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Abstract 

At Akzo Nobel a roll-to-roll plasma deposition process is being developed to 
produce flexible solar cells of amorphous silicon within the Helianthos project. At the 
moment finished cells from the roll-to-roll machine are measured with a solar 
simulator, which uses a lamp that imitates the solar radiation and spectrum at earth 
(AM1.5). A voltage is applied over the cell and the current density through the cell is 
measured; in this way the so-called J- V curve is obtained. The parameters that follow 
from the J- V curve characterize the solar cell; the most important parameter, which 
follows from the maximum power point, is the efficiency. The deduced parameters are 
used for optimization ofthe solar cell. 

It is desirabie to characterize the solar cell foil already in the roll-to-roll machine 
as an in-situ process stability measurement. A contactless probe is designed to measure 
electrical solar cell parameters. A voltage over the foil builds up when the foil is 
illuminated and this voltage is measured by a capacitive method. The differences that 
are present between the finished cell that is measured with the solar simulator and the 
foil that is measured contactlessly are discussed. Because no contacts are applied yet for 
the contactless measurement, the series and parallel resistances do not play a role; the 
ideality factor n, saturation current density J0, built-in voltage Vbi (related to the 
electrical field in the cell) and VJ.J (related to the mobility of the holes in the cell) may 
however be measured well by the contactless probe. 

The setup that bas been designed consists basically of three parts: the light 
source, the photodiode and the glass probe for measuring the foil voltage. Three 
measurement methods have been developed for the contactless probe. With the first one 
the short current density and open circuit voltage are obtained easily. With the second 
metbod a complete J- V curve is obtained, but more data acquisition and analyses is 
required. In the third method, on which the setup presented in this thesis is based, the 
stabilized (open circuit) voltage over the foil is measured at a varying light intensity. 
With this metbod n, J0, Vbi and VJ.J may be obtained. The parameters give a measure for 
the efficiency and give insight into those aspects that limit the efficiency. 

Preliminary measurements have been carried out in the lab setup, but the 
reproducibility and stability are not sufficient yet. The cause bas been investigated; the 
main reason is charging of the glass probe capacitor by the bias current of the 
operational amplifier used for reading out the probe voltage. In the future some 
improvements to the contactless probe should be made including another opamp with a 
lower bias. Next, the contactless probe should be placed in the roll-to-roll machine to 
perform in-situ logging measurements. 
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1. Introduetion 

In this chapter, an introduetion to the matter that is treated in this report is given. First a 
technology assessment will be carried out. Next the thin film solar cell is discussed. To 
make thin film solar cells, a roll-to-roll machine for deposition of the silicon layers on the 
superstrate is needed. This machine is described briefly in the third section. The fourth 
section deals with the characterization of the solar cell. For electrical characterization of 
the solar cell foil in the roll-to-roll machine, a contactless measurement system will be 
introduced. Finally the aim and scope of this report will be given. 

1.1 Technology assessment 

The existing fossil fuels are getting exhausted and pollute the environment. By the Kyoto 
protocol the emission of carbon dioxide should be reduced. A solution to achieve this 
goal is using renewable energy sources. At the moment mainly hydropower and wind 
energy are used as renewable energy sources. Hydropower and wind energy however 
give some problems for implementation in the human environment: wind turbines have a 
visual impact on the environment, whereas hydropower is not everywhere available and 
often requires large water reservoirs. Another renewable energy souree is photovoltaic 
(PV) energy. The advantage of PV systems is that they can easily be integrated in e.g. 
buildings and can directly be connected to the grid. The disadvantage is that PV is 
currently more expensive (a factor 5 to 10) than wind energy and hydropower. The PV 
systems used currently mostly consist of polycrystalline or monocrystalline silicon solar 
cells. The quantity of material that is required and the energy costs (high temperature 
required for the production process) of these PV systems contribute the most to the total 
costs. 

A solution to achieve a cheaper production process of PV systems than the current 
crystalline silicon systems is the production of flexible solar cells. The point is that the 
substrate and amorphous silicon that can be used are cheap in comparison to the 
production process of crystalline silicon solar cells. This is caused because the production 
of crystalline silicon cells requires a large amount ofhighly purified silicon (20 kg for the 
production of 1 kWp) [25]. For amorphous silicon cells, the silicon layers (see the next 
section) are deposited on large areas in comparison to the wafers of crystalline silicon, 
which are limited in size. Another advantage is that the production method of flexible 
cells offers the possibility of roll-to-roll production. The disadvantages of amorphous 
silicon cells are the low deposition rate ( ~ 1 Als; deposition time ~ 1 hour), the low actual 
commercial efficiency ( 4-8%; compare this to 12-16% for crystalline silicon cells) and 
the costs of the Transparent Conducting Oxide (TCO) that is needed. The largest 
potential ofthin film solar cells lies in applications where low cost is more important than 
high efficiency. Furthermore the characteristics of thin film solar cells are that they are 
lightweight, unbreakable and flexible; this gives advantages in design. Flexible solar cells 
can be integrated in for instanee curved areas, buildings, cloths and can be used in 
portable applications. 
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1.2 Thin film solar cells 

A solar cell converts light energy (photons) into electricity [10, 13, 16, 20, 26, 43]. The 
outline of an arnorphous silicon solar cell is given in tigure 1.1. The active part of the 
silicon solar cell consists of three layers: the p (positive), i (intrinsic) and n (negative) 
layer. Furthermore at the n side a back contact is applied and at the p side a TCO is 
applied (functions as front contact) . Finally the cellis encapsulated by for instanee glass. 

The intrinsic silicon layer of the solar cell forms the rnain, active part. Here light energy 
is converted into electricity. Silicon is a group IV serniconductor. Inthen layer silicon is 
doped with the electron-donor phosphorus (group V), whereas in the p layer silicon is 
doped with the electron-acceptor boron (group UI). Because of the holes in the valenee 
band in the p layer and the electrous in the conduction band in the n layer, the electrous 
diffuse frorn the n layer via the i layer into the p layer; an intemal electrical field builds 
up (eVb1). Incident photons with energy higher than the band gap Eg (energy distance 
between the valenee band and the conduction band) are absorbed in the intrinsic layer. 
These photons excite electrous frorn the valenee band into the conduction band and create 
electron-hole pairs (the photovoltaic effect) . The electron-hole pairs are separated by the 
built-in electrical field (drift for arnorphous silicon cells); the electrous and holes are 
collected in the n layer and p layer respectively. 

light 

il 
p 

+ 

Back 

Figure 1.1: Outfine of an amorphous silicon sol ar cel/. 

The band diagram of a p-i-n solar cell is given in tigure 1.2. The Fermi level EF of the p 
layer lies near the valenee band, whereas the Fermi level of the n layer lies near the 
conduction band [10]. The Fermi levels of the three layers are equal and therefore the 
edges of the valenee band and the conduction band of the n layer are lower than those of 
the p layer are [26]. This difference causes the built-in voltage Vbt and gives the built-in 
electrical field that is present over the relative thin i layer. When an extemal voltage is 
applied, it counteracts the built-in voltage. The extemal voltages causes the edges of the 
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valenee band and conduction band of the n layer move up in comparison with those of the 
p layer. 

p 11 

Figure 1.2: Band diagram of a p-i-n solar cel!. 

At Akzo Nobel, the roll-to-roll process for deposition of the p, i and n layers on a 
temporary superstrate (metal foil) is developed. With this development, Akzo Nobel 
participates in the Helianthos project. The project is funded by the Dutch government and 
is a joint development of several partners from research institutes (Technische 
Universiteit Eindhoven, Technische Universiteit Delft, Universiteit Utrecht and TNO) 
and industry (Akzo Nobeland Shell). When the project is finished, the target is to build a 
plant for production of 1.30 m wide solar cell foil with a production capacity of 70 MW P 

per year [31]. The roll-to-roll foil machine for deposition of the layers on the superstrate 
(metal foil) will be discussed in the next section. 

1.3 Roll-to-roll foil machine for p-i-n deposition 

For the production of flexible, thin film solar cells, a machine is needed for deposition of 
the p, i and n layers on a metal superstrate. The machine uses the plasma-enbaneed 
chemical vapor deposition (PECVD) technique for deposition of the layers. A schematic 
overview ofthe PECVD roll-to-roll machine is shown in figure 1.3. A roll metal foil with 
TCO is placed in the machine. The foil is feed through the p, i and n chambers. By 
plasma deposition, the layers are deposited on the foil. The gas used for deposition is 
silane (SiH4). In the p chamber, diborane (B2H6) is added to silane to obtain doping (see 
section 1.2). In the n chamber, phosphine (PH3) is added. After the complete roll is feed 
through the machine, the roll is taken out of the PECVD roll-to-roll machine. Back 
contacts are sputtered. Next, the foil is laminated and the temporary superstrate is etched 
away. For a module of several cells, a series conneetion is made. Finally, a protective 
coating is applied, contact pads are applied and the cell is cut to size. The typical size of a 
module is 20x20 cm2

; in the future 1.30 m wide foil will be used [31]. A picture of a 
finished, flexible solar cell module is shown in figure 1.4. 
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foil unwind 

p chamber i chamber n chamber 

Figure 1.3: Schematic outline ofthe PECVD roll-to-roll machine for jlexible solar cel! 
production 

Figure 1.4: Afinishedjlexible solar cel! module. 

1.4 Characterization 

To check the quality and efficiency of a solar cell, it is measured under the solar 
simulator. With the solar simulator it is only possible to measure finished, contacted cells. 
The lamp of the solar simulator imitates the solar radiation and spectrum at earth (AM1.5 
standard). Air Mass 1.5 means that the light of the sun has to travel through the 
atmosphere 1.5 times the path when the sun stands directly overhead. The extemal 
current of the solar cell is measured as function of the voltage applied over the cell (see 
figure 1.5; details will be given insection 2.2). The cell is measured in darkas well under 
light. From the measurement data, solar cell parameters are obtained. These parameters 
(e.g. the efficiency; which is related to the maximum of the area enclosed by the voltage 
and current density and which is represented by the so-called maximum power point) 
describe the quality of a solar cell. The parameters will be used for optimization of the 
production process. These solar cell parameters will be discussed insection 2.2. 
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Figure 1.5: Light JV curvefora solar cel!: external current density measured asfunction 
of applied voltage; the maximum power point is indicated. 

It is preferabie to be able to investigate the electrical solar cell parameters already when 
the p-i-n foil is still in the roll-to-roll machine. This offers the possibility to monitor the 
process stability in-situ. Because no contacts are applied yet to the p-i-n foil in the roll-to
roll machine, the measurement has to be carried out contactlessly. A contactless 
measurement of solar cell parameters does also not disturb the foil feed-through. With the 
contactless measurement, the foil is illuminated and the voltage response of the foil is 
measured contactlessly with a glass probe. The contactless measurement will be carried 
out after the deposition of the p-i-n layers, just before the foil is wound up (see figure 
1.3). With the contactless measurement, the foil is illuminated - just as for the solar 
simulator. But the superstrate is not etched away yet and thus illumination of the p-i-n 
layers takes place from the opposite side (see figure 1.1 for the fmished cell and section 
1.3 for the production steps). Another large difference is that no extemal current flows for 
the contactless measurement in contrast to the cell under the solar simulator. The 
differences give both advantages and disadvantages; some parameters cannot be 
measured because they only exist for finished cells. New parameters may be measured 
with the contactless measurement however. 

1.5 Aim and scope of this report 

A PECVD roll-to-roll machine is used to produce p-i-n foil. Presently it takes several 
hours before the p-i-n layers are deposited on a complete roll of metal foil. The aim of 
this project is developing an in-situ process stability measurement of the electrical solar 
cell parameters of the p-i-n foil when it is still in the roll-to-roll machine. This thesis will 
deal with designing the contactless probe to measure electrical solar cell characteristics in 
the roll-to-roll machine. It is desired to get a measure for the efficiency and to get insight 
into what limits the efficiency. Hereto we have to get more insight in the physical 
properties of the contactless probe. The parameters that are measured with the contactless 
probe have to be understood and compared to the parameters of the finished solar cell 
that are obtained by the solar simulator. The limitations and possibilities of the 
contactless probe have to be investigated. Hereto we will discuss three measurement 
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methods and the design of the setup of the contactless probe. Some preliminary 
measurements will be shown. The measurements look promising, only calibrations still 
have to be carried out and another operational amplifier for measuring the probe voltage 
has to be implemented. When the contactless probe is working in the laboratory setup, it 
will be placed in the roll-to-roll deposition machine for an in-situ stability measurement. 

Chapter two discusses the theoretica! considerations of measuring solar cell parameters. 
An electronic equivalent of the solar cell will be given. On the basis of this electronic 
equivalent, the characterization parameters of the solar cell are given. Finally the 
principles ofthe contactless measurements will be described. 

Chapter three deals with the designing of the contactless probe. Three measurement 
methods of contactless measuring will be presented. The ideal setup and the 
specifications of the setup are discussed. The practical realization of the contactless 
measurement will be described. 

In chapter four some preliminary measurements are worked out and the contactless 
measurements will be reviewed. 

The conclusions of designing and measuring with the contactless probe will be given in 
chapter five. This chapter also gives recommendations for improving the contactless 
probe in the future. 
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2. Theoretica} considerations of measuring electrical solar cell 
parameters 

2.1 Electrooie reptacement scheme 

A solar cell can be represented as an electric circuit with several components that 
simulate the properties of a solar cell; the electronic scheme is shown in figure 2.1 *. In 
this section we will go into detail about the components that build up this electric 
replacement circuit: the diode, the photocurrent generated by the absorbed photons, shunt 
parts and the series resistance. The "resistance" Rppp is an empirical term, which we 
introduce to describe the JV characteristic more accurately; it is not used by others [20]. 
In the last subsectien the components are put together and the electrical equation of the 
JV curve is discussed. A solar cell is characterized by measuring the JV curve of the cell 
(measuring the current density as function of applied voltage); this will be discussed in 
section 2.2. 

- + 
Figure 2.1: Electronic scheme of a sol ar cel! including the empirica! resistance Rppp· 

2.1.1 Diode 

In the first place, the intrinsic silicon layer of the cell is a semiconductor and the p-i-n cell 
acts like a diode. The general diode equation is given by [10, 16, 19, 26, 27, 35, 43, 44]: 

(2.1) 

• Current density is used insteadof current, because the current through the components is proportional to 
the area of the cell. Therefore the unit of the resistances R is given in terrus of fkm2

. 
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where J0 is the saturation current density, e is the elementary charge, n is the ideality 
factor (ideally n=1), kis the Boltzmann constant and T is the absolute temperature. The 
saturation current density is given in literature by the thermionic emission model [12, 26]: 

(2.2) 

whereA * is Richardson's constant (120 A·cm-2 K-2 for free electrous in vacuum [26]) and 
~ is the harrier height (see the principles in section 1.2). The second diode parameter, 
the ideality factor n, corrects for the non-ideality of the diode. For the non-ideality of the 
diode, several causes are found in literature [1 , 10, 11 , 12, 21, 23 , 26, 32, 43]. We will not 
go into detail about the different contributions to the ideality factor and the saturation 
current density. 

2.1.2 Photocurrent 

A solar cell couverts light energy (photons) into electrical energy. A pboton is absorbed 
in the i layer and creates an electron-hole pair [20, 26]. By the intemal electrical field, the 
electron-hole pair is separated. The intemal electrical field is built up by the p and n 
layers ofthe cell. The difference in potential betweenthen and p layer is called the built
in voltage Vbi· An extemal voltage over the cell counteracts the built-in voltage. When the 
extemal voltage moves up to Vbi, the total electrical field in the cell becomes smaller; less 
holes and electrous are collected in the p and n layer. 

Because electrous and holes are separated and collected in the p and n layers, the solar 
cell acts like a current source. The photocurrent is limited by the holes only [20]. The 
mean free path of the holes Lc is given by the product of the lifetime r and the drift 
velocity. The drift velocity is equal to the mobility of the holes fJ times the electrical 
field. Assuming that the electrical field is constant and that fJ and r are bulk parameters 
and independent ofthe light intensity, the mean free path is given by: 

L (V) = pr(V6; - V) 
c d . ' 

I 

(2.3) 

where V is the applied voltage over the cell and di is the thickness of the intrinsic layer. 
Assumed that all light is absorbed at the top of the i layer, the probability that a electron
hole pair is collected is given by: 

P(V) oc exp{- d; I Lc (V)} . (2.4) 

Taking this voltage-dependent probability into account, it can be derived that the 
photocurrent density as a function ofthe extemally applied voltage is given by [20]: 

J ph (V) = J ph ,o exp{- VP } ' vbi -v 
(2.5) 

where 
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2 
VIl = di I JlT . (2.6) 

In equation (2.5), Jph,O is the photocurrent density when all electron-hole pairs are 
collected (V<<Vbi) . Typical values of the built-in voltage Vbi are 1.1 V for cells on glass 
and 0.9 V for foil samples. For the voltage V11 the typical value for foil samples is 0.05 V. 
The photocurrent density as described above is the main part of the solar cell: this term 
accounts for the conversion of light energy into electrical energy. 

2.1.3 Shunts 

Conducting parts in the intrinsic layer of a cell introduce non-ideal behavior; current 
leakages appear. When back cantacts are applied to the cell, current flows toward these 
shunt parts. The leakages introduce a shunt resistance Rp parallel to the diode and the 
photocurrent; a part of the generated photocurrent will flow back through the shunts. By 
Ohm's law, a linear relationship exists between the voltage and the current. However 
when for a solar cell the current density J is plot against V, a third-power dependenee of J 
on V is seen (figure 2.2). An empirica! shunt term R PPP additional toRpis introduced; the 
physical reason for it is unknown. The current density leakage through the shunt areas is 
given by: 

J sh = v[-1-+~]. 
R p R ppp 

(2.7) 

The contribution ofthis shunt term increases when the (absolute) voltage increases. 

30 

25 

20 

N" 15 < 
E 
<> 10 < 
.§. .., 

0.7 0.9 

-10 V (V) 

Figure 2.2: JV curve ofthe sum ofthe diode and shunt terms; the S-like behavior at V=O 
in the JV curve is caused by Rppp· 

2.1.4 Series resistance 

Due tothefact that fora finished cell the current that is generated by the cell bas to flow 
through the contacts, an extra series resistance Rs is introduced [20]. When a current 
density J flows through the cell, a voltage drop JRs exists over the series resistance. 
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Therefore, the voltage over the cell V in equations (2.1 ), (2.5) and (2.7) is replaced by the 
corrected Vs, which is given by: 

(2.8) 

The voltage drop due to the series resistance has a negative effect on the efficiency, as 
will be discussed insection 2.2.2. 

2.1.5 Electrome reptacement circuit 

The total extemal current density is obtained by putting the diode term (2.1), 
photocurrent term (2.5) and shunt term (2.7) together. If the voltage drop over the series 
resistance is also taken account (2.8), the equation of the total extemal current through a 
solar cell is given by: 

J(V) = -Jp"(VJ + J 0 [exp{ eV~} -1] + Vs[-f-+ Vs 

2 

] • 

nk P R PPP 

(2.9) 

The scheme withall components was already shown in figure 2.1. Fora JV measurement, 
the voltage V is varied and the current density J is measured; a so-called JV curve is 
obtained. A graphical construction (JV curve) of equation (2.9) is shown in figure 2.3. 
For simplicity, the photocurrent density Jph is considered bere as independent of the 
applied voltage V (see the next section). 

The electrical model discussed in this section will be used to characterize the solar cell. 
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Figure 2.3.· Graphical construction ofthe JV curve, basedon equation (2.9): 
a) only diode; b) +photocurrent density; c) +shunts; d) +series resistance. 

0.9 

The parameters used here are: J0=5·10-8 mA/cm2
, n=1.5, Jph=ll mA/cm2

, Rp=0.5 k.D.cm2
, 

Rppp=0.5 kflV2cm2 and Rs=5 .D.cm2
. 

2.2 Electrical characterization of solar cells 

In this section, the electrical parameters of solar cells when measured with the solar 
simulator will be defined. The solar cell equation (2.9) is taken as starting-point. 

A finished cell (where contacts are applied) is tested in the solar simulator; the lamp 
simulates the sun with Air Mass (AM) 1.5. An external voltage is applied to the cell and 
the current is measured as function of the voltage; a JV curve is obtained (figure 2.3). 
Two types of measurements are performed. First a measurement is carried out in dark, 
where no photocurrent is generated. Second a measurement is carried out in light, so that 
a photocurrent exists. 

2.2.1 DarkN 

An example of a dark JV curve is shown in figure 2.4. From the dark JV we will obtain 
the parallel resistances Rp and Rppp, the diode parameters n and J0 and the series resistance 
Rs. 

In the first place, the parallel resistances Rp and Rppp (equation (2.7)) arefittedon the part 
where V<O. We will see why this part of the curve is chosen for fitting the parallel 
resistances. Hereto we first defme the resistance Rd as the reciprocal of the derivative of 
the diode current density (equation (2.1)) to the voltage. This term would influence the 
parallel resistance determination. It is given by: 

R - 1 = d{J0 [exp{eV / nkT}-ID =J _e_ex { eV }· 
d dV 0 nkT p nkT 

(2.10) 

11 



For typical values of n=1.5, Jo=10-7 mA/cm2 and T=293 K the resistance is Rd>4·108 

Qcm2 for V<O. Thus in the part where V<O, the diode term (equation (2.1)) does not play 
a role*. 

To deduce the diode parameters n, J0 and the series resistance Rs of a solar cell, frrst the 
shunt current density by the fitted resistances Rp and Rppp (equation (2.7)) is subtracted 
from the measured current density. The result gives the diode current density Jd (see 
equation (2.9)). The diode current density Jd is fitted according to equation (2.1) at the 
part V>O and where Jd is ten times larger or more than the shunt current density. This is 
done to avoid shunt fitting errors effecting the diode fit. Finally, the series resistance Rs is 
fittedon the samepart of the curve as the diode. 

30 

25 

20 
N' 
< 15 E 
(J 

~ 10 .s 
...., 

5 

-I 

-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 
-5 V (V) 

Figure 2.4: Example of a JV curve in dark. 

2.2.2 Light N 

Under light a photocurrent density Jph is generated (equation (2.5)). This current density 
makes the dark JV curve move down (figure 2.4). The resulting light JV curve is shown 
in figure 2.5. From the light JV, we will obtain the short circuit current density Jse, the 
short circuit resistance Rse, the open circuit voltage V0 e, the open circuit resistance Roe, the 
maximum power point voltage and current density Vmpp and Jmpp· From these parameters, 
the fill factor FF and the efficiency 17 are calculated. Note that Roe and Rse are different 
from Rp, Rppp and Rs, but they are however related to each other. 

The diode parameters were already fitted in dark and will not be fitted in the light JV 
curve. In the part where the diode term (equation (2.1)) becomes importanttin the light 
JV curve, the influence of the voltage on the photocurrent density (equation (2.5)) also 

• For good cells the parallel resistance RP is higher than 105 fkm2
• When the resistances RP and Rd are set in 

parallel, Rd can be neglected in comparison to Rp when Rp<<RJ. When Rp~Rd, the cell is very good and we 
are not interested in the exact value of Rp (which is probably influenced by RJ). 
t When J,i>0.1 mA/cm2 the diode term becomes important; that is when Jd is in the order of 1% of the 
photocurrent density Jph.O· For the typical values of n=l.5 and J 0=5·10-8 mA/cm2

, this condition is satisfied 
when V>0.5. 
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increases; when deducing the diode parameters one should consider voltage-dependency 
of the photocurrent density. 

The other parameters for the light JV curve that are deduced and discussed in this 
subsection are influenced by the voltage-dependency in the photocurrent density. The 
influence on the solar cell parameters for light will not be shown analytically in this 
section; the parameters are only based on the obtained light JV curve. 

In the fi.rst place, the short circuit current density Jsc is the absolute current density at zero 
voltage (short circuit condition). The short circuit resistance is related to the slope of the 
JV curve at zero voltage; it is obtained from the light JV curve: 

( aJ)-1 

R--
S C av 

V =O 

(2.11) 

The short circuit resistance Rsc is affected by both the recombination current density * and 
the shunt resistance Rp. Furthermore a third-power dependenee of J on V is seen as 
discussed in section 2.1.3. This empirical parallel resistance Rppp is also fitted around 
V=O. 

At the point where the JV curve intersects the V axis, no extemal current flows (J( V)=O 
mA/cm2

). The voltage at this point is the open circuit voltage Voc· When the temperature 
T is equal to 293 K, the open circuit voltage is obtained from equation (2.9) and is given 
by: 

(2.12) 

The other parameter at the open circuit condition is the open circuit resistance Roe, which 
is equal to the inverse of the slope of the JV curve at V= Voc: 

( aJ)-1 

R--
oe av 

V=Voc 

(2.13) 

The maximum power point (MPP) is the point on the JV curve where the product of the 
voltage and current density is maximaL The voltage and absolute current density at this 
point are called Vmpp and Jmpp respectively. From these parameters, the fill factor FF and 
the efficiency 17 of the solar cell are calculated: 

(2.14) 

(2.15) 

• Caused by the exponential term of the photocurrent density (equation (2.5)) ; thus only present under light. 
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where lsun is 100 m W /cm2
, the standard light intensity at AM1.5. The fill factor FF is 

ideally equal to one. In reality, FF is determined by the diode parameters, the shunt 
current density and the recombination current density ( exponential term in Jph(V), 
equation (2.4)), which were discussed in this subsection. 
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Figure 2.5: Example of a JV curve under light. 

To optimize the efficiency of a solar cell, the product V,npplmpp should be as high as 
possible (see equation (2.15)); the efficiency 77 is proportional to this product (equation 
(2.15)). A summary of how the different parameters influence the efficiency is given in 
table 2.1. The first order parameters influence the second order parameters; these second 
order parameters influence directly the efficiency 77· 

In the first place, a higher photocurrent density causes the curve in tigure 2.5 to move 
downwars and so the area V,npplmpp becomes larger. To achieve this, the photocurrent 
density Jph bas to be as high as possible for the same illumination (thus Jse also increases). 
For this, the photocurrent dcnsity when all electron-hole pairs are collected (Jph,o) bas to 
be as high as possible, the built-in voltage Vbi should be as high as possible and Vf.l should 
be as low as possible (see equation (2.5)). The JV curve then lies lower and a larger area 
of V,nppo/,npp is achieved. 

In the second place, when Jse and Voe are kept constant and Rse is increased or Roe is 
decreased, the area in the quadrant V>O, J<O becomes largerand thus the fillfactor FF 
increases. As is seen from equation (2.15), the efficiency 77 increases with increasing FF. 
The series resistance Rs adds up to Roe and should therefore be also as low as possible. 

For the diode, n and J0 have to be as small as possible. When the saturation current 
density J0 is smaller, the diode term becomes smaller. Fora decreasing ideality factor n, 
less recombination (n>1) takes place (see section 2.1.1 and literature [10, 26]). By 
decreasing n andlor Jo, less current flows through the diode term. This makes that the JV 
curve moves downwards (smaller J); the curve moves more downwards when the voltage 
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is increased (the diode becomes more important (larger current) when increasing the 
voltage). The area Vmpp/mpp and thus the efficiency become larger. 

Finally the shunt resistances Rp and Rppp should be as high as possible. When shunts are 
present, the curve moves upwards for increasing voltages (see equation (2.9)) in 
comparison to the curve without shunts. By this, the area between the curve and the axes 
V>O, J<O (Vmpp/mpp) becomes smaller. Thus shunts influence the efficiency negatively. 

Ta bie 2.1: Optimization: influence of the cel! parameters on the efficie ncy. 
1 st order parameters 2°0 order parameters 
Jph,o t, vbi t, vf.l ..!.. (Jph(V) t) Jsc t 
Rsc t, Roe .J.., Rs .j.. Voc t 
n ..!..,Jo..!.. FFt 
Rv t, Rvvv t 

2.2.3 N measurement program 

For measuring the electrical parameters of the solar cells, a program is written in 
LabView 6.0. With this program, solar cells and solar cell modules are measured in the 
solar simulator fast and accuratelyin dark and under light. The program uses the Keithley 
2400 SoureeMeter [37] to measure the current as function of the applied voltage. The 
solar simulator bas an Griellamp that simulates the solar radiation and spectrum at eartb 
with tbe Air Mass (AM) 1.5 spectrum and an intensity of 100 mW/cm2 [40]. The JV 
curve is measured and the curve and fitting results are written toa file that can be read in 
by Microsoft Excel. An offline program is also written, in whicb tbe graphs and results 
are displayed after tbe measurements are performed. The measurements are used to make 
an inventory of the solar cell. Witb tbis inventory, one searches specifically for solutions 
to optimize solar cells. A screenshot of tbe JV measurement program tbat is described 
briefly above is shown in tigure 2.6. 
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Figure 2. 6: Screenshot of the JV measurement program. 

2.3 Principles of contactless measurement 

2.3.1 General 

In the previous section, measuring of a solar cell with the light simulator bas been 
discussed on the basis of the electronic equivalent scheme of the solar cell. But it is 
preferabie to verify the electrical solar cell parameters of the p-i-n foil in the production 
process already. The aim is to develop a contactless measurement that mcasures 
capacitively the voltage that builds up over the foil when the foil is illuminated; see 
figure 2.7. The metbod is basedon a capacitive measurement; the Kelvin probe [2, 4, 5, 
7,9]. 

probe 

Figure 2. 7: A probe floats above the p-i-n foil and measures the voltage over the foil. 

16 



The basics of the contactless probe will be described briefly on the basis of figure 2. 7. 
The p-i-n foil side not facing the probe is grounded. The foil is illuminated through a 
transparent capacitor by a light source. By illuminating the foil , a voltage Vrott builds up 
between the two sides of the foil. Due to this voltage, an electrical field exists between 
the top ofthe foil and the grounded side ofthe probe. The electrical field gives a potential 
V1n over the probe. The probe is a capacitor C p robe that is placed above the foil. The probe 
is a glass plate with transparent electrodes, because it has to be transparent to let through 
the light from the light source. The side of the capacitor not facing the foil is grounded. 
The gap between the probe and the foil gives also a capacitor C gap· The ratio between the 
voltage over the glass probe and the voltage over the foil is determined by the two 
capacitances. The capacitance is given by AEid [6], where A is the area. The relative 
dielectric constant of the air gap between the glass probe and the p-i-n foil and of the 
glass probe are &r,air and &r,glass respectively. The thicknesses of the air gap and the glass 
probe are given by d gap and d glass respectively. The voltage Vtn over the glass probe is 
measured and related to Vrott by: 

z probe c gap 
v = vfi ,= vfi, = 

m Z +Z 0 1 C C oi 
gap probe gap + probe 

&r ,air I d gap 1 
v foi l = d v foil ' 

& r ,air I d gap + & r ,glass I d glass 1 + gap & r ,glass 

(2.16) 

d glass 8 r,air 

where Z probe and Z gap are the impedances ofthe probe and gap capacitors respectively. 

2.3.2 Scheme ofthe cell measured contactlessly 

We will discuss that the electronic equivalent scheme of the cell measured contactlessly 
is different from the scheme of the cell measured with the solar simulator. This difference 
originates from the fact that the cell that is measured in the roll-to-roll machine is not a 
complete cell yet. The differences are discussed in the next subsection; we will give here 
an overview. Because of the cell will be measured contactlessly, no extemal current 
flows. Furthermore no series resistance R s and no parallel resistances R p and R ppp are 
present. Another point of interest is that the capacitance of the p-i-n foil plays a role; this 
gives a capacitance C. When these considerations are taken into account, the electronic 
scheme of the complete cell that was given in figure 2.1 is altered to the electronic 
scheme for the cell that is measured contactlessly as shown in figure 2.8. 
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c 

V 
Figure 2.8: Electronic reptacement circuit ofp-i-nfoil measured contactlessly. 

2.3.3 Different configuration ofthe foil measured contactlessly 

Some differences are present in the contiguration of the cell between the foil that is 
measured contactlessly and the complete cell that is measured with the solar simulator 
(see tigure 2.9). Back contacts are not applied yet and the superstrate (metal foil) is not 
etched away yet. This makes that light enters from the n side insteadof the p side. We 
will see if this has effect on the feasibility of the contactless measurement. 

Light 

n 
Light 

n 

TCO 

Metal superstrate 

(a) (b) 
Figure 2.9: a) The finished cel!; b) the foil in the roll-to-roll machine. 

We will see that less light is absorbed in the i layer for the contiguration of the 
contactless measurement than the tinished cell under the solar simulator. There are two 
causes. In the frrst place, there is a difference in reflectance at the layer where the light 
enters the cell or foil. In the second place, the absorption of the layer where the light has 
to go through (p+ TCO layers or n layer) before it enters the i layer is different. In 
Appendix A.l.l the difference in light intensity that enters the intrinsic layer is 
calculated. For the n-i-p contiguration (contactless), a decrease of 37% in light intensity 
exists in comparison to the p-i-n contiguration (tinished cell). The photocurrent density 
Jph, O is due to the described effects lower for the foil in the roll-to-roll machine than the 
Jph,O for the tinished cell. This also influences the open circuit voltage Voc as follows from 
equations (2.5) and (2.12). 
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2.3.4 Series resistance and shunt parts ofthe foil measured contactlessly 

No extemal current flows and thus the series resistance (introduced by contacts and pads; 
see also equation (2.9)) does not play a part. 

For the contactless measurement, the probe measures an area of the foil that is equal to 
the area of the active part of the probe. In this way the probe measures the average of the 
voltage on that part ofthe foil. Now let us compare the influence of shunts on the voltage 
over the cell that is measured with the solar simulator to the voltage over the cell 
measured with the contactless probe. A shunt is imagined as a conducting part in the i 
layer. Current flows towards the shunt through the layers that are situated on top of and 
below the i layer; these layers function as electrodes whereas the not-shunted part of the i 
layer bas a much higher resistance than the "electrode" layers. The typical sheet 
resistances of the different layers are given in table 2.2. The contiguration of layers is 
different for the complete cell that is measured with the solar simulator and the cell that is 
measured with the contactless probe; this was seen in figure 2.9. The sheet resistances of 
the different layers are different and therefore the size of the area where the voltage over 
the cell is influenced (i.e. reduced) by the shunt area differs. In the next treatment, we 
will see that for the contactless measurements a shunt influences only the voltage at a 
very small area of the foil. Due to the high resistance of the n layer no current can flow 
towards the shunt as is indicated in figure 2.10 * and therefore the shunt does not influence 
the voltage on the foil around the shunt. 

Table 2.2: T · l d k h t ypzca ar s ee reszs anc · t es Rsq [ 18]. 
Layer Rsa (0/sq) 
TCO 10 

p 1.0·1 012 

i ~101) 

n 2.5·107 

\ 
shunt area 

n-i-p 
TCO liiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii"iiiiiiJI 
Metal superstrate 

Figure 2.10: Shunt part in foil for contactless measurement; current cannot flow towards 
the shunt. 

• The situation for a fmished cel! is shown in Appendix A.1.2. 
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In figure 2 .11, a schematic drawing of the shunt area and the corresponding voltage is 
given. The potential is rotation symmetrie. At a distance r of the shunt the potential is 
given by: 

,f. JRsq • 
V(r)= -, dr, 

2m-
ro 

(2.17) 

where I is the current through the shunt and ra is the radius of the shunt area. The sheet 
resistance Rsq is given by [ 1 0]: 

Rsq = p/ d, (2 .18) 

where p is the electric resistivity (in terms of Qm) and d is the thickness of the sheet. 
Typical values of our material are given in table 2.2. 

Setting the potential at ra in equation (2.17) V(ra)= Va, the potential at ris given by: 

V (r) = !Rsq 1n{!_} + V
0 

<=> r(V) = r0 exp{ 
2

1f (V- V0 )} • 

21f r0 !Rsq 
(2.19) 

* The radius r is the distance from the shunt where the voltage is equal to V . Va is typical 0 
V when the metal superstrate (and thus the p layer) is grounded. The typical radius r 
wherein the voltage V is lower than 0.9· Voc is calculated by equation (2.19). Introducing 
the typical values V0 c=0.7 V, Va= OV, Rp=0.1 kncm2

, cell area 1 cm2 (this gives /=7 mA) 
and ra=1 J.lm gives r=l.00002-ra for the n layer and r=ra·exp(56)=1024·ra for TCO. 
Recalling that the probe will integrate the foil voltage over the area size of the probe, for 
the n layer shunt areas do not play a significant role whereas shunt areas do play a role 
for TCO. Thus for the cell measured contactlessly, shunts do nothave to be regarded. 

~ "o 
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: 
I 
I 

r ro 0 

(a) (b) 
Figure 2.11: a) Top view ofthe cell/foil with shunt area with radius ra; b) the potenttal at 

distance r. 

• A singularity exists for ro=O m. In that case, an infinitely large current density has to flow through an 
infinitely small area so that the total current I is conserved. This would also imply an infmitely large 
voltage drop at the singularity. Therefore, the radius r0 cannot betaken infinitely small. 
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2.3.5 Capacitance ofthe foil 

By omitting the series resistance Rs and the parallel resistances Rp and Rppp, only the 
photocurrent density, the diode term and the capacitive term are left. The photocurrent 
density charges the capacitor built up by the intrinsic silicon layer that acts like a 
capacitor, counteracted by the diode. When the voltage is stabilized, it is equal to the 
open circuit voltage Voc at that light intensity. The current through the capacitor is given 
by: 

J = dQ = d(cv) 
c dt dt . 

(2.20) 

The equation for capacitance per unit area is [ 6]: 

(2.21) 

where & (=&o&,.) is the dielectric constant and dis the distance between the electrodes of 
the capacitor. When the thickness of the i layer is d1=400 nm and the relative dielectric 
constant (DC) of silicon is &,.,s1=12, the capacitance of the p-i-n foil is 27 nF/cm2

. The 
capacitance varies with the voltage over the capacitor due to the fact that the depletion 
layer thickness of the i layer changes (with that also the effective thickness d;); see 
literature [24, 26, 33, 42]. Around the open circuit voltage Voc, the measured capacitance 
is in the order of 125 nF/cm2

; this is larger than calculated from equation (2.21) because 
of the decrease in depletion layer thickness. 

F01: the contactless measurement one bas to consider the charging of the capacitor 
whereas for the solar simulator the capacitor is not regarded. At the solar simulator, the 
voltage is forced by the sourcemeter. The voltage is varied from -0.5 to + 1.0 V in about 
one second. This gives a current density through the capacitor of 2·10-7 mA/cm2 

according to equation (2.20). This current density is neglected because it is much smaller 
than the photocurrent density (order 10 mA/cm2

) and is in the same order of the 
saturation current density J0 (order 1 o-8 mA/cm2

). 

Adding the capacitor current density to the solar cell equation (2.9) and setting J(V) to 
zero because no extemal current flows, gives: 

J (V)=[dC(V)V+C(V)]dV +J [ex {eV}-1]. 
ph dV dt 0 p nkT 

(2.22) 

In this equation, the capacitance C(V) is considered as voltage dependent The term 
dC(V)/dV accounts for the change in depletion layer thickness as discussed earlier. 

2.3.6 Illuminating the foil 

In the stabie situation (when the capacitor built up by the foil is charged as described in 
the previous subsection; the capacitive term is zero), the generated photocurrent flows 
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away through the diode term; the voltage V is equal to Vac· When the voltage-dependenee 
of Jph is also taken into account (equation (2.5)), Vac is given by: 

(2.23) 

Here the term "+ 1" is neglected; this is valid when Jph(Vac)>>Jo. The equation shows that 
by illuminating the foil (photocurrent density Jph) a voltage builds up over the foil to the 
open circuit voltage Vac· 
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3. Designing the contactless probe 

In this chapter, frrst two measurement methods of the contactless probe will be given. 
Next the schematic overview of the contactless probe is given. Starting from this outline 
the different parts that build up the contactless probe are discussed; the specifications for 
each component are given with these parts. Finally the measurement software will be 
discussed briefly. 

3.1 Measurement methods 

The starting-point of the measurement methods is section 2.3 and equation (2.23), where 
the principles of the contactless measurement and the equation of the contactless 
measurement have been discussed. 

3.1.1 Applying a blockwave 

For the first measurement method, a blockwave voltage is supplied to the light source. 
The response voltage over the foil (transient) is measured. In figure 3.1 the light souree 
and the response of the foil are drawn schematically. When the light souree is switched 
on, the voltage over the foil Vfo il builds up to the open circuit voltage -Vac· The minus sign 
originates from the n-i-p configuration (section 2.3.3). Equation (2.22) gives the 
electtonic equivalent of the p-i-n foil: 

J p" (V) = [dC V+ c] dV + Jo[exp{ eV} -1]. 
dV dt nkT 

(3.1) 

The voltage builds up due to the charging of the foil capacitor by the photocurrent density 
Jph (1 mA/cm2 at one-tenth of the AM1.5 intensity). The conduction of the diode term 
also increases when the voltage over the foil increases; thus at increasing voltage more of 
the photocurrent flows through the diode and less photocurrent charges the capacitor. As 
is seen from equation (3.1) one needs to know C(V), the capacitance as a function ofthe 
voltage, to obtain a JV curve. This is the main drawback of this measurement method. 
With this measurement metbod however the open circuit voltage Vac and the short circuit 
current density divided by the foil capacitance JsciC may be obtained easily as will be 
discussed next. A measurement metbod to avoid C( V) will be discussed later in this 
subsection. 
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(a) (b) 

Figure 3.1: Blockwave: a) Light supply; b) response ofthe voltage over thefoil. 

From the response of the voltage over the foil, the short circuit current density (J(V) at 
V=O V and t=O s; proportional to the slope) and the open circuit voltage (V at J(V)=O 
rnNcm2

; stabilized voltage thus dV/dt=O) are calculated (see section 2.2): 

(3.2) 

J ,,(V) = J 0 [ exp{ ::~} -1]. (3.3) 

Equation (3.3) is rewritten to get the open circuit voltage Voc as function of the 
photocurrent density Jph (equation (2.12)). Tbis gives: 

(3.4) 

As is seen in the equation above, the capacitance term C(V) is notpresent anymore at the 
open circuit voltage. No current flows through the capacitive term because dV/dt=O. Here 
all generated photocurrent flows through the diode; see figure 3.2. 

V 
Figure 3.2: Quasi-stationary situationfor contactless cel!: all photocurrent density flows 

through the diode. 
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The way to determine the voltage-dependent capacitance term C(V) is superimposing a 
sine with angular frequency OJm on the bloclewave supply to the light source. One bas to 
measure the amplitude of the response in the foil voltage and the phase between the 
response sine voltage and the applied sine voltage. When this is calculated through in 
equation (3 .1 ), the capacitance term is eliminated. The derivation is given in Appendix 
A.2.1; with this metbod the solar cell parameters n, J0, VJ.I and Vbi may be obtained. In 
section 4.1.3 we will comeback to this measurement method. 

The requirements for this measurement metbod will be touched upon briefly. A 
bloclewave with a frequency in the order of 50 Hz* is used; one should take 10,000 points 
per measurement to measure the sine signalt. To deduce the JV curve from the measured 
phase and modulation amplitude, the 10,000 points have to be processed as discussed in 
Appendix A.2.1. Because of the discussed requirements, another measurement metbod 
with less data acquisition requirements is desirable; this will be discussed in the next 
subsec ti on. 

3.1.2 Applying a sawtooth 

Suppose we are able to vary the open circuit voltage Voc continuously if we vary the light 
intensity; the photocurrent density Jph,o bas also to be known by measuring the light 
intensity. When the voltage is stabilized, the capacitive term C(V) as discussed in the 
previous subsection does not play a role anymore ( quasi-stationary situation, see figure 
3.2). This offers us a metbod to obtain the diode parameters n and J0, the built-in voltage 
vbi and the voltage vj.l of the p-i-n foil. 

The variation of the light intensity is implemented by applying a sawtooth to the light 
source; see figure 3.3. The light intensity increases exponential as function of the applied 
voltage (section 3.3). The open circuit voltage ( equation (2.12)) is proportional to the 
logarithm of the light intensity. Thus the open circuit voltage is proportional to the 
voltage applied to the light source. 

The measurement metbod requires much less data acqmsttlon and analysis than the 
measurement metbod of applying a bloclewave as discussed in the previous subsection. 
The light intensity is increased slowly (in the order of a few seconds; to let the foil 
voltage stabilize). The capacitive term as in equation (2.22) is neglectedt. The 
photocurrent is proportional to the light intensity and it also depends on the volta~e over 
the p-i-n foil, see equation (2.5). The photocurrent density is typically 1.5 mA/cm under 
the maximum illumination the setup can reach (0.1·AM1.5, see section 3.3). Equation 
(2.23) gives: 

• Empirica! value; the open circuit voltage as indicated in tigure 3.1 is stabilized in about 20 ms. 
t The measured time constant of the transient is in the order of 1 o-s s typically (the steep decrease in foil 
voltage as is seen in figure 3.3), therefore the frequency ofthe superimposed sine should beat least 100 
kHz. By Nyquist' s theorem, the sample ra te should at least be a factor 2 higher. Thus a sample ra te of 500 
kHz is sufficient. 
i When the voltage is increased from 0.0 to 0.5 V in one second, the current density due to the capacitive 
term is equal to J=C·(dV/dt)=(125 nF/cm2)·(0.5 V/s)=6·10-5 mA/cm2 (see section 2.3.5 for 125 nF/cm2

). 
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(3.5) 

Here the term "+ 1" is neglected; this is valid when Jph(Voc)>>Jo. The equation is rewritten 
to: 

1 J eVoc V~' 1 J 
n ph ,o = --+ ( - ) + n o . 

nkT Vb; Voc 
(3 .6) 

The omitted "+ 1" term causes in equation (3.6) an overestimate in lnJph,o when Jph,(JJ0. 

;.§ 

> 

t t t 

(a) (b) (c) 
Figure 3.3: Sawtooth: a) Light supply; b) light intensity; c) response ofthe voltage over 

thefoil. 

The open circuit voltage of the foil is measured as function of the photocurrent density 
Jph.o and fitted according to equation (3.6); thus the photocurrent density Jph.o needs to be 
known. How to obtain Jph.o will be discussed in section 3.4. When lnJph.o is plotted versus 
the open circuit voltage V0 c, a straight line is seen for Voc<<Vbi· From the slope the 
ideality factor n is deduced and the offset gives J0. A typical measurement is shown in 
figure 3.4. 

Because of two reasons, for fitting equation (3.6) the part where Voc<0.1 Volt is not used; 
deviation from the straight line at the part Voc<0.1 V takes place. The first cause is the 
already discussed "+ 1" term when Jph,(JJ0. The secoud cause is the capacitive term that is 
neglected, but this earlier assumed condition is not fulfilled completely. When tbe light 
intensity is small (5 to 6 decades lower than AM1.5) the photocurrent density that 
charges the capacitor is small (Jph.o is 5 to 6 decades lower). At this photocurrent density, 
the open circuit voltage Voc is in the order of 0.1 Volt; it takes Voc a while to stabilize 
(order of 1 second)*. To decrease the effect ofthe capacitance the voltage to the LED is 
not a linear increasing voltage, but the voltage is increased slower at lower light 
intensities. This is made by building up the voltage to the light souree from two parts: an 

• Equations (2.20) and (2.22); V0 c builds up at dV/dt=0.25 V/s when C=125 nF/cm2 (section 2.3.5). 
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exponential (slower increasing part) and a linear part. This will be worked outinsection 
3.7.1. 

At the part where Voc approaches Vbi, the built-in voltage causes deviation from the 
straight line when plotting lnfph,o versus Vac· This deviation is not a non-ideality, but is 
used to deduce Vbi and V11• When Vac approaches Vbi, the plot deviates from the straight 
line due to term V pi( Vbi-Vac) in equation (3 .6). A relative deviation in lnfph,o of 1% takes 
place when Vac1Vb1=0.84; when Vac1Vb1=0.98, a relative deviation of 10% is present (for 
the typical value of V11=0.05 V). At this part, V11 and Vbi are obtained. 

voc 
Figure 3.4: Typical measurement with sawtooth method: lnJph,O vs Voc; the different 

contributions to the plot are indicated. 

As discussed in this section, the method of applying a sawtooth requires less data 
acquisition and analysis than the measurement method of applying a blockwave. 
Therefore, we will focus mainly on the method of applying a sawtooth for the setup of 
the contactless probe. 

3.2 Outline contactless probe 

In figure 3.5 the schematic outline of the contactless measurement is presented; the 
outline is based on figure 2. 7. 
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3.2.1 Construction 

pr b.e----' 

~r~::::=/ ~ -
._ '--- -

light souree f --------------
photodiode 

n-i-p TCO superstrate 

Figure 3.5: Outfine ofthe contactless measurement. 

The glass probe is built in a box together with the light source, photodiode and the 
electrical circuits that are needed for reading out the signals. The box is closed by a lid. 
Pictures of the outside and inside of the box are shown in figure 3.6, whereas the 
dimensions of the box are given in figure 3.7. In figure 3.8 the mounting of the glass 
probe, light souree and photodiode is shown. The size of the glass plate is 20x30 mm2 

and it is contacted with metal pens. 

The box and lid are made up from stainless steel to shield the measurement signals and 
circuits from electromagnetic fields ; therefore the box is grounded. The glass probe and 
the electronics are mounted in the box, whereas a circuit board with the light souree 
(LEDs) and photodiode is mounted on the lid. The LEDs and its circuit board are 
wrapped with aluminum foil to shield the glass probe signal from interference of the 
LEDs when switching on or off. Four connectors are made in the box for the electronics: 
one for the power supply and three coax connections for the voltage to the LEDs and 
signals from the probe and photodiode. 
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Glass probe Power supply 
Signa! from 
photodiode 

Signa! from probe Glass probe Electronic circuits 

(a) (b) 
Figure 3.6: Outside (a) and inside (b) ofthe box ofthe contactless probe. 
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Figure 3. 7: Dimensions of the box of the contactless probe. All units are in mm. 
a) Top view; b) side view; c) front view. The thickness of the stainless steel is 2.5 mm. 
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LEDs Photodiode 

Zinc oxide front contact Lid Alnminurn foil 

(a) (b) 
Figure 3.8: a) The glass probe, mounted in the box; b) the LEDs and photodiode, 

mounted on the lid. 

3.2.2 Mounting in the roll-to-roll foil machine 

In figure 1.3 a schematic overview of the roll-to-roll machine was given. The box of the 
contactless probe is mounted above the roller where the p-i-n layers have already been 
deposited and before the foil is rolled up at the fmal roll. The distance between the glass 
probe and the foil is fixed at 0.5 mm, the active area ofthe glass probeis lOxlO rnm2 (see 
section 3.5). The rollers of the machine are grounded, so the metal foil superstrate is also 
grounded (see figures 2.9 and 3.5). The rack wherein the box is mounted is grounded too. 
Because the flat glass probe is placed above a round roller, the distance between glass 
probe and the p-i-n foil on the roller is not uniform. This gives a deviation in the 
capacitance of the gap between the probe and the foil. The capacitance is approximated 
by a first order Taylor polynomial; the denvation is given in Appendix A.2.4. The gap 
capacitance is given by: 

(3.7) 

where l is the length of the active area of the glass probe (10 mm), & is the dielectric 
constant (air or vacuum), r is the radius of the roller (200 mm) and d gap is the 
(uncorrected) distance between the probe and the foil*. Correcting for the round roller 
gives a relative decrease of 3.9% in capacitance in comparison to the uncorrected 
capacitance (equation (2.21)). 

• The point where the distance between the probe and the foil is the shortest 
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3.3 Light souree 

3.3.1 Specifications 

The light souree illuminates the p-i-n foil and causes a voltage over the foil building up to 
the open circuit voltage Voc· The most important properties of the light souree are: the 
capability to follow a voltage variation, the beam size and homogeneity, the spectrum and 
the light intensity. 

Ideally, the light souree follows the voltage applied to it exactly. Especially for the 
bloclewave method - on which we do not focus - this is important; the light souree should 
be able to follow a small sine (amplitude in the order of a few tentbs of millivolts*) with a 
frequency of 100 kHz. 

The beam size of the light souree has to be at least the size of the active area of the glass 
probe, so that all p-i-n foil that is located under the active area is illuminated. Regarding 
the speed at which the foil is moving under the probe, the illuminated area of the foil 
should be larger than the probe area to let the voltage over the foil stabilize before it is 
measured (stabilization takes place because of the capacitive term as discussed insection 
3.1 ). Ideally the beam is homogeneous. In practice, the homogeneity of the light intensity 
at the illuminated the area should be within a factor five; in that case the open circuit 
voltage varies less than 0.06 Voltt . 

The spectrum and light intensity of the light souree ideally equal AM 1.5. One should be 
able to vary the intensity of the light souree from zero to that of AM1.5. In practice, it is 
sufficient that the intensity is the highest at the wavelength where the p-i-n foil generates 
the largest photocurrent density (quantum efficiency QE is the highest). When the 
maximum of the light intensity of the light souree lies at another wavelength, less light is 
absorbed in the i layer; the open circuit voltage decreasest. 

When possible, the maximum light intensity of the light souree should be that of AM1.5 
or higher. If the light intensity is decreased by one decade, Voc decreases with 0.086 V 
(when n=l.5). As reference of the intensity and spectrum of AM1.5, the solar simulator 
lamp is used (Oriel6269 1 kW Xenon lamp) ; the spectrum ofthe solar lamp is shown in 
figure 3.9. 

• Ideally a current is supplied, but it is more practical to apply a voltage as wil! be explained later. 
t Wben n=l.5 (typical value); Vac is proportional to the logarithm ofthe photocurrent density (equation 
(2.12)). 
t The generated photocurrent density Jph.o is proportional to the QE whereas Vac-lnJph.O· 
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Figure 3.9: Spectrum of the Griellamp in the solar simulator (1 kW Xe, type 6269) [ 40]. 

3.3.2 LEDs 

For the contactless measurement, a small light souree bas to be used that fits in the box; 
LEDs are suitable because of the high intensity and high efficiency in comparison to 
other light sourees (thus little warming in comparison to the intensity). A LED also bas a 
fast response to the supplied voltage (it can follow a sine of 1 MHz). For the contactless 
measurement, four green LEDs are used as light source. For the diode characteristics of 
the LEDs the reader is referred to Appendix A.2.3 . The spectrum of the green LEDs is 
shown in figure 3 .1 0. The maximum of the spectrum is found at 544 nm (green) and the 
full width at half maximum (FWHM) of the peak is 36 nm*. The maximum of the 
quanturn efficiency QE of the p-i-n foil lies also between 500 nm and 550 nm (this bas 
been deduced from speetral response measurements of p-i-n foil samples). 

The distance between the LEDs and the glass plate is 15 mm. The LEDs are high 
intensity LEDs (maximal 13.5 candela each). The intensity of the four green LEDs is 
measured at 4.3 Voltt and equals about one-tenth ofthe intensity ofthe sun (AM1.5). The 
number of four LEDs is chosen because the LED bas a narrow beam. The distribution of 
the light intensity of a LED as function of the distance from the center of the beam is a 
Gaussian distribution. With four LEDs placed in a square, the area of 1 Ox 10 mm2 (under 
the active part of the glass probe) is illuminated more homogeneously than with only one 
LED. Conceming the green color of the LEDs, the yield of the photocurrent density is 
optimal at this wavelength; thus this difference with the solar spectrum bas no negative 
effect on the contactless measurements. 

• The FWHM is determined by both the spectrometer and the LED. 
t See the next subsection; the maximum voltage the supply can provide. 
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Figure 3.10: Spectrum ofthe green high-intensity LEDs; the intensity is given in 
arbitrary units. The detector of the Avantes NanoCalc 2000 spectrometer is placed 

outside the box at a distance of 1 cm from the glass probe. The voltage to the LEDs is set 
to 2.5 V to avoid saturation ofthe spectrometer. 

3.3.3 Electronic circuit 

As described in the specifications (section 3.3.1), one wants to supply the LEDs with a 
current. The data-acquisition systern (DAQ) that will be used (see section 3.6) can only 
supply a voltage and the current is lirnited to 2 mA [39] whereas a higher current is 
needed*. Therefore a current supply circuit is needed for the LEDs; hereto we use the 
scherne of figure 3 .11. The signal frorn the DAQ is supplied to the inverting input of the 
oparnp (#2). The oparnp sets the voltage at the non-inverting input (#3) equal to the 
inverting input (#2); the output voltage to the LEDsis equal to the voltage frorn the DAQ 
in this way. The current however is not supplied by the oparnp, but is drawn frorn the 
power souree via the transistor (BDX33 [29]) . Between the collector and eruitter a 
voltage drop of at least 0.7 Volt exists. The power supply provides a voltage of +5V, so 
the maximurn output voltage to the LEDsis 4.3 V. Since the LEDs are able to deal with a 
higher voltage, it is advisable to supply a higher voltage to the LEDs in the future to 
obtain a higher light intensity. The relation between the input voltage vi and the output 
voltage Vu is given by (units in Volts): 

V ={~-u I 

4.3 

V; ~0 

0 ~V;~ 4.3. 

V;~ 4.3 

(3.8) 

In the sarne circuit as shown in figure 3.11, a voltage stabilizer is irnplernented. This is 
carried out to avoid 50 Hz noise on the signals of the photodiode and probe. The supply 
voltage ofthe power souree (+/- 8 Volt) is stabilized to +/- 5 Volt. The stabilized voltage 

• As seen in Appendix A.2.3, for one LED a current of33 mA is neededat 4 Volt. 
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will be supplied to the contactless probe circuits (photodiode and probe circuits, see 
sections 3.4 and 3.5). 
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Figure 3.11: Combination circuit ofthe LED current supply and voltage stabilization. 

3.4 Measuring the light intensity 

To obtain the solar cell parameters of the p-i-n foil (n, J0, Vb; and V11), the photocurrent 
density Jph,o that is generated in the i layer bas to be known (see section 3.1.2). With the 
metbod that will be described in this section, the absolute value of Jph,o is not obtained; 
Jph,o is a qualitative measure ofthe light intensity. 

3.4.1 Introduetion 

The photocurrent density generated in the i layer of the p-i-n foil is proportional to the 
light intensity (section 2.1 ). To measure the light intensity, a photodiode is placed near 
the LEDs; see figure 3.8b. When the photodiode is illuminated, it generates a current that 
is proportional to the incident light intensity. 

Ideally the photodiode is placed in the beam, so that the irradiation of the photodiode is 
the same as the irradiation of the p-i-n foil. In practice the photodiode is placed as close 
as possible to the center of the beam, so that it just does not shade the foil. Ideally one 
knows the generated photocurrent density in the foil at a given light intensity. In practice, 
a reference cell is placed in the beam of the light souree at the place where the p-i-n foil 
is illuminated normally. The area of the reference cell should be equal to or smaller than 
the area of the foil that is measured, so that the cell is illuminated entirely. Because of the 
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current of the reference cell decreases with decreasing area, the area of the reference cell 
should be as close to be possible equal to the active probe area for best accuracy in 
measuring the current (largest signal). It should be placed at the position where normally 
the foil is measured. This gives a calibration for the light intensity by comparing the 
current generated in the reference cell and the photodiode current. 

The DAQ (see section 3.6) can only read out a voltage and therefore the current that is 
achieved by the photodiode has to be converted to a voltage. The light intensity is varied 
over 3 to 4 decades*; hereto the light intensity is increased exponentially. One wants to 
measure a voltage that increases linearly when the light intensity is varied; this is made to 
achieve equidistant measurement data. In the circuit for measuring the light intensity, a 
logarithmic amplifier is used to couvert the exponential increasing current to a linear 
increasing voltage. This is achieved by placing a diode in the feedback loop of the opamp 
as will be discussed in the next subsection. 

3.4.2 Electronic circuit 

For the specifications of the photodiode and the feedback loop diode that will be used in 
the electronic circuit the reader is referred to Appendix A.2.3 . 

The circuit of figure 3.12 puts the photodiode in short circuit condition. This is made to 
avoid the influence of the built-in voltage of the photodiode to the generated current in 
the photodiode ( equation (2.5) for the solar cell; this equation is also valid for the 
photodiode). Furthermore the diode term (exp{eV/nkT}-1) is zero at V=O Volt. In this 
way the current lph generated in the photodiode is proportional to the incident light 
intensity. The relation between the current through the photodiode lph and the output 
voltage of the circuit Vph is given by ( see equation (2.1) which is a lso valid for the 
feedback loop diode): 

[ (
evph J ] I ph = I o exp nkT - 1 ' (3.9) 

where 10 is the saturation current of the feedback loop diode and n is the ideality factor of 
the feedback loop diode. The output voltage Vph as function of the current through the 
photodiode lph is obtained by rewriting equation (3.9): 

nkT (]ph J vph =--ln -+1 . 
e 10 

(3 .1 0) 

Three non-idealities are present in the circuit; for details the reader is referred to 
Appendix A.2.5. These non-idealities have no significant influence on the photocurrent 
circuit voltage (equation (3.10)) and furthermore a calibration is carried out so that these 
non-idealities do not play a role anymore. 

• The open circuit voltage Vac is proportional to the logarithm ofthe photocurrent density Jph,o (equation 
(3.6)); to achieve measurement data over the whole range from zero to Vac at the maximum LED light 
intensity, the intensity is varied over 3 to 4 decades. 
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feedback loop diode 

Signal out ( Vph) 

Figure 3.12: Circuitfor measuring the current through the photodiode. 

3.4.3 Calibration 

The pbotodiade is calibrated by camparing the voltage output Vph of the circuit with the 
current density through a crystalline silicon reference photocell. The crystalline silicon 
reference cell is placed on the glass probe. A picture of the reference cell is shown in 
figure 3.13. 

(a) 
Figure 3.13: The crystalline silicon reference cel!: a) top view (coax connection); b) 

bottorn view (the c-Si cel! itself; facing the glass probe). 

For the calibration, the voltage to the LEDs is varied from 1.85 Volt to 4.3 Volt. At 1.9 
Volt, the LEDsstart illuminating. The maximum voltage the LED current supply (section 
3.3.3) can reach is 4.3 Volt. The current density through the reference cellis measured as 
function of the LED voltage with a Keithley 2400 SoureeMeter [37] under short circuit 
conditions (the voltage over the cell is zero). The voltage output of the photodiode circuit 
Vph is measured as function of the LED voltage with the HP 34401A Multimeter. From 
the results, a calibration graph is made (figure 3.14); the current density through the 
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reference cell Jrefcet is plot as function of Vph· This calibration graph will be used for 
future measurements as look-up data to find the photocurrent density J,.efcet at the 
measured photodiode voltage Vph· The deviation from a straight line as is seen in figure 
3 .14b is caused by the "+ 1" term in equation (3 .1 0). The relative deviation of J,.efcet from 
the straight line increases from 1.7% at 0.2 V up to 36% at 0.05 v*. At this part there is 
also another point of interest: a small absolute error in lph causes a large error in Vph· 

Therefore the part V<0.1 V is notaccurate and is nottaken into account for fitting. 

With the calibration, the measured voltage Vph is converted to the current density that 
would be generated in the silicon reference cell under the same illumination. 
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(b) 
Figure 3.14: Calibration graphs ofthe photodiodefor the green LEDs: 

a) output voltage photodiode circuit and current density reference cel! vs. voltage over 
the LEDs; b) current density reference cel! vs. output voltage photodiode circuit. 

• The relative deviance when taking the term"+ 1" of the feedback loop diode not taken into account is 
equal to 1/exp(e Vph/nkT) . Using the numbers in Appendix A.2.3, the deviance is 1.7% at 0.2 V, 13% at 0.1 
V and 36% at 0.05 V. 
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One would like to obtain the light intensity of the LEDs in terms of that of AM1.5. As is 
seen in the graphs of figure 3 .14, the photocurrent density generated in the silicon 
reference cell is 1.5 mA/cm2 at a supply voltage of 4.3 Volt to the LEDs. The silicon 
reference cell is also placed under the solar simulator. At AM1.5, the current density of 
the reference cellis 28 mA/cm2

, which is about 20 times higher than the current density 
of the reference cell reached at maximum illumination of the LEDs. This implies that 
with the green LEDs the maximum achievable open circuit voltage V oc is 0.1 Volt lower 
than under AM1.5 (see equation (3.4)). Because the current density of the reference cell 
is known for AM1.5, from the photodiode circuit voltage Vph the light intensity can be 
calculated in terms of the intensity of the sun (AM1.5). The absolute value of the current 
density that would be generated in the p-i-n foil Jph,o is not known, but a multiplication 
factor is present in Jph,o as will be discussed briefly. As explained in section 2.3.3, the 
light enters from the n layer side instead of the p layer side. The light that enters the n 
layer for the contactless measurement bas a 37% lower intensity than the light that enters 
the n layer for an encapsulated cell. The multiplication factor should be taken with when 
one wants to calculate Jph,O from the current density through the reference cell J,.efcel· 

3.5 Glass probe 

In this section the main part of the contactless probe will be described: the glass probe. 
With this glass probe the voltage over the p-i-n foil is measured. 

3.5.1 Specifications 

The most important properties of the glass probe are: the distance to the foil and the 
thickness of the glass probe, the gain factor related to the distance and the thickness, the 
contact strips and the parasitic capacitances. The electrodes (TCO) of the probe introduce 
also some specifications: the transparency, the resistance and the area size (including the 
active part that measures the foil). 

In section 2.3.1 the relation between the voltage over the glass probe V in and the foil 
voltage Vfoil bas been discussed. The glass probeis placed at a fixed distance from the foil 
ideally and this distance is exactly known. Ideally, this distance is chosen such that the 
capacitance of the glass probe is equal to that of the air gap between the probe and the 
foil. Wh en dgap -?co, no error caused by an error in distance between the glass probe and 
the p-i-n foil would be present. But placing the glass probe at an infinite distance would 
give no signal and noise would be collected from the environment. On the other hand, 
when the probe is placed very close to the foil (dgap-70) the ratio between Vin and Vroil is 
very sensitive to a distance variation. The ratio between Vin and Vf oil and the non-idealities 
in the gain factor will be discussed in more detail in sections 3.5.3 through 3.5.5. 

With the thickness of the glass plate of 0. 7 mm and &,.=6.2 (Schort glass AF45 [ 41 ]), the 
distance between the glass probe and the foil should be in the order of 0.1 mm. This is 
however notpractical because then possibly present wrinkles touch the probe and a small 
absolute error in the distance will give a large relative error in the distance when the 
distance is small. Therefore 0.5 mm is chosen for the distance. 
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Ideally, no extra capacitances are present besides capacitances built up by the glass probe 
and the air gap. In practice, the strips to the electrades that are present on the glass probe 
give parasitic capacitances (section 3.5.5). These strips have to conduct well (resistance 
in the order of several Ohms) and one should be able to contact the strips with metal 
pens. Therefore, the strips have to be at least 2 mm wide. They have also to be scratch
proof so they are not damaged by the pens contacting the strips. 

The glass plate bas electrades at both sides. These electrades are made up from a 
Transparent Conducting Oxide (TCO), which ideally is totally transparent and bas an 
electrical resistance of zero. Ideally, the two electrades are of the same size and face each 
other exactly. In practice, a transparency of 50%* is sufficient; the open circuit voltage 
then differs less than 0.02 V (when n=1.5; equation (2.12)). This gives no error in the 
light intensity measurement, because the light intensity is calibrated (see section 3.4.3). 
The conduction requirement is not strict for the signal layer, because the signal should be 
measured with high impedance (> 1 Tn, see next subsection). The grounded layer bas to 
conduct well (resistance lower than 1 k.Qt), because the layer has toshield the electranies 
in the box well. 

The area of the electrades is intinitely small ideally so that an infmitely small area of p-i
n foil is measured (the foil is homogeneaus for an intinitely small area). But in practice, 
the area cannot be intinitely small because the capacitances would be intinitely small and 
parasitic capacitances (e.g. that of the cable to the probe) will have a large influence on 
the measurement. This is also because one cannot measure intinitely fast. The area should 
also not be too large, because in that case inhomogeneity of the foil would play a role. An 
active signal area of 1 Ox 1 0 mm2 is a good campromise when considering the parasitic 
capacitances, the moving speed of the foil and the inhomogeneity of the foil. The 
grounded side is larger so that it shields the electranies in the box of the contactless probe 
and avoids charging of the glass. 

3.5.2 Designing the glass probe 

In this subsection, the concept of the glass probe will be given. First we will discuss the 
layout and next the capacitance will be discussed. 

A schematic drawing ofthe glass probeis shown in tigure 3.15. In tigure 3.16 the outline 
of the glass probe is given; all units are in millimeters. A picture of the probe is given in 
tigure 3.17. The glass plateis made up from SchottAF 45 glass [41] with dimensions 
20x30x0.7 mm3

. The glass plateis at both sides covered with the Transparent Conducting 
Oxide (TCO) zinc oxide of 100 nm thickness, which forms the two electrades of a 
capacitor. The thickness of 100 nm is chosen because zinc oxide is transparent (about 
80%) and the resistance is low enough ( ~ 103 0 /sq). The si de not facing the p-i-n foil is 
covered with a ZnO layer of area 20x20 mm2 and is grounded. This area is smaller than 
the total area of the glass plate, because contacts of the other side have to be bent around 

• When the transparency is higher; the light intensity requirement as discussed insection 3.3.1 is less strict. 
The transparency ofthe glass probe and the light intensity ofthe LEDs together determine the totallight 
intensity that reaches the foil. 
t In that case the response of the glass probe fast enough. The RC time is than equal to (1 03 kQ)-(27 
pF)~l0-8 s << (500 kHzY 1

; 27 pF is the capacitance ofthe glass probe (section 3.5 .2) and 500kHz is the 
sample ra te of the blockwave measurement metbod ( section 3 .1.1 ). 
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the edge to the grounded side to place a contact pen. The other side, facing the p-i-n foil, 
is covered with Znü for 10x10 mm2

• This area has to be smaller than or equal to the 
grounded side. This is because otherwise the signal area that does not face a grounded 
area has no reference. This side is the signal side, where the voltage V;n (section 2.3.1 and 
equation (2.16)) is measured with the operational amplifier circuit (see the next 
subsection). Aluminum contacts arealso sputtered to conneet the metal contact pens with 
the Znü layers; at the side facing the p-i-n foil (signal side) a strip is bent around the edge 
of the glass plate to the other side. Aluminum is chosen because of the good conduction; 
silver is less scratch-proof than aluminum and is therefore not used. Two metal pens with 
springs are placed onto the aluminum contacts on the signal side of the glass probe. For 
more details about the pens (type F310.02.S.110.L.090) the reader is referred to literature 
[34]. Thus we have seen that the probeis a glass plate with at both sides a Znü layer: one 
forms the signal side and the other forms the grounded side. 

The capacitance of the glass probes is measured; the capacitance lies between 13 and 15 
pF . From equation (2.21) 9.4 pF was expected (10x12 mm, including the aluminum pad 
at the signal si de). This difference is explained by extra parasitic capacitances, which are 
probably present on the glass probe. When the glass probe is connected to the electrical 
circuit, an additional capacitance is introduced by the conneetion coax cable. This cable 
introduces an extra capacitance of 13 pF. The capacitance stands parallel to the glass 
probe capacitance and should therefore simply be added to the glass probe capacitance; 
the total capacitance is 26 to 28 pF. 

The final concept of the glass probe, which will be used for measurements, bas in 
comparison to the concept shown in figures 3.15 and 3.16 extra sputtered aluminum on 
the grounded side around the active part (10x10 mm2

) to improve the grounding. A 
picture of this glass probe was already shown in figure 3.8a. In section 4.3.1 the 
considerations of altering the probe concepts will be discussed. During the first 
measurements, it was observed that the probe circuit voltage went to -5 V, which might 
be caused by charge building up at the not-sputtered parts ofthe glass probe. 

Znü layers 
""/::R~~~;=5~~=4-=-AJ contact 

strips 

Grouled side 

Figure 3.15: Schematic drawing of the glass probe. 
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Figure 3.16: Outfine of the probe concept. All units are in rnrn. 
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Figure 3.17: Picture ofthe glass probe, seenfrorn the grounded side. All units are in cm. 

3.5.3 Specificatiens for reading out the probe voltage 

The voltage over the probe is read out by an operational amplifier ( opamp ). The most 
important properties of the opamp are: the input impedance, the bias current and warming 
up. Furthermore are important for reading out the probe voltage: shielding of the 
measured signal and the feedback loop of the opamp and its related gain. 
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The input impedance of the opamp is ideally infinity to avoid decharging of the 
capacitance built up by the glass probe. In practice, 1 TQ is sufficient* (see Appendix 
A.2.2 for the CA3130 that will be used bere). The bias current of the opamp is ideally 
equal to zero. In practice the bias current should be as low as possible; the current 
charges the glass probe capacitor. The power dissipation of the opamp bas to be as low as 
possible to avoid warming up of the opamp. The stabilization temperature (equilibrium 
between the power dissipation and the conduction of heat away from the opamp) should 
be within the opamp's operation temperature range. This is especially important when the 
box is placed in vacuum, because no heat transport by air can take place. 

The electrollies are shielded by the box of stainless steel so that electromagnetic fields do 
not influence the measured signal. The resistances in the feedback loop of the opamp are 
chosen so that the gain factor between the voltage over the probe Vin and the voltage over 
the foil Vfait is compensated. Furthermore the output current of the opamp is limited 
(typical 10 to 20 mA); therefore the resistances in the feedback loop should be chosen 
high enough. 

3.5.4 Electrooie circuit 

The electrooie circuit of measuring with the probe is given in figure 3 .18. A coax cable is 
used to lead the voltage over the g1ass probe to the opamp to avoid noise. The circuit is a 
high-impedance (1.5 TQ typical) amplifier. The relation between the input voltage ~n 
(voltage over the probe) and the output voltage V probe ofthe probe circuit is given by: 

(3.11) 

where the ratio (R 1+R2)/(R1) is set to 11 , so that the capacitance factor of the probe 
between Viait and Vin (section 2.3.1) is compensated. The theory ofthe gain factor, which 
is the ratio between the voltage over the foil Vfa il and the output voltage V probe of the 
circuit, will be described in the next subsection. 

• The RC time of decharging the glass probe capacitor is then (27 pF)-(1 T0)=27 s; see section 3.5.2 for tbe 
probe capacitance. 
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100 kühm 

10 kühm -5 V 

Figure 3.18: Circuitfor reading out the probe signa!. 

3.5.5 Theory ofthe gain factor 

As already described insection 2.3, the contactless measurement is basedon a capacitive 
measurement. In equation (2.16), the ratio between the voltage over the foil (VJoii) and the 
voltage over the probe (V;n) is given. In tigure 3.19, a schematic overview of the 
capacitances of the glass probe is given. We have seen that the capacitances of the air gap 
C gap and the glass probe Cprobe (including the capacitance of the coax cable to the opamp; 
the opamp is considered as ideal) build up the gain factor ofthe probe. We will see that 
parasitic capacitances make that an adjustment of this formula is required. Equation 
(2.16) is bere repeated: 

c gap 
v in= v fo if • 

C gap + C probe 

(3.12) 

Besides the capacitive terms by this formula (zone I in figure 3.19; no. 1 represents Cprobe 

and no. 2 represents C gap), extra capacitive terms play a role (zone II). The extra 
capacitances are caused by the aluminum strips to the ZnO layers that are present at both 
sides of the g1ass plate. Under these strips the foil is not illuminated and the voltage over 
the foil is zero at this location. Due to this effect, two extra capacitances exist between 
ground and the voltage over the probe V;": one between the aluminum strips facing each 
other and one by the air gap below these strips. These two capacitances (no. 3 and 4 in 
figure 3.19) add up to the capacitance Cprobe· Equation (3.12) is now corrected for these 
terms: 

c gap 

V;" = c c c c v foil . 
gap + probe + 3 + 4 

(3.13) 
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Due to the two extra capacitive terms caused by shading the foil, the ratio between V in 

and Vfo il is decreased. 

Light 

DDDD 
I II I II Extra cap. tenn 

vacuum 

v foil ov 

Foil ~ j 
vfoil p ov ov 

Figure 3.19: Schematic overview ofthe capacitances ofthe probe. 

The voltage V in is converted to the voltage output of the probe circuit Vprobe by the probe 
circuit. This probe circuit voltage Vprobe will be measured with the data acquisition system 
(see section 3.6). This voltage Vprobe bas to be recalculated to the voltage over the foil 
Vfoil· The ratio between the probe circuit voltage Vp robe and the voltage over the foil Vrou is 
called the gain factor G. This gain factor G is built up from the amplification by the 
opamp feedback loop ( equation (3 .11)) and the capacitances as described above ( equation 
(3 .13)). When the opamp is considered as ideal, the gain factorGis given by: 

V p,.obe = G · V foil' (3.14) 

where G is obtained by putting the equations (3 .11) and (3 .13) together: 

(3.15) 

The resistances R1 (10 kQ) and R2 (100 kQ) are the resistances in the opamp feedback 
loop (figure 3.18). 

The gain factor however is affected by non-idealities of the opamp, but the practical 
consequences on the measurements are not investigated in detail yet. We will discuss the 
theoretica! consequences of the non-idealities on the gain factor briefly; for details the 
reader is referred to Appendix A.2.6. The electtonic scheme that accounts for the non
ideal behaviour of the opamp is shown in tigure 3.20. The input impedance Rp and the 
bias current h cause a frequency-dependent gain factor: 
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(3 .16) 

When one wants to take the frequency dependency into account, the gain factor in 
equation (3 .15) is replaced by the frequency-dependent gain factor of equation (3 .16). 
From the discussion in Appendix A.2.6 the non-idealities do not influence the gain factor 
significantly, but one should consider this in the future if adjustments are made to the 
setup. 

Figure 3.20: Shunt resistance and bias current due to the non-ideal opamp. 

3.5.6 Gain factor calibration 

At the ideal setup, the distance between the glass plate and foil is exactly known; from 
this the gain factor (ratio between Vprobe and Vfo it) is known. No parasitic capacitances due 
to the contact strips are present. However, in the real setup the distance and the 
capacitances are not exactly known. Furthermore in the roll-to-roll machine the 
contactless probe is positioned above a round roller (section 3.2.2), which affects the air 
gap capacitance C gap (equation (3.7)). The glass plate bas also to be positioned so that a 
line that is drawn from the center of the roller intersects the glass plate perpendicularly 
(no tilt of the glass probe). Because al these described deviations from the ideal setup, a 
gain calibration has to be carried out. 

To carry out the gain calibration, a voltage will be applied to a piece of metal foil that is 
placed at a distance of 0.4 mm *. The voltage over the probe Vprobe is measured as function 
of the voltage over the foil Vroil· The voltage of the foil Vfoit is set with the DAQ and one 
reads out the voltage of the probe circuit Vprobe with the multimeter. The gain factor G is 
given by the ratio between Vprobe and Vroil· The voltage ofthe foil is varied from 0 to -0.55 
Volt in steps from 0.05 Volt. The minus sign is present because of Vfo it stahilizes to -V oc; 

this is because of the contiguration of the foil ( see sections 2.3 and 3 .1.1 ). The average 
and the standard deviation of the gain factor G are calculated. After the calibration, the 
gain factor will be used for the further measurements. 

• In the roll-to-roll machine the distance is 0.5 mm (section 3.2.2). In the laboratory setup the distance is 0.4 
mm as will be discussed insection 4.2 .1. 
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For the gain calibration of the laboratory setup, a calibration probe is designed. In figure 
3.21 a picture of the calibration probe is shown. The probe consists of aluminum foil that 
is stuck onto a piece of cardboard. A piece of aluminum of area of 1 Ox 10 mm2* is 
connected toa voltage supply; this piece of aluminum is fluther indicated as "signal foil". 
The surrounding aluminum foil is grounded. This setup simulates the p-i-n foil under the 
contactless probe as will be discussed briefly. Normally, the p-i-n foil is illuminated for 
10x10 mm2

. The surrounding foil is not illuminated and therefore no voltage is present 
over the foil at this position. With the gain calibration probe, the signal foil is set onto a 
voltage and the output voltage of the probe circuit is measured. Ideally, the voltage Vprobe 

would be zero if no voltage were applied to the calibration probe. In the real setup, an 
offset voltage is present at the voltage Vprobe caused by the non-ideality of the opamp. 
Therefore the signal foil voltage is frrst set to zero Volt for the gain calibrationt. Next the 
voltage is set to the voltage at which one wants to obtain the calibration factor. The 
difference in output voltage of the probe circuit at these two voltages is taken for the Vroil 

in equation (3.14) to calculate the gain factor G. The gain calibration graphs are shown in 
figure 3 .22. The gain factor obtained by this calibration is equal to 10 .4±0 .1, whereas a 
gain factor in the order of 1 was expected (section 3.5.4). The obtained gain factor of 10.4 
is not related to the feedback resistances (R1+R2)/R1 (previous section). The reason of the 
difference between 10.4 and 1 is unknown; maybe it can be ascribed to problems with the 
opamp (section 4.3). 

Conneetion cable 

Figure 3.21: Gain eaUbration probe; sidefacing the glass probe. 

• Equal to the area ofthe active ZnO layer ofthe glass probe, see section 3.5. 
t The floating offset problem is also present at measurements as wil! be mentioned in section 4.2. 
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Figure 3.22: Gain calibration graphs. 

a) Raw data: voltage of probe circuit when zero voltage and a voltage is applied to the 
signalfoil; b) Vprobe versus Vroil· The slope (10.4±0.1) is the gainfactor G. 

3.6 Measurement acguisition hardware 

3.6.1 Specifications 

The data acquisition system has to provide a current to the light souree and has to read 
out the photodiode current and probe voltage. The most important specifications for the 
data acquisition system are: providing of voltages and reading out ofvoltages at the same 
time, sample rate and resolution. 

The providing of voltages and reading out of voltages have to be performed exact at the 
same time, or at least within the time between two measurement points. The sample rate 
of the system has to be as high as possible, so the light intensity variation can take place 
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as fast as possible. For the sawtooth method, the light will be varied over the complete 
range in the order of several seconds. Taking 1000 points is sufficien( so a sample rate 
of 1000 Hz satisfies for the method of applying a sawtooth. 

The light intensity is varied by varying the voltage to the LEDs. The resolution of the 
current supply to the LED has to be high enough so that on a logarithmic scale 1000 
points (see before) for the current can be supplied. Insteadof a current, a voltage will be 
supplied to the LEDs. This is made by a digital-analog converter (DAC). A 12 bit DAC is 
sufficient. 

3.6.2 Outline ofthe hardware 

The schematic overview of the total setup of the contactless measurement setup is given 
in figure 3.23. 

The LED supply (section 3.3.3) is connected to the National Instruments (NI) DAQ (Data 
AcQuisition) BNC-2090. This DAQ is connected toa PC card, the AT-MI0-16E-10 (also 
from NI). For the LED supply, one of the 12-bit output ports is used. The output ports 
have two selectable ranges: 0 to + 10 V and - 10 to + 10 V. The current that an output port 
can provide is 2 mA. For this reason, the current supply for the LEDs as described in 
section 3.3 is needed. For further details, the reader is referred to literature [39]. A 
LeCroy 9450 dual 350 MHz Oscilloscope [38] is used to measure the photodiode voltage 
Vph and the probe voltage Vprobe from the contactless probe (see sections 3.4.2 and 3.5.4). 
The oscilloscope has besides two input channels an extemal triggering port. The trigger 
output of the DAQ is connected to the extemal trigger input port of the oscilloscope. This 
is made to synchronize the measuring signal with the LED supply. The oscilloscope is set 
to remote control by an RS-232 serial conneetion to the PC. Through this conneetion the 
settings are sent to the scope and the scope is read out. The DAQ and scope are used to 
provide the LED supply and read out the measurement signals respectively; a PC is used 
to control these devices. The PC used hereis a Pentium 200 MHz with NI LabView 6.0. 

It is preferabie to have the possibility to perform measurements without the PC. The main 
reason is to perform test procedures for which it takes more time to alter the Lab View 
program than to perform measurements without the software. Measurements without the 
PC have also been carried out when the software was still under construction. N ew 
measurement methods are tested. When they are effective, they will be implemented in 
the software. For this purpose, the HP 33120 A 15 MHz function I arbitrary waveform 
generator is used instead of the DAQ. This generator performs blockwaves and 
sawtooths. With the measurement method of applying a blockwave that was described in 
section 3 .1 .1, a second function generator is used to superimpose a sine on the 
blockwave. In that case the two function generators are set parallel to each other. More 
details about the measurements without PC are discussed insection 3.7. 

• Value chosen with regarding the fitting procedure and the measuring noise. 
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Figure 3.23: Schematic overview ofthe contactless measurement setup. 

In this subsection the data acqms1t10n hardware for the contactless probe has been 
described. The experimental lab setup, which is built up from the hardware parts 
described in this subsection, is shown in figure 3.24. 

(a) 
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(b) 
Figure 3.24: The lab setup ofthe contactless probe. 

3. 7 Measurement software 

3. 7.1 Measuring 

The program ScopeExplorer from LeCroy is used to read out traces from the scope. This 
program bas been used before the Lab View software was finished. ScopeExplorer saves 
the trace data to disk and these files are read in by Microsoft Excel. The function 
generator is used to provide a voltage to the LED supply. This metbod is used with the 
measurements with applying a blockwave as is described insection 3.1.1. 

For automatic acquisition and fitting, a new program is developed in NI LabView 6.0. 
The program makes use of the measurement metbod of varying the light intensity by 
applying a sawtooth (section 3.1 .2). A screenshot of the measurement program is given in 
figure 3.25. The program provides a varying supply voltage to the LEDs and measures 
the photodiode and probe voltage. In panel 1 the settings are set. The voltage to the LEDs 
is built up from an exponential and a linear function of time and is given by *: 

( ) 
exp(t / r)-1 

Vtrans - V start • (t I ) _ 1 + V start 

V ( ) 
exp trans T 

LED{=( ) t-T 
V end - Vtrans · T _ t + V end 

trans 

(3.17) 

The nomendature of the LED voltage parameters is given in table 3.1. Furthermore the 
pause between two measurements is set. This time is the time between the displaying of 
the fit results and the start of the new measurement. Panel 2 gives the status and bere the 
measurement can be started or stopped. Panel 3 gives the fit results. Panel 4 are the 

• See section 3.1.2 (sawtooth method): one wants to increase the light intensity exponentially (thus increase 
the voltage linearly). But when the light intensity is low the capacitance ofthe foil plays a role; here the 
light intensity should be increased slower to let the voltage stabilize. 

50 



graphs of the raw Vph and Vprobe (in the panel called "V _ph_raw" and "V _oc_raw" 
respectively). In panel 5 the converted values (current through the reference celland Voc) 
are shown. The graphs ofno. 6 and 7 are graphs that log the fit results. For measuring, the 
user can select offline or online measuring. At offline measuring, the program takes one 
measurement. At online measuring, the program takes several measurements. The user 
can set the number of measurements or the time to measure, or Iets the program measure 
until the stop button is pressed. For each measurement, the program provides the voltage 
to the LED supply and reads out the scope: the pbotodiade voltage Vph and the probe 
voltage Vprobe· The scope is set to "continuous averaging" which means that the new 
measurement is averaged with the previous measurements at ratio 1:3*. The raw values 
will be converted to the current by the light calibration data (see section 3.4.3) and the 
open circuit voltage Voc· 

Show IMt x heus 
(0 ~ show al data) 

0 

LED Coltwolion fle path (.cal) 

" -I stAfiT (F11J r. ~f 
Uuscrine 
:status offhl i::--;---F-;~-

Figure 3.25: Screenshot ofthe contactless measurement program. 

Table 3.1: Nomendature of the LED voltage parameters. 
Vstart (V) LED start voltage 
Vend (V) LED end voltage 
Vtrans (V) Voltage where exponential switches over to linear 
ttrans (s) Time where exponential switches over to linear 
r(s) Time constant of the exponential 
T(s) Time of the whole LED supply curve _(measurement speed) 
Tpause (s) Pause between displaying the fits and performing a new measurement 

• avg[i]=0.25·(3 ·avg[i-l]+measdata[i]), where avg[i] is the average after measurement i and measdata[i] is 
measured data ofmeasurement i . 
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3.7.2 Analysis and fitting 

As already mentioned, graph 5 in figure 3.25 displays the converted Voc and Jph,O· The 
conversion from Vprobe to V oc takes place in several steps. First Vprobe is divided by the 
gain factor -G (equation (3.15) and sections 3.5.5 and 3.5.6). The minus sign originates 
from Vfoil = -V0 c (section 2.3.3; n-i-p insteadof p-i-n configuration). The signal is offset 
corrected* by finding the minimum in the voltage Vprobe and subtracting this value from 
the voltage Vprobe· The so obtained time-voltage data is averaged by the software over 5 
points to average out noiset . For the conversion from the photodiode voltage Vph to the 
photocurrent density Jph,o in the silicon reference cell, the photodiode calibration data is 
used as look-up table for the photodiode circuit voltage Vph (section 3.4.3). First the 
voltage Vph is averaged over 5 points, like Vac· Via Lagrange interpolation [14] the 
corresponding Jph,o is found for each Vph· From this, the data set time-Jph,o is obtained. 
This data set is merged with the time-Voc data set; from this Jph,o is plotled versus Voc· The 
ideality factor n, the diode saturation current density J0, the built-in voltage Vbi and the 
voltage V,u are fitted from this plot by the LabView program according to equation (3.6). 
In these fits the temperature is taken as T=293 K; the terme/kT therefore equals 40 v·1

. 

The fit results are plotted in the logging plot (graphs 6 and 7 in figure 3.25). From these 
logging graphs of the solar cell characterization parameters, the process in the roll-to-roll 
machine should be monitored in the future . 

• This offset originates from the non-ideality ofthe opamp; when the foil voltage Vfoil is zero an offset is 
present on the probe voltage Vprobe· This offset bas to be subtracted from Vprobe· The problem ofthe offset 
was also present for the gain calibration as shown in figure 3.22. 
t Chosen value; has nothing to do with the averaging on the scope at 1:3 as discussed earlier. 
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4. Results 

In this chapter, we will go into detail about measuring with the contactless probe. Some 
results will be shown of measuring with the blockwave metbod and measuring with the 
sawtooth method. The measurements are not perfect yet, but it will be shown that the 
principle of the measurements is working. Issues about the reproducibility and stability 
are still remaining, but the possible causes are addressed and an impravement of the setup 
is discussed briefly. Finally a review of the possibilities and limitations of the contactless 
measurement is given. 

4.1 Applying a blockwave 

Although we are focusing on the metbod of applying a sawtooth (section 3.1.2), in this 
section we will show some measurements with the metbod of applying a blockwave 
(section 3.1.1). The response ofthe foil to the blockwave on the LEDs will be shown and 
two examples of superimposing a sine signal on the blockwave (to get rid of the 
capacitance term of the foil and deduce the solar cell parameters) will be shown. The 
main reason why we do not focus on the blockwave metbod is the data acquisition; the 
blockwave metbod requires more data acquisition * than the sawtooth method. 

In the fiTst sec ti on the measurement metbod will be discussed briefly. The second 
subsection deals with the metbod without superimposing a sine on the blockwave. In the 
third subsection, a sine is superimposed on the blockwave. 

4.1.1 Measurement metbod 

The measurements with applying a blockwave are carried out with a white LED instead 
ofthe green LEDs that were described insection 3.3t . The foil sample "pin-10" from the 
PECVD roll-to-roll machine is measured; the measurements are carried out with the 
LeCroy oscilloscope. A PC reads out the signals from the scope for analyses afterwards. 
Two HP function generators in parallel to each other provide the voltage to the LED. One 
function generator will be used for applying the blockwave, whereas the other one will be 
used for superimposing a sine when desired. For both the measurements without and with 
superimposed sine, one wants to have the same circuitt. Hereto the two function 
generators are switched on both, even for the measurement metbod without 
superimposing a sine. For that measurement metbod a small sine (that can be neglected in 
the response) will be superposed as will be discussed in the next subsection. 

• The measurements will be automated; a data acquisition part is needed to analyze the data with a PC (see 
section 3.6 and 3.7). 
t The white LED was used before the sawtooth metbod was introduced. The main reason to use green 
LEDs later was the higher intensity. The white LED has a larger angle of illumination than the green LED; 
a white LED illuminates more than lûxlû mm2 (the area ofthe active part ofthe probe; section 3.5). 
t When the function generators are connected in parallel, the signa! amplitude drops. There is also a 
difference when only one of them is switched on; in that case an additional amplitude drop occurs. To be 
able to compare the measurements without and with superimposed sine, the circuit has to be kept equal. 
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With the setup several rneasurernents are carried out. Gain and light calibrations are not 
carried out; therefore the rneasurernents that are shown are qualitative rneasurernents. The 
settings of the rneasurernents are given with the graphs that are shown for each 
rneasurernent. 

4.1.2 Measurernent without superirnposed sine 

We will discuss a rneasurernent of a foil sample with the metbod of applying a blockwave 
without superirnposed sine. We will show that the foil voltage responds to the light 
intensity. The open circuit voltage Voc and the short current density J sc are not calculated, 
because the rneasurernents are qualitative and because ofthe unknown C(V) (capacitance 
ofthe foil, see equation (3.2)). 

In figure 4.1, a rneasurernent "without" a superirnposed sine is given; that rneans a small 
sine will be superirnposed, which will be neglected in the response. As discussed in the 
previous section, the function generators have to be switched on both. One supplies a 
blockwave (60 Hz), whereas the other one supplies a srnall sine (1 MHz). Only one 
period of the sine is added at the start of the blockwave (when the blockwave signal 
switches frorn - 3 to +3 V). This srnall sine (Vpp = 50 rnV in cornparison to the blockwave 
of VPP = 6 V) is neglected in the response analysis*. The duty cycle of the blockwave is 
set to 25%; this rneans the level of the blockwave is 25% of the time high ( + 3 V) and 
75% of the time low ( -3 V). The percentage of 25% is chosen because of the stabilization 
of the voltage over the foil Vfoit to zero takes in dark more time than in light. Furthermore 
one sees in the graph that the charging curve (when the LED is switched on) is steeper 
than the decharging curve; stabilization to zero Volts takes more time than stabilization to 
Voc· This is caused by the diode term, which is exponential to the voltage over the foil 
(see section 3.1.1 and equation (3.1)). In figure 4.1 also sorne distortion ofthe response 
curve is seen; this is caused by the oscilloscope t . The results show that a probe response 
(difference between minimum and maximurn value) of 0.02 V is seen when the 
blockwave is supplied to the LED. 

• According to equation (3.4), the superimposed sine bas an influence ofO.Ol V on Voc· 
t It is seen that when the LED is switched on first tbe signa! increases and next the signa! decreases slightly 
before the LED is switched off again. For the blockwave metbod another (preliminary) circuit was used 
than for the sawtooth (section 3.5.4). The preliminary circuit causes a large offset(~ +8 V). To deal with 
tbis, AC coupling is used on the oscilloscope. The AC coupling causes distortion ofthe response. lt also 
makes that the average ofthe response signa! lies at zero Volts. 
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Figure 4.I: Measurement of "pin-I 0 "; minus sign corrected (because of n-i-p 
configuration). Settings function generator: bloclewave Vpp=6 V, 60Hz, 25% duty cycle; 
superimposed sine Vpp= 5 0 m V, I MHz, I period,· # averages I 000. Due to the AC mode, 

the average of the measured signa! lies around 0 V. 

4.1.3 Measurement with superimposed sine 

In figure 4.2 a measurement of the sample "pin-I 0" with superimposed sine is shown; the 
superimposed sine is synchronized with the blockwave. The sine is only superimposed 
when the level ofthe blockwave is +3 Volt (thus only when the LED is switched on). The 
amplitude of the sine is set to Vpp= 5 V, but as is seen in figure 4.2 the output is smaller 
(Vpp~2 V). The amplitude of the sine is large and should be smaller so that the sine does 
not disturb the response to the blockwave (see section 3.1.1). However, the large 
amplitude is chosen bere to obtain a large, well detectable sine response. 
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Figure 4.2: Measurement of "pin-I 0 "; notminus sign correct ed. Settings function 
generator: bloclewave Vpp=6 V, 500Hz, 50% duty cycle; superimposed sine Vpp=5 V, IOO 

kHz;# averages 5028. 
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Next, in tigure 4.3a a measurement of "pin-10" with a smaller superimposed sine is 
shown. The analysis (figures 4.3b and 4.3c) is carried out on the frrst part of the graph; 
one wants to obtain the amplitude and the phase of the response to the sine 
superimposition as described in section 3.1.1. First the response signal of the foil caused 
by the LED is smoothed over one period of the superimposed sine; this is carried out to 
obtain the response signal without the sine superimposition. The smoothed curve is 
subtracted from the measured signal to isolate the sine response of the sample; next this 
sine response is analyzed in tigure 4.3c. To obtain the amplitude of the sine, the absolute 
signal of the sine response is smoothed over one period*. This gives a flat line: the 
modulation amplitude Am(t) as is discussed in Appendix A.2.1. In tigure 4.3c the 
amplitude Am is around 0.0003 V and decreases with time. The phase shift is obtained by 
finding the maximums and minimums of the sine signal in the response ( see Appendix 
A.2.1 for details). When the measurements are absolute measurements, the solar cell 
parameters n, J0, Vbi and Vp may be fitted from the amplitude and phase shift (Appendix 
A.2.1). 

The steep increase at the beginning of the response signal ( tigure 4.1) requires a sine 
modulation with a frequency of around 100 kHz (section 3.1.2) and a sample rate of 
about 1 MHzt. The response signal bas to be analyzed to obtain the amplitude and phase 
of the response to the sine modulation. From this analysis the solar cell parameters may 
be fitted, but this requires a lot of calculation (Appendix A.2.1 ). Furthermore the diode 
term causes a steep response curve when the LED is switched on and gives rise to a long 
stabilization time (in the order of a factor 10 higher; see tigure 4.1) when the LED is 
switched off. Because of these reasous the sawtooth metbod will be used; with that 
metbod the solar cell parameters are obtained more easily. 
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• Smoothed value =.fi. ·avg(abs(signal)); where the average is taken over one period. 
t On the steep part of the curve, one wants to have several periods of the sine to be able to deduce enough 
points for fitting the solar cell parameters; see section 3.1.1 and Appendix A.2.1 . 
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Figure 4.3: Measurement of "pin-JO". Settingsfunction generator: blockwave Vpp=6 V, 
60Hz, 2 5% duty cycle; superimposed sine Vpp= 1 V, 100kHz; # averages 1000. 

a) Probe signa/; b) zoom-in: measured probe signa/, the smoothed probe signa/ and the 
difference to isolate the sine response; c) the sine signa/ and the smoothed absolute 

signa/ to obtain Am(t). 

4.2 Applying a sawtooth 

In tbis section we will discuss sorne rneasurernents witb tbe metbod of applying a 
sawtootb. The ideal sawtootb measurernent bas already been sbown in section 3.1.2 
(figure 3.4). Tbe gain calibration tbat was discussed insection 3.5.6 is not valid for tbe 
measurements that will be discussed in this section, because tbe setup bas been altered in 
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the rnean time (adjustrnents on the glass probe and the spacers between foil and probe). It 
was not possible to carry out a gain calibration out again (because of the charging of the 
glass probe capacitor by the bias current of the oparnp, this will be discussed in section 
4.3). Therefore the rneasurernents are qualitative rneasurernents; for the gain factor the 
value 1 is taken (see section 3.5.5). 

Measuring is difficult because the offset on the probe signal is floating. Furtherrnore the 
signal sametirnes goes irnrnediately to - 5 V, sametirnes it takes about 30 seconds before 
the signal reaches - 5 V. After taking the foil sample of the probe and placing it back, 
pressing the sample or rnoving the spaeer between foil and probe slightly it is possible to 
rneasure, however with a slightly floating offset (as we have already seen in figure 3.22). 
The possible causes are addressed in section 4.3 whereas the influence of the spaeer on 
this problern is discussed in detail in Appendix A.3.3. It is expected that after sorne 
irnprovernents, the contactless probe can be placed in the roll-to-roll machine to perforrn 
logging experirnents. 

First sorne rneasurernents are carried out to test the reproducibility of the sawtooth 
rneasurement, which is influenced by the issues described in the previous paragraph. Next 
the stability is tested and fmally one rneasurement is worked out. With this rneasurements 
n and J0 are rneasured qualitatively, but J0 is fluctuating arnong different measurernents 
and is left aside. Typical values for n and J0 obtained forrn the solar simulator are n= 1.5 
to 2 and J0=5·10-8 rnA/crn2

. To obtain V11 and Vbi, a brighter light souree is neededas will 
also be discussed. 

4.2.1 Reproducibilitv 

The distance between foil and probe influences the gain factor of the setup as described 
in section 3.5.5 and equation (3.15). The difference in distance thus also influences the 
reproducibility in the rneasurernents of the voltage over the foil Vfoil· When the 
contactless probe is placed in the roll-to-roll machine the distance between the glass 
probe and the p-i-n foil is defined well. In the laboratory setup, the probe is placed above 
the foil with a spacer. Black paper will be used as spaeer because of its stiffness and its 
thickness of 0.4 rnm*. To irnprove the reproducibility, the foil will be stuck onto an 
alurninum plate as will be discussed later in this subsection. 

To get insight into the reproducibility of the contactless measurements, the p-i-n foil 
sample "pin21-1" is rneasured. The settings are given in table 4.1. Three series of 20 
rneasurernents each are carried out; between each series the sample is put under the 
contactless probe again. Before these rneasurernents, a light calibration was carried out as 
described in section 3.4.3. The averages of the three rneasurernent series are given in 
table 4.2 whereas an example of the first series of the three rneasured series is shown in 
figure 4.4. As is seen from the table, the error in n is srnall within one series (relative 
error at most 2%). It is seen in figure 4.4 however that n is floating slightly; this is 
attributed to the floating offset and to the thickness instability caused by the elasticity of 
the spacer. The reproducibility of n across the series is however worse than within one 

• In the roll-to-roll machine the distance is 0.5 mm (section 3.2.2). To get insight into the thickness 
reproducibility of the spacers (metal plate or piece of paper), a capacitance measurement is carried out. 
Details about the measurements and the results are given in appendix A.3 .2. According to the results 
(stiffness and thickness), black paper wil! be used as spaeer in the laboratory setup. 
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series; the relative difference is max. 23% (1.06 in comparison to 0.86). J0 is fitted well 
by the software, but J0 is left aside because something went wrong with measuring this 
parameter: a large relative error exists when the 20 values of one series are averaged. Jo is 
also affected by the light calibration * and by the fluctuating offset of the probe signal. 

Table 4.1t : LED supp ly settings for me a suring ''pin-21_1 ". 

Vstart 2.0V 
V end 4.3 V 
Vtrans 3.0 V 
ft rans 1.6s 
r 0.3 s 
T 2.0 s 
Tpause 5.0 s 

Table 4.2: Averaf?e results ofthe three measurement series of "pin-21 1 ". 
Measurement series no. n (-) Jo (mA/cm:.z) 

1 1.01 ± 0.02 (9 ± 3)·10-1S 
2 0.86 ± 0.02 (7 ± 1)·10·1S 

3 1.06 ± 0.01 (3.0 ± 0.4) ·1 o·f 
Total 1.0 ± 0.1 (1.5 ± 1.2)-10"7 
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Figure 4.4: The fitted n and Jo of series no. 1 of ''pin-21_1 ". 

We will test the influence on the reproducibility of sticking the foil onto an aluminum 
plate; this makes that the foil is flatter and the distance between the foil and probe is 
defined better. Hereto we first perform some measurements of "pin-14" without sticking 

• The absolute value of the photocurrent density Jph.o in the i layer bas to be known; see section 3 .4.3. 
t See section 3.7.1 and table 3.1 for more details about the LED supply and the nomenclature. 
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the foil and next we perform some measurements of the same sample after sticking the 
foil onto an aluminum plate, see figure 4.5. The results withoutand with sticking will be 
compared toeach other. For measuring, the foil is placed above the probe with a piece of 
black paper with an aperture of 13x13 mm placed between the foil and probe. A weight 
of 434 grams is placed above the foil to press the foil to the probe. The settings are the 
same as for the sample "pin-21_ 1" (table 4.1). For each series five measurements are 
taken. 

For series 1-3, the foil is not stuck onto the aluminum plate yet. For series 4-8, the foil is 
stuck onto the plate. For series 1-5, the foil is removed from the probe and placed back 
again each time. For series 6 and 7, the sample is not removed from the probe. For series 
8, only the weight pressing the sample to the probeis removed and placed back again. In 
table 4.3, the results are shown. As is seen from the results, the standard deviation in n 
and J0 is smaller when the foil is stuck onto the aluminum plate (series 4-8 in comparison 
with 1-3); within one series the reproducibility is good (relative error <1 %). Sticking onto 
an aluminum plate is not sufficient to get rid of the spreading across the different series. 
A large difference in n is seen between series 5 and 6. This was caused with removing the 
sample after measuring series 5: the spaeer (black paper) was pulled off too by the tape 
between the sample and the aluminum plate. 

Figure 4.5: Foil sample ''pin-14'' stuck onto an aluminum plate. Units are in cm. 

Table 4.3: A n-14 ". verage results of the eight measurement series of ''pi 
Series# n (-) Jo (mA/cm2

) 

1 0.59 ± 0.02 (8 ± 2)·10-IS 
2 0.58 ± 0.04 (3 ± 3)-10-IS 
3 0.54 ± 0.02 (0.9 ± 0.4)·10-IS 

Total 1-3 0.57 ± 0.03 (3.9 ± 3.6)-10-S 
4 0.684 ± 0.007 (2.5 ± 0.6)-1 o-s 
5 1.06 ± 0.01 (2.0 ± 0.2)-10- / 
6 0.870 ± 0.006 (5.0 ± 0.6)-10-IS 
7 0.865 ± 0.005 (7 ± 3)·10-s 
8 0.925 ± 0.009 (8.9 ± 0.3)·10-S 
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We have seen that the reproducibility of the contactless measurements within one series 
becomes better when the foil sample is stuck onto an aluminum plate; the spreading in 
the ideality factor n becomes smaller within one series. However the reproducibility 
across the series does not improve in comparison to measurements of "pin-21_ 1" as 
discussed before (table 4.2); this is ascribed to the variation in thickness of the black 
paper, which functions as spaeer between the glass probe and the foil. 

The distance between sample and probe has to be kept more constant to improve the 
reproducibility, even within one measurement series. When the setup is placed in the roll
to-roll machine, the distance is fixed and the reproducibility caused by the variation in 
distance will not be an issue anymore. 

4.2.2 Stabilitv 

The sample that is measured to test the stability of the contactless measurement is the p-i
n foil sample "pin-14". The sample is not moved; the sample is measured for nearly one
and-a-half hour. The sample is stuck onto an aluminum plate, as already shown in figure 
4.5 . The plate with sample is placed above the probe and a weight of 230 grams is placed 
on the plate. The measurement settings are given in table 4.4. The increasing of the LED 
intensity of this measurement is a factor three slower than of the measurements in the 
previous subsection (table 4.1). This is made so that the sample can follow the LED 
intensity variation also for lower intensities *. The results of measuring "pin-14" are 
shown in figure 4.6; a light intensity calibration was carried out as described in section 
3.4.3. In 85 minutes 120 measurements are performed; the sample is not moved in the 
meantime. As is seen from the graph of figure 4.6 the ideality factor n drops from 4.28 to 
3.71, at measurement no. 110 nis even equal to 3.48. As is seen from equation (3.6), the 
decrease in n means that the calculated V ac was smaller; the measured Vprobe thus 
decreased. An increase in the distance between the foil sample and the glass probe may 
explain the decreasing Vprobe ( equations (2.16) and (3 .14)). Another cause is the 
temperature T, but the temperature has only a small influence on n ( about 5% at 10 
degrees Celsius difference around room temperature ). When the light intensity of the 
LEDs decreases because of warming up of the LEDs, this introduces a negative offset in 
ln/0. As is seen in figure 4.6 the saturation current density J0 also decreases and the 
"form" of decreaseis related to the decreasein n. The saturation current density J0 is also 
influenced by the multiplication factor in the photocurrent density Jph,o as already 
discussed in section 3.1.2. In figure 4.6, some peaks are also present (e.g. around 
measurement number 50). These peaks are caused by wrong measurements because the 
signal was out of range of the scope; the offset of the scope was adjusted. A wrong 
measurement is taken also with in the averaging ofthe signalt. 

• For low intensities (when Voc<0.1) the capacitive term plays a role; the lower the intensity the longer the 
stabilization to Voc (section 3.1.2). 
t See section 3.7.1: the signa! is measured by continuous averaging. A wrong measurement is taken with in 
this average. 
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Figure 4. 6: Stability measurement of "pin-14 ". All measurements tagether took 85 
minutes. 

4.2.3 Measurement of a foil sample 

Notwithstanding the issues of reproducibility and stability, a separate measurement can 
be carried out to show that the measurement method is werking. In this subsectien a 
measurement of the foil sample "pin-21_1" will be shown; the measurement is light 
calibrated (section 3.4.3). We will show the qualitative, fitted parameters n and J0 for the 
measurement; Vb; and V" are not obtained. 

The LED supply settings of one measurement of the sample "pin-21_ 1" are the same as 
in table 4.1 whereas the LED supply curve is shown in figure 4.7. In figure 4.8a the raw 
measured data is given: the photodiode circuit voltage Vph and the probe circuit voltage 
Vprobe· The raw data is converted to the current density that would flow through the 
reference cell Jrefcel and the open circuit voltage Vac (see sectien 3.7.2); this is shown in 
figure 4.8b. The data is fitted according to equation (3.6); the fitted diode parameters 
(straight line) are n=I.O ± 0.1 and Jo=l.O·I0-7 mNcm2*. The parameters Vb; and V" 

• Error inJ0: lnJ0 is fitted and equal to -16.11±1.53; this implies thatJ0 lies in the range 2.2·10-8 - 4.7·10-7 

mA/cm2
• 
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however are not fitted because of the deviation from the linear relation (the part where 
the diode parameters are fitted) is not large enough at the right end of the graph; a higher 
light intensity should be used to be able to obtain Vbi and V,u. 

The measurement method of applying a sawtooth seems to work; some issues are still 
remaining. The reproducibility and stability are expected to improve when the setup is 
placed in the roll-to-roll machine because ofthe well-defined distance there. The problem 
of the fluctuating offset and that the probe signal goes to - 5V will be discussed in the 
next section. 
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Figure 4. 7: LED supply graph for measuring "pin-21_1 ". 
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Figure 4. 8: An example of measuring ''pin-21_1 ": a) raw measured photodiode and foil 

circuit voltages; b) corrected and calibrated graph; fits are indicated. 
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4.3 Discussion 

Some remaining issues are present for measuring with the contactless probe, which are 
probably connected to each other. The offset of the probe signal is fluctuating and the 
output signal from the probe circuit (section 3.5.4) tends to - 5 V, which is equal to the 
negative supply voltage of the probe circuit (out-of-range problem). This problem makes 
measuring with the contactless probe hard because one was not able to perform a gain 
calibration and the fluctuating offset was one of the causes of the bad reproducibility. 
One of the possible causes of the problem is charge building up at the not-sputtered part 
of the glass probe. Therefore the concept of the glass probe (section 3.5.2) was altered, 
but this did not solve the problem. 

Hypotheses for the reproducibility and stability issues and recommendations related to 
charge building up are described in the first en second subsection respectively. The other 
cause, which may be the main cause, is the bias current of the opamp that charges the 
glass probe capacitor. An experiment to verify this hypothesis will be discussed in the 
third subsection. 

The mentioned issueshowever have recently been solved by implementation of an opamp 
with a lower bias current; this will be discussed in the last subsection. 

4.3 .1 Hypotheses for reproducibility and stability issues 

Four hypotheses for the fluctuating of the offset and the out-of-range problem ( -5 V) are 
given. Charging of the glass plate (where no ZnO layer or Al contact strips are sputtered; 
see section 3.5.2) can be the cause of the out-of-range problem*. Another place where 
charging can take place is the block of Plexiglas wherein the contact pens are mounted. 
The p-i-n foil that is not illuminated does not conduct well (the diode does not conduct, 
see equation (2.22)) and therefore charging ofthe foil can take place. A last hypothesis is 
the non-ideality of the opamp, see section 3.5.5. Due to the bias current through the 
opamp, charging of the glass probe capacitor takes place. 

Charging ofthe not-sputtered parts ofthe glass probe may be reduced by placing a spaeer 
on the not-sputtered part (e.g. paper or Teflon). The spaeer also influences the signal of 
the glass probet . The spaeer (paper) must have an aperture equal to or slightly larger than 
the signal ZnO layer of the glass probe (IOxlO mm2)t; the surrounding part of the glass 
probe (not-sputtered part) bas to be covered totally with paper. The hypothesis is that the 
paper removes charge that builds up at the not-sputtered parts of the glass probe. 

Some observations support the hypotheses of charge building up. The concept of the 
glass probe as described insection 3.5.2 was altered; not-sputtered parts ofthe glass plate 

• A voltage of -0.45 V (including gain) equals a charge density on the active part ofthe glass probe of er= 
eV/d - -3 ·10·8 C/m2

. Th is equals 2·1 011 electrons/m2
; this is an amount that can be supplied by e.g. air. 

t In Appendix A.3 .3 the effects ofthe spaeer and the size ofthe aperture area of the spaeer on the signa! of 
the probe are investigated in detail; only paper does work. 
t lt is not allowed to touch the ZnO layer at the signa! si de of the glass probe, because then the signa! stays 
at zero Volts. 
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were sputtered with aluminum to decrease charge building up. This new concept however 
did not solve the out-of-range problem ( -5 V). At this concept, a small strip on the signal 
si de of the glass plate is not sputtered with aluminum. A piece of Teflon is rubbed against 
a piece of cloth and the not-sputtered part of the glass plate is touched with this piece of 
Teflon. The offset goes from - 5V to +5V. After several minutes the offset decreases 
again to - 5V. This observation supports the hypothesis of charging of the glass plate. In 
the probe concept, the grounded side of the glass plate is not sputtered totally (sputtered 
for 20x20 mm2 only); this could give rise to charge building up. 

Furthermore the electrical circuit as described in section 3.5.4 functions well. When 
ground is applied to the active Znü layer (signal side) or a signal from the HP function 
generator is applied to the active layer, the output signal Vprobe perfectly follows the 
applied signal (0 V in the case of ground) withafactor 11 (feedback amplification of the 
opamp circuit; (R1+R2)/R1). 

The observations that have been discussed in this subsection contribute to the hypothesis 
that charge building up at the glass plate is one of the causes of the offset and out-of
range problems. 

4.3.2 Recommendations 

In the first place, a new probe concept can solve the problem of charge building up at the 
glass plate. The width of the not-sputtered parts of the glass plate should be small; with 
etching 100 )..liD is maybe possible * and less charge builds up on the glass plate. The 
width of the not-sputtered part of the glass between the ground and signal strips 1s 
presently in the order of 1 or 2 mm. 

To obtain a as smallas possible not-sputtered area at the glass probe, in the first place the 
area of the grounded side of the glass plate, which is not covered with Znü or aJuminurn 
strips, bas to be covered totally with aluminum. The same is the case for the signal side. 
The total area, except for the Znü layer, bas to be sputtered with aluminum. Next, with 
eaustic soda small lines have to be etched away. Due to this, the signal strips and the 
grounded aluminum are not connected electrically (in section 3.5.2 and figure 3.8a the 
current contiguration was discussed). 

Another possibility to reduce charge building up at the not-sputtered partsof the probeis 
to look for a different material instead of the used Schott AF 45 glass. The material 
should isolate well (resistance bas to be larger than the input impedance of the opamp t), 
but charge should not build up on the materiaL 

Somebasic experiments to solve the out-of-range problem will be given. A glass plate is 
at both sides totally sputtered with aluminum. One side is grounded; the other side is 
connected to the input of the opamp (section 3.5.4). This glass plate functions as glass 
probe. Because of the glass plate is totally covered with aluminum, charging of the plate 
cannot take place. With this glass plate, a gain calibration is carried out as described in 

• With this width, the not-sputtered area (where charge can build up) is already 10 times smaller in 
comparison toa width of 1 mm. Even smaller widths may give a leakage current; the resistance between 
signa! side and ground drops. 
t The input impedance is 1.5 TQ for the opamp CA3130 (Appendix A.2.2) . 
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section 3.5 .6. Wh en charging of the not-sputtered part of the original glass probe was the 
case, the method described here would solve the problem of charge building up. 

Furthermore a reduction in charge building up may be obtained by comparing the 
materials (of the spacers) to each other: e.g. the relative dielectric constants and the 
transparency of paper, Teflon and the air (or vacuum). Maybe another material causes 
less charge building up at the probe. 

4.3.3 Bias current opamp 

The bias current Ib through the opamp (see section 3.5.5) causes charging of the probe 
capacitor when measuring foil samples. To investigate the size of Ib, the charging time of 
the glass probe with in parallel an additional capacitor is measured. On t=O s the probe is 
grounded and next the building up of the voltage Vprobe is measured. The used extemal 
capacitors are 15, 50, 100, 450 and 1000 pF. The ohmic resistance of the capacitors is 
higher than 10 Gn. The current through a capacitor is given by equation (2.20). Taking 
the gain factor G ( equation (3 .15), equal to 11) into account, gives: 

Jb = C d"V;n = C dVprobe 1 <::::> dVprobe = ~G 
dt dt G dt C ' 

(4.1) 

where C is the sum of the capacitances of the glass probe and the extemal in parallel 
connected capacitor. The bias current h of the opamp flows through these capacitors and 
a voltage Vin (the input to the opamp) builds up over these capacitors. The derivative of 
the voltage dVprob) dt is measured and plotted versus the reciprocal of C. According to the 
equation given above, this should give a straight line with slope G·Ib (the gain factorGis 
here equal to the gain factor of the feedback loop of the opamp only). The capacitance of 
the glass probe is used as fit parameter*. The results are given in figure 4.9. The 
capacitance of the probe is found to be 16.4 pF. When the gain of 11 is taken into 
account, the bias current is equal to h= 0.38 ± 0.04 pAt . Without the extemal connected 
capacitances, the bias current charges the probeat dVprobeldt=0.15 V/s (for the contactless 
measurement setup Cprobe=27 pFt including cable capacitance; see section 3.5.5). The 
opamp supply voltage of -5 V is then theoretically reached in 32 seconds. This 
corresponds to the observed 30 seconds (sections 3.5 .5 and 4.2, Appendix A.3.3). An 
opamp with a lower bias current cou1d reduce the out-of-range problem; regular 
decharging of the opamp is recommended. 

• Equation (4.1): Cis the sum ofthe glass probe capacitance and the capacitance ofthe extemal capacitor. 
Cprobe and IbG are varied until the fitted line best equals the measured data points (least squares method). 
t Th is is lower than the typical bias current given in Appendix A.2.2, but for this experiment the supply 
voltage and voltages on V+ and v_ are lower than the specifications in Appendix A.2.2. 
t This is different from the 16.4 pF obtained in this experiment because the contiguration (cable 
connections) of this experiment is different from the contiguration of contactless measurements. 
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Figure 4. 9: The voltage build-up of Vprobe versus the reciproke of the tot al (fitte dJ 
capacitance of the external capacitor and the glass probe. 

4.3.4 Using an opamp with a lower bias current 

Recently an opamp with a lower bias current (in the order of a factor 100 lower) bas been 
implemented in the circuit of reading out the glass probe (section 3.5.4). Some tests have 
already been carried out with the new opamp, but no p-i-n foil measurements have been 
carried out yet. When no sample is placed above the glass probe or a grounded plate is 
positioned above the glass probe ( distance in order of 1 mm), the output voltage of the 
glass probe circuit Vprobe stahilizes at -2.8 V; the out-of-range problem ( -5 V) does not 
appear. At this voltage an equilibrium exists between the bias current and the leakage 
current caused by the resistance between the signal side of the glass probe and ground (is 
ideally equal to infinity, but shunt resistances are probably presentand the opamp bas an 
input impedance). The stabilization (the RC time) takesabout 10 seconds. 

When a voltage variation is directly applied to the signal side of the glass probe, the 
output voltage of the probe circuit follows the applied signal perfectly when the gain of 
the opamp feedback loop (=11) is considered. When a p-i-n foil sample is placed above 
the probe and the foil is illuminated, the voltage that builds up over the foil is measured; 
see sections 4.1 and 4.2. The difference is that with the new opamp, the offset is no 
longer fluctuating. 

When the bias current would still charge the probe capacitor*, an additionally relais 
should be placed over the two inputs of the opamp (V and V+). To decharge the glass 
probe capacitor the relais will be closed after one measurement is taken. After opening 
the relais again, the capacitor will be charged by the bias current; this adds up a ramp at 
the voltage over the probe. The measured voltage bas to be corrected for this term. 

Concluded from the obscrvations is that the opamp with the lower bias current improves 
the contactless measurement setup; the remaining issues (fluctuating offset and out-of
range problem) are solved. Quantitative measurements should be carried out in the lab 
setup after ga in calibration; when the reproducibility and stability is sufficient ( deviation 
in n in the order of 1 %) the setup should be placed in the PECVD roll-to-roll machine. 

• In the final setup in the roll-to-roll machine the shunt resistances in the glass probe might be different and 
therefore it is possible that the voltage doesnotJonger stabilize at - 2.8 V. 

67 



4.4 Review 

In this section a review of the contactless measurement will be given. The previous 
chapter and the sections in this chapter are used for this review. We will discuss the status 
of the measurements: the things that work already and the things that do not work 
completely yet. The causes will be given and recommendations for the future 
development of the contactless probe will be given. 

Two measurement methods have been developed. The first metbod is applying a 
blockwave to the light souree (LED) and measuring the voltage response of the foil. The 
second metbod is applying a sawtooth to the LEDs. The voltage over the foil is measured 
contactlessly with a glass probe. For the metbod of applying a blockwave, we have seen 
that a sine is superimposed on the blockwave * to obtain the solar cell parameters n, J 0, Vbi 

and V,u. We have seen some preliminary measurements in section 4.1. The metbod of 
applying a blockwave requires a lot of data acquisition and analysis. Therefore the 
blockwave metbod will not longer be used. Another metbod is applying a sawtooth to the 
LEDs; the light intensity is increased from zero to one-tenth of AM1.5 in several seconds. 
The p-i-n foil voltage follows the varying light intensity for voltages above 0.1 V, so the 
capacitive term does not play a role anymore. 

In section 4.2 some measurements with applying a sawtooth were shown. From the 
measured voltages of the probe circuit Vprobe and the photodiode circuit Vph the open 
circuit voltage Vac and the current density that would flow through a silicon reference cell 
J,.efcet are deduced. This is made via a light intensity calibration; Vac may in the future be 
obtained when a gain factor calibration is carried out. The ideality factor n and the 
saturation current density Jo are deduced from the measured data. 

We discussed that the ideality factor n is a qualitative value. The saturation current 
density J0 is also a qualitative value, but here an additional cause is present besides the 
gain calibration which is related to the light intensity. As described in section 3.1.2, the 
multiplication factor in the light intensity caused by the difference in light intensity that 
reaches the i layer for the contiguration for the contactless measurementt gives an offset 
in ln./0. When one wants to obtain the absolute J0 and compare J0 with that of the solar 
simulator, the multiplication has to be calculated accurately. 

The parameters V,u and Vbi are not obtained yet, because the deviation from the linear 
relation (the part where the diode parameters are fitted) is not large enough at the right 
end of the lnJ,·efcet vs. Vac graph (see figure 4.8). To reach a higher open circuit voltage 
and obtain Vbi and V ,u more easily (a larger deviation from the straight line, see sec ti on 
3.1.2), a brighter light souree is desirable. The used green LEDs are able to give a higher 
intensity; the LED current supply should be adjusted so that it can provide a higher 
voltage than 4.3 V (section 3.5.4). 

We have also seen that the reproducibility and stability of n and Jo have to be improved. 
The fluctuating offset and the not well-defmed distance between the glass probe and the 

• To get rid ofthe C(V) term by the capacitance ofthe p-i-n foil. 
t See section 2.3 .2; n-i-p vs. p-i-n configuration. Presently the reference cel! current density J,.efcel is 
obtained; the photocurrent density in the foil Jph.o should be deduced from this somehow or other. 
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foil are the points of interest. The distance will not be an issue anymore when the setup is 
placed in the roll-to-roll machine. The main cause of the reproducibility and stability 
issues is the bias current of the opamp. With the implementation of an opamp with a 
lower bias current, the out-of-range problem and the problem of the fluctuating offset are 
solved as discussed in section 4.3.4. Furthermore the building up of charge at the not
sputtered parts of the glass probe could be a cause. To avoid charging of the glass probe, 
the glass probe should be covered almost totally with aluminum, except for the active 
TCO layer (section 3.5). 

Some other points of interest for the future will be given. Ideally, the spectrum and 
maximal intensity ofthe light souree are equal to AM1.5. With the specifications given in 
the section 3.3.1, a green light souree is sufficient because ofthe quanturn efficiency QE 
is the highest at that wavelength. With a green light source, one can however not see 
whether there are problems at other wavelengths. In the future, it is desirabie to have a 
light souree that equals more the spectrum of AM1.5. 

In the PECVD roll-to-roll machine, the time to charge the capacitance of the foil has to 
be much lower than the refresh speed of the running foil under the probe. Every 4 
seconds a complete new piece offoil is under the glass probe*. This is only a problem for 
low light intensities (where Voc<0.1), where charging takes more time (section 3.1.2). 

The oscilloscope should be replaced by an analog-digital converter (ADC; at least 12 bit 
where 16 bit would be favorable) to improve the resolution of the measurements. With 
the more accurate measurements and higher light intensity as described earlier in this 
subsection, the parameters Vbi and V11 are also fitted. Thus hardware and software changes 
should be implemented to perform more accurate measurements. 

For measurements with the laboratory setup the distance between the p-i-n foil and the 
glass probe should be kept constant; otherwise problems with the reproducibility and the 
stability occur as mentioned earlier in this subsection. We do however not focus on this 
problem, because the setup will be placed in the roll-to-roll machine finally. The gain 
factor in the roll-to-roll machine should be calculated and a gain calibration should be 
carried out to verify this theoretica! gain factor (see section 3.5.6 where the calibration is 
described for the laboratory setup ). Regarding to this gain factor, one should also 
investigate the frequency-dependence because of the non-ideal behavior of the opamp as 
described briefly insection 3.5.5 and discussed in Appendix A.2.6. 

* See sections 3.3.1 and 3.5.1; the refresh speed is determined by the foil running speed and the glass probe 
area. 
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5. Conclusions and recommendations 

In this chapter the conclusions about the different suggested measuring methods and the 
designing and physical properties of the contactless probe will be drawn. After that 
recommendations for future work on the contactless probe will be given. 

5.1 Conclusions 

5 .1. 1 Theoretica! basis 

We have discussed the operation of solar cells and we have seen that the electrical 
properties of the solar cell can be described by an electrical equivalent scheme. With the 
solar simulator the electrical characterization parameters of the solar cell are obtained; 
these parameters give insight what limits the efficiency of the solar cell. The differences 
between the contactless measurement and the measurement with the solar simulator have 
been discussed. The electrical properties of the cell are different because for the 
contactless measurement no cantacts have been applied yet. For the contactless 
measurement, no series and parallel resistances are present for the cell; the photocurrent 
and diode term are left. The photocurrent density is affected by the built-in voltage V bi 

and Vf.l (related to the mobility of the holes in the cell) and may be deduced from the 
contactless measurement. Furthermore the cell is illuminated from the other side; this 
causes that less light is absorbed in the intrinsic layer for the contactless measurement 
and therefore a lower photocurrent density is generated in the cell for the same 
illumination. 

Three contactless measurement methods have been developed. The first method is 
supplying a blockwave to the light souree (LEDs). The open circuit voltage and the short 
current density at a fixed light intensity are obtained easily by this method. To obtain 
more solar cell parameters and deduce a complete JV curve, the capacitance of the p-i-n 
foil has to be known as a function of the applied voltage. This capacitance is not known 
and/or easily obtained, making this method unsuitable for contactless probe 
measurements. 

To get rid of this capacitive term, a sine is superimposed on the blockwave; this is the 
second measurement method. The theoretica! background of this measurement method 
has been presented. The amplitude of the sine has to be as small as possible. The required 
sample rate of the data acquisition system (order of 500 kHz) is higher than the third 
measurement method (1 000 Hz) as mentioned next. 

In the third measurement method, the light intensity is varied by applying a sawtooth to 
the LEDs; the voltage over the foil (open circuit voltage) follows the light intensity 
variation. This measurement methad requires much less data acquisition and analysis 
than the second measurement method. Stahilizing of the voltage over the foil takes time 
because of the capacitance of the foil. Therefore, the varia ti on speed of the light intensity 
is limited. For low light intensities (where the stabilized voltage over the foil is lower 
than 0.1 V), it takes more time (> 1 second) to stabilize. Therefore in the measurements 
data for voltages over the foil <0.1 V is nottaken into account. 

71 



From these three measurement methods, the first method (blockwave) is the simplest one; 
the open circuit voltage and short current density are obtained easily. To obtain other 
solar cell parameters (n, J0, Vbi and V,u) however, the third method (varying the light 
intensity) is the best one. This third method is chosen as a starting-point for the 
contactless probe. 

5 .1.2 Practical realization 

The contactless measurement system has been developed and consists basically of three 
parts: the light souree (LEDs), the photodiode to measure the light intensity and the glass 
probe to measure the voltage over the p-i-n foil. The light souree consists of four green 
high-intensity LEDs. At the wavelength (544 nrn) the quanturn efficiency ofthe p-i-n foil 
is the highest; the intensity reaches one-tenth of the AM1.5 sun intensity. The light 
intensity is varied over three to four decades. A photodiode measures the light intensity; 
the current through the photodiode is proportional to the light intensity. The calibration of 
the photodiode has been implemented. The gain factor of the probe signal to the voltage 
over the foil has been worked out theoretically; it is affected by the distance between the 
probe and foil, by the magnitude of the probe capacitance, by parasitic capacitances and 
non-idealities of the opamp (input irnpedance and bias current). With these two 
calibrations, one may obtain absolute values for the solar cell parameters. 

A Lab View program has been written for the contactless measurements. The program 
sets the DAC (LED supply) and reads out the scope (probe and photodiode signals). It 
couverts the raw data by applying the gain and LED calibrations and fits the diode 
parameters n and Jo, the built-in voltage Vbi and V,u. 

Several measurements were carried out to test the reproducibility and stability of the 
contactless probe. The ideality factor n differs within one measurement series less than 
2%, but across series (taking the sample from the probe and placing it back again) the 
relative difference is ~25%. The saturation current density J0 is not considered, because it 
is really affected by the fluctuating offset of the probe circuit voltage. In the stability test 
a sample was measured 119 times during 85 minutes; the decreasein n was ~20% . The 
large differences in n are described to the distance variation between the sample and the 
foil. To improve the reproducibility and stability the distance between the sample and the 
probe should be kept more constant, but it the roll-to-roll machine the distance is fixed 
and will not be an issue anymore. 

No gain calibration was perforrned because of the out-of-range problem ( -5 V). 
Qualitative measurements however have been carried out with the sawtooth method; the 
method works: the parameters n and J0 are obtained. To obtain the parameters Vbi and V,u 
however a higher light intensity is required. Some other issues are also still remaining: 
the fluctuating offset and the probe signal goessametimes to - 5V. The main cause is the 
bias current of the opamp that charges the glass probe capacitor. A test was carried out to 
check this hypothesis; the glass probe capacitor is charged by the bias current and the 
timescale is in the order of 30 seconds. Another additional problem can be charge 
building up at the not-sputtered glass surface. 

An opamp with a lower bias current has recently been implemented in the probe circuit; 
with this opamp the output voltage of the probe circuit stahilizes at -2.8 V when a 
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grounded piece of foil is placed above the glass probe. The offset is not fluctuating 
anymore. Furthermore when the p-i-n foil is illuminated, the voltage over the p-i-n foil is 
measured well. With this new opamp, the contactless probe is functioning well. 
Measurements to obtain quantitative values for the solar cell parameters have not been 
performed yet. 

5.2 Recommendations 

As is seen from the measurements and as is discussed in the previous section, charging of 
the glass probe capacitor by the bias current of the opamp causes that the signal of the 
probe went to - 5 V (out-of-range). To solve this problem, an opamp with a lower bias 
current is used. With the implementation of this opamp, measurements should be carried 
out. Hereto light and gain calibrations should be carried out to obtain the quantitative 
parameters n and J0. To obtain Vbi and V,u, a brighter light souree should be used; a higher 
Vac is reached. lf possible, the intensity of the light souree should equal the sun (AM1.5) 
or even higher. To be able to compare the results of the contactless measurements better 
with tbe results of the solar simulator, it is also advisable to use a light souree that more 
equals the AM1.5 spectrum instead ofthe green LEDs used now. Furthermore because it 
takes some time (order of 10 secouds) for the probe voltage to stabilize, one should 
compensate for the RC time of the probe. 

The main cause of the fluctuating offset and the out-of-range problem is the bias current 
of the opamp, but charge building up at the glass probe might be a problem in the future. 
To reduce this problem, another probe concept should be used; a larger area of the glass 
plate should besputtered with aluminum andlor zinc oxide, so that the not-sputtered parts 
of the glass probe are as small as possible. One should regard that the sputtered parts do 
not give rise to shunt resistances. 

To improve the data acquisition, a new PC data acquisition card should be used. The 
ADCs should read the probe circuit and photodiode circuit signals instead of the scope 
usednow. 

The p-i-n foil samples that should be measured with the laboratory setup with the new 
opamp should differ in quality. To obtain the quality, the finished cells made of these p-i
n foil samples should be investigated by the solar simulator. The results of the different 
samples should be compared to each other and to the measurements carried out by the 
solar simulator. 

When the contactless measurement setup operates in the laboratory environment, it 
should be placed in the PECVD roll-to-roll machine. In the roll-to-roll machine, charge 
building up at the glass plate can be a problem. Because the probeis placed in vacuum, 
no moisture is present on tbe glass surface and charge can hardly leak away. Sarnething 
that may affect the stabilization voltage of the opamp output voltage is the higher 
resistance between the signal side of the probe and ground. This higher resistance can 
also cause a stabilization voltage that may be out of range of the opamp output voltage 
(instead of -2.8V for the new opamp ), so that the glass probe capacitor should be 
decharged regularly. In that case, a relais should be placed between the input from the 
probe to the opamp and ground. This relais should be closed after a measurement is 
performed to decharge the glass probe capacitor. On the signal measured over the glass 
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probe, an increasing voltage might be superposed due to the charging; one bas to correct 
for this. Finally one should carry out gain factorand photodiode calibrations in the roll
to-roll machine; one should also regard the frequency dependency of the gain factor 
caused by the non-ideal behavior of tbe opamp. With these calibrations, one should be 
able to obtain the absolute diode parameters n and Jo, tbe built-in voltage Vbi and V11• 

Finally tbe measurement system should be used to perform an in-situ logging 
measurement; hereto the measurements should be running during the deposition on the 
foil in the roll-to-roll machine. This gives an online quality check of the production 
process and offers the possibility to investigate the logged data afterwards. 

74 



List of symbols 

A (m2
) 

Am (V) 

C (F), C (Fim2
) 

C joi/, C gap, C probe (F) 

d(m) 

d gap (m) 

d gap, (m) 

d glass (m) 

d; (nm) 

EF (eV) 

Eg (eV) 

FF(-) 

G (-) 

H(-) 

!(mA) 

/(Wm-2
) 

Io (mA) 

Io (Wm-2
) 

h (A) 

Iph (mA) 

f sun (mWicm2
) 

f v (cd) 

J(mA/cm2
) 

Jo (mA/cm2
) 

Je (mAicm2
) 

Jd (mA/cm2) 

J.npp (mAicm2
) 

J ph (mAicm2
) 

Jph.O (mA/cm2
) 

Jph,rn (mAicm2
) 

.lrefcel (mA/crn2
) 

J sh (mAicm2
) 

.!se (mA/cm2
) 

l (m) 

area 

amplitude ofthe modulation voltage 

capacitance I capacitance per unit area 

capacitance of the p-i-n foil I air gap I glass probe 

thickness 

distance between glass probe and foil 

deviance of the distance between glass probe and foil 

thickness of glass plate 

intrinsic layer thickness 

Fermi level 

band gap 

Fill Factor 

probe gain factor: ratio between Vprobe and Vfail 

transfer function 

current 

irradiance in an absorber at depth x 

diode saturation current 

incident irradiance of an absorber 

bias current of opamp 

photodiode current 

light intensity of the sun (at AM1.5) 

luminous intensity 

current density 

diode saturation current density 

current density through the solar cell capacitor 

diode current density 

current density at maximum power point 

photocurrent density 

photocurrent density when every electron-hole pair is collected 

modulation photocurrent density 

current density through silicon reference cell 

shunt current density 

short circuit current density 

length of the active area of the glass probe 
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Lc (nm) 

n (-) 

n1, n2 (-) 

n1 ( -) 

Q(C) 

R (-) 

r(m) 

R1, R2 (Q) 

Rd(Qcm2
) 

Roe (Qcm2
) 

Rp (Q) 

Rp (Qcm2
) 

Rppp (QV2cm2
) 

Rs (Qcm2
) 

Rsc (Ocm2
) 

Rsq (Qisq) 

T(K) 

t (s) 

V(V) 

v_, V+ (V) 

Va (V) 

vbi (V) 

TJ-oil (V) 

Vi, Vu (V) 

~n (V) 

VLED (V) 

Vp (V) 

Vm (V) 

Vmpp (V) 

V oc (V) 

Vph, Vph,offs (V) 

Vpp (V) 

Vprobe (V) 

Vs (V) 

x(m) 

Z gap, Zprobe (Q) 

a(m-1
) 
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mean free path 

ideality factor 

refraction index 

extinction coefficient 

charge 

reflectance 

radius, distance 

resistances in opamp feedback loop 

reciprocal of derivative of diode current density to voltage 

open circuit resistance 

opamp input resistance 

parallel shunt resistance 

empirica! third order parallel shunt resistance 

series resistance 

short circuit resistance 

surface resistance 

temperature 

time 

voltage 

negative I positive voltage supply to the operational amplifier 

voltage without modulation 

built-in voltage 

voltage difference between n and p side of p-i-n foil 

input voltage I output voltage 

input signal from the probe to the opamp 

LED supply voltage 

typical value for exponential fall-off of the photocurrent density 

modulation voltage 

voltage at maximum power point 

open circuit voltage 

output voltage ofthe photodiode circuit I offset 

peak-to-peak voltage 

output voltage of the probe circuit 

voltage corrected for series resistance 

depth in an absorber 

impedance of air gap I glass probe 

absorption coefficient 



&r,glass, &r,air, &r,Si (-) 

rjJ (rad) 

f/Jb (eV) 

'7 (-) 

À(m) 

J1 (nm21Vs) 

Bm (rad) 

p(Qm) 

r(s) 

r1, r2 (s) 

w, OJm (radls) 

Constants 

A * (A·cm-2K-2) 

e(C) 

k (JK-1) 

&o (Fm-1
) 

Abbreviations 

AC 

ADC 

AM 

a-Si:H 

c-Si 

DAC 

DAQ 

DC 

LED 

MPP 

NI 

opamp 

PECVD 

p-i-n 

dielectric constant 

relative dielectric constant of glass I air I silicon 

angle 

harrier height 

efficiency 

wavelength 

carrier mobility 

phase between mod. photocurrent density and mod. voltage 

electric resistivity 

carrier lifetime 

RC time constant 

angular frequency I modulation frequency 

Richardson's constant 

elementary charge 

Boltzmann's constant 

dielectric constant of vacuum 

120 A·cm-2K-2 

1.602·10-19 c 
1.381·10-23 JK-1 

8.854·1 o-12 Fm-I 

Alternating Current 

Analog-Digital Converter 

Air Mass 

Amorphous hydrogenated silicon 

Crystalline silicon 

Digital-Analog Converter 

Data AcQuisition system ofNational Instruments 

Direct Current 

Light Emitting Diode 

Maximum Power Point 

National Instruments 

operational amplifier 

Plasma-Enbaneed Chemical Vapor Deposition 

positive, intrinsic and negative silicon layers 
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Appendices 

Appendix A.l gives more details about the theory described in chapter 2. In Appendix 
A.2, some details about designing the contactless probe ( chapter 3) are discussed. 
Appendix A.3 is related to chapter 4. 

A.l Theory 

A.1.1 Comparison of light intensity for p-i-n and n-i-p 

In this subsection, the difference in light intensity that enters the intrinsic layer for the n
i-p contiguration (contactless) will be compared to the intensity that enters the intrinsic 
layer for the p-i-n contiguration (fmished cell). More about the different contigurations is 
described insection 2.3.3. The reflectance and absorption of the layer(s) through which 
the light has to penetrate before it enters the i layer are different. 

In the calculations in this subsection, on1y tirst order reflections are taken into account 
and the reflectance at the back contact or metal superstrate is not regarded. The 
reflectance at an interface is given by [17]: 

(A.1.1) 

where na and n1 are the refraction indices of the two interfaces. The refraction indices 
(around 550 nm; where the quanturn efficiency (QE) is the highest, see section 3.3.1) and 
absorption coefficients are given in table A.l.l. Furthermore, the thickness of the n 1ayer 
( ~40 nm) is about four times the thickness of tbe p layer ( ~ 10 nm). The law of Lambert
Beer [ 17] gives for the irradiance I at depth x of an absorber: 

I= 10 exp{- ax}, (A.1.2) 

where Ia is the incident irradiance of the absorber. The absorption coefficient a is related 
to tbe extinction coefficient n1 by: 

4;ml 
a=-

À ' 
(A.1.3) 

where À is the wavelength of the incident light. For the tinished cell (TCO-p-i-n 
contiguration), the irradiance l p/i that reaches the i layer is given by (only absorption inp 
layer taken into account): 

(A.1.4) 

where the reflectance coefficients R are calculated from equation (A.1.1 ). Ia is tbe 
incident irradiance on the cell, ap is the absorption coefficient (from equation (A.1.3)) of 
the p layer and dp is tbe thickness of the p layer. The TCO layer is considered as totally 
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transparent Only first order reflections are taken into account. This gives Ip1/ Io = 0.792. 
For the p-i-n foil (n-i-p configuration), the irradiance In/i that reaches the i layer is given 
by: 

(A.1.5) 

where Ia is the incident irradiance on the foil, R are the reileetion coefficients, an is the 
absorption coefficient of the n layer and dn is the thickness of the n layer. This gives: 
I111/ I0 = 0.496. At the n-i-p configuration, only a fraction In;/ Ipli = 0.627 of the light ofthe 
TCO-p-i-n configuration enters the i layer; a decrease of 37% in light intensity compared 
to the TCO-p-i-n configuration. 

Table A.i. i : Valuesfor refraction indices (550 nm) and absorption coefficients [8, 28]. 
Material Refractive index n Absorption coefficient a (m-1

) 

Air 1.001 
TCO 2.0 

n type a-Si:H 4.5 0.3 
p type a-Si:H 3.5 0.1 
i type a-Si:H 4.5 
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A.2 Designing the probe 

A.2.1 Applying a blockwave: sine modulation on LED voltage 

In section 3.1.1 we discussed the method of applying a blockwave. To get rid of the 
voltage-dependent capacitance term C(V), a sine with angular frequency mm is 
superimposed on the blockwave supply to the light source. In figure A.2.1, the light 
supply and the response of the voltage over the foil including the superimposed sine is 
shown. The light intensity of the used LEDs is exponential to the applied voltage, but this 
will not be regarded here; the response of the LEDs to the voltage is considered as a sine. 
The photocurrent density of the solar cell is proportional to the light intensity and it also 
depends on the voltage over the cell (equation (2.5)). With the superimposed sine, the 
photocurrent density is given by: 

where V11 is given by equation (2.6): 

2 

V= di 
Jl f-iT 

(A.2.1) 

(A.2.2) 

Here Jph,o is the photocurrent density (when all electron-hole pairs are collected) caused 
by the blockwave and Jp11,msin( mmt) is the extra modulation term caused by the 
superimposed sine. Vbi is the built-in voltage, di is the thickness of the i layer, J-1 is the 
carrier mobility of the holes and r is the carrier lifetime. The voltage over the foil is 
assumed to have a not-modulated part Vo and a modulated part Vm caused by the 
photocurrent density modulation: 

Voc (t) = V0 (t) +V"' (t) = V0 (t) +A"' (t) sin(m",t + B"' (t)). (A.2.3) 

Equation (A.2.1) is substituted in equation (3.1) and the obtained differential equation is 
solved ( denvation is not given here ); in the exponential term in equation (A.2.1) the 
voltage modulation is nottaken into account (valid because Vm << Vbi). Furthermore the 
term "-1" in equation (3.1) is neglected*. The amplitude Am and the phase shift Bm 
between the voltage modulation Vm and the sine supplied to the light souree (which 
causes the current modulation Jph,m) are given by: 

J ph,m sin(B"' (t)) 
(A.2.4) 

Am (t) = [ ] { } ' 
m"' (dC(V)) V

0
(t)+C(V

0
(t)) exp Vf.l 

dV I v bi- Vo(t) 

• This is valid when exp(eV0 ) nk1)>>1 CVoc>0.05). 
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e m (t) = arctan 

I 
l 

\ 

t t 
(a) (b) 

•' rl' 
,f' . . 

J 

(A.2.5) 

·~··'~·" ,'.\i/1. 
-,A'~ .. t,·~ . 

Figure A.2.1: Superimposed sine: a) light supply; b) response of the voltage over the foil. 

To obtain a J(V) curve, one should compare equation (3.1) with the solar cell equation 
(2.9) and omit the series resistance Rs and the parallel resistances Rp and Rppp· These 
equations are equal when J(V) in equation (2.9) is set equal to - Jc(V) in equation (3.1); 
Jc(V) is given by equation (2.20). The extemal current density J(V) in the solar cell 
equation is now represented by: 

J(Vo) = -J c(Vo) = -[(dC(V)) V0 (t) + C(V0 (t))] dVo = 
dV I dt 

J ph,m sin(Om(t)) dV0 (t) 
= 

A.,(t)tü. exp{ V" ~ ~' (t)} dt 

(A.2.6) 

The equation above is the contactless JV equation. To calculate the current density Jas 
function of Va one measures the response of the foil to the applied signal to the LED 
(blockwave and modulated sine) as function of time. From this data, the derivative 
dV0/dt, the modulation response amplitude Am and the phase shift Om are extracted at each 
point of time; one gets for each point of time the following data set: 

(A.2.7) 

Replacing Je in equation (3 .1) by equation (A.2.6) one gets: 
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(A.2.8) 

The photocurrent density Jph,o has to he known or estimated. The modulation term of the 
photocurrent density Jph,m also has to he known or estimated from the amplitude of the 
superimposed sine on the light souree voltage supply. For each point of time the data set 
of equation (A.2.7) is filled in in equation (A.2.8). Fitting equation (A.2.8) for all points 
of time together gives the ideality factor n, the saturation current density J0, the built-in 
voltage Vb; and the voltage Vfl for the whole measurement. 

A.2.2 Introduetion to the operational amplifier 

Three specimens of the operational amplifier ( opamp) CA3130 [30] are used in the setup 
that has been described in chapter 3. The pinout of the opamp is given in figure A.2.2. 
The relevant specifica ti ons of the opamp are given in table A.2.1. The offset of the output 
signal (#6 in figure A.2.2) is adjusted by placing a potentiometer between pin #1 and #5. 
Between pin #1 and #8 a capacitance is placed to reduce noise amplification (the reader is 
referred to literature [30] for details). In the circuits of chapter 3, 10 nF is chosen; lower 
values give noise amplification and at highervalues the attenuation increases. 

Figure A.2.2: Pinout ofthe opamp CA3130. 

Figure A.2.1: Relevant specifications ofthe opamp CA3130 [30] at 25 oe, V+ = 15V and 
v_ = OV, test si na!: +/-7.5 V 

± 2.5 to ± 8 Volt 
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A.2.3 Characteristic parameters ofthe contactless components 

In this subsection the characteristic parameters of several components of the contactless 
measurement setup will be given. The diode parameters are measured with the same 
program and SoureeMeter as the solar simulator (see sections 2.1 and 2.2). The voltage 
range that is used for the SoureeMeter is indicated at the measured parameters. 

The diode characteristics of the LEDs (section 3.3.2) are presented in table A.2.2. The 
specifications of the used photodiode (section 3.4.2) are given in table A.2.3; the 
photodiode was for this measurement placed in dark so that no photocurrent is generated 
in the photodiode. The feedback loop diode is also measured; the specifications are given 
in table A.2.4. Finally the specifications of the reference cell (section 3.4.3) are given in 
table A.2.5; hereto the reference cell was placed in dark so that no photocurrent is 
generated in the cell. 

Tab! e A.2.2: Parameters ofthe green LED (V=0 .. .4 Volt). 
Ideality factor n 3.02 

Saturation current Io 1.05·10-1) mA 
Series resistance Rs 36.6Q 

Current I @ 4.0 Volt 33mA 
Max. luminous intensity l v 13.5 cd 

Table A.2.3 : Specijications (dark) ofthe photodiode (V=-0.5 ... +1.0 V). 
Ideality factor n 2.17 

Saturation current Io 1.74·10-) mA 
Series resistance Rs 2.11 n 

Area A 3x3 mmL 

Table A.2.4. · Specijications ofthefeedback loop diode (V=-0. 5 ... +1.0V). 
Ideality factor n 1.96 

Saturation current Io 1.9·10-() mA 

Series resistance Rs 1.0 n 

Table A.2.5: Specijications (dark) ofthe crystalline silicon reference cel! 
(V=-0.5 ... + 1.0 V). 

Ideality factor n 1.91 
Saturation current density J0 1.0·104 mA/cm2 

Series resistance Rs 1.27 ncm2 

Area A 10x9 mmL 
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A.2.4. Influence of round roller on air gap capacitance 

In section 3.2.2 we discussed the mounting of the contactless probe in the roll-to-roll 
machine. Because the flat glass probe is placed above a round roller, the distance between 
the glass probe and the p-i-n foil on the roller is not uniform. See figure A.2.3 for a 
schematic overview. The distance between the foil and the center of the glass probe is 
defined as dgap· At the edges the distance between probe and foil is larger and given by 
dgap+dgap'· The size ofthe active area ofthe probeis 10x10 mm2

; the length lis defined 
as 10 mm. The relation between the horizontal position x from the center of the active 
area and the angle rjJ is given by: 

x= r sin rjJ. (A.2.9) 

The deviance dgap' in the distance is given by: 

(A.2.10) 

where ris the radius ofthe roller. Putting these equations together gives: 

' .J 2 2 d gap (x)= r- r - x . (A.2.11) 

The radius r of the roller is about 200 mm, so the distance deviance at the edge (x=0 .5l) 
dgap' is 0.063 mm. When the distance dgap is 0.5 mm, this equals a relative deviance of 
13% in distance at the edges ofthe glass probe. The square root part of equation (A.2.11) 
is approximated by a first order Taylor polynomial, because x<l<<r. This gives: 

, g 2 
[ 1 x

2
] 1 x

2 

d gap (x)=r-r 1--? ;:;;r - r 1---? =--. 
r- 2 r- 2 r 

(x<<r) (A.2.12) 

The capacitance of the gap is now calculated ( equation (2.21 ); denvation not given bere): 

&ldx 
dCair = ' <=> 

dgap + d gap (x ) 
I 

ç; c"'' = ~j I& 1 x' dx =I&[~ :r arctan(~ x J]x=-z' = 
~I d __ gap 2rdgap 1 

2 gap + 
2 

x=-1 r 2 

= 21&~ :r arctan(: ./2 kJ. (A.2.13) 
g~ dg~ 

The capacitance of the air gap without correction for the distance deviation (thus only 
dgap taken into account and not dgap ') gives Cgap= 1. 770 pF. Filling out the practical va lues 
of the parameters (!=1 mm, dgap=0.5 mm and r=200 mm) gives Cgap=1.701 pF. This is a 
relative decrease in capacitance of 3.9%. When the deviance caused by the round roller is 
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taken into account, the corrected Cgap is used in equation (2.16) and insection 3.5.5 when 
the probe is placed in the roll-to-roll machine. 

Figure A.2.3: Calculating the deviance dgap' in the distance d between probe and foil. 

In this subsection we calculated the deviance in the capacitance of the air gap due to the 
round roller. When the capacitance of the air gap is corrected for this, the equations that 
describe the relation between the voltage over the foil Vroit and the voltage over the probe 
V;n are still valid in the roll-to-roll foil machine. 

A.2.5 Non-idealities of reading out the photodiode circuit voltage 

In section 3.4.2 the electronic circuit for reading out the photodiode is discussed. Three 
non-idealities that are present in the circuit will be discussed. 

In the first place, an input bias current is present at the photodiode circuit opamp 
(Appendix A.2.2); this current h is in the order of 5 pA and adds up to the photodiode 
current I ph· The bias current h is neglected in equation (3 .1 0) because hl I (} 10-4 < < 1 *. 

The second non-ideality is the probably present offset voltage between the inputs of the 
opamp (#2 and #3). The opamp has also to be offset adjusted. An offset voltage of the 
opamp would influence the output voltage Vph· When the photodiode is not illuminated 
the photodiode current I ph in equation (3 .1 0) is replaced by the current that would flow 
through the photodiode caused by the offset voltage. The offset on the output voltage 
V ph,offs is now given by: 

[ { 
eVoffs } ] 

I o,ph exp n phkT -1 
ndkT 

V ph offs = --ln - --=:;____---- -= + 1 -
. e I od 

2 1 [ I o,ph Jv n I offs ' 
n ph o,d 

(A.2.14) 

• Wh en Iph=O mAandIbis taken into account, the output voltage Vph wou!d be in the order of 1 o-s V. 
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where Voffi is the offset voltage on the opamp and the suffixes ph and d indicate the 
parameters of the photodiode and the feedback loop diode respectively. Filling out the 
practical values gives Vph,offi=2.0· Voffi; thus an offset on the opamp of the photodiode 
gives a two times higher offset on the circuit output voltage. 

However the third non-ideality, the series resistance Rs of the feedback loop diode, is not 
important for the circuit, we will discuss the series resistance briefly. The extra voltage 
over the diode caused by the series resistance is given by lphRs. Fora photodiode current 
lph of I mA the voltage Vph is increased by only 0.1%*. Thus the series resistance ofthe 
feedback loop diode does not influence Vph significantly and is therefore not regarded. 

A.2.6 Freguency-dependent gain factor 

Insection 3.5.5 the theory of the gain factor of the voltage measurement of the probe is 
discussed. In this subsection we will discuss two non-idealities of the opamp that are 
important here: the input impedance and the bias current (see the specifications of the 
opamp in table A.2.1 ). Due to these non-idealities, the scheme in figure 3.5 is only valid 
by approximation. In equation (2.16) the ratio between the voltage over the glass probe 
Vin and the voltage over the foil Vrou was given for the ideal situation. We will discuss the 
corrected equation for this ratio in this subsection. The ratio becomes frequency
dependent and is therefore called a transfer function. Next Bode plots of the transfer 
function are shown and are interpreted. 

The electronic scheme that accounts for the non-idealities is shown in figure 3.20. First, 
the input impedance builds up an extra resistance Rp parallel to the capacitance of the 
probe. Furthermore a bias current h flows through the opamp. The impedances of the air 
capacitor C gap and the glass capacitor Cprobe are called Z gap and Zprobe respectively. The 
transfer function H( m) is now given by (using Kirchhofs law, denvation not given): 

1 / 6 -- - --

H( ) 
~n z gap v foil 

(() =-= 1 1 1 
v foil - - +--+ -

(A.2.15) 

z gap Z probe Rp 

where m is the angular frequency of the signal Vfoii · The amplitude and phase of the 
transfer function H( m) are now respectively given by [ 19]: 

(A.2.16) 

(A.2.17) 

where the time constants r1 and r2 are given by: 

• When Iph=1 ~-tA, Vph is 1·10-6 V higher than the 0.307 V intheideal situation without series resistance. For 
Iph=1 mA, Vph is 1 mV higher than the ideal 0.646 V. 
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C V foi l R (c C ) 
7 I = gap -- ' 7 2 = p gap + probe • 

I b 
(A.2.18) 

Equation (A.2.16) is checked by the following limits: 

1. Ib 7 0 and Rp 7 oo (i deal situation): lH( á>)l· rfoil becomes equal to equation (2.16), 
where only the glass probe and air gap capacitances build up the transfer function. 

I I RPIIbl . . . 
2. Vfoil 7 0: Vin = ) ; the bias current Ib bmlds up an 

~1+lü 2RP2 (Cglass +Cgap 2 

equilibrium voltage at ~n; the current flows away through Rp, Cprobe and Cgap· 

I I RPIIbl 
3. Cgap 7 0: V;n = ~ : rfoil has no influence; h builds up an 

1 2 2 c 2 + á) R p probe 

equilibrium voltage at ~n; the current flows away through Rp and Cprobe (no Cgap 
present anymore ). 

From the three points above, it is concluded that equation (A.2.16) is correct. 

Now we will give the Bode plots of the equations (A.2.16) through (A.2.18). The 
capacitance of the glass probe Cprobe (including coax cable to circuit) is about 27 pF 
(section 3.5.2) and the capacitance of the air gap Cgap is theoretically 2 pF (section 2.3). 
The parasitic capacitances C3 and C4 as discussed in section 3.5.5 also add up to the 
capacitance Cprobe; therefore the capacitance Cprobe in H( lü) is substituted by 
Cprobe +C 3+C4. 

In tigure A.2.4 the amplitude and phase of the transfer function H( lü) are given as Bode 
plots. For these plots the typical values that are used, are: Rp=1.5 TQ, h=0.4 pA (see 
section 4.3.3) and rfoiF0.5 V. The time constauts are 71=2.5 s and 7r43.5 s; 71 is a 
measure for the charging speed of the probe capacitor and 72 is the time constant of the 
RC filter built up by the circuit. These time constauts are also indicated in the Bode plots. 
The two time constauts give the corner frequencies of the Bode amplitude plot. At 71, a 
decrease of 20 dB/decade in amplitude takes place whereas at 72 an increase of 20 
dB/decade takes place*. Thus for frequencies (jj>> 71-

1 and (jj>> 72-
1
, the two contributions 

have cancelled each other and the amplitude of the transfer function is equal to 1/11, the 
i deal situation (in the Bode plots for lü71>> 1 ). For the sawtooth method, the frequency at 
which Vfoit is varied is in the order of 0.1 - 1 Hz. For the least influence of the non
idealities, the time constauts should be as high as possible (thus Rp as high as possible 
and h as low as possible; the ideal situation). 

The gain factor G, which was discussed in section 3.5.5 (equation (3.15)), 1s now 
corrected for the above described transfer function H: 

• Equation (A.2.15) in dB (19]: = 20 10 logiH(m)l = 20 10 logii6 RP I Vfoil l + 20 10 log(l + m2 z/ )+ 
- 20 10 log(l + m2 r / ) . When r.or1>> 1, H(r.o) is increased with 20 dB per decade (that means multiplying r.o 

with 10); when r.or2>> 1, H(r.o) is decreased with 20 dB per decade. 

92 



G(w) = Rt; Rz H(w)' 
l 

(A.2.19) 

where R 1=10 kQ and R2=100 kQ are the resistances in the feedback loop of the probe 
opamp circuit. This is valid because of the parasitic capacitances add up to Cprobe, as 
described insection 3.5.5. 

The filter that is originated from the non-idealities (h, Rp) of the opamp thus causes a 
frequency-dependent gain factor (transfer function) between Vprobe and Vfoil· The bias 
current Ib also causes charging ofthe capacitor Cprobe; this is discussed insection 4.3.3. 
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Figure A.2.4: Calculated Bode plots of the transfer function H ( w), for different bias 

currents. The time constants are indicatedfor h=0.4 pA. a) Amplitude; b) phase. 
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A.3 Measurements 

A.3.1 Calculating the phase shift 

In section 4.1.3 the measurement of the p-i-n foil sample "pin-1 0" with the method of 
applying a bloclewave with a superimposed sine is discussed. For fitting the solar cell 
parameters, the amplitude and phase of the response to the superimposed sine have to be 
deduced. 

The phase shift is obtained by finding the maximums and minimums of the sine signal in 
the response. From these maximums and minimums, the discrete phase shift Bm(t) is 
calculated: 

{ = tmax,i 

(A.3.1) 

{ = {min,i 

where i is the number of the i-th maximum or minimum and tmax, i and tmin.i are the 
corresponding times. According to the theory, the modulation phase shift is given by 
equation (A.2.5). 

A.3.2 Thickness reproducibility 

A discussed in section 4.2.2, a capacitance measurement is carried out to get insight into 
the thickness reproducibility of the spacers. The spacers are used in the laboratory setup 
to place the foil sample at a distance of the glass probe. 

See figure A.3.1 for a schematic outline of the setup of the capacitance measurement. 
Two glass plates of 76x26x0. 7 mm3 (Menzel Super Frost, ISO 8073) are placed 
perpendicular on each other. Both glass plates are covered with aluminum tape. The 
aluminum layers are connected toa LCR meter (Escort ELC-131D, 1 kHz LCR meter). 
Two glass plates of 38x26x0.7 mm3 (also Menzel) are used as rest to avoid wiggling of 
the top glass plate. Between the two plates with aluminum tape the different spacers are 
placed. A weight is placed on the glass plates. The capacitance is measured with the LCR 
ten times; each time the spaeer is removed from between the glass plates and placed 
between the plates again. The capacitance measurement as described above is carried out 
totest the reproducibility. 
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Spaeer 

(a) 

~Top glass plate 

R~~::: platesJ2l&(~ttom glass plate Mu tape 

(b) 

Figure A.3.1: Schematic outfine ofthe capacitance test ofspacers: a) top view; b) side 
view. 

Different spacers are tested. Pieces of paper without aperture are used for this test. The 
samples tested here are a piece of white printing paper, black paper, gleaming paper and 
baking paper. An aluminum plate with an aperture (32x22 mm2

; larger than the glass 
plate) is also available, but it is not used because the signal goes out of range ( -5 V, see 
section 4.3). Furthermore a reference measurement is carried out to determine the 
capacitance of the system without a sample. Hereto the two glass electrades are put on 
the table 20 cm from each other and the capacitance is measured with the LCR meter; the 
measured capacitance is therefore determined by parasitic capacitances in e.g cables. The 
capacitance is 8.1 pF. For measuring the samples, a weight of 96 gramsis placed on the 
glass plates to press the samples between the plates. The samples are also tested by 
pressing the weight on the glass plates, releasing the weight and taking the weight away 
from the glass plates. The results of the capacitance measurements are given in table 
A.3 .1; the results ofthe pressing tests are given in table A.3.2. The relative difference that 
is given in table A.3 .2 is defined as the difference between "pressing" and "without 
weight", divided by the mean value of"pressing" and "without weight" : 

c -c . 
R 1 t . d"f'C: 2 press we1ght e a 1ve 1 1erence = 

C press + C weight 

(A.3.2) 

This number is an indicator ofthe stiffness ofthe material: a small number means that the 
material is stiff; a large number means that the material is elastic. One wants the material 
to be as stiff as possible, so the thickness is the least variabie as possible. As is seen from 
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the results, the baking paper is not suitable as spaeer because of it big standard deviance 
and the big relative difference in capacitance. Furthermore the standard deviance ofwhite 
and black paper is the smallest and the relative difference of white, black and gleaming 
paper is in the same order. 

In the laboratory setup, black paper will be used as spaeer because of the reasons 
discussed in this subsection and because of the thickness of 0.4 mm, which best equals 
the distance of 0.5 mm that will be used in the roll-to-roll machine (see section 3.2.2). 

Table A.3.1: Capacitances o-r different spacers. 
Sample White paper Black paper Gleaming paper Baking paper 

Thickness (mm) 0.1 0.4 0.3 0.05 
Averaee C(pF) 112.4 102.8 60.6 117.7 

Stdev C (pF) 2.2 1.6 2.5 6.9 

Table A.3.2: Results o1 the pressin~ test ofthe samples. 
Sample White paper Black paper G leaming paper Baking paper 

C with weight (pF) 116 102 53 119 
C with pressing (pF) 148 122 70 183 
C after releasine (pF) 115 104 56 124 
C without weiebt (pF) 65 52 30 40 
Relative difference (-) 0.74 0.69 0.66 1.22 

A.3.3 Different configurations of spacers 

In section 4.3.1, several hypotheses for the out-of-range problem of the opamp were 
given. Charge building up at the not-sputtered parts of the glass probe can be avoided by 
placing a spaeer on the not-sputtered part (e.g. paper or Teflon). In this subsection 
different configurations of spacers are tested. 

The configuration test is carried out as follows. Three materials are used: black paper (see 
appendix A.3.1) ofthickness 0.4 mm, Teflon ofthickness 0.5 mm and an aluminum plate 
of thickness 0.5 mm. With the aluminum plate, one test is carried out with a grounded 
piece of foil. Two other measurements are carried out with Teflon tape stuck on the 
aluminum plate to isolate the sample from the plate electrically. The relative dielectric 
constants of paper and Teflon are 2.5 and 2.0 respectively [36]. The size of the aperture 
area is varied; the active Znü layer ofthe glass probe (see section 3.5.2) is left clear ifnot 
indicated. Remember that the area of the active Znü layer is IOxlO mm2 whereas the 
total area of the glass probe is 30x20 mm2

. Wh en the size of the aperture is more than 
30x20 mm2

, the piece of paper is placed so that it lies around the glass plate. The samples 
that are measured are the p-i-n sample "pin-14", a piece of grounded aluminum foil and a 
grounded aluminum plate. When the signalis in range (thus lies between +5 V and - 5 V; 
the supply voltages of the probe circuit), the foil is illuminated by the LEDs (100 mHz 
sawtooth, Vpp= 3 V and DC offset of 1 V). If possible, the differences in output signal 
( difference between when the LEDs are off and when the LEDs are maximal 
illuminating) are deduced. Finally, the glass probe (figures 3.16 and 3.17) is covered with 
aluminum tape to avoid charge building up on the glass. The results are given in table 
A.3.3. As is seen from the results, only paper that covers the glass probe around the 
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active part does work. The hypothesis is that charging of the not-active part of the glass 
plate causes the probe to measure a negative voltage that is out of range. But what 
contradiets this hypothesis is the test that is carried out by wrapping the box totally in 
aluminum foil. A piece of paper is placed between the probe and the foil to avoid 
electrical contact. The aluminum foil is grounded. The voltage of the probe circuit 'Vprobe 

starts at +5 V and drops in about 20 to 30 seconds to - 5 V. 

We have compared different spacers with each other. Forthese spacers, we have looked 
to the output voltage of the probe (out-of-range or not). Two issues were important: the 
material and the aperture size. Paper with an aperture area slightly larger than the active 
area of the glass probe (paper aperture 13x 13 mm2

) seems to work best. 

Table A.3.3: Results ofthe tests of different confi~urations ofspacers. 
Material Aperture (mm2

) Sample Offs sign. (V) dV sign. (V) LEDs Comments 

Paper l3x l3 pin-14 + 1.4 V 0.45 V x 
Paper 20x20 pin-14 + 2.5V 0.40 V x 
Paper 23x34 pin-14 - 5 V x After pin-14 is taken of the probe and 

lplaced back again: still not working 
Paper 20x20 pin-14 -3.5 --> -5 V x Offset decreases slowly to - 5 V 

Paper 23x34 (sputtered strip pin-14 - 5V x Glass where the contact strips are sputtered 
is covered) is covered with paper. Offset drops in 

about 20 seconds to - 5 V 
Paper 20x20 grounded fo il + I to +2 V Offset is fluctuating 

Paper 13xl3 grounded foil 0 to +1 V Offset starts at +5 V and decreases to 
between 0 and + 1 V 

Paper 23x34 grounded foil -5 V 

Teflon 20x20 pin-14 +5V 

Teflon 14xl4 pin-14 -5 V 

Teflon 33x22 pin-14 +5V 

Teflon 20x20 grounded foil +5V 

Teflon 14x14 grounded foi1 -5V 

Teflon 33x22 grounded foi1 +5 V 

Paper 20x20 pin-14 -3.8 V 0.5 V x Offset decreases; after 5 minutes the offset 
is -5 V 

2xPaper 2*(20x20) pin-14 -3.5 V 0.25 V x Offset decreases; after 3 minutes the offset 
is -4 V and sti ll decreasing slowly 

Paper 13x13 pin-14 +3.6V 0.5 V x Offset is fluctuating between +0.3 V and 
+0.7V 

Paper 13xl3 grounded +5V 
alurninum p1ate 

2x Paper bottorn 13xl 3, top pin-14 +2.5 to +3.2V ? x Offset is fluctuating between +2.5 V and 
20x20 +3.2 V 

2xPaper bottorn 13x13, top pin-14 +3.2 to +3.8 V ? x Offset is fluctuating between +3.2 V and 
20x20 +3.8 V 

2xPaper bottorn 23x34, top pin-14 -5 V 
13xl3 

2xPaper bottorn 13xl3, top pin-14 -2.5 to -2. 7V 0.25V x Offset decreases slow ly 
23x34 

A1u plate 22x32 grounded foil -5 V 

Al u plate + 22x32 pin-14 -5 V 
Teflon tape 
Al u p1ate + 22x32 grounded foil -5 V 
Teflon tape 
Al u tape on 23x34 pin-14 -5 V Offset drops in about LO seconds to - 5 V 
; glass; paper 
Al u tape on 13x13 pin-14 -5 V Offset drops in a bout 20 seconds to - 5 V 
. glass; paper 
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