obtained, see Figure 30. The index of refraction was taken from measurement 

on glass, its Cauchy parameters are n0=3.43, n1=0.36. In the case of samples 2A, 2B 

the modelled curves have shallower interference minima compared to the 

experiment. We saw that such effect could be modelled by increase of SnO2 

refraction index that might happen as the effect of a-Si:H deposition (hydrogen 

plasma) on SnO2. 

Fitted FTPS spectra are in Figure 31, resulting absorption coefficient curves 

are in Figure 32. Noise below 1.5eV in modelled curves is given by the effect of low 

absorption in the Monte-Carlo method. We also found a slightly different 

thicknesses, because FTPS and reflectance were not measured in the same spot, see 

Table 3. The curves were plotted only up to 2.2 eV where the saturation already 

occurs and the shape of absorption coefficient has practically no effect on FTPS 

spectra. During the fitting only the parameter EG in Tauc-Lorentz formula was 

changed while keeping the other parameters at their typical values: EA=27eV, 

E0=3.92eV, EC=2.81 eV. 
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 Sample no.    0      1      2A    2B   

EG   (eV) 1.71  1.71  1.66  1.65 

E1000 * (eV) 1.77  1.78  1.73  1.72 

E0 (meV) 52     44      45    46 

**  (cm
-1

)  1.8  0.12   0.67  0.67 

thickness (nm) 328   445   370   345 

  
 

Figure 32: Comparison of calculated 

absorption coefficient of materials 

grown on glass (0), bare aluminium foil 

(1) and two types of aluminium foils 

covered with SnO2 (2A), (2B). 

Table 3: The characteristic parameters 

of the absorption coefficient of a-Si:H 

fitted from FTPS measurement.  

* Point where =1000cm
-1

,  

** absorption coefficient at 1.2eV 
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 The resulting curves of absorption coefficient for all samples are compared 

in Figure 32. Some characteristic parameters of the curves are in Table 3. Parameter 

 is proportional to the defect density (Table 1), parameter E0 is a measure of 

disorder (section 3.4.1.) 

 

4.2.4 Conclusion 

In this experiment we gave an example of the fact that the optical properties, 

electronic quality and also growth rate of a-Si:H thin films grown under same 

conditions but on different substrates generally differ. This has and important 

consequence for the material optimization. It is not possible to accurately evaluate 

the material properties if it is not grown on the same substrate. 

In our experiment we found that the a-Si:H had highest defect concentration 

and lowest growth rate when grown on bare glass compared to the quickest growth 

with the lowest defect concentration observed on bare aluminium. Similar difference 

in quality in terms of material stability was observed by Stutzmann (Stutzmann 

1985). The aluminium itself is not that microscopically rough (nano-roughness is 

only in order of nm). Growth on aluminium covered by substantially rougher TCO is 

something between the two latter cases in terms of defect density and growth rate, 

but it gives material with substantially lower gap EG.  
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4.3 Separation of FTPS components in dual-junction cells 

As we discussed in section 3.5, FTPS method was developed primarily to 

study the a-Si:H and c-Si:H materials in a form of a layer on glass or in a solar cell. 

Later there was an effort to be able to perform these measurements also in a-Si/µc-Si 

tandem solar cell.  

4.3.1 Introduction 

In dual-junction (tandem) solar cells two absorber materials with different 

band gaps are stacked on top of each other in order to overcome the Shockley-

Queisser limit of single junction devices (Shockley & Queisser 1961). The bottom 

cell with the bandgap lower than that of the top cell can absorb light that is 

transmitted by the top cell, see Figure 33. In thin film silicon devices, the tandem cell 

consisting of a top a-Si:H and a bottom c-Si:H layer is one of the most promising 

combination. Another advantage provided by the tandem configuration is the use of 

thinner top amorphous silicon (a-Si) absorber layers, which leads to better cell 

stability with regard to light-induced degradation (J. Bailat et al. 2010). 
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Figure 33:  Left: Equivalent circuit of a tandem solar cell and schematic 

sketch of the light absorption. Right:  Spectra of external quantum 

efficiencies (EQE) of a (special) a-Si/µc-Si tandem cell and spectra of photon 

fluxes of bias luminescence diodes (LED) as a function of wavelength. 
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In section 4.2 we showed that growth and properties of a layer depend on the 

substrate. Moreover in the complete structure of a solar cell the final layer properties 

depend also on all post-treatment steps during the whole fabrication. Therefore it is 

always necessary to evaluate the material or device quality also in finished structure. 

The separation of the components for the individual sub-cells is therefore important 

to interpret the results correctly. However the monolithic interconnection does not 

allow direct electrical contacting of the individual sub-cells. As it can be seen from 

Figure 33 two sub-cells in the tandem are bounded both electrically and optically. In 

this section we will investigate ways of separation of the two components both in 

FTPS method and in the I-V measurement. The method to separate components of 

I-V curve is divided into two steps: method of VOC separation and method of 

separation of the rest of the I-V curve.  

 

4.3.2 Electrical separation of FTPS components 

The only non-destructive way of selective access to individual sub-cells is by 

using selective illumination of the cell, so called „light bias‟. In the measurement 

additional selective illumination is applied to the solar cell. This approach is being 

standardly used for selective measurement of external quantum efficiencies in multi-

junction solar cells (Burdick & Glatfelter 1986) and its use in FTPS method is 

principally possible as well. The FTPS spectra unlike the EQE spectra are evaluated 

in logarithmic scale down to much lower absorptances. In order to prove that the 

biasing method developed for EQE can be used also in FTPS, we look at the problem 

more closely. 
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From the electrical point of view, the tandem cell is a structure of two serially 

connected photodiodes. According to e.g. (Charles et al. 1985), photodiode can be in 

the simplest single-exponential model described by equation (73). Diode equation 

cannot be written in closed form and current I thus appears on both sides of the 

equation. Symbols Iph, Is , Rs , Rsh , n, k, T, e  mean respectively photogenerated 

current, saturation current, serial resistance, shunt resistance, ideality factor, 

Boltzmann constant, temperature, and electron charge.  
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Considering two photodiodes connected serially as in Figure 33 we have two 

such equations that are bounded by condition of the equal current I1 = I2. Also the 

serial resistances of the two photodiodes in series sum together to a common Rs that 

once summed cannot be divided between the two photodiodes again. Thus it is useful 

to consider the serial resistance separately from the two photodiodes that are then 

assumed as without serial resistances. Mathematically, this step is expressed by 

formulae (74) and (75).   

sload IRUUU  21  (74) 
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In the following we will apply differential analysis to the formulae (74) and 

(75) to get formulae (76) and (77). In FTPS experiment the constant illumination 

with relatively small modulated part is used. At the same time a strong selective 

constant bias light is used. These experimental conditions allow us to assume the 

conditions of small modulation and to attribute the amplitude of photocurrent 

modulation generated in the sub-cells to the differential term dIph in formula (77). 

sRIUU ddd0 21   (76) 
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From formulae (76) and (77) we can derive by a simple algebra a useful 

formula (78) that relates the modulation of current dI with the modulation of 

photocurrents dIph,i in the two sub-cells. 
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Physically, these effects can be illustrated by plotting one of the two I-V 

curves of the sub-cells inverted along y-axis in a way that the two I-V curves 

intersect in the working point, see Figure 34.  Based on the formula (75) we can now 

interpret the change in photogenerated term as a shift of the (rigid) I-V in vertical 

direction. Considering photocurrent modulation we get modulation in vertical 

position of the I-V curve(s). The resulting modulation of measured current is given 
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by the modulation of vertical position of the working point and depends on the slopes 

(1
st
 derivatives) of the I-V curves. The sub-cell with steeper slope of the I-V curve in 

the intersection will have smaller effect on the vertical position of working point and 

the measured signal. This is the principle of the biasing method in EQE or FTPS 

measurement where response to modulated light is measured. The I-V curve of the 

sub-cell that should be removed from the measurement is shifted downwards by 

selective illumination. Consequently, the working point will be on the steep part of 

I-V curve of the biased sub-cell and on a flat part of the non biased sub-cell and the 

effect will be even stronger in case of short circuit current (Uext=0) when the working 

point is on the negative (reverse polarization) part of the solar cell that is not biased. 

It means that when the light-bias is used for EQE or FTPS measurement of 

individual cell and short circuit conditions are used, the measured sub-cell is 

polarized in reverse. If the light-bias is applied on more sub-cells, for example for 

measuring the solar module, the reverse voltage might be too high. Then the 

additional voltage-bias in forward direction can be applied to compensate this effect.   

 

 

Figure 34: Current and voltage define working points on the I-V curves of the 

two sub-cells. If one of the I-V curves is inverted by y-axis and positioned at 

Uext-IRs then the conditions of serial connection are satisfied by working point 

exactly at I-V curve intersection. 

 

Mathematically, according to formula (78) the ratio of contributions of 

signals from individual sub-cells in the measured signal is equal to ratio of the first 

derivatives of I-V curve in the working point. Then, if one of the two signals from 

sub-cells is in some spectral region very weak compared to the signal from the other 

sub-cell and their ratio is higher than the corresponding ratio of first derivatives of 
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I-V curves, it is not possible to retrieve the weaker signal from the experiment. This 

is the limit of this method.  

Figure 35 shows modified FTPS setup with additional blue (470nm) or IR 

(870nm) luminescent diodes that provide constant bias light. The modulated light is 

provided by the FTIR instrument measuring beam. The choice of the colours of the 

light bias is motivated to get the high selectivity, but also high photocurrent, see 

Figure 33. Regarding the intensity of light biasing it follows from our previous 

model that important parameter is the mutual position of the two I-V curves, i.e. the 

difference between the photogeneration in the two sub-cells. The generation due to 

the FTPS measuring light beam has to be taken into account and its intensity should 

be therefore kept low by e.g. neutral filters. 

The critical part is the region of 1.4eV where the absorption coefficient of 

a-Si:H bottom cell is approximately 100 times lower than the absorption coefficient 

of c-Si:H as we can see in Figure 3. In the EQE that is principally equivalent to 

FTPS measurement the effect of different thickness makes this difference even 

stronger, as seen in Figure 35.  
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Figure 35:  Left: FTPS setup equipped wit blue and IR luminescence diodes 

for light biasing of the tandem cells. Right: FTPS measurement interpreted as 

EQE spectra in logarithm scale. In the spectrum of a-Si:H sub-cell (symbols) 

we identify around 1.3eV the parasitic contribution from the c-Si:H part that 

is here approximately 300 times reduced by the biasing method. This 

contribution however depends on Michelson‟s interferometer mirror velocity.  
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The ratio between the slope of flat part and the slope of steep part of two I-V 

curves can go above 1000 for good cells. Mainly it depends on the shunt resistance 

Rsh of the biased cell (the one not measured). The lower Rsh the lower is the limit and 

if the ratio of the signals is higher than the limit then the parasitic contribution from 

biased cell is observed in the spectra of the measured cell. This has simple 

interpretation: The measured cell is in reverse polarization and „stops‟ the current 

generated at the biased cell, but through the low Rsh of the measured cell some 

parasitic signal may still pass. This is important because the thin film solar cells have 

also a capacitance that can under high modulation frequency also act as a low shunt 

resistance. This effect is observed in Figure 35 where for higher modulation 

frequencies given by higher Michelson‟s mirror velocity (details in section 3.2) we 

observed higher parasitic contribution from c-S:H part when measuring a-Si:H part 

of the a-Si:H/ c-Si:H tandem cell.  
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Figure 36: Left: Results of electrically separated FTPS spectra (part with 

parasitic contribution from μc-Si:H sub-cell is excluded here) compared to 

FTPS spectra measured on co-deposited single cells. Right: Explanation of 

„optical interaction‟ i.e. difference between illumination of cells in tandem 

cell compared to single cell.  
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To conclude, we have shown that the method of light biasing is explained 

based on the ratio of first derivative of steep part of I-V curve of measured cell and 

flat reverse part of I-V. The ratio is limited mainly by shunt resistance of the biased 

cell, but for high modulation frequencies as in FTPS it is rather capacitance that 

represents the limit.   

4.3.3 Optical separation 

So far we have shown how to electrically unlink the photocurrent response of 

a particular sub-cell of the tandem to a „real‟ illumination. However the real 

illumination is again a product of an optical interaction of the sub-cells. In this 

paragraph we will deal with problem of the optical separation, i.e. to unlink this 

optical interaction with the final goal to be able to compare FTPS spectra measured 

in tandem cell with spectra measured in single cell. 

In the Figure 36 we showed the comparison between the FTSP spectra 

measured on single cells and on the same cells incorporated in tandem cell. The 

single cells were co-deposited with the individual tandem sub-cells, so the deposition 

parameters of corresponding layers were identical.  The difference between the two 

results is mainly due to the optical interaction between the two cells.  

The optical interaction is schematically sketched in the Figure 36. The top 

a-Si:H cell acts as an optical filter, filtering the light before reaching bottom c-Si:H 

cell. The effect is seen mainly in high absorption region and does not have significant 

effect on sub-band-gap absorptance evaluation. The bottom cell on the other hand 

acts as a photon trap and traps photons that would in case of single cell be reflected 

by the back reflector. This affects mainly the slope of a-Si:H absorption edge (1.5eV-

1.7eV) making it looking much less steep. The open question is also the difference in 

the defect absorption at 1.2eV. 

For  investigation of the optical interaction we employed the optical model 

CELL (Springer et al. 2004) adapted for very low absorptances to simulate the same 

situation from the optical point of view. As the input into the model we used 

parameters similar to the real cell parameters. We simulated single a-Si:H and 

μc-Si:H cells and tandem cell composed of these sub-cells, all on the same substrate 

and without back reflector.  

Fromt the results of numerical simulation shown in Figure 37 we can observe: 

1) The data for μc-Si:H cells give almost identical results below 1.7 eV and so the 
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optical influence of a-Si:H subcell on FTPS spectra of μc-Si:H can be neglected 

except the saturation region that is however not used for material quality evaluation. 

2) Regarding the slope of a-Si:H absorption edge we observed exactly the same 

effect in simulation as in FTPS measurement. Moreover this effect was more intense 

for higher roughness (not shown here)  

3) The saturation region and the defect related absorption of a-Si:H curve remain on 

the other hand unchanged. That has the practical consequence for comparing two 

a-Si:H FTPS curves measured in single and tandem cell: Scaling in high absorption 

region will give their correct comparison in low absorption region.  
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Figure 37: Results of optical simulation of the i-layer absorptance, scaled as  

according to saturation level (section 3.4.2) in single cells (full lines) and 

tandem cell (symbols). Left: Simulation of experimentally observed effect on 

absorption edge slope.  Right: Test of approximate optical separation: Half-

full symbols represent the structure with intermediate reflector. 

 

It follows from this observation that the difference of defect absorption in the 

electrically separated FTPS in Figure 36 (plotted by symbols) is not an optical effect.  

The increase in defect density of a-Si:H cell covered during deposition by bottom 

c-Si:H cell is therefore real and we can speculate about possible reasons (stress, 

effect of temperature during bottom cell deposition). 

We have used the optical model for explaining the effect of optical interaction 

of the sub-cells in tandem. To use the optical simulation also for correction of this 

effect would be next step that is principally possible (paragraph 4.2.2), but number of 
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unknown optical parameters makes this way rather impractical. Therefore we looked 

for some more practical though approximate analytical way of correction. The idea 

originates from the simple situation as it is shown in Figure 36. Analogically with 

paragraph 2.3.2 and formula (49) we approximate the optical interaction as the 

mutual optical filtering. The top cell works as a filter with transmittance T=1–EQE–R 

≈ 1–EQE. Reflectance R in this relation is almost constant and has a small effect that 

can be therefore neglected. Then the recalculation from absorptance measured by 

FTPS in tandem Atandem to values Asingle that would be obtained if the sub-cell was as 

a single, is expressed by formula (79) where index i,j means top or bottom cell. The 

reason why we distinguish absorptance A (measured by FTPS) from EQE is that 

while A is well accurate in logarithm scale, but less accurate in linear, for EQE it is 

opposite. Also absorptance as measured by FTPS is only relative. To calculate the 

transmittance T, absolute value and the accuracy in linear scale is more important. 

Absolutely scaled FTPS that can be interpreted as EQE is however difficult task 

discussed in relation to frequency dependence in section 3.3.6. 

1.0 1.5 2.0 2.5
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

 

 

 
F

T
P

S
 [

c
m

-1
] 

 

photon energy [eV]

 single uc-Si

 tandem uc-Si

 single a-Si

 tandem a-Si

 

Figure 38: Final comparison of FTPS spectra measured on single a-Si:H and 

c-Si:H cells and spectra measured on a-Si:H/c-Si:H tandem cell by light 

biased FTPS and corrected to optical interaction. Higher defect absorption 

(below 1.3eV) of a-Si:H layer in tandem is probably real effect. 
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 Remarkably, formula (79) works well both for effect of top cell on the 

bottom cell and also vice versa. To test this formula we used the optical simulation to 

simulate the effect in more types of tandem cells: with and without back reflector and 

the intermediate reflector, see Figure 37. We see that corrected absorption edge slope 

for a-Si:H sub-cell in tandem is very close to the one in single cell. We also see that 

the saturation region in μc-Si:H was extended and that presence of back reflector has 

no significant effect. Nevertheless the visible difference mainly in the position of 

absorption edge due to the presence of the intermediate reflector suggests the limits 

of this approximation. 

Finally we used the approximate analytical formula (79) to correct the 

measurement shown in Figure 36. Corrected curves are in the Figure 38. 
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4.4 VOC separation 

 

The study of electrical interaction of sub-cells in tandem device described in 

preceding section and the understanding that we gained had lead us to think about the 

method of separation of I-V curve in tandem cell as another technique giving 

important information complementary to the FTPS spectra. First step to this task is 

VOC separation, i.e. the measurement of the VOC of individual sub-cells. 

4.4.1 Introduction 

The advanced development of solar cell turns its attention also to concepts of 

increasing VOC by using new materials, e.g. silicon oxide (Cuony et al. 2010). In such 

devices, the individual sub-cells‟ VOC evaluation is of high importance for 

optimization and stability tests. However, the monolithic interconnection of two 

terminal tandem cells only allows for the measurement of the total device voltage. 

Therefore, some special methods to evaluate the separate contributions from 

individual sub-cells were designed (Chhabra et al. 2006; Lim et al. 2010; Das et al. 

2006; Tsuno et al. 2005; Adelhelm &  ücher 1998). Moreover existing methods to 

evaluate the entire current-voltage (I-V) curves of the individual sub-cells also rely 

on the knowledge of individual VOC contributions (Burdick & Glatfelter 1986; Kurtz 

et al. 1994). 

Techniques making use of selective illuminations to generate voltage only in 

one sub-cell have been successfully demonstrated on III-V materials (Chhabra et al. 

2006; Lim et al. 2010). Similar methods were tested for thin film silicon cells (Das et 

al. 2006) but suffer from insufficient illumination selectivity because the absorption 

regions of individual sub-cells have a stronger spectral overlap (see Figure 39) and 

thus a small light absorption in unwanted sub-cell occurs easily and generates a 

significant parasitic voltage contribution. Also light trapping inside the glass can lead 

to unwanted illumination of e.g. the bottom cell with blue light. 

As a possible alternative to the selective illumination methods, a different 

approach was proposed based on complex mathematical evaluation of a multitude of 

measurements performed under varying and not completely selective illuminations 

(Tsuno et al. 2005; Adelhelm &  ücher 1998). Such evaluations rely on the 

superposition principle described in (Lindholm et al. 1979) which seems, however, to 

be not compatible with thin film silicon devices that exhibit more complex behaviour 
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than the ideal photodiodes (Merten et al. 1998). This will be in more details treated in 

paragraph 4.5.1.  

Here an algorithm to measure individual VOC even in cases of poor 

illumination selectivity and without using the superposition principle approximation 

will be described. We use the representation of a tandem performance by a two-

dimensional function that was for this purpose firstly presented in (Adelhelm & 

 ücher 1998). 

4.4.2 Theory of VOC separation 

The tandem solar cell is composed of two sub-cells connected in series. 

Under open circuit conditions we can neglect the external loads given by the input 

resistance of research grade voltmeter and so neglect all serial resistances in the 

device. Then we assume that the top cell generates a voltage U1 as a function of the 

number of photons (per unit area and time) 1 that are all absorbed in the photo-

active a-Si absorber layer, and that analogically the bottom cell generates a voltage 

U2 as a function of the number of photons (per unit area and time) 2 that are all 

absorbed in the photo-active microcrystalline silicon (µc-Si) absorber layer. This is 

simply expressed by formulae (80). 

)(fU 11    ,  )(gU 22    (80) 

In the following, 1 and 2 will be referred to as „absorption related photons‟ 

in the top and bottom cells, respectively. The functions f and g are monotonous, pass 

through the origin (f(0)=g(0)=0) and correspond to „pseudo I-V curves‟ originally 

described in (Wolf & Rauschenbach 1963). Pseudo I-V curves can be obtained by 

plotting pairs of ISC and VOC values measured for illumination intensities going from 

zero to 1 sun.  Under assumption of linearity between illumination and ISC, the 

pseudo I-V curve can also be obtained by plotting illumination intensity versus VOC. 

If one also assumes that the collection is not significantly influenced by the 

illumination spectrum, any light source that generates in a given sub-cell a 

photocurrent equal to the short circuit current (under 1 sun) will generate also the 

voltage value of the VOC (under 1 sun). 

However on a monolithic tandem cell, only the total voltage Utotal can be 

physically measured on two terminal contacts. This voltage is a sum of the voltages 
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on the two sub-cells, expressed by (81), because we neglected the current in the 

voltmeter and the serial resistance losses. 

)(g)(fUtotal 21   (81) 

In the ideal case, two illumination systems are used, each generating photons 

that contribute only to one type of absorption related photons, e.g. 1 or 2. By 

switching between such completely selective illumination systems, the voltages 

generated by individual sub-cells could be then easily measured. In this concept        

a very high selectivity is required due to the logarithmic relationship between ISC and 

VOC. For example, when trying to measure the VOC of the c-Si cell, already 0.01% 

of 1-sun illumination absorbed in the a-Si cell with a shunt-resistance of 20 kΩcm
2
 

will contribute around 20 mV of parasitic voltage. Such selectivity is especially 

difficult to achieve for thin-film silicon solar cells where the absorption range of the 

sub-cells overlap over a large part of the spectrum (Figure 39). To achieve sufficient 

carrier generation to match 1-sun illumination conditions with a spectrum 

sufficiently far away from the overlapping region is another challenge that makes 

such concept of completely selective illumination extremely difficult.  

 

 

 

 

Figure 39:  Left: EQE spectra of an a-Si/µc-Si tandem cell and photon fluxes 

of LEDs as a function of wavelength in logarithmic scale. The dashed areas 

represent the unwanted nonzero overlap of illumination and absorptance 

spectra. Right: The schematic sketch of the simple setup used for I-V 

separation and VOC separation (in dark, without sun simulator). 

 

Conversely, the method presented in this work, relies on illumination with 

easily available blue and infrared (IR) light-emitting diodes (LEDs) that are chosen 
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to deliver sufficiently, though not completely selective illumination. Spectra of LEDs 

together with spectra of EQE of the sub-cells are shown in Figure 39.  

In the analysis of the illumination system we define 1 and 2 the number of 

photons (per unit area and time), emitted from the blue and IR LEDs, respectively. 

These photons will be referred to as „emission related photons‟. However, we count 

only the photons that are absorbed either in active layer of one of the sub-cells which 

implies that: 

2121    (82) 

When the tandem cell is illuminated by not completely selective LEDs the 

„absorption related photons‟ 1, 2 will have contributions from both blue and IR 

„emission related photons‟ according to formulae (83), (84) where the cii coefficients 

with equal indices represent the selective components of the illumination (e.g. 

photons from the blue LEDs absorbed in the top cell, c11) and cij coefficients with 

mixed indices represent the non-selective „parasitic‟ contributions (e.g. photons from 

the IR LEDs absorbed in the top cell, c12). If we set 1=0 or 2=0, it will also follow 

from (82)-(84) that c11+c21=1 and c22+c12=1.  

2121111  cc   (83) 

2221212  cc   (84) 

Coefficients cij can be calculated from photon emissions fluxes (i()) of the 

blue LED (1()) and IR LED (2()); and from the external quantum efficiencies 

(EQEi) of the top-cell (EQE1) and of the bottom cell (EQE2) as follows: 
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In order to get the VOC of the tandem cell at 1 sun, the values of the functions 

f and g in (80) at intensities corresponding to the current photo-generated under 1-sun 

illumination need to be calculated from (81). In our method, we represent the 

problem by a simple norm on a two-dimensional space defined by (81) where the 

total voltage is a function of two numbers of absorption related photons 1 and 2. 

This is graphically illustrated in Figure 40. The dashed lines lying in the base 
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represent the photon fluxes and the solid lines on the three dimensional surface 

represent the corresponding total voltage on the tandem device.  

 

Figure 40: Total voltage (vertical axis, full lines) as a function of photon 

fluxes (horizontal axes, dashed lines). Any line going from origin represents 

a scan with a fixed „colour mix‟: ideally selective illumination (thick black), 

LED illumination of single colour, but not completely selective (thick red) 

and their combinations (thin green). 

 

Going along any solid line from the origin corresponds to a variation in the 

level of illumination for a given „colour mix‟ ratio, which is expressed by the angle 

between the dashed line and the axes 1 and 2 on the base. The black lines are limit 

cases where the norm (81) verges into single function f or g. Going along these lines 

represents the completely selective illumination for which the generated photons are 

absorbed only in one of the sub-cells, thus giving directly the value of their 

individual VOC contribution.   

As we discussed in paragraph 4.4.1, direct measurement of individual VOC 

with completely selective illuminations (black lines) have not yet been successfully 

demonstrated for thin-film silicon tandem cells. Conversely the red lines in Figure 40 

can be obtained easily by illuminating the cell with blue or IR LEDs. With the 

combination of blue and IR LEDs (green lines) it is thus possible to define the green 
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rhombic segment expressing all possible „colour mixes‟ achievable. The idea of our 

method is to first explore the accessible rhombic segment and then make a 

mathematical extension into the black lines where the sub-cells‟ VOC values can be 

read at points corresponding to illumination of 1 sun. 

The voltage points measured while sweeping the illumination intensity of a 

given „colour mix‟ are denoted as ua,b(x), where the numbers of emission related 

photons are related to an independent variable x as 1 = a ∙ x and 2 = b ∙ x . The 

values of intensity coefficients a and b lay between 0 and 1 and their ratio 

corresponds to the angle of (dashed) lines in the Figure 40. We first focus on two 

extreme cases: 

1) When IR LEDs are switched off, we measure u1,0(x), absorption related 

photons are  1 = c11 ∙ x  and  2 = c21 ∙ x  and therefore  2 = (c21/c11) ∙ 1 

2) When blue LEDs are switched off, we measure u0,1(x), absorption related 

photons are  1 = c12 ∙ x  and  2 = c22 ∙ x  and therefore  1 = (c12/c22) ∙ 2 

 

Then, inserting these relations into (81) yields (86), (87): 
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We can extract f(1) and g(2): 
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The last term in (88) can be expressed by formula (89) and vice versa. Like this we 

obtain two independent equations for f and g:      
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The last term in (90) or (91) is problematic. It could be solved if the solution 

to a general equation (x)=(x)+(Cx) could be given, where (x) is a known 

function, (x) is the unknown function and C is a scaling factor. To our knowledge 

there is no simple solution. Instead, it is easier to continue by expressing the last term 

by using again the same formula. If we repeat it m-times we get a m-fold sum plus 

new „last term‟: 
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where        
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(94) 

 Because <1 and f() → 0  and  g() → 0  for  →0 the last term is getting 

smaller and smaller with increasing number of iterations and can eventually be 

neglected after sufficient number of repetitions. The more selective the LEDs are, the 

smaller the parameter , and the faster the series converges.  

If one is able to determine all parameters cij according to formula (85) with an 

accurate EQE measurement, the functions f(1) and g(2) can be calculated. 

Therefore, values of VOC can be obtained as VOC,top =  f(JSC,top/e) and VOC,bottom = 

g(JSC,bottom/e), where JSC is short circuit current (per cm
2
) obtained from integration of 

EQE and e is the electron charge. 

If the parameters c12 and c21 cannot be determined accurately, some other 

voltage scans with other colour mixes have to be made. In our experiment we made 

one „diagonal‟ scan with both colours at same intensities to get experimental values 

of the function u1,1(x) and two other scans with one colour reduced by a factor Q 

(0<Q<1) to get experimental values of u1,Q(x) and uQ,1(x).  

We fitted these ua,b(x) functions to formula (81) transformed with  (83) and 

(84) by searching for the best parameters c12  and  c21. The fitted formula has the 

form (95). 
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)x(u)bxcaxc(g)bxcaxc(fU b,a 22211211  (95) 

Using then 12 and 21 from the fit we can calculate the functions f(1) and 

g(2), and, like before, the values of VOC can be obtained as VOC,top = f(JSC,top/e) and 

VOC,bottom = g(JSC,bottom/e). 

 

4.4.3 Experiment 

A Suns-VOC Sinton setup with fast flasher (Sinton & Cuevas 2000) was 

previously used for the separation of VOC in III-V type multi-junction solar cells 

(Chhabra et al. 2006). However, because of slow photocurrent decay in thin-film 

silicon cells, a steady illumination had to be used instead. A set of 15 focused blue 

LEDs (=470nm, ø=5mm, =160mW/sr) was used as a source for top cell 

illumination and a set of 24 focused infrared LEDs (=850nm, ø=5mm, 

=700mW/sr) was used as a source for bottom cell illumination. The two sets of 

LEDs were driven through a computer controlled current source to illuminate 

homogeneously a cell area of 0.4 cm
2
 defined by a mask. For the voltage 

measurements we employed a source-measure unit Keithley 236. See schematic 

sketch in Figure 39. The VOC separation was performed in dark with careful shielding 

of any stray light. 

The relative LED spectra rel,i were measured by a CCD spectrometer and the 

EQE spectra were measured by standard light biased EQE (as discussed in paragraph 

4.3.2), see Figure 39. The numbers of emission related photons (1 and 2) were 

calibrated by measuring the ISC,reference in a reference photodiode and calculated by 

formula (96), where EQEreference is the known quantum efficiency of reference 

detector, e is the electron charge and  is the area of the mask. 
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A special three-terminal tandem a-Si/µc-Si device has been fabricated to test 

this new VOC separation method. The test cell includes a non-standard 5 µm thick 

ZnO interlayer lying between the n layer of the top cell and the p layer of the bottom 
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cell and acts as intermediate electrical contact. The individual VOC contributions of 

the sub-cells can thus be measured directly.  Due to the light reflecting effect of the 

ZnO interlayer, the bottom cell was less illuminated, significantly limiting the cell 

current (see Figure 39). 

4.4.4 Results 

In Figure 41 the measured curves u1,0() and u0,1() are plotted together with 

the resulting functions f(1) and g(2). The difference of each pair of curves is given 

by the contributions from unwanted sub-cells due to limited selectivity. The steeper 

the beginning of the top cell curve, the larger is its unwanted contribution to the 

bottom cell and vice versa. The resulting curves can be compared to the (true) 

measurements by direct contact through ZnO interlayer.  
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Figure 41:  Left: Fit of scans for three additional colour mixes used to get „c‟ 

coefficients with mixed indices. Right: Voltage as a function of photons 

absorbed in the photo-active absorber layers, measured by direct contact 

(true) compared with measurement at whole structure with non selective 

LEDs (raw) and the result calculated by our method (result). VOC equivalent 

to 1 sun is indicated by crosses. 

 

The crosses indicate points where the resulting 1-sun VOC values are read. The 

x-axis is in number of photons absorbed in the photoactive layer and multiplied by 

electron charge.  The way how absorption related photons were defined implies that 

the axis is equivalent to generated current at short circuit conditions. Therefore the 
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voltage vs. illumination curves in Figure 41 can be interpreted as Suns-VOC curves as 

well. More details about Suns-VOC will be in paragraph 4.5.2. 

The quality of the fit is also shown in Figure 41 and resulting values of fitted 

parameters c12 for top and c21 for bottom cell are summarized in Table 3. The 

parameters with mixed indices that represent non-selective parts of the illumination 

are at least 100 times smaller indicating that the selectivity is quite good. In spite of 

that the unwanted voltage contributions are significant. 

 

  Cell (i) 

 VOC         VOC,DIR       VOC,SIM 

 (V)         (V)           (V) 

ci1              ci2 

   (-)          (-) 

 ISC,1sun 

(mAcm
-2

) 

  top  (1)          0.841      0.842      0.846        0.994    3.8E-3       13.07 

bottom (2)       0.475      0.477      0.478       6.0E-3    0.996         6.17 

                                                                      

Table 3: Results, input and fit parameters: VOC is the result obtained by 

the method. For comparison, the values measured by direct contact 

under either LED illumination or the Wacom Super Solar Simulator are 

VOC,DIR and VOC,SIM. Parameters cij are values of fitting parameters. 

Parameters ISC,1sun were obtained by EQE integration. 

 

The VOC values obtained by our method are also in Table 3 compared with 

true values measured by direct contact and we can see very good match. From 

measurements on numerous other samples (not shown here) we can estimate that the 

average misfit between the values obtained by our method and the ones obtained by 

measurement through direct contact under sun simulator is below 2%.  

The comparison of VOC values obtained through direct contact under LED 

illumination and those measured under sun simulator shows important thing that the 

effect of different illumination spectrum on the voltage on the cell is not significant. 

Another proof of the method is the good match between the voltage vs. illumination 

curves labelled “result” and “true” in Figure 41.  

4.4.5 Discussion 

Concerning the accuracy of the presented method, the lowest voltage where 

we can get on voltage axis when tracking its intensity dependence determines the 

error of the final VOC that we get. The samples with high shunt resistance are more 

critical since the dependence of voltage on the illumination has very steep beginning 
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that unfortunately cannot be interpolated by straight line
17

. Consequently, as we 

proceed in the iteration (92)-(93) we have to take the values of u1,0() and u0,1() 

closer and closer to zero until we get to sufficiently low voltage contributions in the 

series. Therefore for sufficient accuracy for samples with high shunt resistance it is 

necessary to go down to very small intensities when measuring the u1,0() and u0,1(). 

LEDs driven by voltage might serve better here than LEDs driven by current. In any 

case, using better selectivity of illumination won‟t eliminate this necessity but may 

reduce some statistic errors in the evaluation. Conversely, the samples with low 

shunt resistance have less steep beginning of the voltage intensity dependence and 

also this beginning can be well approximated by straight line and interpolated down 

to zero. This makes the accurate evaluation much easier. 

The theoretical extension of the method to higher number of sub-cells would 

encounter a problem because the principle of the calculation is based on the 

assumption that f() → 0 for  → 0. Due to the fact that (81) has more terms if there 

are more sub-cells, (88) and (89) would be replaced by series of more formulae also 

with more terms. Consequently, instead of one last residual term in (90) and (91) that 

is diminishing with increasing iteration steps, the number of these residual terms 

would increase with each step and thus neglecting all of them will become 

questionable. For multi-junctions solar cells with more than two sub-cells, more 

advanced mathematical analysis will probably have to be applied to avoid the 

iteration method.  

We also made first tests of this method on real cells (not shown here), i.e. the 

cells without the intermediate thick conductive ZnO layer that served as direct 

contact in between the cell. First tests showed that the performance of real solar 

tandem cells become more „strange‟ the more selective illumination is used and the 

first test failed. In real cell the electrical interaction might be more complicated than 

the one depicted in Figure 33. Instead, the tandem solar cell might behave rather as a 

mesh of many tandem cells connected in parallel, some of them good, some of them 

bad. Then the simple assumption (81) is not valid any more. Since high selectivity of 

illumination is not necessary in this method, this can be the argument for 

continuation in the development of this method for use on a-Si:H/c-Si:H cells.   

                                                 
17

 Good quality diodes have saturation current Is  in order of 10
-9

 mA/cm
2
, that is 10

10
 smaller than the 

operating current that is in order of 10 mA/cm
2
 meaning that we are really „far from zero‟ on the 

exponential diode function. 
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4.4.6 Conclusion 

In this section we presented a new technique to measure the open circuit 

voltage (VOC) of each individual sub-cell of a dual-junction device with a method that 

circumvents the need for completely selective illumination which is difficult to 

achieve in thin-film silicon solar cells due to the large overlap between the absorbing 

regions of the two sub-cells. The alternative method presented here is based on a 

function of two variables and its extrapolation into areas corresponding to ideally 

selective illumination. This method does not rely on any specific electrical or optical 

model of solar cell.  

The proposed method was successfully tested on specially fabricated three-

terminal a-Si/µc-Si tandem solar cells. Precise values of VOC of the sub-cells (as 

under 1 sun illumination) and the voltage vs. illumination curves are obtained with 

a simple illumination setup making use of inexpensive blue and IR LEDs. 

. 
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4.5 I-V separation 

 

There are many motivations for measurement the I-V curves of the individual 

sub-cell and we already mentioned the I-V as useful complementary characterization 

method. But also in terms of simulation of tandem device efficiency, the simple 

formula (3) is replaced by complex simulation when looking for best current 

matching conditions is necessary (Didier Dominé 2009, p.109). For such simulation 

the knowledge of shapes of individual I-V curves is needed.  

Numerous I-V separation methods have already been reported (Burdick & 

Glatfelter 1986; Kurtz et al. 1994; Das et al. 2006; Tsuno et al. 2005; Adelhelm & 

 ücher 1998; Chhabra et al. 2006; Lim et al. 2010) together with our previous 

approach (Holovský & Vaněček 2009). In spite of that none of them due to the 

complexity or limitations has become a standardized method of evaluation of the I-V 

performance of separate sub-cells in tandem a-Si:H/c-Si:H solar cell. Nowadays 

only measurement of the multi-junction overall I-V is familiar.  

In this section a new technique to measure so called „component I-V‟ curves 

of individual sub-cells integrated in a monolithic multi-junction solar cell is 

presented. This new approach, compared to all previously reported ones, is well 

suitable for thin-film silicon p-i-n structures with behaviour far from ideal 

photodiodes described by formula (73). As an intermediate step our previous 

approach based on the theory developed for FTPS separation in paragraph 4.3.2 will 

be discussed too. 

4.5.1 Effect of illumination 
A common approach in the different reported methods (Burdick & Glatfelter 

1986; Kurtz et al. 1994; Das et al. 2006; Tsuno et al. 2005; Adelhelm &  ücher 

1998; Holovský & Vaněček 2009; Chhabra et al. 2006; Lim et al. 2010), is the 

application of some kind of additional selective illumination as it is the only non-

destructive way to get access to individual sub-cells that are otherwise monolithically 

stacked on each other. Therefore, we shall more carefully analyze the effect of 

illumination on solar cell.  

  When comparing the cell performance in dark and under illumination, the so-

called shifting approximation (Lindholm et al. 1979) assumes that the illuminated 

I-V characteristic can be obtained by dark I-V (Iph=0) only shifted by the 
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photogeneration term Iph. This is based on the simplest model described by formula 

(73) where the photogeneration appears as an additive term Iph. 

 However, even in this simple model, this is not true due to the effect of serial 

resistance Rs causing that the total current I appears on both sides of the equation, as 

already shown by Wolf (Wolf & Rauschenbach 1963). Apart from this effect of the 

serial resistance, this approximation has been interpreted as well known 

superposition principle
18

 and was critically analyzed for the case of p-n junction solar 

cells (Lindholm et al. 1979; Robinson et al. 1994). For thin film p-i-n junctions it 

was dismissed and empirically corrected (Hishikawa et al. 1991). Departure from 

superposition principle in p-i-n structures was described by adding to the right side of 

the equation (73) a new voltage dependent recombination term Irec (97), where d is 

the thickness of the intrinsic layer, ()eff is the effective mobility-lifetime product 

and Vbi is the built-in potential (Merten et al. 1998). 
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This term reflects the recombination in i-layer, the property that is not 

presented in p-n devices. For completeness we should note that the single 

exponential model is usually not enough but double exponential model (Charles et al. 

1985) is used. In this model one additional exponential term with ideality factor n2=2 

is used to reflect regular recombination processes in the photodiode. Recently 

another term IX (98) that allows to describe also the reverse part of I-V curve of 

typical thin film solar cell was introduced (Dongaonkar et al. 2010). Generally we 

obtain the diode equation in form (99). The complexity of the model that 

satisfactorily describes the I-V curve is therefore large and experimental methods 

that can reduce number of parameters are valuable. 

                                                 
18

 superposition principle refers to theorem for solutions of linear differential equations but its 

consequence might be shifting approximation if serial resistance can be neglected.  
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When going from dark to full illumination and by recording the evolution of 

the short circuit current versus open circuit voltage, the so-called „pseudo I-V curve‟ 

(Wolf & Rauschenbach 1963; Sinton & Cuevas 2000) can be obtained. Such a curve 

is often approximately interpreted as dark I-V where the effect of Rs vanishes in 

diode equation. However the exact difference between the pseudo and dark I-V 

curves in p-n junction is being considered now as more complex (Aberle et al. 1993.) 

and for thin-film silicon, this interpretation is disqualified directly because of the 

recombination term (97). Therefore the I-V characterization of thin-film silicon cells 

should be performed at illumination conditions as close to 1 sun as possible.  

4.5.2 State of the art 
The construction of the overall I-V curve of tandem solar cell is based on 

investigation of operating points of individual sub-cells (Wolf & Rauschenbach 

1963). At any condition the operating of any sub-cell is defined by point on its I-V 

curve. Operating points of cells connected in series must lie on the same level of 

current and the total voltage is then a sum of voltages of each point. Several methods 

to decouple the individual sub-cell I-V curves in multi-junctions solar cells can be 

viewed as a different ways to fix voltage of the not-evaluated solar cells. 

One way is a use of constant selective light-bias (Burdick & Glatfelter 1986; 

Kurtz et al. 1994; Das et al. 2006). The illumination of the not-evaluated sub-cell 

effectively shifts its individual I-V characteristics downward and since the operating 

point must stay at the same level of current it will be moved to the steep part of the 

curve. In Figure 42 the effect of light biasing of bottom cell of tandem cell is shown. 

The dotted curves correspond to constant light bias method. When the total I-V curve 

is then measured the voltage contribution of this light-biased curve corresponds to 

level of VOC plus a variation given by the slope of the curve – see trajectories of 

operating points demonstrated by black circles in Figure 42. For obtaining the 

component I-V curve, this voltage contribution has to be subtracted. Either just a 

value of VOC is assumed (Burdick & Glatfelter 1986; Das et al. 2006) or some default 

shape is used (Kurtz et al. 1994).  

In order to take into account the real shape of voltage variation, some more 

advanced methods that use several levels of constant light biasing exist. However, a 

complex mathematical analysis that is again based on shifting approximation has to 
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be used to retrieve component I-V curves (Tsuno et al. 2005) or their basic 

parameters (Adelhelm &  ücher 1998).  

A specific problem of some of the latter methods (Burdick & Glatfelter 1986; 

Kurtz et al. 1994) is the knowledge of the sub-cells‟ individual VOC. In previous 

section 4.4 we described our method of VOC separation and in this section we will 

already assume the knowledge of VOC from our method. 

An alternative idea is to measure the spectrally selective voltage vs. intensity 

curves. According to (Sinton & Cuevas 2000) these curves are called Suns-VOC 

curves and can be attributed to pseudo I-V curves if ISC at 1 sun (measured by 

integral of individual EQE) is known and from assumption of its linear dependence 

on intensity. We discussed this in previous section too and we showed that our 

method of VOC separation can also give these curves. Indeed, this approach was used 

for multi-junction solar cells based on III-V semiconductors (Chhabra et al. 2006; 

Lim et al. 2010), but as discussed before, for thin film silicon p-i-n cells the 

interpretation of pseudo I-V curves as illuminated I-V is not simply possible. 

 

4.5.3 Method 
Our first approach can be regarded as modulated light-bias method                

(Holovský & Vaněček 2009). Its principle is based on the main finding discussed in 

paragraph 4.3.2 that the ratio of contributions of modulated photocurrent from 

different sub-cells excited by modulated illumination is given by the ratio of 

1
st
 derivatives of the I-V curves in the working point. The idea is to measure overall 

I-V curve and to calculate the separate I-V curves from the knowledge of ratio of 

their 1
st
 derivatives in each point on I-axis. The ratio of the 1

st
 derivatives is obtained 

from measurement of amplitude of two different modulated selective illuminations. 

To scan with the working point along the I-axis the external voltage is applied. The 

evaluation is based analogically to section 4.3 on differential analysis. 

The main advantage of the method is its theoretical usability under different 

illumination conditions. The main drawbacks are however the complexity of the 

evaluation and the fact that according to recombination term (97) the modulated 

current depends also on the voltage. It means in fact that our first approach was also 

disqualified for silicon p-i-n devices. 
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The experiments with modulated illumination had led us to our new 

successful method that can be regarded as a combination of the constant selective 

light-bias with the spectrally selective Suns-Voc approach. As we can see from 

dashed lines in Figure 42 the error of constant bias technique depends on the 

magnitude of voltage variation given by the slope of the steep part of the light biased 

sub-cell. In order to circumvent such effect and to allow for the measurement of cells 

with non-ideal sub-cells with less steep slope, we propose instead of constant light 

bias to use variable selective light-bias with the intensity coupled with the actual 

current flowing in the multi-junction.  

 

 

Figure 42: Trajectories of operating points in the constant light-bias (dashed 

lines) and variable light-bias (full lines) methods. By scanning in y-axis, 

voltage on top cell I-V (on the left) is measured while voltage of bottom cell 

(middle) represent unwanted contribution. The resulting curve is on the right. 

In the new variable light-bias method the light-bias is coupled with the current 

level to keep the voltage on bottom cell constant. Measured I-V corresponds to  

I-V of top cell shifted by VOC of bottom cell. 

 

Instead of common way of setting voltage and measuring current, the I-V 

measurement is performed by setting the current together with light bias intensity 

and then measuring the voltage. If the light-bias is properly scaled, the I-V curve of 

light-biased sub-cell is equally shifted by the photocurrent as the level of current 

scans along y-axis. The operating point of the light-biased cell does not move on the 
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I-V curve and its voltage therefore stays constant, see full lines in Figure 42. Like 

this the contribution of light-biased sub-cell is fixed at the value of its VOC. After the 

measurement, the final I-V curve U
fin

(I) of the not light-biased sub-cell is obtained 

by subtracting the VOC of light-biased sub-cell as indicated by formula (100).  

j

OC

exp

i

fin

i V)I(U)I(U   (100) 

The advantage of this method is that no assumption has to be made about the 

measured sub-cell that is always kept at 1-sun illumination during the measurement. 

The assumption of shifting approximation together with the linearity between light 

intensity and photogenerated current was used here only for the light-biased sub-cell. 

The possible errors regarding these assumptions are evaluated in paragraph 4.5.6.  

 

4.5.4 Experiment 
In order to test the new I-V separation method validity, the same special 

three-terminal thin film silicon device as for testing VOC separation was used. This 

test device therefore allows the overall I-V measurement of the monolithic tandem 

cell, but also the individual measurements of each junction by direct contact through 

the ZnO interlayer. 

The experimental setup is very similar to those used for VOC separation, see 

Figure 39. Unlike in the VOC separation performed in dark, a class AAA Wacom 

Super Solar Simulator is used now to deliver additional standard test illumination of 

1000W/m
2
 with an AM1.5 spectrum. The same illumination system is used as for 

VOC separation (paragraph 4.4.3), but the source-measure unit Keithley 236 is now 

operated in sourcing current / measuring voltage mode.   

Before the evaluation the LED intensity sweeps from zero to 1 sun were 

calibrated by the measurement of the electrical current Ireference photogenereated on a 

reference photodiode with a calibrated EQE spectrum, placed below the mask. The 

relative spectra of LED emission rel() are measured by CCD spectrometer and are 

same as for VOC separation in paragraph 4.4.3. 

In a first step of the evaluation, again the standard light-biased EQE 

measurement  is performed on the test tandem cell to obtain the separate EQE spectra 

of the top and bottom cells. As we saw from the results of VOC separation in Table 3, 

the selectivity of bias-light illumination system is higher than 100:1 meaning that for 
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instance blue LEDs generate at least 100 times higher current in top cell than in 

bottom cell and vice versa for IR LEDs. Under these conditions we do not have to 

take the non-selective part into account and following simple mathematical analysis 

can be used.  

We define an average EQE labelled as 
source

PDEQE  for each combination of 

light-bias source (blue or IR LEDs) and photodiode (reference detector or the sub-

cells of the tandem solar cell) by formula (101). From this formula we obtain set of 

average EQEs: 
LED blue

cell topEQE , 
LED IR

cell bottomEQE , 
LED blue

referenceEQE  and 
LED IR

referenceEQE . 



 






 d)(

d)()(

source

rel

source

relPDsource

PD

EQE
EQE  (101) 

In a second step the side terminals of our test cell were connected to the 

source-measure unit, the sun simulator was switched on and a gradually increasing 

blue illumination was applied. At the same time, a gradually increasing electrical 

current was imposed by the source-measure unit to the tandem cell and the voltage 

was recorded. The same procedure was repeated for the infrared illumination. At 

each intensity step of blue or infrared illumination, the level of imposed current was 

calculated according to formulae (102) where average EQE parameters for sample 

and reference detector were previously obtained from formula (101) and where 

intensity calibration values Ireference are used for both colours. 

 

LED blue

reference

LED blue

cell top

LED blue

reference

LED blue

cell top EQEEQEII    

(102) 
LED infra

reference

LED infra

cell bottom

LED infra

reference

LED infra

cell bottom EQEEQEII   

 

For comparison the reference I-V curves of component sub-cells were 

measured under illumination using the direct electric contact to the ZnO interlayer 

and compared to the component I-V curves obtained by our method.  
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4.5.5 Results 
The Figure 43 shows the comparison between the component I-V curves of 

each sub-cell measured with the new technique and the reference (true) I-V curves 

obtained by direct contact through the ZnO interlayer. In this particular case, we used 

for the final recalculation by formula (99) the values of VOC measured by the direct 

contact but for real conditions the method presented in previous section can be used 

for obtaining separate VOC values.  

We demonstrate an excellent agreement between the sub-cells I-Vs directly 

measured and estimated with our measurement technique, therefore proving the 

functionality of presented concept even with non-ideal sub-cells. Theoretical 

accuracy as well as the effect of serial resistance will be discussed in next paragraph. 
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Figure 43:  Measured component I-V curves obtained with the new method 

(symbols) compared to direct measurement (thick full colour lines). The total 

I-V is also shown (line with symbols) and the contribution of serial resistance 

(full thin line). 
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4.5.6 Discussion 

In discussion about various methods we disfavoured methods that assume the 

shifting approximation. Nevertheless in our method this approximation is also 

assumed, but with significantly reduced error because it concerns the steep region of 

the I-V of the non-evaluated sub-cell. Additionally the linearity between illumination 

intensity and ISC is also assumed. To assess the errors given by departure from these 

shifting and linearity approximations we performed numerical simulations of formula 

(99). The simulations reproduce the situation depicted in Figure 42. The I-V curve of 

a typical good single a-Si:H solar cell under an illumination of 1 sun was first 

simulated. The parameter Iph was set to obtain real value of ISC. Then we increased 

the Iph parameter step by step and calculated the resulting increase of ISC: this 

behaviour was found to be indeed linear. The difference between actual simulated ISC 

and the ISC obtained for 1 sun corresponds to level of imposed current. Finally we 

found at each simulated curve the voltage of operating point corresponding to the 

level of imposed current. By taking these voltages with respect to imposed current 

we calculated the trajectory of working point of light-biased sub-cell, the one 

illustrated by the black full line in Figure 42. For comparison also the trajectory of 

working point in the constant illumination method, illustrated by the black dashed 

line in Figure 42, was calculated. 

The details of resulting trajectories simulated for different cases are in Figure 

44. These trajectories represent the voltage contributions of the not-evaluated sub-

cells. If these contributions are approximated by constant value of VOC (marked by 

arrows) the deviation of this trajectory from VOC gives the error of the presented 

method. In this simulations we focused on the effect of serial resistance Rs, shunt 

resistance Rsh and parameter of recombination ()eff  because these factors 

„complicate‟ the electrical behaviour and violate the shifting approximation due to 

the i-layer recombination term (97).  

For „ideal cell‟ where all these values are in a range where their effect is 

negligible (Rs=0cm
2
, Rsh=10kcm

2
, ()eff =10

-5
cm

2
V

-1
) we obtain for the new 

method straight vertical line meaning that the voltage on the cell is constant, shifting 

approximation holds and no error arises. Interestingly no error either is made when 

only strong shunt (Rsh=60cm
2
) is considered. That is because if no serial resistance 

is present this effect is represented by a current-independent term. However effects 

of shunts will appear if they are combined with serial resistance. 
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Figure 44:  Simulated trajectories of operating point when using the new 

variable light method (full lines, lines with symbols) or simpler „constant‟ 

light bias method (dotted lines, symbols).  Arrows on top indicate positions of 

VOC at 1 sun. 

 

When only serial resistance is introduced (Rs=1cm
2
) the voltage 

contribution is no more constant and a tilted line is obtained because, as we 

discussed, the serial resistance is the first effect violating the shifting approximation. 

This tilted line is eventually added to the measured I-V of evaluated sub-cell as the 

error. We found that the slope of the line corresponds exactly to the simulated value 

of serial resistance of light-biased sub-cell meaning that the same error would arise 

when this resistance was added to evaluated sub-cell. Thus the effect of any serial 

resistance will always add to evaluated I-V no matter to which sub-cell it was 

originally attributed. This is consistent with the fact that we cannot discriminate 

between serial resistances corresponding to individual sub-cells. In other words the 

serial resistance is measured twice. It means that by comparing the resulting 

component I-V curves with overall I-V curve in voltage domain we can get 

according to formula (103) the serial resistance contribution ( indicated also in  

Figure 43), so that the measured curves can in principle be corrected for this 

contribution. 
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)I(U)I(U)I(UIR total

fin

bottom

fin

topserial   (103) 

As we see from Figure 44, an effect similar to the one of the serial resistance 

is induced by carrier recombination that was accounted by taking a value for light 

soaked amorphous cell (Merten et al. 1998) ()eff =7.7*10
-9

cm
2
V

-1 
. The slope of the 

tilted line corresponds to a value of 0.56cm
2
.  

After including all these three parasitic effects we obtained the curve labelled 

„real I-V‟ and the voltage drop expressed by compound value of 2.05cm
2
. This 

actually expresses the error of the new method in this case and means that the 

obtained I-V curve of evaluated sub-cell differs from its true value as if additional 

serial resistance of this value was added. Nevertheless the comparison of the voltage 

contributions in new method and the method of constant illumination in Figure 44 

clearly proves that the new method is much more accurate in all cases. 

Also our method is only weakly sensitive to error in determination of values 

in formulae (101), e.g. due to improper light or voltage bias during EQE 

measurement. This error (in current domain), say few tenth of mAcm
-2

, can be 

recalculated based on the slope of the I-V curve at VOC point (expressed as 

resistance) into resulting error that will be in voltage domain. If the slope of the I-V 

curve at VOC point
19

 corresponds to resistance in the order of tens of cm
2
 then an 

error would translate into error of few mV in distortion of I-V curve.  

Similarly, the method is only weakly sensitive to imperfections of 

illumination selectivity. Any parasitic non-selective parts of light bias illumination 

have to be in the same order as the accuracy of the intensity of the solar simulator
20

. 

 

4.5.7 Conclusion 

The new component I-V measurement method based on variable selective 

light biasing coupled with the current level of the I-V measured points was shown to 

be a significant improvement of previously reported methods based on a similar 

principle. The strength of the approach lies in the ability to measure thin film p-i-n 

cells with complex electrical behaviour including bulk recombination and strong 

shunts. Based on numerical simulations of these effects, the assumption of linearity 

                                                 
19

 Value labelled often ROC , standardly evaluated from illuminated I-V curves, typically tens cm
2
. 

20
 Class A solar simulator has temporal intensity instability <2%. 
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of photogeneration was verified and the magnitude of the error coming from the 

assumption of shifting approximation was evaluated. For full usability this method 

has to be supplemented by VOC separation procedure (section 4.4). This method 

together with VOC separation procedure is robust and insensitive to typical errors or 

imperfections in illumination selectivity. The principle of the method can be 

extended to arbitrary number of interconnected sub-cells provided a sufficient 

illumination selectivity is possible. The method has been successfully experimentally 

tested on specially prepared three terminal a-Si:H/c-Si:H tandem solar cell. 
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5 Summary 

I applied a variety of optical simulation concepts to understand the light 

absorption in the layer of thin film semiconductor incorporated in various optical 

structures and to evaluate its optical absorption coefficient. The analytical formulae 

for evaluation of smooth layer on glass have been reviewed for use on very thin 

samples (below 300nm) and algorithm for higher accuracy of absorption coefficient 

evaluation from A/T ratio was presented. Smooth multilayer simulation based on 

matrix approach was developed for studying the surface effects in very thin 

semiconductor layers. Monte-Carlo ray tracing simulations of structures with 

significant scattering and light trapping effects was employed to analyze these 

effects, to find correction procedures or to inversely evaluate absorption coefficient 

in an iterative loop. Optical simulation made the basis for the central part of this 

work dealing with the photocurrent spectroscopy. 

In the central part I reviewed thoroughly the fundamental questions of 

photocurrent spectroscopy on amorphous and microcrystalline silicon with the 

relation to the specific technical aspects of Fourier Transform Photocurrent 

Spectroscopy. The advantages of the Fourier-transform-based and the 

monochromator-based spectrometry were compared. Technical aspects of the setup 

including proper choice of FTIR instrument, preamplifier, light source and optical 

filters were discussed. The main target of this part was the analysis and correct 

interpretation of the FTPS results. I addressed the effects of generally 

inhomogeneous optical absorptance, mainly due to the absorption on surface defects. 

In the process of excess carrier generation I addressed the question of difference 

between optical absorption and photocurrent generation and I pointed to the 

frequency dependence of this process. Mobility-lifetime distribution as another 

ingredient in the photocurrent was taken into account and especially its dependence 

on illumination was discussed. Finally, the resulting transport mechanism was 

analyzed for several physical configurations. At this point the modulation frequency 

was taken into account for the second time and the conditions of usability of FTPS 

method were defined. The review of the existing applications of FTPS was given too.  

Some experimental results of the author (Holovský et al. 2008) that specially 

concerned the topic of interpretation of the photocurrent appeared already in the 

central part. Nevertheless the broad application of two preceding parts is fully 
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developed in third part that is dedicated to results. The time evolution of surface 

defects was studied by FTPS and PDS as residual interferences in A/T ratio. The 

simple model of surface dead zones was suggested that brings the FTPS and PDS 

results into accord (Holovský, Schmid, et al. 2012). In the next study I compared the 

quality parameters of materials grown on different substrates to show that for the fine 

material optimization the materials must be evaluated in the conditions of real 

structures (Holovský et al. 2010). Such real structures might be for example tandem 

solar cells. The measurement of FTPS of individual sub-cell is a topic of the study 

presented in (Holovský et al. 2007). The characterization of tandem cells was 

eventually extended from FTPS also to I-V measurement. This is the topic of the last 

two studies presented here (Holovský et al. 2011; Holovský,  onnet-Eymard, et al. 

2012). 

The work was done in collaboration of foreign partners, mainly with Swiss 

institute EPFL-IMT Neuchâtel and was intensively supported by many national and 

European projects. 
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List of symbols and abbreviations 
 

a component of photon flux for blue LEDs normalized to x  (cm
-2

s
-1

) 

a-Si:H hydrogenated amorphous silicon 

A, Aij real absorptance of intensity of light (incident from i-th medium) (-) 

AFTPS absorptance measured by FTPS (-) 

A*FTPS absorptance measured by FTPS and corrected to absorption in TCO (-) 

AREL spectrum of relatively measured A (-) 

AREL,MAX maximum value at spectrum of relative absorptance A (-) 

A/D analogue to digital convertor 

A/T absorptance divided by transmittance, mode of a measurement  (-) 

AM1.5 standardized spectrum of sunlight corresponding to global average 

 absorption coefficient (cm
-1

) 

b  component of photon flux for infrared LEDs normalized to x  (cm
-2

s
-1

) 

B1, B2  transitions between delocalized states in band structures 

B(ν) baseline, compound spectrum of many spectra, mainly light source 

radiance 

 phase of wave propagating in space (rad)  

cij  coefficients relating i and j  (-) 

c-Si crystalline silicon 

CP Poruba‟s scaling factor for evaluation of  from saturation value 

C1, C2  transitions between localized and delocalized states in band structures 

CELL name of the simulation program 

CIS (CIGS)  Copper Indium (Gallium) Selenide 

CMS coherent multi structure, part of structure, usually thin (multi)layer 

CPM  constant photocurrent method 

d layer thickness 

D() detector response, mainly quantum efficiency 

DBP Dual Beam Photocurrent 

MAX) (maximum) retardation of mirror in Michelson‟s interferometer (cm)  

 phase of complex reflectance rij  (rad) 

/ resolution of spectroscopic method 

e electron charge (C) 

E,E
+
, E

-
 electric field (of wave propagating in +/- direction) 

E0 Urbach energy (meV) 

E1000 point where =1000cm
-1 

(eV) 

EF Fermi energy (eV) 

EG Tauc gap  

EQE external quantum efficiency 
source

PDEQE  average quantum efficiency integrated for given source and photodiode 

EMA effective medium approximation  

0 permittivity of vacuum   8.854×10
−12

 F·m
−1

. 

f, f0 modulation frequency, attempt-to-escape frequency (Hz) 

f focal length (cm) 

f(1)  voltage as a function of absorbed photons in photo-active part of top cell 

F() filter transmittance 

FF fill factor, factor relating PMPP to product of ISC and VOC (%) 

F-T, FT Fourier transform 



List of symbols and abbreviations  

124 

FTIR Fourier Transform InfraRed spectrometry 

FTPS  Fourier transform photocurrent spectroscopy 

 angle of light beam measured with respect to interface normal (rad) 

i  number of photons per time and area emitted from a given light source that 

are also absorbed in either photo-active part of solar cell 

i number of photons per time and area absorbed in photo-active part of solar 

cell 

C ratio of crystallinity of material 

g sample spacing

 2nd, see formula (13) 

g(2)  voltage as a function of absorbed photons in photo-active part of bot. cell 

(V)   

G generation rate and lifetime respectively (cm
-3

s
-1

) 

ħ photon energy (eV)

 conversion efficiency (%)  

I intensity of light (W/m
2
)  

Iph photogenerated current (mA) 

ISC short circuit current, current in a cell when contacts are shorted (mA/cm
2
) 

Irec  recombination current in the i-layer  (mA/cm
2
) 

IX non ohmic shunts in thin film solar cell (mA/cm
2
) 

Im  imaginary part of a number 

IR infrared 

I-V current-voltage characteristics  

j, J el. current normalized to area (mA/cm
2
) 

JSC  ISC normalized to area (mA/cm
2
) 

k imaginary part of refraction index 

kB Boltzmann constant 

LCD liquid crystal display 

LED luminescence diode 

 wavelength (nm) 

0 wavelength in vacuum (nm) 

 

MPP maximum power point, when load is optimal, maximum power is obtained 

c-Si:H  hydrogenated microcrystalline silicon 

 mobility of excess carrier (cm
2
V

-1
s

-1
)

0 permeability of vacuum  4π×10
−7

 H·m
−1

  

()eff effective mobility lifetime (cm
2
V

-1
s

-2
)  

n excess carrier concentration (cm
-3

),  

n diode ideality factor 

ni (real part of) refraction index of i-th non absorbing medium 

nC1, nC2 parameters of Cauchy formula for refraction index 

N complex refraction index of absorbing medium 

 wavenumber (cm
-1

) 

MAX maximum possible measurable wavenumber in F-T spectroscopy  

p-i-n type of diode junction: p-type/intrinsic layer/n-type 

PMPP Power at MPP, maximum power that can be obtained (mW/cm
2
) 

PDS photothermal deflection spectroscopy  

PE-CVD plasma enhanced chemical vapour deposition 

PV  photovoltaic, photovoltaics 
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 function describing frequency dependence 

Q dimensionless factor reducing illumination one of the color (-) 

 photon flux or light intensity (cm
-2

s
-1

 or W/m
-2

) 

(E) probability of thermal excitation from energy E below mobility edge  

rij complex reflectance of el. field of wave incident from i-th medium (-) 

R, Rij  real reflectance of intensity of light (incident from i-th medium) (-) 

R1, R2  real reflectance of intensity of light on front and back surface of a layer (-) 

Re real part of a number 

RS serial resistance ( or cm
2
)  

RSH  shunt resistance ( or cm
2
)  

s
R
, s

T 
s-factors that reduce amplitude of specularly reflected/transmitted light 

S
I
, S

 L
  real scattering matrix for interface and layer  

Ŝ
 I
 or Ŝ

 L
  complex scattering matrix for interface and layer  

S/N signal to noise ratio 

SNOM scanning near-field optical microscope  

SPV surface photovoltage 

 signal height in FTPS measurement 

RMS root mean square roughness of surface (nm) 

t time (s) 

tij  complex transmittance of el. field of wave incident from i-th medium (-) 

T, Tij real transmittance of intensity of light (incident from i-th medium) (-) 

TREL spectrum of relatively measured T TCO transparent conductive oxide 

  lifetime of excess carrier (s) 

u velocity of mirror in Michelson‟s interferometer (cm/s) 

u1,0(x) voltage measured by changing illumination according to parameter x 

U1 voltage on a single (sub-)cell  

Utotal voltage on a whole (tandem) structure  

U
fin

(I) evaluated partial I-V curve (inverted axes) 

U
exp

(I) as measured partial I-V curve (inverted axes) 

Vbi built-in voltage (V) 

VHF very high frequency 

VOC open circuit voltage, voltage of a cell disconnected from load (V)  

W final, real scattering matrix, product of all scattering matrices  

Ŵ final, complex scattering matrix, product of all scattering matrices  

W(ħ)  matrix element of transitions from occupied to unoccupied states 

WP Watt-peak (WP) is a unit of nominal power of photovoltaic source  

x dimensionless independent variable that scales illumination intensity 

 dimensionless parameter related to selectivity of illumination 

,  gradient, divergence 

∂n/∂t time derivative of excess carrier concentration (cm
-3 

s
-1

) 
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