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Obnovitev ¢lanstva v strokovhem drustvu MIDEM in iz tega
izhajajo¢e ugodnosti in obveznosti

Spostovani,

V svojem ve& desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo privia¢no in koristno vsem ¢lanom.Z delovanjem drustva ste se srecali
tudi vi in se odlodili, da se v drutvo vélanite. Zivljenske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazlicnejsi dogodki, izzivi in odlocitve
so vas morda usmerili v povsem druga podrocija in vas interes za delovanje ali
élanstvo v drustvu se je z leti mo¢no spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu $e vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne Gase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam ¢lanstva postal dolg, ocitno pa je, da mnogi nekdaniji ¢lani ni-
majo ved interesa za sodelovanije v drustvy, se je lzvrsilni odbor drustva odlocil,
da stanje &lanstva uredi in vas zato prosi, da izpolnite in nam posljete
obrazec prilozen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vaSega Clanstva. Kot
&lan strokovnega drustva prejemate revijo »Informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali sreCate stare znance in nove, povabljene predavatelje s po-
drocja, ki vas zanima. O svojih dosezkih in problemih lahko porocate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

Vasa obveza je placilo ¢lanarine 25 EUR na leto. Clanarino lahko plagate na
transakcijski racun drustva pri A-banki : 051008010631192. Pri nakazilu ne
pozabite navesti svojega imenal

Upamo, da vas delovanje drustva e vedno zanima in da boste ¢lanstvo ob-
novili. Zal pa bomo morali dosedanje ¢lane, ki ¢lanstva ne boste obnovili do
konca leta 2009, brisati iz seznama ¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, december 2009

Izvrsilni odbor druStva
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MEASUREMENTS OF MATERIALS AT MICROWAVE
FREQUENCIES

Jerzy Krupka

Institute of Microelectronics and Optoelectronics, Warsaw University of Technology,
Warsaw, Poland

Key words: microwave frequency, electronic material, resonance measurement techniques

Abstract: Recent advances in measurements of various electronic materials at microwave frequencies are presented. Special attention is devoted to
resonance techniques that are more sensitive and accurate than the transmission-reflection methods. Several specific measurement methods are de-
scribed. Simuitaneous use of whispering gallery and quasi TE modes allows for multi-frequency measurements of low loss materials. Modification of the
split post dielectric resonator technique can be used for measurements of both permittivity and permeability of laminar low and medium loss metamaterial.
Resistivity of conductive materials such as semiconductors metals and polymers can be measured in the range of several decades empiloying single post
dielectric resonator technique.

Meritve materialov pri mikrovalovnih frekvencah

Kjuéne besede: mikrovalovne frekvence, elektronski material, resonan¢ne merilne tehnike

lzvieéek: V ¢lanku predstaviiamo napredne tehnike meritev karakteristik razli¢nih elektronskih materialov pri mikrovalovninh frekvencah. Posebna pozor-
nost je namenjena resonancnim tehnikam, ki so bolj ob&utljive in natanéne kot oddajno-povratne metode. Opisanih je nekaj specificnih metod merjenja,
ki dovoljujejo meritve materialov z nizko izgubo pri razli¢nih frekvencah. Spremenjena tehnika meritve z dielekiri¢nim resonatorjem omogoc¢a meritve
dielekiri¢ne konstante in izgub v materialih s srednjimi in nizkimi izgubami. S to tehniko lahko merimo tudi upornost prevodnih materialov, kot so pol-

prevodne kovine in polimeri v Sirokem obmodju.

1 Introduction

Measurement techniques of the complex permittivity and

in some cases the complex permeability are described for

the following four groups of materials:

a) Bulk low loss dielectric materials including ceramics
and uniaxially anisotropic single-crystals;

b) Laminar type dielectric materials such as LTCC ce-
ramics, PWB substrates and thin ferroelectric films;

¢} Semiconductors and conductors;

d) Metamaterials

At frequency domain the complex permittivity of any linear
material is generally defined as a tensor quantity describ-
ing relationship between the electric displacement (D) and

the electric field (E) vectors (1) /1/.
D=¢F (1)

For passive reciprocal materials such as ionic dielectric
single crystals permittivity tensor is symmetric and can be
diagonalized which means that at certain specific coordi-
nate system it takes the diagonal form (2)

g, 0 0
&= 0 g, O (2)
0 0 &,

For polycrystalline materials, glasses, plastics and some
crystals {e.g. having cubic crystallographic structure) all
diagonal elements become identical and the complex per-
mittivity becomes scalar quantity. The complex permittivity

of an isotropic material in general can be written as

Y+ |
e=¢g¢g, =g, je , —]E)=
, 0 (3)
=g,€, (1 jtand)
where - tan o - total dielectric loss tangent

tand =tand, +—6¥ (4)
0 €,

&r- relative complex permittivity
o - angular frequency
G - conductivity
g, =1/(c’p,) = 8.8542x10 7 (F/m) - permittivity of vacuum
tan 04 - dielectric loss tangent associated all other dielec-
tric loss mechanisms except conductivity

When we measure the loss of a dielectric at a single fre-
quency we cannot, in general, distinguish between them.
Phenomenologically they all give rise to just one measura-
ble quantity: namely the total measured loss tangent. Some
materials commonly used at microwave frequencies such
as ferrites, as well as metamaterials, exhibit magnetic prop-
erties that must be considered in measurements of their
permittivity. Permeability tensor |1 describes relationship
between the magnetic induction B and magnetic field A
vectors (5).

B={H (5)
The most important microwave applications of ferrites are
related to their non-reciprocal properties. In a presence of

static magnetic field magnetizing ferrite material along z-
axis of Cartesian or cylindrical coordinate system perme-

185
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ability of ferrite material is represented by Polder's tensor
(8) /6/. Off-diagonal components of Polder’s tensor are
purely imaginary but they don’t describe any magnetic loss-
es since they appear with opposite signs. If ferrite material
is lossy than particular tensor components (i,x, 1,) become
complex.

ok 0
ﬁ =Hol—Jjk p 0 6)
0 0

This paper is principally devoted to the resonance tech-
niques intended for the complex permittivity and the com-
plex permeability measurements. These techniques are
more sensitive and accurate than commonly used trans-
mission-reflection methods.

Measured quantities in resonance techniques are the res-
onant frequency and the Q-factor of a specific mode excit-
ed in the resonant structure containing a sample under
test. The complex permittivity of the sample can be evaiu-
ated from these two measured quantities providing that afl
other parameters of the structure are known. These pa-
rameters include dimension of the structure, surface re-
sistance of metal parts, coupling coefficients, radiation
losses, and the complex permittivities of dielectric supports.
Usually advanced electromagnetic simulations are neces-
sary to determine the complex permittivity even for rela-
tively simple and regular shape of samples under test.

Resonant cavities having axial symmetry are the most of-
ten used in the dielectric metrology. Cavities of this kind
can operate on different modes but in practice one of the
few first modes of the frequency spectrum are used.

2 Measuremnts of bulk low loss
dilectric materials

Bulk, low loss materials are usually measured employing
dielectric resonator technigues when the sample under test
concentrates most of the electromagnetic energy. These
days the most frequently used method to measure bulk
low loss dielectrics is the TEo1c mode dielectric resonator
technique /2/ with geometry schematically shown in
Fig.1a. The same structure can be used for multi-frequen-
cy measurements employing higher order TE /3/ and whis-
pering gallery modes /4/, although Hakki-Coleman die-
lectric resonator technique /5/ is still frequently employed
to measure the real part of the complex permittivity of low
loss high permittivity ceramic materials. If the losses in sam-
ples under test increase then the Q-factor of the resonance
structure becomes to small to be measured. In order to
measure medium or even high loss bulk dielectric sam-
ples it is necessary to reduce the amount of the electro-
magnetic energy in the sample under test. This can be
done for bulk samples in the way that is shown in Fig.1b

/6/./7/.
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dielecty

. ple
b)

Fig. 1:  Sketch of axially symmetric resonance
structures used for measurements of bulk
samples. a) TE or whispering gallery mode
dielectric resonator intended for measurements
of low loss samples, b) TE mode dielectric
resonator intended for measurements of
medium loss samples.

Measurement results of few bulk semi-insulating semicon-
ductor and dielectric samples employing dielectric reso-
nator techniques are shown in Figs.2-5.

-3
e N S SRS DRSS RS SESE RS
tand [ ioi]
.......... Pl m—
.......... ool 8 TEmodes |1

; . goome 29 1% f

N T

o

11 il AT AN WITES INEPATT AU NETUTITE IATATATE AN

0 5 10 15 20 25 30 35

f(GHz)

Fig. 2: Dielectric loss tangent for the GaAs sample
versus frequency measured at room

temperature employing several quasi TE and
whispering gallery modes /8/.
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Typical resolution of loss tangent resolution employing TE
mode dielectric resonators technique with optimised en-
closure is about 10°® for high permittivity samples (,>20)
and uncertainty of the real part of permittivity measure-
ments of the order of 0.3% (similar for low and high permit-
tivities). For whispering gallery modes loss tangent resolu-
tion can be even better then 107 (dielectric loss tangent
of high purity sapphire at 4 K) /4/.

13.00

] —8— whispering gallery mode measurements
e =12.322*(1+1.63E-4*T) [2]

12.90 |

N
=23
o

12.70 |

Permittivity

12.60 [

12.50 |

0 50 100 150 200 250 300
Temperature (K)

T 1T TTITr

10'7||||i||||i||||i||||i||||i||||

0 50 100 150 200 250 300
Temperature (K)

Fig. 3:  Permittivity versus temperature for the GaAs
sample. The experimental data points were
extracted from measurements of the whispering
gallery mode with frequencies near 18.9 GHz /8/.

Fig. 4: Measured and predicted theoretical loss at 3
GHz and zero bias for KTaOz /9/.

it should be pointed out that employing whispering gallery
modes it is possible to measure two components of the
complex permittivity tensor for oriented uniaxialy anisotropic
crystals /10/.

104' L} E L T T T T TrrT T T IIIlII-
£ '\
r 3
10°
(]
[
& experiment
theory .
102 I L1 13 uid ] boed L 1 EE] I 11 p1ut
1 10 100 1000
T(K)

10° ;

10° |

B experiment

theory

10

1 10 100 T(K) 1000
Fig. 5: Theoretical and measured real permittivities for

high-purity single-crystals of KTaO3z and SrTiO3
/9/.

3 Measuremnts of laminar dielectric
materials

The most convenient methods to measure the complex
permittivity of isotropic laminar dielectric materials are the
split cylindrical cavity method /11/ and the split post die-
lectric resonator method /12/. Schematic diagram of the
split post dielectric resonator is shown in Fig. 6. In both
methods the TE modes are employed that have only azi-
muthal component of the electric filed. This makes the
methods no sensitive to the presence of air gaps between
sample and the other parts of the resonance structures
because due to their axial symmetry the electric field is
tangential to the surface of test samples. Employing these
methods one can measure permittivity to within 0.3%. The
dielectric loss tangent resolution is typically better than 10
Split post dielectric resonator can be also employed for
the complex permittivity measurements of thin ferroelec-
tric films /13/, as well as for the surface resistance meas-

187
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urements of thin conducting films having surface resist-
ance larger than 3 kQ /14/.

support dielectric
: resonators
\ NN
: e NN
; V/
| e, |
ha [ Af ? - Q h
/ [N . N 3 |
- ' \ metal
sample Dr ™, enclosure

Fig. 6. Schematic diagram of split post dielectric
resonator

4 Measurements of semiconductors
and conductors

Contact-less conductivity measurements of semiconduc-
tors are very attractive especially for such materials for
which it is difficult to create linear current contacts with
four-point probe technique (e.g. SiC). This can be done
with a single post dielectric resonator technique /15/.
Schematic of the 10 GHz single post dielectric resonator
intended for conductivity measurements of typical semi-
conductor wafers is shown in Fig.7.

sample

Fig. 7: Schematic of 10 GHz single post dielectric
resonator intended for measurements of
semiconductor wafers and thin conducting
films deposited on dielectric substrates

Principles of conductivity measurements employing single-
post dielectric resonators can be explained using graphs
showing TEg1s mode resonant frequencies and Q-factors
due to conductor losses (Qs) in the sample versus con-
ductivity for different thicknesses of samples. Such graphs
are shown in Fig.8. One can observe that for 6<1 S/m Qs
factors and resonant frequency shifts behave as for “prop-
er dielectrics”. In this conductivity range resonant frequen-
cy shifts depend on the real part of permittivity and thick-
ness of samples, while Qg-factors decrease with increase
of conductivity. When ¢>1000 S/m Qs-factors and reso-
nant frequency shifts behave as for metallic samples. In
this case electromagnetic fields decay exponentially in the
direction perpendicular to the surface of the sample (skin
effect).

188
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Fig. 8. Computed resonant frequency shifts and
Q-factors due to conductor losses in the
sample, (Qg), for the single-post dielectric
resonator shown in Fig. 7 with L=4.3 mm.

As one can notice unique determination of conductivity
(resistivity) is possible if both the resonance frequency shift
due to the presence of the sample and the Q-factor due to
conductor losses in the sample are known.

The single post dielectric resonator technique can be also
used for the measurements of the surface resistance of
thin conducting films /14/.

5 Measurements of metamaterials

Metal films deposited on a dielectric substrate may exhibit
dielectric properties that significantly deviate from those
of the bulk metals /16/-/17 /. Very rapid change of dielec-
tric properties takes place near percolation threshold when
films become very thin and have island structure. If one
assumes that the island structure is periodic, such a pat-
terned metal film can be considered as a 2D metamaterial
/18/-/20/. Electromagnetic properties of periodic 2D het-
erogeneous structures consisting of unit cells of various
shapes such as metal dots, rings, split rings, double split
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rings and many other ones are of interest for many applica-
tions including manufacturing of a bulk artificial dielectric /
21/. If metal patterns posses high degree of symmetry than
the in-plane electromagnetic properties of such created
2D metamaterial are expected to be isotropic. By stacking
several layers of such 2D metamaterials one can obtain
3D metamaterials having uniaxialy anisotropy. It is known
that the electromagnetic properties of such metamaterial
can be characterized by the effective permittivity and the
effective permeability. For more complicated structures that
do not posses in plane symmetry it is necessary to intro-
duce additional material parameters (material properties)
that take into account the coupling between the electric
displacement vector and the magnetic field as well as the
coupling between magnetic induction and the electric field.
Such metatamaterials are called bianisotropic. It is also
possible to create isotropic 3D metamaterials by random
mixing of dielectric and metal particles. Such isotropic
metamaterials also exhibit both electric end magnetic prop-
erties but in this case permittivity and permeability are sca-
lars. Measurements of both permittivity and permeability
of metamaterials are difficult especially for relatively low
loss materials.

| the recently published paper /23/ a method have been
described that allows to measure the effective complex
permittivity and the effective complex permeability of iso-
tropic and uniaxialy anisotropic metamaterials. Separation
of the complex permittivity from the complex permeability
for a specific metamaterial was achieved performing meas-
urements of the resonance frequencies and the Q-factors
of a split post dielectric resonator with two samples having
different diameters but identical film patterns as it is shown
in Fig.9. Measurements of the resonance frequencies and
Q-factors of empty substrates served as reference materi-
als to determine the resonance frequency shifts and Q-
factor changes due to the presence of the metamaterial
only. electromagnetic Determinations of the effective com-
plex permittivity and permeability were performed on the
basis of rigorous modeling of the resonance structures
containing the samples. To check the validity and accura-
cy of presented technique two reference “materials” were
measured.

6.0 mm
g

dielectric substrate

- i .

Fig. 9: Two samples of metamaterial having the same
pattern that are used to determine both
permittivity and permeability of this
metamaterial.

The first reference material was made from a single piece
of transparency foil, 122 mm thick placed on the substrate.
A small sample of reference “material” was just cut from
the fransparency foil in a 6 mm diameter circle. Measure-
ments of the dielectric reference “material” should yield
known results (permittivity of 3.18 and unity permeability).
Due to unavoidable measurement uncertainties real meas-
urements would differ slightly. The second reference mag-
neto-dielectric material was yttrium-iron garnet YIG. Again
two samples of this material, 508 mm thick, have been
used in our measurements, one was 30 mm x 30 mm sam-
ple and the other 6 mm diameter sample.

In the addition two metamaterial samples were measured.
These samples were made as a random mixtures of very
fine Aluminium powder (with a mean particle size of the
order of 1 mm) and a polymer (PMMA) deposited by paint-
ing onto transparency polyester foils. The results of meas-
urements on reference materials and on metamaterials at
frequency 4.9 GHz are summarized in Table 1. Measure-
ments on the reference materials (PET and YIG) are con-
sistent with the literature values. It should be noted that
permittivities of metamaterials are very large (comparable
to the permittivity of ferroelectrics). The effective permea-
bilities of both metamaterials are smaller than unity which
is related to the eddy currents induced in metal particles.

Table 1. Results of permittivity and permeability
determination for “normal” reference materials and
planar, isotropic 3D metamaterials

Material Re(& ) | Im(&) | Re(Mz) | Im(Hzy) | hi(la)
PET 3.145 -0.0154 1.00448 < 0.0001 122
YIG 15.45 -0.0011 0.64900 -0.00945 508
Metamaterial 1 341 -17.5 0.28900 -0.02870 7
Metamaterial 2 3146 -88 0.15100 -0.13400 4

6 Summary

This paper overviewed only small fraction of available tech-
niques for measurement of material properties at micro-
wave frequencies. A lot of techniques exist that were not
mentioned in this paper that utilize microstrip, stripline and
coplanar waveguide cells (both transmission line and res-
onant ones). Typically transmission/reflection technigue
are useful for characterization of high and medium loss
materials and resonant techniques can be in principle used
for measurements of materials having arbitrary losses. On
the other hand resonant techniques are in most cases lim-
ited to one fixed frequency (although as it has been shown
multi-frequency measurements in one measurements cell
are possibie) while transmission/reflection techniques can
typically operate at broad frequency bands. One of the
most important issues for all techniques is their sensitivity
to the presence of air gaps between the sample and other
parts of the measurement cell. Resclution of loss tangent
measurements for arbitrary technique is associated with
the presence of parasitic losses in measuring cells. They
must be calculable and relatively small with respect to the
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losses in the sample to in order to measure precisely loss-
es in the material under test.
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MODERN THICK-FILM AND LTCC PASSIVES AND PASSIVE
INTEGRATED COMPONENTS
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Abstract: The dimensions of modern passives and passive integrated components should be reduced significantly in the nearest future. The aim of this
paper is to present current situation in the area of discrete, integrated and integral passives made using thick-fitm or Low Temperature Co-Fired Ceramic
(LTCC) technologies. The role of these components in modern electronic circuits is discussed too. The concept of such passives is very simple and they
are very cheap in mass production. But from materials science point of view they are complicated, non-equilibrium systems with physical and electrical
properties dependent on microstructure, which is determined in turn by proper arrangement of raw materials properties and conditions of fabrication
process.

The material, technological and constructional solutions and their relation with electrical and stability properties are analyzed in details for thick-film and
LTCC micropassives - microresistors, microcapacitors, microinductors and microvaristors - both described in the literature as well as fabricated and
characterized at the Faculty of Microsystem Electronics and Photonics, Wroclaw University of Technology. Moreover the relations between minimal
geometrical dimensions, technological accuracy and limitations on the one hand and electrical properties and stability behavior on the second hand are
presented and discussed.

Moderne pasivne in integrirane pasivhe komponente
izdelane z debeloplastno in LTCC tehnologijo

Kjuéne besede: LTCC tehnologije, moderne pasivne komponente, debeloplastne pasivne integrirane komponente, moderna elektronska vezja

Izvlegek: Velikosti modernih pasivnih in integriranih pasivnih komponent moramo v bliznji prinodnosti $e dodatno zmanjsati. Namen tega ¢lanka je pred-
staviti trenutno situacijo na podrocju diskretnih, integriranih in integralnin pasivnih komponent, narejenih s pomocjo debeloplastnih filmov ali LTCC teh-
nologij. Omenjamo tudi viogo the komponent v modernih elektronskih vezjih. Koncept teh pasivnih komponent je zelo enostaven, v §iroki potrosnji pa so
zelo poceni. Toda s stali$¢a materialoznanstva pa gre za zapletene, neravnovesne sisteme, katerih fizikalne in elektricne lastnosti so odvisne od mikros-
trukture, ki je na drugi strani dolo¢ena z lastnostmi osnovnega materiala in pogojev proizvodnega procesa.

V prispevku analiziramo material, tehnoloske in konstrukcijske resitve ter njihov vpliv na stabilnost in elektri¢ne lastnosti debeloplastnit in LTCC pasivnih
komponent. - mikroupori, mikrokondenzatorji, mikroinduktivnosti in mikrovaristorji - oboje opisano v literaturi, kakor tudi proizvedeno in okarakterizirano
na Fakulteti za Mikrosisteme, elektroniko in fotoniko na Univerzi Wroclaw. Obravnavamo tudi povezavo med minimalnimi dimenzijami, tehnolo$ko to¢nos-
tjo in omejitvami na eni strani in elektri¢nimi lastnostmi in zanesljivostjo na drugi strani.

According to the classification of National Electronics Man-
ufacturing Initiative (NEMI, USA) the following generation
of passives can be distinguished /1-4/:

1. Introduction - characterization of
modern passives

Discretes - traditional single purpose surface mount
or through-hole passives,

Electronic devices, components, circuits and systems -
should be faster, smaller, lighter and cheaper. Proper func-

tionality of modern electronic circuits demands both ac-
tive devices and passives (primarily resistors, capacitors
and inductors, but also nonlinear resistors - thermistors
and varistors, potentiometers, transformers, filters, fuses,
mechanical switches and electromechanical relays).

About 10" of passives, which undergo deep technologi-
cal and constructional transformation, are used by elec-
tronic industry every year and the world wide market in this
segment is equal to about 35 billions of US dollars. Around
1980's the through-hole packaging moved towards sur-
face mount technology (SMT). Wirewound components
were replaced gradually but rapidly by surface mount ones
and about 90% passives is SMT adapted at present.

- Arrays - multiple passive components with identical
function in a single SMT case,

- Networks - multiple passive components of more than
one function in a single SMT case, usually 4 to 12
elements,

- Integrated - a package containing multiple passive
elements of more than one function and possibly a
few active elements in a single SMT or Chip Scale
Package (CSP),

- Integral - passives embedded in or incorporated on
the surface of an interconnecting substrate,

- On-chip passives - passive components that are fab-
ricated along with the active ICs as a part of semicon-
ductor wafer.
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The requirements for passives are dependent on type of
circuits (Table 1).

Table 1. Typical passive components requirements for
various electronic circuits (based on /5/)

Analog and mixed-signal circuits

Application Value range Tolerance [%]
Resistors 10 Q- 100 MQ 1-10
Signal capacitors 10 pF— 10 nF 5-10
| Decoupling capacitors | 0.01-0.1 pF 10-20
EMI filter capacitors 1—10nF 10-20
Choke inductors 1-10 pH 10-20
RF and microwave circuits
Application Value range | Tolerance [%]
Terminating resistors 20 - 100 Q 1-10
Signal resistors 10-100Q 1-10
Signal capacitors 1—-20pF 5-10
Decoupling capacitors 0.01 -0.1 pF 10—20
Choke inductors 1-10pH 10-20
Signal inductors 1-20nH 1-10

The average linear dimension (Table 2) and complexity of
passives was decreased during recent years much less
than characteristic dimension and complexity of integrat-
ed circuits. This is the reason why the ratio between pas-
sives and active devices is increased almost all the time.

Table 2. Percentage contribution of package sizes of
passive components (based on /6/)

Year 1980 1990 2000 2010
Pack:
size
1206 89.5 13.0 5.0 1.0
0805 10.5 78.0 22.0 2.5
0603 9.0 60.0 20.0
0402 13.0 60.0
0201 15.0
01005 1.5

Further miniaturization of passives reaches the eguipment
barrier - for example modern pick-and-place machines are
not adjusted for accurate placement of 01005 compo-
nents. Therefore an old idea of planar arrays and networks
was reanimated.

Four 0803 capacitors, together with solder pads and tech-
nological margins, need 17.5 mm? area. But array of 4 iden-
tical capacitors placed in one 1206 structure needs only
7.75 mm? of printed circuit board area. Moreover, consid-
ering the necessary technological margins, the contribu-
tion of area (volume) of active layer in relation to nominal
device dimensions is decreased for smaller packages. For
example, this is 43% in 1206 multilayer ceramic capaci-
tors and only 19% in 0402 ones. Moreover passive arrays
and networks are characterized by smaller serial induct-
ance and better frequency behavior as well as lower as-
sembly cost and higher circuit reliability.

192

The integration of passives is the best solution for very high
component density with increased electrical performance,
improved reliability, reduced size and weight as well as low-
er cost. This process causes reduction or elimination of
discrete SMT components and the same reduction of over-
all part count, elimination of solder joints, improvement of
wireability and frequency behavior due to elimination of
parasitic inductance. The above advantages are possible
thanks to multichip module (MCM) technologies /7,8/ -
an extension of hybrid technologies permitting a higher
packaging density than can be assures by other approach-
€es.

The signal transmission lines in MCM are placed at many
levels and the ratio of bare VLSI circuits’ area (mounted on
MCM surface) to MCM area is greater than 20%. There-
fore MCM can transmit signals with frequency higher than
100 MHz. There are three kinds of MCM technology:

- MCM-D, where interconnections are formed in a sim-
ilar manner as in thin-film circuits, i.e. by depositing
alternate layers of conductors and dielectrics onto an
underlying substrate,

- MCM-L, where multilayer structures are formed by
lamination of printed circuit board materials with etched
patterns in copper foils and metalized vias,

- MCM-C, where multilayer structures are made by co-
firing of ceramic or glass/ceramic tapes, similar to
thick-film process. This means that vias are punched
in green tapes and then filled with conductive elec-
tronic paste. The individual layers are screen-printed
to create desired metallization patterns. Several such
prepared tapes are laminated at elevated tempera-
ture and then co-fired at proper temperature to form a
monolithic structure.

Modern MCM substrates consist not only interconnections
but also many integral (embedded) passives. In this man-
ner they fulfill the demands for the next generation of pack-
aging needs. For example, integral passives significantly
reduce inherent parasitics connected with the current dis-
crete passive packages.

This paper concentrates on author and his co-workers
activity in the area of thick-film and LTCC passives.

2. Fabrication of thick-film and LTCC
fine lines

In thick-film and LTCC technologies screen-printing is the
most reliable and cost-effective process for film deposi-
tion on tape or ceramic substrates. The standard screen-
printing resolution (line width and line-to-line space) is equal
to 100-125 um /9/. The fine line print resolution is limited
both by ink rheology as well as by screen properties (mesh
size, wire thickness, calendaring and angle of the screen
fabric in the frame) and the current achievable print resolu-
tion is about 50 um for curved structures and 30-40 um
for straight lines /10,11/.
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There are also other techniques developed for deposition
of fine lines - in general they are based on printing proc-
esses, like printing through etched solid metal masks, off-
set printing (eg. gravure-offset printing /12/, where as nar-
row as 25 um wide conductors have been printed), stamp-
ing or pad printing.

Next techniques are based on combination of standard
screen-printing with photolithography. This attempt is
present in photosensitive inks, where pattern is defined
after film drying / 13,14/ —this method enables to produce
fine lines narrower than 20 um in the case of Hibridas-like
materials. Also standard screen-printing can be connect-
ed with photoetching, where patterns are defined after fir-
ing of the layer. There are also tests with diffusion pattern-
ing /15/ or nanocinprint technologies /16/.

There are also a group of methods involves the deposition

of thick-films by capillary action from a precious stylus (noz-

zle) that also serves as the ink reservoir. Three methods

are used to deposit inks through the writing orifice:

- Hydraulic positive displacement pumping synchro-
nized with substrate stage motion (direct write print-
ing) where standard inks can be applied,

- Non-contact electrostatic thick-film printing where ink
is ejected by a high electrostatic field applied between
the nozzle and the substrate,

- Drop-on-demand ink-jet printing, in which drop-lets of
ink are jetted from small aperture directly to a speci-
fied position by application of a voltage pulse to a pie-
zoelectric material that is coupled directly or indirect-
ly to the printed fluid; typically drop-on-demand sys-
tems are able 1o produce droplets of diameter between
25 and 100 um /17/; the ink-jet process made it pos-
sible to metalize fine lines with line/space = 30/30
um /10/.

Investigation of author and his PhD and MSc students in
this area /18,19/ was devoted to preparation of set-ups
for exposure and development of miniature photoimagea-
ble thick films, self-building of apparatus for deposition of
thick-film with the usage of ink-jet technique, elaboration
of technology of stamping and geometrical characteriza-
tion of lines obtained in these techniques and set-ups. Our
Fodel made lines had minimal width of about 50 pm, ink-
jet printed lines — 90 um and stamped lines — 80 pum.
Examples of stamped 80 um lines are shown in Fig. 1.

4. Laser-shaped micropassives

Many laser applications, especially related to complete
microcircuit size reduction and packaging density increase
are reported in the literature (please see eqg. /20-24/).
This chapter presents the systematic studies of fabrication
as well as geometrical, electrical and stability properties
of thick-film or LTCC micro-resistors, microcapacitors and
microinductors made with the aid of laser-shaping.

photomask

convex Cu
stamp on
laminate

dried film

fired film

Fig. 1. Quality of 80 um PdAg lines made by stamping
method with the aid of convex Cu stamp

Micropassives were patterned by means of three lasers:

- Nd:YAG laser - arc lamp pumped Nd:YAG {(cur-rent
industrial standard in LTCC and thick-film technolo-
gy); the Aurel NAVS-30 Laser Trimming and Cutting
System (Aurel, Italy) with pulse Nd:YAG laser (1064
nm wavelength) and special software was used,

- frequency-tripled Nd:YAG laser (third harmonic gen-
erated with two extra-cavity L BO-crystals, beam length
of 3565 nm) - Microline 350L laser system (LPKF,
Germany) equipped with an arc lamp pumped
Nd:YAG-aser with Q-switching; the resulting beam is
guided by two galvanoscan-ners on a f-@ lens; the
typical repeating precision of the x-y-stage was 1 um
and typical laser spot velocity on the surface between
1 and 400 mm/s,

- KrF excimer laser - LPX 210 Lambda Physik model,
wavelength A = 248 nm, 30 um laserspot diameter
on the surface, repetition rate - 200 Hz, energy den-
sity on the surface - 40 J/cm?, shaping by scanning
with 1 pulse per um.

The laser parameters in every case depend on patterned
material. In case of fired thick-film conductive layers rela-
tively low energy laser beam is needed to avoid injury of
the substrate.
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4.1. Thick-film and LTCC microresistors
/21, 25-27/

Laser-shaped microresistors were made on alumina (96%
Al>03) or LTCC (DP 951 tape from DuPont) substrates.
The distance between electrodes, i.e. proper resistor
length, was created by laser cutting of conductive films.
Nd:YAG laser was used for cutting of dried conductors and
because of various behavior of cut films during firing, the
real notch width was dependent on conductor metailurgy.
The spaces equal to 109, 120 and 96 pm have been re-
ceived for 80 mm designed distance in the case of PdAg-,
Au- or Ag-based films, respectively. These differences be-
tween particular conductors are larger than for laser cut
performed on fired ones. Therefore frequency-tripled
Nd:YAG laser was used for fabrication of microresistors
with regulated length (30 to 300 um), created by laser
cutting of fired PdAg-, Au- or Ag-based conductive films
(Fig. 2). Next DP 2021 (100 ohm/sq.) or DP 2041 (10
kohm/sq.) ink was screen-printed and fired. To compare
these structures standard ones the screen-printed resis-
tors with 300 to 1800 um length were prepared on the
same substrate.

Microresistors with constant length and regulated width
down to 30 um were made by proper cutting of 1x1 mm?
fired resistors (Fig. 2) - this shaping method permits to elim-
inate conductor distance beyond resistor width.

Fig. 2. Conductive path with laser made gap, gap filled
with screen-printed resistive ink and top view
of resistors with regulated width

Laser profilometer was used for three-dimensional char-
acterization of investigated structures. A typical cross-sec-
tion profile is shown in Fig. 3. The thickness of resistive
film is not identical at every point. The mean thickness of
these films is about 10 um, both on alumina and LTCC
substrates. The depth of laser kerf is dependent on scribed
material and kind of substrate - the same pulse energy of
laser gives much deeper notches in LTCC substrates in
comparison with alumina ones. Moreover it is much more
difficult to cut fired conductive films than resistive ones.

Example of sheet resistance (Rsq) versus resistor length
dependences is shown in Fig. 4. The sheet resistance is
increased with resistor length. The increase level is de-
pendent on kind of resistive film. Resistors with reguiated
width exhibit hot temperature coefficient of resistance
(HTCR) practically independent of their width (Fig. 5).
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Fig. 5. HTCR as a function of resistor width

Long-term stability was characterized based on resistance
drift induced by long-term thermal ageing at three different
temperatures- 150°C, 200°C and 250°C. The samples
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were kept at every temperature for about 300 hours. Some
examples of fractional resistance changes are shown in
Fig. 6. Insignificant resistance changes are observed in
general. Resistors with Au-based terminations have better
stability as those with Ag- or PdAg-based contact layers.
Longer and wider resistors exhibit smalier resistance drift.
This means that ageing processes within resistor volume
give smaller fractional resistance changes than those ap-
pearing at the resistor/conductor interface. Screen-print-
ed resistors exhibit similar stability level under the same
ageing conditions /28,29/. This suggests that laser af-
fected zone, appearing during shaping, is very small and
can be neglected during analysis of electrical and stability
properties for structures with resistor width larger than 150

um.

—

250°C /330 h

#2021/Au/AI203
FR021/Ag/AI203
[2021/PdAg/AI203
RO21/AWLTCC
sR021/AgH.TCC
- | gR021/PdAgILTCC)

?RIR [%]

L [um]
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[12041/PdAgIAI203
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?RIR [%}
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Fig. 6. Long-term stability of laser-shaped
microresistors - resistive ink DP 2021 (top) and
DP 2041 (bottom)

4.2. Thick-film and LTCC microcapacitors
/30,31/

Capacitance density of thick-film components ranges from
few pF/mm? up to few nF/mm?. This is a result of relatively
large thickness of dielectric layer - it must be printed at
least twice for prevention from shorts. Thus, considering
area occupied, only small and medium capacitances are
achievable in thick-film technology. Multilayer LTCC struc-
tures allow circuit integration and miniaturization. But LTCC
process differs from typical thick-film one, what resuits in
significant difference of component properties.

Below fabrication and electrical as well as stability char-
acterization of 2.5%2.5 mm? comb laser-shaped planar
capacitors (Fig. 7) is presented. Basic electrical proper-
ties of components were measured as a function of fre-

quency and temperature. Two dielectric inks - ESL.4164
(K = 250) and DP5674 (K = 50+80) were used. PdAg-
based ESL963 and DP6146 conductive inks served for
electrodes. Moreover Ag-based ESL9912-A conductive ink
was applied in combination with both dielectrics for sur-
face capacitors. Each capacitor layer on alumina and post-
fired LTCC substrate was fired at standard 850°C/60 min.
profile after printing. Two prints were used for all capaci-
tors except buried planar ones.

Finger electrodes (50/50 and 75/75 um line/space) were
formed by Nd:YAG frequency-tripled laser. In addition
standard Nd:YAG laser was used to cut 120/80 um elec-
trodes in dried conductive inks both for surface and bur-
led capacitors.

Fig. 7. Planar comb capacitor configuration

The frequency (1 kHz+30 MHz i.e. from acoustic to UHF
frequency range) and temperature (25°C+145°C) charac-
teristics of comb capacitors were measured and analyzed.
Some examples of capacitance versus frequency charac-
teristics (compared with fitting results) are shown in Fig. 8.

: | ="smaa
& - “Hlnii"'.
16p -
L 14p A
[®)
12p 1 ~1 1~ 6146/5674 sandwich
y 4 963/4164 planar
p 4 A 6146/5674 planar
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1k 10k 100k 1M 10M
f[Hz]

Fig. 8. Capacitance vs. frequency (sandwich buried
0.5x0.5 mm? capacitors and comb planar ones,
LTCC substrate)

4.3. Thick-film and LTCC microinductors
/32,33/

Modern circuits operate at higher and higher frequencies.
Therefore inductors are used more frequently. Such thick-
film passives also can be laser-shaped. Air-cored, one-side
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ferrite covered and planar inductors with conductive tracks
{silver ink ESL 9912-A with 14-16 um thickness) embed-
ded in ferrite material (Fig. 9) in three different shapes (me-
ander inductors with 100 pm conductor width/50 pum con-
ductor spacing, and square spiral ones with 100 um con-
ductor width/50 um conductor spacing or 50 wm width/
50 pm spacing) were designed and laser-shaped (by fre-
quency-tripled Nd:YAG laser). Next their elect-rical and
stability properties were investigated. The inductors of
meander form consist of 17 sections whereas those of rec-
tangular form of & (for 100 pum track width/50 um spacing)
or 8 turns (for 50 pm track width/50 pum spacing). The
size of the fabricated inductors was about 2.5x2.5 mm?.

Fig. 9. Schematic cross-sections of realized inductors

Next ferrite layer, based on ESL 40011 magnetic tape
/34/, was prepared in the following way - the organic me-
dium was removed from the magnetic tape by firing at
550°C, the remaining part was thoroughly powdered and
mixed with typical ethylcellulose-terpineol binder to obtain
an appropriate thick-film ink. This ink was screen-printed
below or onto planar inductors through proper screen and
fired in 850°C/60 min cycle.

Inductance, resistance and quality factor, Q; were deter-
mined in a wide frequency (10 kHz - 110 MHz) and tem-
perature (20°C - 250°C) range and analyzed as a func-
tion of inductor geometry (shape and width of conductive
tracks) and presence/absence of magnetic core. The sta-
bility properties, i.e. fractional inductance and resistance
changes after long-term thermal ageing at elevated tem-
perature (150°C and/or 250°C, 250 hours each) were
also investigated and analyzed.

The inductances of structures with ferrite layer were from
the range 29-31 nH for 100/50 wm meander inductors,
91-102 nH for 100/50 um and 179-232 nH for 50/50
um spiral square inductors. The inductances of air-cored
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inductors were from the range 10-13 nH for 100/50 pum
meander inductors, 55-60 nH for 100/50 um and 137-
143 nH for 50/50 um spiral square inductors This means
that the inductance is increased for 1.6-2.9 times for one-
side ferrite covered inductors (Fig. 10).

Ag-based spiral square inductors have the quality factor
Q. = 0L/R from the range 15 to 18 at 90 MHz frequency,
independently on kind of substrate. However Q-factor of
inductors with ferrite layer becomes lower in higher fre-
quencies (about 1.5 - 5.3 for 90 MHz) than for air-cored
coils. It might be caused by loses of magnetic field energy
for induction of eddy currents in ferrite.

The stability properties, which are not analyzed too often
for such components, i.e. fractional inductance and re-
sistance changes after long-term thermal ageing at elevat-
ed temperature (150°C and/or 250°C, 250 hours each)
were also investigated. The inductors are very stable - long-
term thermal ageing did not change inductance level and
caused only smali resistance increase in the whole fre-
quency range - this is con-nected with good temperature
stability of applied thick-film conductors (Fig. 11). There-
fore ageing pro-cess practically do not affect Q; = f(w)
dependence.
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Fig. 10. Inductance vs. frequency for meander air-cored
and with ferrite layer inductors on alumina
substrates

The impedance spectra of inductors with ferrite core were
also measured in temperature range from 30 to 210°C. As
is shown in Fig. 12 decrease of inductance in higher tem-
perature was observed. At temperature above 180°C the
value of inductance is almost the same as for air-cored
structures. This indicates that the Curie point (tempera-
ture above which core loses its characteristic ferromag-
netic ability) was crossed. Parasitic resistance proves typ-
ical for metals linear increase with temperature - is a strong
function of temperature and is slightly affected by thermal
ageing.
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Fig. 12. Inductance vs. temperature for Ag-based
square inductors with ferrite layer on different
substrates

5 Fodel microresistors

So far various photosensitive conductor and dielectric inks
are commercially available. But such resistive compositions
are still only at the research and development stage. For
example Du Pont mentioned about Fodel photopatterna-
ble resistive inks /35/. We investigated the fabrication and
preliminary electrical characterization of microresistors
made of experimental DP E-93350-153 (1 kohm/sq.)
Fodel resistive ink (based on RuO») and Ag-based DP6453

Fodel conductor, both from Du Pont. Screen-printed or
fully photopatternable test resistors with designed dimen-
sions from 50x50 to 800x200 um? were made and test-
ed. Results related with geometrical, electrical and stabil-
ity properties of microresistors were described in
/28,36,37/. During examinations the following were found:

- The 3D geometry of microcomponents is strongly af-
fected by applied fabrication method. The screen-
printed resistors are wider whereas the Fodel one -
narrower than designed. To obtain assumed planar
dimensions the technological offset should be includ-
ed into the design procedure. Moreover microresis-
tors made in Fodel process have much smoother sur-
face.

- Microresistors made in fuil Fodel process exhibit weak-
er dependence of sheet resistance on resistor length
and better long-term stability.

- In spite of significantly reduced dimensions (even
down to 50x50 umz) the R(T) characteristics of mi-
croresistors are typical for thick-film resistors with re-
sistance minimum at certain temperature. The mini-
mum shifts towards lower temperatures when the re-
sistor aspect ratio is decreased.

- Much better reproducibility of this technology leads
also to much better pulse behavior of Fodel microre-
sistors (increase of critical electrical field and surface
power density approximately by 20-30% in compari-
son with standard ones).

- The long-term stability of 200x200 ;.Lm2 Fodel micro-
resistors was similar to typical thick-film resistors. The
100x100 and 50x50 pm? microresistors exhibited
somewhat worse long-term stability (after 500 h age-
ing at 150°C the resistance increased by about 1.0 -
1.5%).

Probabiy the problems with long-term stability were the
reason that Fodel resistive system was not commercial-
ized and photosensitive resistive inks are still at the research
and development stage in laboratories of ink manufactur-
ers.

6 Microvaristors

ZnO-based varistors are widely used for overvoltage pro-
tection of electronic circuits. High firing tempe-rature
(1150°C+1300°C) has to be applied in order to obtain sat-
isfactory nonlinearity properties of such devices. However
recently various thick-film varistor ceramics and structures
possessing nonlinearity coefficient from the range 20-35,
but fabricated in the temperature range between 850°C
and 1000°C, were presented /38-45/.

Our varistor ink was prepared from ZnO-based powder
consisting of ZnO (97.54 mol.%) and such additives as
BaBiO3 (0.7 mol.%), BisTizO12(0.16 mol.%), Sho03 (0.125
mol.%), MnO2 (0.125 mol.%), NiO (0.5 mol.%), Cro03(0.5
mol.%), and Co304 (0.35 mol.%). Next 1 wi% of BixOs
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was added to improve sintering process of such ink /12/.
Three conductive inks - DP6146 (PdAg), DP9894 (Pt) and
ESL8880-H (Au) - were used for electrodes. Alumina and
fired LTCC tape (DP951) served as substrates. Two varis-
tor configurations were designed - planar with finger-like
electrodes with 0.25 mm spacing and 2 mm wide varistor
layer and sandwich one (with dimensions of 0.5x0.5 or
2x2 mm? - Fig. 13).

Fig. 13. Planar and sandwich varistor configuration

[-V characteristics of varistors were measured with pulse
generator (0.1 ms pulses duration, 1 s interval). Obtained
curves were fitted using I = k¥ ® formula and the nonline-
arity coefficient o and characteristic voltage Vima were
calculated (Fig. 14).

Electrical properties of varistors were significantly depend-
ent on technology. The strongest factor was electrode
material. Nonlinearity coefficient « in the range of 9+23
was obtained for Pt terminations, 3+8 for PdAg and 3+11
for Au ones. Structures on LTCC substrate exhibited high-
er nonlinearity in comparison with those on alumina, espe-
cially in the case of Pt metallurgy. Moreover platinum ter-
minations made a dependent on firing profile; in the case
of Au and PdAg electrodes nonlinearity changed weakly.
In general sandwich varistors showed higher ¢. The distri-
bution of a values was about 25% for sandwich varistors
and 10% for planar ones.

1E-1 5
—&— Au850
—{— Au950
1E-2 - —&— PdAg850
>~ PdAg950
i PL850
1E-3 - e P50
9’\}’)
s
1E-4 {f
g SJ
L
5
1E-5 4 /d’
- V[V]
80 100 200 400

Fig. 14. IV characteristics of planar varistors on LTCC
substrate
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Wide range of characteristic voltage, Vima (10+200 V for
sandwich varistors and 100+460 V for planar ones), strong-
ly affected by electrode metallurgy, was obtained. Its value
was weakly correlated with a.

The stability of thick-film and LTCC varistors is not described
yet. This is why we decided to characterize long-term ther-
mal and electrical ageing and puise durability of such de-
vices.

Varistors were thermally aged at 150°C for 250 h. Exam-
ples of their I-V characteristics, measured before and after
ageing, are shown in Fig. 15.

Generally thermal ageing slightly deteriorated varistors
properties - small decrease in a and 10+15% decrease in
Vima was observed in most cases.

1E-1 -
11[A] ~—8— Au950
: —1+— Au950 aged
1E-2 4 ~—@— PdAg950
== PdAg950 aged
] b P1950
163 o ~{%— P1950 aged
1E-4 3
1E-5 E f)
40 60 80 100 200 400 V[V

Fig. 15. IV characteristics of planar varistors on LTCC
substrate fired at 950°C before and after ageing

Sandwich varistors with easy solderable PdAg electrodes
were chosen for long-term electrical ageing. They were
loaded with 100 PA current for 250 h at room tempera-
ture. Varistors made on alumina practically were not affect-
ed by electrical load. Also o value for LTCC components
remained unchanged. Only their I-V characteristics shifted
toward lower voltages. Changes were in the range from a
few to about 40 V.

Durability of varistors to high voltage pulses was also in-
vestigated. Components were subjected to series of 1000
pulses with 10 mA amplitude and 5 ms duration each. Test
was done at room temperature. Examples of changes in I-
V characteristics for as-fired and pulse exposed varistors
are shown in Fig. 16. Varistors showed good durability.
Generally small drop in o were found, although in some
cases its value remained the same or even increased. Vima
changes were very small, either positive or negative. Struc-
tures with Au electrodes were the most reliable, no breaks
during test occurred.
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Abstract: ill-V multi-junction solar cells are the state-of-the-art approach for high-efficiency photovoltaic energy conversion. Due to the structural com-
plexity of these devices numerical modelling and simulation for analysis and optimization has found increasing attention in recent years. This work presents
an overview of the modelling techniques for HI-V multi-junction solar cells applied at the Fraunhofer Institute for Solar Energy Systems (ISE). These are in
particular the detailed balance model used in the program “etaOpt”, the numerical semiconductor simulation using Sentaurus TCAD from Synopsys as
well as classical network simulations. Our latest modelling results, the capabilities of the different approaches as well as their limitations are discussed.
In addition, a focus is set on a recent record triple-junction solar cell with an efficiency of 41.1 % at a concentration ratio of 454 suns. Its key design factors
are indicated and it is shown in which aspects numerical modelling supported this development and what extensions will be needed in the future.

lll-V ve€spojne sonéne celice - simulacije in
prakti¢ne izvedbe

Kjuéne besede: ve&spojne sonéne celice, rekordna soncna celica, numeriéno modeliranje

tzviecek: lll-V veCspojnespoje soncne celice so trenutno najbolisi pristop za doseganie visoke ucinkovitosti pretvorbe. Zaradi strukturne kompleksnosti
teh celic se je v zadnjih letih izredno povecalo zanimanje za njihovo numeri¢no modeliranje, simulacijske analize in optimizacijo.V &lanku je predstavijen
pregied tehnik modeliranja IIl-V sonénih celic, ki jih uporabljajo na Fraunhofer Institute for Solar Energy Systems (ISE). Te tehnike so: ravnovesni model, ki
ga uporablja program “etaOpt”, numeri¢ne polprevodniske simulaciie z uporabo programa Sentaurus TCAD od Synopsysa, kakor tudi klasiéne mrezne
simulacije. Predstavijeni so nasi zadniji rezultati, kakor sposobnosti in omejitve posameznih pristopov. Dodatno je v &lanku povdarek na trenutni rekordni
trispojni soncni celici z izkoristkom 41.1 % pri koncentraciji 454 sonc. Predstavljeni so kljuéni dejavniki pri razvoju strukture, podpora numeriénega

modeliranja in kaksne nadgradnje bodo potrebne v prihodnosti.

1 Introduction

Monolithically stacked multi-junction solar cells based on
-V semiconductor materials, such as the GalnP/Galin-
As/Ge triple-junction solar cell, are the state-of-the-art ap-
proach for high-efficiency photovoltaic energy conversion.
Consisting of stacked p-n junctions with different band gap
energies, these devices can exploit the solar spectrum very
profitably. Just recently an efficiency of 41.1% was achieved
for a metamorphic Gag.aslno.ssP/ Gao.gslno.17As/Ge triple-
junction solar cell under the standard AM1.5d ASTM G173-
03 spectrum and a concentration of 454 suns /1,2/.

A multi-junction solar cell structure consists of a high
number of layers of different IlI-V compound semiconduc-
tor materials. Due to the complex electrical and optical in-
teractions between the different layers, a pure experimen-
tal optimization of these sophisticated structures would be
very expensive and protracted. An accurate and reliable
modeliing is desirable in order to accelerate the optimiza-
tion procedure considerably.

In recent years the use of numerical modeliing and simula-
tion of Ill-V multi junction solar cells has found increasing
attention. Different approaches and tools are in use. The
following seem to be most common: Very prevalent is the
evaluation of theoretical efficiencies for specific structures.
A good overview of the different approaches is presented

in Ref. /3/. Several groups use semiconductor simulation
environments for the analysis and optimization of the sem-
iconductor layer structure, e.g. /4-8/. For the optimiza-
tion of the front contact grid, network simulations were re-
peatedly used, e.g. /9,10/. In addition, some specialized
programs for solar cell modelling have been developed of
which the most common ones - such as PC1D and AMPS
- are reviewed in Ref. /11/. These programs have also
been used for lll-V solar cells, e.g. /12-14/. Thus, numer-
ical modelling and simulation have become common meth-
ods in the development of llI-V multi-junction solar cells.

At Fraunhofer ISE different simulation techniques are used
for the analysis and optimization of [II-V multi-junction solar
cells. The aim of this paper is to present an overview of the
three modelling approaches applied and to present our
recent findings. The capabilities and limitations of the mod-
els are also discussed. Concerning the current status of
the experimental realization the focus is set on a recent
highlight, which is the development of a metamorphic tri-
ple-junction solar cell with an efficiency of 41.1% /1/ un-
der the AM1.5d ASTM G173-03 spectrum and 454 KW/
m?2. It is shown in which aspects numerical modelling sup-
ported this development and what extensions will be need-
ed in the future.
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2  Numerical modelling

The parameter space for the structure optimization of lli-V
multi-junction solar cells is very large. In principle, the
number of subcells, the layer structure and the materials
in each subcell as well as the thickness and doping level
of each semiconductor layer need to be determined. In
addition, the front contact grid layout needs to be optimized
in respect to the designated concentration and
concentrating system. Obviously an experimental
procedure would be very time-consuming and expensive.
However, a numerical modeliing tool that is able to search
the whole parameter space does not yet exist. Therefore,
different modelling tools are used for the analysis of the
parameter space. In the lll-V group at Fraunhofer ISE three
different approaches are used. The optimal number of band
gaps and the ideal band gap combination is evaluated with
a modelling tool described in Section 2.1, which is based
on the Shockley-Queisser limit. We analyze the
semiconductor layer structure with the commercially
available semiconductor simulation environment Sentaurus
TCAD from Synopsys (see Section 2.2). Finally, the grid
design is optimized with the circuit simulator LTSpice from
Linear Technology Corporation /15/ described in Section
2.3.

2.1 ldeal efficiency calculation

One of the central benefits of using Ill-V semiconductors
as material for solar cells is the wide choice of band gaps
that can be experimentally realized and stacked. A valua-
ble guidance for finding the most efficient set is the evalu-
ation of ideal efficiencies, which could be realized without
any, but the physically inevitable losses. At Fraunhofer ISE
the program “etaOpt” was developed to calculate these
ideal efficiencies /16/.

2.1.1 Modelling approach

The model used in “etaOpt” is based on the detailed bal-
ance method first intfroduced by Shockley and Queisser /
17/, i.e. only radiative recombination is considered. All
subcells have an external quantum efficiency (EQE) equal
to one and it is assumed that photocurrent from upper sub-
cells can be transferred to lower ones to improve current-
matching. In reality this is achieved by thinning the absorb-
ing layers.

2.1.2 Results for triple-junction solar cells

This section focuses on triple-junction solar cells as they
currently have the highest efficiencies realized for terres-
trial as well as for space applications. Figure 1 shows the
optimal band gap combinations for triple-junction solar cells
under the extraterrestrial AMO spectrum (1367 W/m?,
298 K) as well as under the terrestrial AM1.5d ASTM G173-
03 spectrum with a concentration ratio of 500 suns
(500 kW/m?, 298 K). Optimal band gap combinations with
efficiencies above 48% (AMO) or 60.5% (AM1.5d) are
marked with black dots, while the grey dots represent struc-
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tures with efficiencies of 48 to 49% and 59.0 to 60.5%
respectively. Due to the homogeneous extraterrestrial AMO
spectrum, a large compound field of optimal band gap
combinations is formed, whereas the absorption band of
atmospheric water and carbon dioxide lead to the forma-
tion of two local maxima under AM1.5d.

The band gap combinations of five specific triple-junction
solar cell structures, for which efficiencies of over 40%
under the concentrated AM1.5d spectrum have already
been experimentally realized, are indicated: lattice-matched
Gag sino 5P/ Gao.golng.o1As/Ge (ILM) /18-20/; metamor-
phic Gag 44lng s6P/Gag golnp.oshs/Ge (MM1) /18/: meta-
morphic Gao,35|no,e5P/Gao‘83|no,17AS/Ge (MMQ) /1 /; in-
verted metamorphic Gagp.sing.sP/GaAs/ Gag.7alng o7As
(Inv1), inverted (double) metamorphic device
Gao_salno'37AS/GaoA96|no,o4AS/GaAS (anZ) /21 / A more
detailed discussion of the particularities of these designs
can be found in Ref. /1/.

Bottom Band Gap [eV]

Bottom Band Gap [eV]

04
1.6

I E—
Mldd]eBand .

> lO s o
Gap[e\/] A

Fig. 1. Ideal efficiencies of triple-junction solar cell
structures calculated with etaOpt under the
AMGO (top) and the AM1.5d ASTM G173-03
spectrum with a concentration ratio of 500 suns
(bottom, after Ref, /1/).
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2.2 Numerical modelling of the cell
structure

After the identification of the optimal band gap combina-
tions using “etaOpt”, the realistic cell structure with real
material properties has to be designed. The optimization
of the semiconductor layer structure is highly complex due
to the high number of layers and the strong optical as well
as electrical interactions between the layers. At Fraunhof-
er ISE the commercially available semiconductor simula-
tion environment Sentaurus TCAD from Synopsys is used
to analyze and optimize the layer structure.

2.2.1 Modelling approach

For the simulations presented here, different tools of the
simulation environment Sentaurus TCAD are used. After
defining the solar cell structure and meshing it with the
tools Sentaurus Structure Editor and Mesh, the calcula-
tion of the optics and the electrical features are performed
with the device simulator Sentaurus Device /22/.

We model the smallest two-dimensional symmetry element
of the solar cell, which is constructed by a cut through the
layers from cap to substrate perpendicular to the grid fin-
gers. The element covers a width corresponding to haif of
the finger spacing. This ensures that series resistance ef-
fects caused by lateral current flow in the device are taken
into account.

Realistic simulations with Sentaurus TCAD have two pre-
requisites: Firstly, the necessary models describing the
occurring physical phenomena need to be implemented
and validated. Of particular importance for solar cell mod-
elling are optical interference effects, optical generation
and recombination of minority carriers, carrier transport at
hetero-interfaces and tunneliing effects. Secondly, mate-
rial parameters such as optical constants, carrier mobilites,
band gap energies, electron affinity and parameters for
radiative, Auger, Shockley-Read-Hall as well as interface
recombination are required for each semiconductor layer
in the structure. in the following it will be shown that both
prerequisites are satisfactory fulfilled for the materials used
in our GaAs single-junction solar cells as well as in our
lattice-matched GainP-GaAs dual-junction solar celis. How-
ever, for other materials especially those in metamorphic
HI-V multi-junction solar celis the lack of material data limits
the modelling capabilities.

2.2.2 Results for single-junction solar celis

In the past excellent results have been obtained for the
modelling of 1il-V single-junction solar cells using numeri-
cal semiconductor simulation tools, e.g. /4,12,23/. There-
by, it was shown that the particular physical phenomena in
il-V solar cells, such as carrier transport at hetero-inter-
faces as well as optical interference effects, are well de-
scribed. However, the application of these relatively new
models for design optimization has rarely been reported.
In the following we present first optimization results for sin-
gle-junction GaAs solar cells. Details about the underlying

model and the material parameters can be found in Ref.
/4/. Figure 2 shows a comparison between measured and
simulated EQE and reflection of two GaAs solar cells with
different material for the window (FSF) layer. All parame-
ters of the solar cell except for the window layer have been
identical.
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Fig. 2: Comparison between measured and simulated
EQE and reflection for two GaAs solar cells with
different window (FSF) layer material.

The good agreement between measurement and simula-
tion proves the validity of the numerical model. The GalnP
window layer leads to significant absorption in the short
wavelength range between 300 - 650 nm and therefore
reduces the EQE. This underlines the importance of a high
band gap material for the window layer. After setting the
material to high band gap Alp.35Gag 16ln0.40P, the next task
is to find the optimal window thickness and doping. Figure
3 shows based on the results of the high band gap
Alg.35Gag.15In0.49P window fayer, how the efficiency of the
investigated GaAs solar cell varies for different thickness-
es and doping levels of the window layer. Two trends influ-
ence the optimum configuration: The window should lead
to low absorption, but shouid also serve as a good passi-
vation layer. The first demand favours thin window layers,
whereas the second demand sets a lower boundary to the
minimum thickness which is necessary for a sufficient pas-
sivation. Additionally the passivation properties are favour-
ing high doping levels in the window material. Thus, the
optimum configuration lies at high doping levels > 2x10'8
cm™ and a thin window layer around 20 nm.

Following a one-layer-at-a-time optimization approach, the
next layer to be analyzed is the emitter. The efficiency con-
tour plot (Figure 4) shows a plateau with guite stable effi-
ciency values ranging from very thin but highly doped con-
figurations to rather thick, but low doped values. The strong
drop in efficiency for configurations in the upper right cor-
ner is caused by the decrease of the short-circuit current
due to low diffusion iengths of the minority carriers. in con-
trast the drop in the lower left corner is caused by the in-
creasing lateral sheet resistance of the emitter.
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Fig. 3:  Efficiency contour of a GaAs solar cell as a
function of the thickness and doping level of
the Alp.asGao.16ln0.49P window layer.

These two trends are commonly observed for emitter vari-
ations. Yet, their individual strength strongly depends on
the particular material parameters. The shape of the pla-
teau is also influenced by the voltage, which shows a strong
dependence on material parameters, especially on the
carrier lifetime. Usually, the voltage increases with higher
doping levels and lower thicknesses. However, for solar
cells with very high SRH lifetime in the emitter the influ-
ence of the doping level on the open-circuit voltage can
be inverted due to the increase of radiative and Auger re-
combination with higher doping.

It is important to note that the results of the optimization
strongly depend on the material parameters of the individ-
ual cell. Of particular importance are the Shockley-Read-
Hall lifetimes and the interface recombination velocities,
which can vary significantly with the doping level and the
growth conditions. Therefore, the resuits of this study are
only valid for the material parameters obtained for our grown
layers. It should also be mentioned that the analysis pre-
sented here uses the approach of optimizing one-layer-at-
a-time, which will not necessarily lead 1o the global opti-
mum for the device structure.
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Fig. 4:  Efficiency contour of a GaAs single-junction
solar cell as a function of the thickness and
doping level of the emitter layer.
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2.2.3 Results for dualjunction solar cells

The modelling of multi-junction solar cells poses addition-
al challenges. First, a proper and numerically stable mod-
el for the tunnel diode, which connects the subcells in
series, is required. Second, the numerical complexity is
highly increased due to the simultaneous computation of
two or more subcells. Only few research groups have pre-
sented results on the modelling of [lII-V multi-junction solar
cells within semiconductor simulation environments /5-
8,24,25/. Recently, we presented a numerical model of a
Gag.51lng.49P-GaAs dual4unction solar cell taking into ac-
count the necessary material parameters and physical proc-
esses /8/. The theoretical modelling results were shown
to be in good agreement with measurements. Figure 5
shows a comparison of the measured and simulated EQE
and reflection for the investigated dual-junction solar cell.

100 T T T T T T
80 |
X
c
£ 60| EQE: Top cell
g —(— Measurement
= —— Simulation ! EQE: Bottom cell
o | —[+ Measurement
o 40 | A _ Reflection | oo Simulation
o A Measurement
L = = Simulation
20
"
O 3
300 400 500 600 700 800

Wavelength [nm]

Fig. 5: Simulated and measured EQE and reflection of
the investigated Gag.51Ino.49P-GaAs dual-
junction solar cell agree well (after Ref. /8/).

Based on the effect of current-limitation in a series inter-
connected multi-junction solar cell, a special calculation
method was developed to compute the quantum efficien-
cies of the subcells. This method follows the measurement
procedure for the EQE in which appropriate bias light con-
ditions are chosen to determine the EQE of the current
limiting subcell. With the developed simulation tools spe-
cific aspects of the device behaviour can now be theoret-
ically predicted and understood. An example is the optimi-
zation of the top and bottom cell thickness as shown in
Ref. /8,25/.

2.3 Optimization of the front contact grid

As shown above, the semiconductor layer structure can
be very well modelled with a two-dimensional symmetry
element. Yet, for the optimization of the front contact grid
such a model is not sufficient. In principle it would be pos-
sible to model and simulate a complete solar cell in all three
dimensions within the Sentaurus TCAD simulation environ-
ment. However, due to the high number of mesh points
necessary for a realistic model, the computational effort
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would be enormous, leading to intolerable computing time
of weeks or even months. Therefore, we optimize the front
contact separately with an electrical network model, which
will be discussed in this section.

2.3.1 Modelling approach

The IV-characteristic of a solar cell is often described with
the two diode model. The lack of this model is the missing
spatial distribution, thus neglecting the influence of the dis-
tributed series resistance and the perimeter effects at the
solar cell surrounding. The two diode model can be en-
hanced by dividing the solar cell in elementary cells con-
sisting of diodes, resistances and current sources to mod-
el the saturation currents and the photo generated cur-
rent. The elementary cells are connected in parallel through
ohmic resistances representing e.g. the lateral conduct-
ing emitter layer or the metal fingers. Thereby a network of
electrical components is created, which describes the
whole solar cell. The IV-characteristic is calculated with
the circuit simulator LTSpice, which uses a SPICE (Simu-
lation Program with Integrated Circuit Engineering) ap-
proach. More details about our network model can be
found in Ref. /26/.

Compared to the modelling approach described in Sec-
tion 2.2 a network model requires more integral parame-
ters such as the short-circuit current density, the resist-
ances of emitter and base layers, the dark current density
as well as the parallel resistance. This has the advantage
that most of these values can be measured or fitted direct-
ly from existing solar cell samples. Of course the obtained
results are strongly connected to the particular epitaxial
structure as well as to the technological processing and
may differ significantly for other solar cell structures.

2.3.2 Exempilary resuits

The network model was validated through a comparison of
measured and simulated data. The measured data was
gained by a flash-lamp based system described in /27/.
For the validation GaAs single-junction solar cells with the
same epitaxial structure as in Section 2.2.2 were used.
Figure 6 shows a good match between simulation and
measurement for a concentration ratio of up to 1000 suns.
The increase of efficiency caused by the increase in open-
circuit voltage and fill factor is well reproduced by the sim-
ulation as well as the drop caused by the losses through
series resistances. The optimum efficiency for this specif-
ic GaAs solar cell is reached at about 100 suns.

The network simulation now enables the prediction of de-
vice parameters for variations in the front contact metalii-
zation. This makes it a suitable tool for the grid optimiza-
tion. Figure 7 shows the calculated dependency between
efficiency and grid finger distance for the same GaAs solar
cell under a concentration ratio of 100 suns. The best fin-
ger spacing turns out to be about 260 um. For this config-
uration Figure 8 presents a variation of the grid finger length
and an optimum is found at 760 pm.
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Fig. 6:  Correlation between efficiency and
concentration of a GaAs single~junction solar
cell with an Alg.ssGao.16/n0.49P window layer.
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3 Experimental realisation

After showing the current status of our modelling activi-
ties, this section focuses on the experimental realization.
Although many different cell concepts are under investiga-
tion and show promising results, we are concentrating on
a metamorphic triple-junction solar cell, which recently
achieved an efficiency of 41.1% at 454 suns /1,2/. The fill
factor and efficiency versus concentration ratio are shown
in Figure 9. In the following a short description of the im-
provements that were made to achieve this record efficien-
cy is given. More details about this topic were presented
in Ref. /1/.

One of the key factors for the success of the metamorphic
triple-junction solar cell is its nearly optimal band gap com-
bination as indicated by the ideal efficiency calculations
(Figure 1). Starting from the lattice-matched configuration
(LM), the indium content in the top and middle subcells
were gradually increased leading to the metamorphic con-
figuration (MM2). In this configuration the Gag sslng 6sP and
the Gao.gslnp.17As subcells are grown lattice-matched to
each other, but mismatched to the Ge substrate. Hence,
the calculation of ideal efficiencies provided a valuable
guidance during the strategical decisions of which config-
uration to head for.

90 | -
O—O\Q ;
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Fig. 9:  Progress of fill factor and efficiency of a
metamorphic Gagp.3sine.esP/Gap.sslne.17As/Ge
triple-junction solar cell versus concentration
level (after Ref. /1/).

However, the main assumption for the calculation of ideal
efficiencies is that perfect solar cells are realised with none
but the physically inevitable losses. Of particular impor-
tance is a perfect material quality, which makes it possible
to neglect non-radiative recombination. Obviously in reali-
ty this assumption is rather difficult to be met. This is par-
ticularly true for metamorphic concepts as the lattice-mis-
match between the subcells usually induces a high number
of defects in the active solar cell layers. We overcame this
limitation through the development of a novel buffer layer
structure consisting of seven GalnAs layers with stepwise
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increasing indium content. Misfit dislocations are confined
into this structural element leading to dislocation densities
in the active layers of the solar cell below 10® cm™.

Ancther important factor is the optimal structure, in partic-
ular the thicknesses and doping levels of its semiconduc-
tor layers. As described above in Section 2.2 the determi-
nation of the optimal design could be facilitated through
the use of semiconductor simulation environments. Al-
though the numerical models are available the predictive
capabilities of the simulation are still particularly limited for
metamorphic structures due to the lack of material data.
This is caused by the fact that many experimental methods
for the measurement of important material data, like spec-
tral ellipsometry or Hall measurements, require simple sam-
ple structures. Yet, such samples are difficult to realise for
metamorphic materials due to the necessity of a metamor-
phic buffer structure. Thus, the model-based optimization
of the semiconductor layers of metamorphic structures is
- in contrast to lattice-matched structures - still limited to
rather rough guidelines. The structure of the metamorphic
triple-junction solar cell discussed here was hence opti-
mized in a long-term experimental procedure and is cer-
tainly not ideal.

Concerning the semiconductor layer structure one of the
key factors for the high performance of our metamorphic
triple-junction solar cell is the tunnel diode, which achieves
very high maximum tunnel current densities in the range of
15 to 25 A/cm?. I consists of a p-doped AlGalnAs layer
and an n-doped GalnP layer. Due to optimized lattice-match
to the surrounding layers the generation of dislocations is
avoided /1,28/.

Finally, another key factor for the structure was the optimal
grid layout, which was optimized with the network model!
described in Section 2.3. A central factor for the grid de-
sign is the intended concentration ratio. As current con-
centrator systems use different concentration ratios sev-
eral grids were designed and processed. Such a fine opti-
mization and adjustment of the complex grid structure is
hardly possible with only experimental investigation. This
example shows that an optimised interaction between the-
oretical and experimental efforts is absolutely essential for
the development and the realization of highest efficient solar
cells.

3 Conclusions

In this work the current status and the newest results of
the modelling activities for I1I-V multi-junction solar cells at
Fraunhofer ISE are presented. It is shown that ideal effi-
ciency calculations give a valuable guideline for the deci-
sion on which band gap combinations to realize. For triple-
junction solar cells the band gap configuration of the meta-
morphic Gao sslng e5P/Gagp sslng 17As/ Ge structure comes
close to the global optimum. The analysis and optimization
of the semiconductor layer structure can be greatly en-
hanced through simulations with semiconductor simulation
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environments. Good modelling results have been achieved 79/
for lattice-matched single- and dual-junction solar cell struc-

tures. However, the capabilities for metamorphic structures

are limited due to the lack of suitable material parameters. 710/
The third modelling approach described is network simu-

lation for the optimization of the grid layout. This approach

is highly predictive and is successfully applied for the de-

sign of contact grids for different cell structures and vari- 7/
ous illumination conditions. Concerning the experimental
realization, the key factors leading to the design of a meta-

morphic triple-junction solar cell with an efficiency of 41.1 /12l
% at 454-fold concentration are highlighted. It is shown

that numerical modelling technigues are now well estab-

lished and supporting the design process of multi-junction 13/
solar cells.
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Abstract: High efficiency is intended by electron-hole generation with sub band gap photons while the voltage is ruled by the band gap. Most present
cells have small current enhancement and some voltage loss. The reasons are described.

Napredek v razumevanju sonc¢nih celic z vmesnim
energijskim pasom

Kjuéne besede: vmesni energijski nivoji, sonéne celice z visoko udinkovitostjo

lzvle€ek: Visoko ucinkovitost pretvorbe zagotavljajo pari elektron-vrzel, ki jih generirajo fotoni z energijo nizjo od energijske reze, medtem ko je napetost
dolocena z energijsko rezo. Vecina celic izkazuje majhno povecanje toka, nekatere pa zniZanje napetosti. Vzroki so razlodeni v &lanku.

1 Introduction

An Intermediate Band (IB) solar celi is formed /1/ by an B
material situated between two ordinary semiconductors —
n- and p-type respectively— that play the role of selective
contacts to conduction band (CB) and valence band (VB)
electrons. The IB material has a band of states inside the
band gap between the CB and the VB. In this way, pho-
tons with less energy than the one necessary to pump an
electron from the VB to the CB can be absorbed by transi-
tions that pump an electron from the VB to the IB and from
the IB to the CB. Thus a full VB—CB electron transition (or
electron-hole pair generation) can be completed by means
of two photons of energy below the band gap. This mech-
anism should increase the solar cell current.

While increasing the current the voltage has to be pre-
served. The voltage in the cells is the difference of the CB
and VB gquasi Fermi levels (QFL) splitting. In the IB solar
cell a third independent QFL must appear for the IB that is
isolated from the contacts through two ordinary n- and p-
type ordinary semiconductors that play the role of elec-
tron and hole selective contacts.

Limiting efficiency of this concept for maximum concen-
tration (the one providing isotropic illumination on the cell
with the radiance of the sun’s photosphere) is 63% to com-
pare with the Shockley-Queisser limit of 40% for an ordi-
nary cell in the same conditions /2/.

IB GaAs solar were fabricated first /3/ based on this con-
cept using InAs quantum dots (QD) to form the IB by IES
(UPM) and the University of Glasgow. Today several more
groups have produced similar cells /4-8/. Evidence of the
electron-hole formation through the described two-photon
mechanism has been produced /9/. Evidence of the three
QFL splitting has also been provided /10/. However, the
efficiency is not higher than the one of the cells without

quantum dots. Bulk ZnTe:O IB solar cells have aiso been
presented / 11/ and while the efficiency is still very low the
IB behavior is crealy demosntstate and the efficiency of
the IB cells is 50% higher than the one of the ZnTe ordi-
nary cells.

2 Current enhancement

The QD IBSC show some current enhancement but it is
too small. It is attributed to the small number of QD layers
involved, 10 in the first IB solar celis /3/. The obvious con-
clusion was to fabricate solar cells with more QD layers
but this resulted in the production of dislocations /12/ that
spoiled the emitter photo-generated current contribution
(CB—VB transitions). However the increase of sub-band-
gap photon current was achieved. Strain- compensated
technigues have been developed first by Hubbard and co-
workers /4/ at Rochester Inst. Tech. and NASA Glenn with
very good results. Other researchers have also used strain
compensating techniques /4-8/. It seems that the depo-
sition of several hundreds of layers without degrading the
crystal will be possible. See in Figure 1 the best efficiency
so far achieved with and IB solar cell.

However, it seems that the IB—CB photon absorption is
very weak. This might be because the aspect of the QD is
very flat, reminding a quantum well (QW) and it is know
that this transition is forbidden in QWs for photons normal
to the surface. The manufacturing of QD with another as-
pect ratio is desirable. But in any case diffractive methods
may bent the rays so breaking the selection rule and at the
same time enlarging the ray path length /13/.

But besides, the IB is in most cases not half filled or insuf-
ficiently filled because most of groups refuse to dope the
IB, probably to keep the quality high. Even with a good
photon capture section this will prevent the [IB-—>CB ab-
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Fig. 1: IV curves of an IB-QD InAs/GaAs solar cell and

the reference GaAs solar cell /8/.

sorption to be produced by lack of electrons. Maybe they
observe that the quantum efficiency (QE) is better in un-
doped samples but again this is misleading because in most
cases QE is a one-photon experiment and only tells that
the IB and the CB are short-circuited, that is bad.

3 Voltage preservation

A voltage reduction of 100 to 200 mV is usually observed
between the QD solar cell and the reference GaAs solar
cell. It is mainly due to the reduction of the barrier material
band gap caused by:

- The formation of a wetting layer when the QD are
grown in the Stranski Krastanov mode. The wetting
layer is in reality a quantum well and as such it has not
a zero density of states between IB and CB and as
such its width has fo be considered as a reduction of
the barrier material band gap.

- The existence of high quantum number confined
states differing in energy less than the optical phonon
energy and therefore behaving very much as a con-
tinuous band.

- The appearance of a VB offset due to the confined
hole states whose excited states also form a continu-
ous in the same terms as above.

Photoreflectance measurements /14/ made in our group
show several confined layers that deped on the size and
shape of the QDs. This is also confirmed by quantum cal-
culations (by Zunger and coworkers) for the InAs/GaAs
case show a reduction of the band gap that at 0°K is of
about 300 meV. The reduction observed in the voltage is
smaller but is to be expected that it mirrors at least qualita-
tively the theoretically expected band gap reduction.

But this effect is not negative in itself. It only tells that the
bandgap of the barrier material is modified by the addition
of QD and thus it is unfair to compare InAs/GaAs cells with
GaAs cells. To compare cells of the same badgap it woud
be necessary to make the IB cell ain a larger bandgap
material like AlGaAs.
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spectrum of an IB QD solar cell. The first seed
layer has one wetting layer and a confined
states. The rest of the layers have their wetting
layer and three confined levels, each one
vertically coupled /14/.

But besides this it looks that the 1B in this system is strong-
ly connected to the CB. This means that the capture sec-
tion of CB electrons by the IB is very high /15/. This makes
the separation of the three QFL difficult. The main reason
for it is the multitude of levels popuiating the IB-CV interval
as seen in Figure 2. But in addition to it the high electric
fields present in the cells favor the tunneling of the con-
fined electrons into the CB. We have experimental evidence
(in preparation for publication) that the later mechanism
has been avoided in recent cells but the fact remains that
even the ideal detailed balance calculations tell that the
InAs/GaAs QD cell cannot give more efficiency than the
GaAs cell at one sun illumination. Thus we believe that a
practical QD device has to be made with a larger bandgap
barrier material.

4 Bulk material ib cells

IB materials have been found along several paths. The first
to be followed that was based on ab initio quantum calcu-
lations /16/ has recently led to the solvothermal synthesis
of Vag.2slny.7583 /17/ in which the theoretically predicted
/18/ three absorption bands have been found. No cell
has been done because the synthesis method is not com-
patible with solar cell manufacturing.

The band anticrossing mechanism /19/ in highly mis-
matched alloys has led to the discovery of several IB materi-
als as detected by photoreflectance spectroscopy /20, 21/.
Recently the first bulk IB solar cell has been produced /11/,
of ZnTe:O, where the IB celi is clearly better than the corre-
sponding ZnTe ordinary cell, as shown in Figure 3.

But in reality any deep level impurity might be the precur-
sor of an 1B cell. Several new ideas are now in develop-
ment along this line /22, 23/.
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ordinary ZnTe solar cell. Effciencies are below
1% but 50% higher in the IB solar cell.

4.1 Suppression of the non-radiative
recombination

It is well known that deep levels are the origin of SRH non
radiative recombination. In bulk materials we believe that
the main cause of it is the so called multiphonon emission
mechanism /24/ that is associated to the disequilibrium
caused when the electric charge an extended electron in
the CB or in the VB makes a transition to a localized state
with the charge localized around the impurity in the deep
level. The lattice start vibrating heavily and this vibration is
subsequently damped by the emission of several phonons.
We have anticipated /25/ that if the semiconductor is heav-
ily doped so that the impurity states become extended
states in an impurity band thie mechanism cannot be pro-
duced and the non radiative recombination mush result
suppressed. By ion implantation and pulsed laser meiting
we have doped heavily wafer of Si with Ti that is known to
be a strong lifetime killer. We have found that the lifetime is
increased when the implanted dose increases /26/. The
experiment result is presented in Figure 4.

It is to be noted that this result is just opposite to the com-
mon belief of device physicists: the more the Ti the longer
the lifetime. We believe this is an important result and ex-
plains why IB behavior is to be different form deep level
behavior.

5 Conclusions

Stress production during the QD growth seems to be the
main cause for reduction of the cell photo generated cur-
rent. Indeed this also affect drastically to the voltage. When
the stress is controlled the voltage is still reduced due to
the shrinkage of the main band gap. This is not to be con-
sidered as a drawback in itself. The comparison with GaAs
cells is inappropriate. The band gap can be restored by
using alloys such as GaAlAs as barrier material.
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Fig. 4:  Lifetime vs. injection level as measured by
conductivity decay /27/ in heavily Tiimplanted
Si wafers /26/.

The multiple confined lavels seems to provide an easy path
to have the IB and the CB thermally connected. This makes
difficult the appearance of three quasi Fermi levels and
therefore the conservation of the voltage

Doping the IB is essential for the IB—CB photon absorp-
tion. Without it the high voltage operation is also impossi-
ble. But maybe the shape of the QDs, very close to that of
the QWs makes this absorption difficuit as it is known that
it is forbidden in QWs.

In general, revisiting the optimal materials proposed by us
at the beginning /28/ seems now pertinent. QD’s should
be smaller and their levels more separated from the CB.
For it the main bandgap must be higher.

Several bulk [B materials have been found experimentally
and many more have been anticipated theoretically. This
contrasts to the first predictions of some scientists that con-
sidered impossible to find IB materials. 1B solar cells have
been manufactured although their efficiency is still small.

The different behavior of deep levels and IB in the sense
that no SRH recombination is to be expected in the sec-
onds has been anticipated and experimental evidence has
been provided.

Over two dozen of groups have published so far in I1SI-re-
corded journals on [B solar cells. Most If the publications
are of the last three years and results start to appear copi-
ous. We think that soon we shall practical IB solar cells,
either in tandem /29/ for operation in concentration, to
explore the range of 50% efficiency, or as thin film solar
cells more efficient than the present ones and therefore
able to compete better in market.
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Abstract: Energy balance of a solar panel is considered in relation to its efficiency. The monthly, seasonal and yearly means of solar radiance exposures
are presented in a form of geo-referenced maps for whole Slovenia with a spatial resolution 100 m x 100 m, as well as the diagrams of the optimal tilts and
orientation of solar collectors for selected places in Slovenia. in rough relief, not only the whole landscape is divided into sunny and shady parts, but also
different sky-view factors influence strongly the diffuse part of radiance exposure. The trend of increasing global solar radiance exposure during the last
few decades can partly be explained with the trend of the reduced fog occurrence over Slovenia.

Fotonapetostno izkoriS¢anje son¢ne energije

Kjuéne besede: son¢no obsevanje, Slovenija, fotovoltaika

lzvle€ek: Energijska bilanca fotonapetostnega modula je pogojena tudi z njegovim izkoristkom. Mesecna, sezonska in letna povpredja sonénega ob-
sevanja so predstavijena na geografski karti z resolucijo 100 m x 100 m za celotno Siovenijo. Prav tako so podani diagrami optimalnega naklona in
orientacije fotonapetostnih moduiov za izbrane kraje v Sloveniji. Na razgibanem terenu pokrajina ni razdeliena samo na sendni in osoncen del temved tudi
glede na razli¢ne vidne kote neba, ki mo¢no vplivajo na difuzni del obsevanja. Trende povedevanja sonénega obsevanja v zadnji dekadi lahko razlozimo

delno tudi z zmanjsanjem pojava megie v Sloveniji.

1 Introduction

The natural resource for exploiting solar energy is of course
solar irradiance that differs from place to place due to as-
tronomical and weather related factors. While astronomi-
cal part can be well described with analytical equations,
the meteorological part should be determined with a help
of the measured data as well as using the results of mete-
orological models. The most important is of course the
solar irradiance (power density), or radiance exposture (en-
ergy density, accumulated in a certain time, for example in
a day). The next most important is air temperature, affect-
ing the energy balance of solar collectors, followed by oth-
er parameters that influence heat exchange between col-
lectors and their environment, like wind, precipitation etc.,
resulting in temperature of collector. Temperature is im-
portant as efficiency of PV cells diminishes with tempera-
ture.

In this paper are thus presented the factors of energy bal-
ance of a solar panel, the methodology for obtaining geo-
referenced solar radiance exposures in a horizontal reso-
lution of 100 m x 100 m, and the optimal tilts and orienta-
tions of surfaces with the highest radiation exposures.

2 The data

2.1 Solar energy data

Solar energy is not measured for a long period at many
meteorological stations in Slovenia since most of the pyra-
nometers, measuring global solar irradiation, were installed
only in the last ten or fifteen years. Therefore, the time
period for climatology of solar radiance exposures do not
span over the 30-year period, which comprises the clima-

tologically established standard that ensures the desired
stability and representativeness of the measured data.
Namely, if we want to consider the 30-year period we would
have to hold back on our study and the publishing of re-
sults for the next 15 years. Due to the requirements of such
data, the study was only performed on 10-year-long data
sets.

As the exploitation of solar energy depends on the propor-
tion between the direct and the diffuse part of irradiance,
it is important to know both. The relief of Slovenia is rough
and so not only that the whole landscape is divided into
some parts that are more exposed to the sun and other
more shady ones; the relief is also significant for the dif-
fuse part of radiation. The diffuse radiation from the sky is
reduced by the sky-view factor, which is the visible propor-
tion of bright sky that also contributes an important part to
insolation. The direct part of quasi-global radiance depends
mostly on the incidence angle, which is defined by astro-
nomical and surface parameters, as well as the horizon of
the surrounding relief. The obstacles on horizon influence
the effective possible duration of solar radiation. All these
influences were included in our own model /1/ for com-
puting quasi-global solar irradiance and radiance exposure
with a spatial resolution of 100 m x 100 m (based on a
digital relief model of Slovenia, © Surveying and Mapping
Authority of the Republic of Slovenia).

2.2 Other meteorological data,
influencing the efficiency of the PV
panel

In this subsection we are going to explain how the environ-
mental data influence efficiency of the PV panel. It is known
that efficiency diminishes with the increasing temperature
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T /e.q. 2/. The temperature of cells or a whole panel as a
bulkis the result of the energy exchange between the panel
and its environment. The first are the conduction and the
convection, depending on panels and on environmental
temperature, with exchange coefficients that depend also
onwind and turbulence. Next is the infrared radiation leav-
ing the panel (depending on 4th power of panels tempera-
ture) and infrared radiation from the environment to the
panel, depending on 4" power of temperature of the envi-
ronment (above the panel is the air having in clear sky con-
ditions the butk emissivity of approx. 0.7). In addition, even-
tual precipitation or dew has energetic consequences via
the latent heat of evaporation. Therefore, for a detailed
consideration of factors of panel’s efficiency besides the
solar irradiance also these heat exchanges should be tak-
en into account.

3 Global and quasi-global solar
radiance exposures

Fig. 1:  Yearly mean of the global radiant exposure for

Siovenia /1/.

Fig. 2:  Yearly mean of the quasi- global radiant
exposure for Slovenia /1/.

Monthly charts of the global (on horizontal receiving sur-
face) and quasi-global solar radiant exposure (of different-
ly tilted and oriented surfaces) were computed, as well as
seasonal and yearly charts. As two examples we show here

214

the yearly chart of the global (in a 1 km x 1 km horizontal
resolution; Fig. 1), and the quasi-global exposures (in a
100 m x 100 m horizontal resolution; Fig. 2) for Slovenia.
The sunny and shady slopes are evident at first glance.
The radiant exposure could even be some 20 % higher on
the sunny siopes in comparison with the global exposure
of horizontal surfaces. The shady slopes differ from the
horizontal areas even more (even by 70 %). This asymme-
try is mainly caused by the effect of the relief on the direct
radiation - shady slopes experience a less favourable inci-
dence angle of the sun and are often in the shade (when
they only receive a diffuse part of radiation), while the sun-
ny siopes are only influenced by a greater inclination angle
of the sun, while in general they are not shadowed.

4  The optimum orientation and tilt

The orientation and slope of a collector can contribute an
important increase to the energy collected in the exploita-
tion of solar energy. The primary factor of sensible exploi-
tation is, of course, the placement of the collector in a
sunny place in order to prevent shadows from obstacles in
the nearby and more distant vicinity. Then the optimal incli-
nation and orientation has to be established: one can as-
sume that the collector should be oriented towards the
south and that the summer inclination (with the sun high in
the sky) should be smaller than the winter inclination. How-
ever, a careful analysis also offers some less expected and
even surprising results (Fig. 3).

Contour plots of relative PV array energy yield
regarding the horizontal surface as a function
of fixed orientation and tilt for March, June,

September, December and the whole year for
Portoroz in the Mediterranean part of Slovenia

/3/.

For example, mainly during the cold part of the year the
basins and plains of the lowlands are often foggy or cov-
ered by low stratus cloudiness that clears only late in the
morning or even in the afternoon. An orientation slightly to



J. Rakovec:
Exploiting Solar Energy With Photovoltaics

Informacije MIDEM 39(2009)4, str. 213-215

the West provides a better incidence angle for the strong-
er afternoon direct radiance exposure. There are regional
differences in optimal inclination: the optimal value in the
Mediterranean area is, for instance, higher than in the north-
eastern area. In June, when the towards South tilted col-
lectors do not receive direct irradiance in morning and
evening hours, when the sun is not yet, or no more on the
southern part of the sky, tilting the collector is not very
appropriate as regards the daily sum of radiant exposure.

The above consideration is general - considering only the
solar radiance exposure of the receiving surfaces. Especially
with PV panels, another factor should be taken into account,
being connected with the dependence of its efficiency on
temperature. In morning hours, panels are normally cold and
thus their efficiency is higher than in afternoon hours when
the panels may warm up to 70 °C. With such an increase of
the panel's temperature its efficiency drops in outdoors con-
ditions from over 11 % down to some 10 % - relatively that
means for one tenth; Figure 4, /4/. This degrease in efficien-
cy prevails over the slightly higher irradiances in afternoon
hours. Therefore, specifically for PV panels orientation slight-
ly towards east may perform better.
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Fig. 4: PV panel efficiency during the clear sky day /4/

5 Trend in last decades

The trend of increasing global solar radiance exposure (Fig.
5) can partly be explained by the trend of the reduced fog
occurrence over Slovenia /5/, yielding to the increase in
solar energy seen during the last few decades.

5 Conclusions

The results of our present study can be compared with the
ESRA - the European Solar Radiation Atlas /6/, as well as
with a study for Slovenia from some decades ago /7/. The
comparison with the ESRA shows that in December almost
the whole of Slovenia is in the class 2.7-3.6 MJ/m? daily,
except for the Julian Alps that are in the class 3.6-4.5 MJ/
m? daily - our results show more details and for the basin
the interval 2.3-2.9 MJ/m?, the majority in an interval 2.9~
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Fig. 5:  Trend of solar global radiant exposure for

Ljubljana in last decades /1/.

3.9 MJ/m?, and with some maxima (mainly in the moun-
tains) over 5 MJ/m? daily. In June, ESRA global solar radi-
ance exposure in Slovenia is in four classes: the narrow
coastal part 20.7-21.6 MJ/m?, the rest of the Mediterra-
nean part of the country 19.8-20.7 MJ/m?, a belt from the
Julian Alps to the SE and to the NE of the country with
18.9-19.8 MJ/m?2, and the rest with 18.0-18.9 MJ/m?
daily. Our results range from 5.8-24 MJ/m?. So both of
the results largely agree to a certain extent - but our study
provides much more details.
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Abstract: While the global photovoltaic market is extremely growing and this technology is more and more seen as important future energy supply which
will significantly contribute to the electricity generation, current electricity grids are not yet designed to integrate a steadily increasing penetration of
photovoltaic generation. This manuscript discusses the main technical challenges as well as the currently ongoing international activities in this field in
order to make the electricity grids smarter with a focus on inverter technology as key element in this process.

Visoka stopnja vklju¢evanja fotonapetostnih sistemov v
elektricno omrezje

Kjuéne besede: PV sistemi, elektri¢na omrezja, pametna omreZja

lzvie€ek: Medtem, ko globalni trg fotovoltaike ekstremno narasca in fotovoltaika izgleda kot pomemben vir energije v prihodnosti, ki bo pomembno
vplivala na proizvodnjo elektri¢ne energije, elektri¢no omreZje ni nacrtovano tako, da bi bilo pripraviieno na prikljuGevanje vedno vedjega Stevila fotonape-
tostnih elektrarn. Clanek opisuje tehniCne izzive in trenutne mednarodne aktivnosti na tem podrogju, kako narediti elektriéna omrezja pametnejsa. Pou-
darek je na tehnologiji razsmernikov kot klju¢nih gradnikov v procesu vkljudevanja.

1 Introduction

During the last 10 years, the global development of photo-
voltaic (PV) increased with higher growth rates than ambi-
tious scenarios could foresee, mainly due to ambitious pro-
grams in two countries, Germany and Japan.

In the year 2008, for the first time a growth of the annual
market of more than 100% was evident as in a number of
additional countries support programs began to take ef-
fect. In total more than 14 GW are nowadays installed world-
wide, most of them grid connected.

Main drivers are the outstanding features of this solar tech-
nology like availability of raw material (silicon as second
most frequent element on the earth) the wide acceptance
of application - even as architectural element in the design
of buildings - as well as the clear future perspective of fur-
ther increasing efficiencies and decreasing prices.

2  PVuntil 2020

The European Photovoltaic Industry Association as well as
other institutions and national aims see market shares of
up to 12% PV of the total electric power generation until
2020 achievable. /1/ /2/

The frame conditions to achieve this goal are:

- Cost competitiveness achieved mainly by larger pro-
duction facilities, improved manufacturing and autom-
atisation, and technological progress like increased
efficiencies.
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- Market deployment taking into account the added
value of PV beyond energy like meeting the peak de-
mand, reducing the burden of environmental cost,
reduced fuel price risk, representing a green image
and many more./3/

- Policy frameworks which need to be supportive by
unbureaucratic feed-in tariffs or other measures until
the cost competitiveness is given (grid parity).

- Interaction with other renewable generation in order
to meet the whole requirements of the future electric-
ity system mainly by renewable energy generation.

- The supply chain to bring up multi Gigawatt produc-
tions for an annual market of up to 160 GW until 2020.
The availability of materials, the production capaci-
ties and the education needs to follow these strong
scenarios of market development.

- Although mainly due to the daytime generation char-
acteristics of PV, most electricity networks can ab-
sorb much more PV generation than other fluctuating
production, the system integration of huge amounts
of PV into the electricity networks needs specific re-
quirements which will be discussed in more detail in
the following chapters.

3 Challenges for electricity networks

While photovoltaic as distributed generation from renewa-
ble energy resources is seen as key element of future en-
ergy supply, current electricity grids are not designed to
integrate a steadily increasing share of distributed genera-
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tors. The hierarchical network topology was designed for
unidirectional power flows and passive operation.

Photovoltaics, even though only currently contributing to
less than one percent of the power generation in the over-
all electricity networks of countries show traditionally a very
uneven appearance. This might lead to challenges which
firstly appear only in some parts of the network mainly de-
pending on the local condition of the grid.

Overvoltage:

Local distribution networks soon can be fed by solar pow-
er to an amount which pushes the local voltage level be-
yond its limits laid down e.g. in the EN 50160 standards.
The overvoltage concern is mostly the top priority chal-
lenge in PV interconnection. Overvoltage problems are
more likely to occur on rural grid, where the line imped-
ance is higher and the load is relatively low. One solution
to overcome this problem is currently used in Japan, where
inverters reduce the active output power when a certain
voltage threshold is exceeded. However, with this ap-
proach, the owner of the PV system is facing disadvantag-
es with reduced income from his PV generation. /4/

The following graph shows the change of a local distribu-
tion network from typical passive networks with load only
to active networks with bidirectional power flow due to dis-
tributed generation in the low (and medium) voltage level.
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Fig. 1: Transition from passive to active distribution
networks /5/

Harmonics:

While the impact of harmonics was a high concern in the
beginning of PV grid interconnection, it is now extremely
small with the recent advancements in power electronics
and other technologies. Meanwhile, modern inverters are
even capabile to filter harmonics out of the grid, which are
caused by various consumer applications.

Safety:

Unintentional islanding in distribution networks due to the
presence of PV generation is one of the major safety con-
cerns for the grid interconnection of generators. Although

the possibility of unintended islanding operations is very
small, the probability to encounter an island is not negligi-
ble. The risks involved if unintended islanding does occur
are great.

Protection methods to the standard voltage and frequency
monitoring are required in order to detect a loss of mains
at the generator and ensure the safety of customers and
maintenance personnel.

There are significant differences between national inter-
connection requirements in the recognition of the prob-
lem’s importance which causes troubles mainly for inter-
national inverter manufacturers. /6/

Further aspects:

Beside concerns of the impact to the general voltage lev-
el, the behavior during grid fauits like voltage sags /7/ and
other grid interaction (reactive power, voltage unbalance, ...)
have to be taken into account at high levels of PV penetra-
tion in local grid situations.

Stability problems might occur if simultaneous loss of a
large number of distributed PV-generation in higher level
networks happens. Therefore, inverters must be able to
provide a coordinated and/or local grid management, also
to not disconnect at the first occurrence of a grid distur-
bance.

In order to avoid excessively expensive grid reinforcements,
new solutions for active grid operation will be necessary.

The development of photovoltaic inverters, from simple
conversion of direct current into the alternating current of
the public grid with highest efficiency under sometimes
frequently changing solar conditions (“maximum power
point tracking”, MPPT) to multifunctional inverters now able
to support the local grid situation is indeed remarkable:

The new generation of high quality inverters is now capa-
ble to actively contribute to grid stability by power and fre-
quency control, reactive power management, coordinat-
ed voltage control as well as by a sophisticated fault ride
through capability. Power quality is addressed mainly by
the already mentioned filtering of harmonics as wel! as
compensation of voltage unbalance in three phase net-
work. An additional function will be to contribute to the short
circuit current.

Germany, one of the leading countries in photovoltaic has
recently issued the Interconnection requirements for gen-
erators connected to the Medium Voltage Network based
on the Transmission Code 2007 (TC 2007). This docu-
ment might show the way of PV interconnection in the fu-
ture and further encourages or rather makes high demands
on the inverter manufacturers to develop innovative prod-
ucts.
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4  Positive effects for the electricity
networks

Predominantly, the supply profile of PV systems fits well to
most of the load profiles in industrial countries with a foad
peak around noon. The currently increasing application of
air conditioning systems leads to the fact that these peaks
are getting even higher and higher. The energy demand
for Air-conditioning corresponds quite well with the solar
irradiation which is directly linked to the power generation
of grid connected PV systems.

PV generation vs. load curve on a sunny day in July
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Fig. 2: PV generation versus typical load /2/

Besides matching some peak load situations quite well,

there could be some other positive effects for the electric-

ity networks:

- Reduction of network losses due to more local gen-
eration and therefore decreased power transmission

- More transmission capacity opens space for other
transmission services

- Active network services from multifunctional photo-
voltaic inverters can support the local network man-
agement

However, most of these functionalities will only be effec-
tive in high penetration scenarios. /8/

5 Key requirements for electricity
networks in order to cope with high
penetration of PV

Beside multifunctional inverters as the main link to the elec-
tricity network, there are several further requirements for
the networks in order to be well prepared for a high pene-
tration photovoltaic scenario:

- The European Technology Platform Smart Grids esti-
mates that untit 2030 investments in European elec-
tricity networks of approximately 500 Billion Euro will
be necessary. In this context, the replacement of old
infrastructure needs to be innovative to maximize ca-
pacity and functionality for high penetration of photo-
voltaics and other distributed generation.
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Especially the distribution networks will require major com-
munication infrastructure improvements to better make use
of the fluctuating generation from photovoltaics by allow-
ing active demand participation.

This “empowering of the customers” comprises the choice
of managing the cost and the peak demand by e.qg. differ-
ent tariffs (Time of use, peak pricing,...) communicating
programs (e.g. intelligent heating systems), as well as var-
jous energy information systems that eases energy sav-
ing. Smart metering might play an important role in this
context.

- Forecasting programs will allow better PV generation
prediction and help to optimize the total power man-
agement.

- The use of storage capacities might further help to
integrate large amount of PV into the electricity sys-
tem. The intensive E-mobility discussion we are cur-
rently facing with the probability of the future appear-
ance of huge battery capacities need to be more
closely linked to the requirements of PV generation.

6  Currently ongoing activities

The International Energy Agency (IEA) has recently start-
ed an initiative dealing with “High penetration of photovoltaic
systems in electricity networks” within the “Photovoltaic
Power System Program” (IEA-PVPS). The new task is cur-
rently under development and will bring together experi-
enced researchers, industry and network operators from
all countries which show a good development in the pene-
tration of grid connected photovoltaic.

The main topics which are dealt within this new activity are

- PV generation in correlation to energy demand focus-
ing on the consumer behavior to be better linked to
the generation profile

- The effects on PV generation to the local grid as weli
as 1o the general electricity system

- Smart inverter technology dealing with requirements
for inverters at high PV penetration as well as

- Economics and needs in Standardization and Regu-
lation

Modeling and simulation are tackled in this global research
initiative as well.

Other activities like the IEA ENARD Implementing agree-
ment (Electricity Networks, Analysis, Research and Devel-
opment) are dealing with renewable energy integration in
distribution networks more generally (ENARD Annex |l -
DG System Integration into Distribution Networks) or Eu-
ropean research projects like: META PV or PV UPSCALE.

In the United States, the Solar Energy Technology Pro-
gram (SETP), within the Department of Energy Office, con-
ducts research, development, demonstration and deploy-
ment activities to accelerate widespread commercializa-
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tion of clean solar energy technologies (PV and concen-
frating solar power /CSP/) across America. Systems jinte-
gration has placed high importance on working with utili-
ties, industry, and other stakeholders to develop the tech-
nologies and methods enabling the widespread deploy-
ment of distributed PV technologies, including storage sys-
tems, advanced power electronics; and controls; into the
U.S. electricity grid.

6 Conclusion

PV in high penetration as significant source of electricity pro-
duction might appear most probably in the next decade.

However some challenges in interacting with the electrici-
ty network needs still to be addressed.

New inverter technology offers a wide range of services
dedicated to an unproblematic interoperation of photovolta-
ic systems with the electricity network.

Generally, the technical solutions seems not to be the main
barriers for high penetration of PV, but standardization,
regulation as well as new market models needs to be de-
veloped. The necessary refurbishment of the European
electricity network in the upcoming years should take into
account the needs and requirements due to decentralized
generation, predominantly by the integration of communi-
cation technologies.

International collaboration is already established in order
o ease the way and derive benefit from first experiences
already made in other countries and regions.
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IMPACT OF GRAIN BOUNDARIES ON THIN-FILM
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Abstract: Grain boundaries in CIGS and CdTe appear to have radically different impact on the solar-cell voltage and fill factor. The proposed explanation
is that the valence-band energy in the vicinity of CIGS grain boundaries is shifted downwards, hence keeping the holes in the p-material away from the
grain boundaries and potential recombination. Such grain boundaries appear to be an anomalous situation, which would not apply to CdTe and other thin-
film polycrystalline materials. The suggestion to avoid grain-boundary recombination in CdTe cells is to construct a fully depleted absorber with an
electron reflector layer at its rear surface.

Vpliv mej med zrni na tankoplastno fotovoltaiko

Kjuéne besede: meje zrn, rekombinacije, CIGS, CdTe soncne celice

lzvieek: Meje kristalnih zrn v polikristalnih CIGS ali CdTe sonénih celicah izkazujejo popolnoma razlien vpliv na napetost odprtih sponk in polnilni faktor.
Clanek utemeljuje razlike z razlago, da je energija valencnega pasu v blizini mej zrn CIGSa znizana, kar zadrzuje vrzeli v p-materialu pro¢ od mej zrn in
potencialnih rekombinacij. Tak8na sprememba energije valenénega pasu izgleda neobic¢ajna in se ne pojavija v CdTe in ostalih polikristalnih tankoplastnih
materialih. Da bi se izognili rekombinacijam na mejah zrn v CdTe je potrebno zgraditi popolnoma osiromaseno absorpcijsko plast z elekironsko odbojno

plastjo za proste elektrone na zadnji strani.

1 Introduction

Thin-film polycrystalline solar cells have a typical grain, or
crystallite, size the order of 1 um. This means that approx-
imately 1% of their atoms are located on a grain surface,
and the likely possibility of extraneous electron states sug-
gests that photovoltaic performance may be seriously com-
promised. In practice, however, the record-performance
Cu(ln,Ga)Se; (CIGS) solar cells have shown voltages very
close to their crystalline counterparts, diode quality fac-
tors suggestive of minimal junction recombination, and ef-
ficiencies of near 20% /1/. In contrast, the other leading
thin-film material, CdTe, has a record voltage well below
that of similar band-gap crystalline cells, a diode-quality
factor dominated by recombination, and an efficiency of
16.5% /2/.

If one looks at SEM cross-sections of CIGS and CdTe cells,
their micron-scale structure appears remarkably similar.
However, instead of the record CdTe efficiency being 3%
larger than CIGS, as the two band gaps would predict, it is
more than 3% smaller. This difference is dramatically illus-
trated in Fig. 1, where the voltage deficit for the CdTe cell
is 200 mV greater than that for CIGS and the primary cause
of the difference in efficiency.

The purpose of this presentation is to explore what one
might expect for thin-film polycrystalline solar cells, to ex-
plain why there is such a dramatic difference between re-
sults to date with CIGS and CdTe, and suggest a sirategy
for eliminating that difference.
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2  CIGS: the anomoly

The large voltages achieved by CIGS solar cells suggest
that the grain boundaries (GB) have only a minimal effect
on their voltage and fill factor. More quantitatively, one can
calculate the upper limit of grain-boundary recombination
velocity (Sgp) that would allow the voltage and fill-factor and
fill-factor achieved in Ref. /1/. That value would be the
order of 10% cm/s /3/, which would imply that only about
0.01% of the carriers entering the diode depletion region
contribute to the cell's forward current through recombi-
nation. That fraction is implausibly low, especially since
the comparable Sy, for the highest efficiency CdTe cells,
and by inference other micron-scale-grain materials, must
be the order of 10% cm/s. A possible explanation is that
the carriers (holes) are blocked by an internal potential from
reaching the CIGS grain boundaries.

One mechanism that might keep the holes from reaching
the CIGS GBs is a positive sheet of charge at the GB. This
mechanism is appealing, because the internal surfaces in
p-type material may be positively charged. However, this
mechanism in itself does not explain the high the voltages
observed. In fact, a GB with positive charge will allow ad-
ditional forward-current recombination and result in small-
er voltage than for the equivalent neutral GB /3/. Physi-
cally, the same potential that assists collection by chan-
neling the photogenerated electrons and holes will in for-
ward bias provide channels for electrons and holes to flow
in the opposite direction, allow greater recombination, in-
crease the forward current, and hence reduce Voc.

A more likely explanation for the benign nature of CIGS
GBs is reduced valence-band energy in the vicinity of a
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Fig. 1: Current-voltage of record-efficiency CIGS and
CdTe cells compared to crystalline cells with
small adjustments made for band-gap
differences.

GB without an equivalent reduction in the conduction band
/3/. This scenario is consistent with theoretical analysis
of CIGS surfaces and interfaces, where a copper deficit
results in an expanded band gap with a lower valence band
/4/. ltis also supported by experimental measurements
of copper deficiency near GBs in CIGS /5/.

Reduction in the valence band by AEy near a GB and the
calculated impact on the J-V curves are shown in Fig. 2.
For Sgp of both 10° and 108 cm/s, the voltage and effi-
ciency should approach the values for the GB-free case
when AEy is approximately 0.3 eV or larger.

The Fig. 4 curves are reasonably independent of the AEy
shape or width, and they are little changed if a modest GB
charge is superimposed on the downward expansion of
the band gap. Although high voltages and efficiencies ex-
perimentally observed with CIGS solar cells could be ex-
plained by a very small value of grain-boundary recombi-
nation velocity, it seems much more likely that it is the re-
sult of the band-gap expansion.
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Fig. 2:  Current-voltage parameters as a function of
valence-band reduction (shown schematically
above). The values of Sy, are those that would
apply if the GB were not shielded by AE\. (From
Ref. /3/).

3 CdTe: What can be done?

If thin-film polycrystalline CdTe is the normal situation and
has a high GB recombination velocity, is there anything to
be done to improve on the voltage and efficiency that has
been achieved to date? One strategy would be to substan-
tially reduce the GB defects, increasing both hole density
and carrier lifetime (hence reducing Sgp), and essentially
make the thin-film CdTe similar to crystalline GaAs. This
strategy, however would require nearly a three-order-of-
magnitude increase in lifetime and two in carrier density,
essentially replicating CIGS values. Such increases are
probably not realistic.

An alternative possibility is to expand the conduction band
at the back of the CdTe layer, perhaps by alloying with Zn
or Mg, to infroduce an electron reflector that keeps the
photogenerated electrons away from the back metallic
contact. This situation is iliustrated in Fig. 3, where the
barrier has allowed the cell to be in larger forward bias
before the forward current limits Voc.

For the electron-reflector strategy to be successful, it is
necessary for the CdTe to be fully depleted at the operat-
ing voltage so that the internal field will compensate for the
relatively low carrier lifetime. In this respect, the low carri-
er density of CdTe cells (~10"* cm®) is advantageous, since
the depletion width at zero biasis 1 to 2 um. To assure the
full depletion, however, it would be advisable to keep the
CdTe-layer thickness close to 1 pm.
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Fig. 3: Schematic of electron-reflector strategy to
enhance CdTe voltage and efficiency.

Fig. 4 shows the calculated value of voltage for CdTe cells
with and without the electron barrier @e. Without it, the
voltage for cells with lifetime T ~ 1 ns is similar to that of
today’s high-efficiency cells. With the barrier, the voltage
should approach that of crystalline material, but further im-
provement is not predicted for barriers much above 2 eV.
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Fig. 4: Calculated CdTe voltage as a function of
electron lifetime t and reflection-barrier height
@e. From Ref. /6/. Full depletion is assumed.

Although the electron-reflector structure would predict a
high voltage, its fill-factor will remain lower than optimal
unless the CdTe lifetime is increased somewhat above 1
ns. Nevertheless, it should be possible without the need
for a major improvement in the quality of thin-film CdTe to
reach one volt and 20% efficiency.
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4q Conclusions

The reason for the large difference in voltage deficit, and
hence efficiency, between polycrystalline CIGS and CdTe
solar cells is that CIGS appears to have a fortuitous reduc-
tion in valence band near its grain boundaries that reduc-
es the effective grain-boundary recombination velocity to
1000 cm/s or below. Polycrystalline CdTe does not have
this feature, and the CdTe hole density is typically two or-
ders of magnitude below that of CIGS. To significantly in-
crease CdTe voltage, a different device structure based
on an electron reflector at the back surface is advised.
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Abstract: Thin-film silicon solar cell technology is one of the promising photovoltaic technologies for delivering low-cost solar electricity. Today the thin-
film silicon PV market (402 MW,, produced in 2008} is dominated by amorphous silicon based modules; however it is expected that the tandem amor-
phous/microcrystalline silicon mo-dutes will take over in near future. The properties of silicon films grown from the mixture of hydrogen and silane will be
discussed and the solar cell behavior will be presented. In order to increase the absorption in thin absorber layers novel approaches for photon manage-
ment inside solar cells are developed. In this article i) optimal surface texture of the electrodes for introducing efficient light scattering and ii) development
and implementation of optically-active layers for enhanced reflection at the back contact are presented.

Tankoplastne silicijeve son¢ne celice:
Stabilnost in ujetje svetlobe

Kjuéne besede: tankoplastni silicij, stabilnost, ujetje svetiobe

lzvle¢ek: Tehnologija tankoplastnega silicija je ena izmed obetajodih tehnologij za proizvodnjo poceni elekiricne energiie. Na danagnjem trgu fotovoltaike
iz tankoplastnega silicija (proizvedenih 402 MW, v letu 2008) prevladujejo moduli iz amorfnega silicija, dasi se pricakuje, da bodo tandemske strukture
amorfni/mikrokristaini silicij prevliadovale v bliznji prihodnosti. V ¢lanku so obravnavane lastnosti silicijevih plasti narejene iz meganice vodika in silana ter
predstavijeno delovanje soncnih celic. Za povecevanje absorpcije v tanki absorpcijskih plasteh so razvite nove tehnike ujetja fotonov. V clanku je predstav-
liena: i) optimalna teksturizacija elektrod za ucinkovito sipanje svetlobe, ii) razvoj in uporaba opti¢no aktivnih plasti za poveéanje odbojnosti zadnje plasti.

1 Introduction

In 1975 Walter Spear and Peter LeComber reported that
amorphous silicon had semiconducting properties. They
demonstrated that the conductivity of amorphous silicon
can be manipulated by several orders of magnitude by
adding some phosphine or diborane gas to the glow dis-
charge gas mixture /1/. This was a far-reaching discovery
since until that time it had generally been thought that amor-
phous silicon could not be made n-type or p-type by sub-
stitutional doping. In fact, amorphous silicon suitable for
electronic applica-tions, where doping is required, is an
alloy of silicon and hydrogen. The electronic-grade amor-
phous silicon is therefore calied hydrogenated amorphous
silicon {(a-Si:H).

The successful doping of amorphous silicon created tre-
mendous interest in this material for two reasons. First, the
material had several interesting properties that opened up
many opportunities for semiconductor device applications.
For example, due to the high absorption coefficient of a-
Si:H in the visible range of the solar spectrum, a 1 mm
thick a-Si:H layer is sufficient to absorb 90% of the usable
solar energy. Second, the glow discharge deposition tech-
nique, also referred to as plasma enhanced chemical va-
pour deposition (PECVD), enabled the production of a-Si:H
films over a large area (larger than 1 m?) and at a low tem-
perature (100°C to 400°C). The low processing tempera-

ture allows the use of a wide range of low-cost substrates
such as a glass sheet, a metal or a polymer foil. The a-Si:H
is simply doped and alloyed by adding appropriate gases
to a source gas, usually silane. These features have made
a-Si:H a promising candidate for low-cost thin-film solar
cells.

The first a-Si:H solar cell was made by Carlson and Wron-
skiin 1976 and exhibited an energy conversion efficiency
of 2.4% /2/. The University of Neuchatel introduced a mi-
cromorph tandem solar cell in 1994, which comprised an
a-Si:H top cell and a hydrogenated microcrystalline silicon
(e-Si:H) bottom cell /3/. Thin-film silicon solar cell tech-
nology has improved considerably, and today, it is capable
of producing solar cells with initial efficiencies exceeding
16% /4/. It has also matured as production technology
that delivered modules with a total output power of 402
MW, in 2008 /5/. Based on the companies’ announce-
ments the production capacity of thin-film silicon modules
is expected to grow to almost 8 GW in the year 2010. The
thin-film silicon PV market is dominated by amorphous sil-
icon based modules; however it is expected that the mi-
cromorph tandem modules will take over in near future.
Two manufacturing methods for thin film silicon solar cells
can be distinguished; the silicon-on-glass approach and
the rollHto-roll approach, in which solar cells are deposited
on flexible substrates.
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A drawback of the a-Si:H silicon solar cell technology is a
refatively low stabilized efficiency of modules that varies
between & to 8%. A challenge of this technology is to sup-
press the light-induced degradation of amorphous silicon
solar cells. A widely used method for obtaining more sta-
ble a-Si:H material is based on applying hydrogen dilution
of silane during its growth. In this article the properties of
silicon films grown from the mixture of hydrogen and silane
are discussed and the performance of solar cells with hy-
drogen diluted absorber layers is presented.

An efficient utilization of the sun spectrum is a key issue in
the field of thin-film silicon solar cell technology. The tan-
dem approach employing the combination of amorphous
silicon and microcrystalline silicon absorber layers offers
an improved performance of the modules reaching effi-
ciencies above 10%. The tandem approach allows using
thinner absorber layers in the component cells that con-
tributes to a suppression of light induced degradation of a-
Si:H component cell. When applying thinner absorber lay-
ers photon management becomes very important for in-
creasing the absorption in the absorber layers. In this arti-
cle two novel approaches for photon management are dis-
cussed: i) optimal surface texture of the substrates for in-
troducing efficient light scattering and ii) development and
implementation of optically-active layers based on 1-D
photonic crystals for enhanced reflection at the back con-
tfact.

2 Improved stability of a-Si:H films

It has been demonstrated that solar cells with a-Si:H ab-
sorber layers prepared from silane diluted with hydrogen
in plasma-enhanced chemical vapor deposition (PECVD)
showed less degradation during light exposure than solar
cells with undiluted absorbers /8,7/. This a-Si:H material
is referred to as protocrystalline silicon (pc-Si:H) due to
the fact that it will eventually evolve from the amorphous to
microcrystaliine phase when grown to a sufficient thick-
ness /8,9/.

2.1 Experimental details

Individual hydrogenated silicon films and solar-cell absorber
layers were deposited under the following deposition con-
ditions; an rf-power of 4 W, a silane (SiH4) flow of 5 sccm,
a substrate temperature of 180°C. The hydrogen dilution
is expressed by the dilution ratio R, which is defined as
R=/Hs///SiH4/. The dilution was varied between R > 0
and R = 40. An undiluted reference film (R = 0) was grown
at a different pressure of 0.7 mbar and a SiH4 flow of 40
sccm. The thickness of all films was ~ 300 nm, which cor-
responds to the thickness of the absorber layer in solar
cells. In order to obtained 300 nm thick pc-Si:H films at all
R the chamber pressure of 2.6 mbar was used. The indi-
vidual films were deposited on Corning Eagle 2000 type
glass substrates and on crystalline silicon (c-Si) substrates
coated with a 20 nm thick a-Si:H layer grown from pure
silane.
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Single junction p-i-n solar cells were deposited on Asahi
U-type substrates using the above described films as the
absorber layers. The solar cells have the foliowing struc-
ture: ptype a-SiC:H layer (10 nm)/a-SiC:H buffer layer/
intrinsic absorber layer (300 nm)/n-type a-Si:H layer (20
nm). The back contact consists of 300 nm aluminum. The
external parameters of the solar celis (efficiency ¢, fill fac-
tor ff, short-circuit current density Jsc, open-circuit volt-
age Voc) were determined from |-V measurements using
an Oriel Corporation solar simulator. The solar cells were
degraded at a constant temperature of 50 sC with halo-
gen lamps using a power density of 100 mW/cm?.

The structural properties of the films were studied by X-ray
diffraction (XRD) analysis using an automatic powder dif-
fractometer X'pert Pro in asymmetric goniometer configu-
rations with CuK-alpha radiation (lambda = 0.154 nm).

2.2 Structural properties of a-Si:H films

The XRD technique was used to study the influence of hy-
drogen dilution of silane on the structural properties of pc-
Si:H films. In particular the narrowing of the first scattering
peak (FSP) in the XRD spectra was investigated since this
parameter is used as an indication of an improved medium
range order (MRO). Figure 1 shows the FSP of the pc-
Si:H film prepared at R=20. The procedure to obtain this
XRD pattern is described elsewhere /10/.It was found that
the FSP peak of all films of the dilution series could be
fitted with a large-area peak centered around 27.5 degrees
and a smalier peak centered around 32.5 degrees. In fig-
ure 1 the XRD patterns for crystalline silicon (Si) and crys-
talline silicon hydride (Si4H) standards are included.. Com-
paring the standards to the measured XRD patterns we
find a striking match between the position of the two Pear-
son VIl functions and the silicon hydride lines, while the
silicon (111) line clearly does not correspond to the center
position at 27.5 degrees. Given the controversy regarding
the origin of the a-Si:H FSP /11/, this result provides an
interesting new interpretation of the ordered domains in
the amorphous matrix. A good agreement between the
position of the peaks of the measured lines and the stand-
ard XRD patterns of the silicon hydride provides evidence
that the diffracting signal comes mainly from ordered do-
mains of a tetragonal silicon-hydride /12/ and not from
ordered domains of silicon.

The dominant peak at 27.5 degrees was used for the fur-
ther analysis of the structural properties. Figure 2 shows
the FWHM values of this peak as a function of R. The fig-
ure demonstrates that the FWHM decreases with increas-
ing R from O to 20, and remains nearly constant when R is
further increased from R = 20 to R = 40. This confirms
previous reports about the narrowing of the FSP /10/, but
shows for the first time that this effect saturates for a cer-
tain value of R.
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Fig. 1:  XRD patterns of the FSP measured on a 300
nm thick pc-Si:H film deposited at R=20 on a
c-Si substrate. Also shown are the XRD lines
for crystalline Si and SisH standards.
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Fig. 2:  FWHM values of the FSP as a function of R of
the pc-Si:H films deposited on a c-Si substrate.

2.3 Degradation behavior of a-Si:H solar
cells

The a-Si:H films prepared from hydrogen diluted silane were
implemented as absorber layers in p--n solar cells. The
solar cells were subjected to a degradation experiment.
Figure 3 shows the evolution of the solar cell efficiency
with the exposure time. In Fig. 3 the efficiency is normal-
ized to the initial value before degradation. The degrada-
tion experiment confirms that the cells with absorber lay-
ers deposited using hydrogen dilution are more stable to
light exposure. A clear reduction of the degradation is al-
ready observed when the dilution ratio is increased from R
= 0 to R = 10 and the degradation is further suppressed
when R is increased to 20. However, solar cells with ab-
sorber layers prepared at R > 20 exhibit similar degrada-
tion behavior as the cell with the absorber layer prepared
at R = 20. The efficiency of the solar cells with absorber
layers prepared at R > 20 stabilizes at around 88% of their
initial efficiency.

The similar degradation behavior of solar cells with absorber
layers deposited at R > 20 indicates that there is a correla-
tion with the structural properties observed for the individ-
ual films. The saturation of the FWHM value of the FSP for
pc-Si:H films prepared at R > 20 is a strong indication that
the structural order has achieved an optimal state in these
fiims. The improved structural order contributes to sup-
pressing the light induced degradation by de creasing the
amount of weak Si-Si bonds which are removed by hydro-
gen etching of the growing surface /13/.
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Fig. 3: Normalized 1 of diluted a-Si:H solar cells as a
function of illumination time. The initial values
of n are given in brackets.

However, the improved structural order in amorphous films
still does not prevent the occurrence of the degradation.
The mechanisms that initiate the degradation have to be
further investigated in order to fully prevent it.

3 Advanced light trapping

At present, further development and implementation of
efficient light trapping is considered the most important
research area in the field of thin-films silicon solar cells.
Light-trapping techniques help to capture light in the de-
sired parts of a solar cell, which are the absorber layers,
and prevent it from escaping. Efficient light trapping in thin-
films silicon solar celis is based on scattering of light at
rough interfaces and the employment of high-reflective
back contacts and refractive-index matching layers in or-
der to manipulate reflection in the cell. Scattering of light
at rough interfaces results in a longer average optical path
through the absorber layers. Repeated reflection at the
back and front contacts causes muttiple passes of light
through the absorber layer. These processes determine
an efficient light confinement that substantially enhances
light absorption in the absorber layer and increases the
photocurrent of the solar cell. In the case of tandem devic-
es, the challenge of light scattering is to optimize the ab-
sorption for the top and the bottom cells. Any pass of light
from the front to the back contact of the cell is accompa-
nied by an absorption loss in the metallic back contact.
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Minimizing optical losses at the back side of the solar cells
has become an important issue and in this sense engi-
neering of dielectric (theoretically absorption-free) back
reflectors is a key topic.

In this article three novel light-trapping techniques for ma-
nipulating light inside solar celis are presentied. The first
technique deals with the manipulation of light scattering at
rough interfaces inside a solar cell. The surface texture of
these rough interfaces is so designed that light is scat-
tered into (pre) selected angles. We shall refer to this ap-
proach as the angle-selective management of scattered
light at surface-textured interfaces. The second technique
treats the modulated surface textures, which are a com-
bination of large and small surface features of substrate
carriers. The modulated surface-texture substrates allow
light scattering in a broader range of wavelengths. The third
technique deals with the manipulation of reflection and
transmission at a particular interface inside a solar cell.
This specially designed optical interface results in a wave-
length-selective management of (high) reflection or trans-
mission of light. In this article the periodically-designed
surface textures, such as periodic gratings, are represent-
atives of the first technigue, textured glass substrates coat-
ed with an etched aluminum-doped zinc oxide (AZO) are
examples of the modulated surface textures, and the one-
dimensional (1-D) photonic-crystal-like (PC) structures are
introduced as the optical interfaces for the realization of
the third technique.

3.1 1-D periodic diffraction gratings

Diffraction gratings were introduced into thin-film solar cells
in order to achieve better control of light scattering inside
the cells. The switch from randomly-textured surfaces to
1-D periodic gratings allows to suppress the total reflec-
tion in the wavelength region of interest and to scatter light
into (pre) selected angles by manipulating geometrical pa-
rameters P and h of the gratings /3//7/. Figure 4 shows
the surface morphology of a periodic grating patterned in
a lacquer on glass substrate that was characterized by
Atomic Force Microscopy (AFM).
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Fig. 4: 3D-view of a grating with P = 1000 nm and
h = 300 nm.
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The understanding of scattering properties of 1-D gratings
is important in order to make a right choice of the P and h
for the use in a particular solar cell. The scattering proper-
ties are described by the angular distribution function (ADF)
and the haze in transmission for 1-D grating. In Figure 5
the ADFr of the 1-D periodic grating and of the Asahi-U
type substrate are shown. The measurement confirmed
that light was scattered into selected angles from the 1-D
periodic gratings according to the diffraction grating equa-
tion:

@,y = Arcsin —@—Sin((p., ) ()
seailt n P me

Furthermore Fig. 5 demonstrates the fundamental differ-
ence in the ADF between randomly surface-textured sub-
strate, such as Asahi-U type substrate, and 1-D periodic
gratings. In case of randomly surface-textured substrates
the ADF is a continuous function of the scattering angle,
while in case of periodic gratings the light is scattered into
discrete angles.

The haze in transmission of 1-D gratings that had different
Pand constant h is shown in Fig. 6. Also for this scattering
parameter the geometrical features P and h play an impor-
tant role, as the value of P represents the threshold for
scattering the light (according to Equation 1, for A > P dif-
fraction modes are not allowed, therefore only specular
component may be fransmitted) and h is directly related to
the value of the haze (for h aiming to zero the 1-D grating
approximates a flat surface) /14/.

Although some theoretical questions regarding 1-D grat-
ings are still open, such as the relationship between the
intensity of diffraction modes and h and knowledge of the
scattering properties in different media than glass/air, 1-D
gratings have been already successfully used as scatter-
ing surfaces in thin-film silicon solar cells in both super-
strate /14/ and substrate configuration /15/.
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Fig. 6: Haze in transmission of gratings with different
period and constant height (h = 300 nm).
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3.1.1 Solar cell on 1-D periodic grating

As an example of the scattering potential of 1-D periodic
surface texture in solar-cell technology, a p--n thin-film a-
Si:H solar cell deposited on glass with 1-D periodic grat-
ing (P =600nm and h = 300 nm) is presented. A 1000 nm
thick ZnO:Al layer as the front contact was deposited on
the textured glass substrate using the RF magnetron sput-
tering. The solar cell was fabricated using rf-PECVD depo-
sition technique and its structure was: glass / fron ZnQO:Al
/ p-layer (mc-Si:H) / p-layer (a-SiC:H) / buffer layer (a-SiC:H)
/ Hayer (a-Si:H) / n-layer (a-Si:H) / Ag / Al. The change of
the surface roughness was evaluated using AFM after the
deposition of each layer. The initial periodicity was pre-
served up tili the back contact, although the height of the
periodic structure decreased after the deposition of each
subsequent layer. The external parameters of the solar cell
are reported in Table 1 and compared with those of solar
cells deposited on Asahi-U type and flat ZnO:Al as refer-
ences. In Figure 7 the external quantum efficiency (EQE)
of the compared solar cells is reported.

Table 1: Initial external parameters of solar cells.

Texture Voc [V] Jsc [mA/mM?] FF n [%]
Asahi-U 0.845 -15.2 0.708 9.09
Flat 0.849 -13.4 0.641 7.29
P600 x 2300 0.833 -14 .8 0.707 8.7

The difference in Jsc between the solar cells deposited on
the 1-D grating and the Asahi-U type substrate can be
mainly explained by the higher absorption in the short wave-
length region in the ZnO:Al compared to the SnO»:F front
contacts. For wavelengths above 500 nm, the EQE of the
solar cell deposited on the grating is higher than the EQE
of the solar cell deposited on the flat substrate. Due to
anti-reflective and scattering effects, the EQE in this wave-
length region is similar to Asahi-U reference.
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Fig. 7:  The EQE of the compared solar cells.

This result indicates that 1-D periodic gratings are suitable
substrates for improved light management in thin-film sili-
con solar cells. 1-D gratings were fabricated in several
combinations of period and height on glass substrates and
use as substrates for a-Si:H solar cells. High performance
was obtained in solar cells with diffraction grating substrates
having P = 600 nm and h = 300 nm. The Jsc of this solar
cellincreased by 14.2% relative to the Jsc of the solar cell
with flat interfaces.

3.2 Modulated surface textures

The term modulated texture refers to a surface morpholo-
gy that combines two types of textures with different statis-
tical (vertical and lateral) surface parameters. This concept
aims at enhanced light scattering in a broader wavelength
range combining large and small surface features. This
approach is an interesting choice for surface texturing in
tandem thin-film silicon solar cells. In this article one ex-
ample of modulated surface texture is presented: a com-
bination of (large) random and (small) random textures. The
different textures were introduced at different interfaces of
the substrate, namely large random features were intro-
duced at the glass / ZnO:Al interface and small random
features were created at the ZnO:Al / air interface. The
large random surface texture was obtained by treating flat
Corning Eagle 2000™ glass in a compound solution com-
posed of HF and HsPO4 for 35 minutes. A 1 mm thick
ZnO:Al film was sputtered on top of the rough glass sur-
face. The modulated surface texture was obtained by wet-
etching of the ZnO layer for 40".

3.2.1 Analysis of the modulated textures

The AFM was intensively used to evaluate the development
of the modulated textures since it delivered highly detailed
images and statistical information of the surface. An initial
decrease in the surface roughness was measured after
the deposition of the ZnO:Al mainly due to the smoothen-
ing effect. After the etching of the ZnO:Al layer the surface
roughness increased resulting in the superimposition of
the large and small features on the same surface. The im-
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age of the modulated surface texture on etched glass in
Fig. 8 shows clearly the combination of large features (away
from each other in the order of microns) with smaller holes
and craters (fingerprint of the etched AZO 40").

A simple and comprehensive means to represent the sur-
face modulation is the spatial-frequency surface represen-
tation /16/. Using this representation the discrete lateral
features that dominate the vertical surface roughness can
be evaluated. It also helps to understand why surface pro-
files with similar mean-square-root surface roughness may
have different scattering behavior. When comparing the
spatial-frequency surface representations of the etched
glass and its modulated version (etched glass + etched
AZO) one can observe in both cases the broad peak at
low spatial-frequency components that correspond to the
large features. In the case of modulated surface texture
the high spatial-frequency components (small holes and
craters) are present in the spatiak-frequency representa-
tion that are a consequence of the etching of ZnO:Al layer.

The haze parameter of the modulated surface textures is
presented in Fig. 9. The initial textured surface exhibited
low scattering level due to the large features. The surface
covered with the ZnO:Al showed a similar behavior as the
bare surface. Regarding the modulated textures, the haze
values were boosted because of the etching step that pro-
vided additional rough features.

3.2.2 Solar cells on modulated surface textures

Single junction a-Si:H p-i-n solar cells were deposited by
ri-PECVD on the modulated surface-textured susbtrates.
The back contact consisted of a thin layer of ZnO:Al (80
nm) and silver. An overview of the initial external parame-
ters is reported in Table 2. The EQE of the a-Si:H cells
deposited on the modulated surface-textured substrate is
shown in Figure 10.

The spectral response of the solar cells deposited on mod-
ulated surface textures was improved in the short wave-
length region with respect to the solar cells deposited ei-
ther on AZO 40" substrate or on etched glass covered by
the ZnO:Al layer. This enhancement results partly from the
different thickness of the ZnO:Al layer before and after etch-
ing and partly on the anti-reflecting (AR) effect of the mod-
ulated surface texture.

Table 2: Initial external parameters of solar cells
deposited on modulated surface textures.

Texture Voc [Vl |Jsc ImA/em?] | FF | 11 [%)
Etched glass/AZO 40” | 0.874 17.8 0.639 | 9.97

The high surface roughness of the modulated texture and
its corresponding spectral-frequency distribution, which
affects the scattering and AR properties, led to the high
EQE in the long wavelengths region. This result demon-
strates the potential of modulated surface-textured sub-
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strates for enhancing the absorption of light in the absorb-
er layers of thin-film silicon solar cells.
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3.3 1-D photonic-crystal-like structures as
distributed Bragg reflector

Optical losses can occur at the metallic back contact of
thin-film silicon solar cells because the surface-textured
silver back reflectors suffer from undesired plasmon ab-
sorption /17/. In order to minimize such losses in single
or tandem silicon solar celis an optimal approach for engi-
neering a high-quality back reflector is desired. The de-
sign of such back reflector has to result in a high reflect-
ance at the back contact in the solar cell in a broad and
tunable wavelength region. These design specifications
match the behavior of 1-D PC in the role of distributed Bragg
reflector (DBR). 1-D PC is a multilayer structure in which
two layers with different optical properties (refractive in-
dexes) are periodically alternated. When light propagates
through this structure, constructive and deconstructive in-
terferences arise, resulting in the wavelength-selective re-
flectance or transmittance behavior. It has been demon-
strated that periodically repeated stacks of a-Si:H and a-
SiNx:H (deposited using rf-PECVD at 235 °C) on glass
exhibit a highly-reflective behavior in a broad range of wave-
lengths /18/. Operational 1-D PCs were fabricated on thin-
film silicon compatible substrates (glass / etched ZnO:Al)
and at compatible temperature < 180 °C /19/. The ef-
fects of the deposition temperature, the different substrate
(from flat glass to glass/etched ZnO:Al), and the angle of
incidence on the optical properties of 1-D PCs were de-
termined. The high reflectance (80-90%) achieved in a
broad wavelength region of 400 nm was in good agree-
ment with the simulations of these structures.

3.3.1 Solar celis with DBR

Three pairs of layers of a-Si:H and a-SiNx:H were used to
fabricate an 1-D PC operational as the DBR. The sche-
matic structure of the solar cell is given in Fig. 11. The
structure consisted of glass coated with rough front ZnO:Al
layer, a typical single-junction thin-film silicon p-i-n solar
cell, a 700 nm thick ZnO:Al fiim used as back electrode.
Three different back reflectors were applied at the back
side of the solar cell, namely ZnO:Al / air (reference),
Zn0O:Al / Ag, and ZnO:Al / 1-D PC (see Figure 11).

The measured EQE of solar cells with different back re-
flectorsis presented in Fig. 12. The EQE did not show the
state-of-the-art performance because of some processing
issues. Additionally, a high absorption in ZnO:Al front con-
tact could be responsible for a low response in the short-
wavelength region. The EQE increased in the long-wave-
length region where the positive effect of the back reflec-
tors was expected. The trend of increasing EQE is visual-
ized by the arrows in the plot. In case of the textured me-
taflic back reflector, surface plasmon absorption was re-
sponsible for a lower EQE in comparison with the 1-D PC
back reflector, where the plasmon absorption was not ex-
pected.

i (aSi:H) -
N (aSi:H) —

L]
back ZnO:Al

a-SiNx:H
ZnO:Al/ Ag

ZnO:AL1-D PC

Fig. 11: Zoom-in at back side of the solar cell provided
with three different back reflectors (the three
red arrows indicate the place where the beam
of EQE setup is directed).
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Fig. 12: EQE of solar cells on rough front ZnO:Al stacked
with different back reflectors.

4 Conclusion

Approaches to improve the stability of a-Si:H solar cell
against light-induced degradation and to enhance the ab-
sorption in absorber layers of thin-film silicon solar cells
were presented.

Dilution of the silane source gas with hydrogen during the
PECVD deposition of silicon films results in interesting
modifications of the structural properties of the films in ref-
erence to undiluted ones. Although the phase transition is
the most evident effect of the hydrogen dilution, more subtle
changes do also occur in the amorphous silicon. The de-
tailed XRD analysis of the pc-Si:H films revealed a narrow-
ing of the FSP of the XRD patterns with increasing hydro-
gen dilution. The most important result from the XRD anai-
ysis of the pc-Si:H films is the presence of ordered do-
mains of tetragonal silicon hydride in the films. A degrada-
tion experiment demonstrated the improved stability of the
cells with absorber layers prepared at higher hydrogen di-
iution. However, the degradation of solar cells with absorber
layers prepared at R > 20 is not further reduced with a
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further increase of R. This result indicates that there is a
strong link between the degradation behavior of the solar
cells and the medium range order of the individual films
(estimated from the FSP width of the XRD pattern), which
also saturates for films prepared at R > 20.

There are several novel approaches to light trapping tech-
nigues such as the use of 1-D periodic gratings, modulat-
ed surface-texture substrates and design and implemen-
tation of distributed Bragg reflectors based on dielectric
films. The gratings were successfully employed in single
junction a-Si:H solar cells. High performance was obtained
on solar cells using diffraction grating with P = 600 nm
and h = 300 nm, where Jsc of this solar cell increased by
14.2% relative to the Jsc of the solar cell with flat interfac-
es. The concept of modulated surface texture and the spa-
tial-frequency surface representation of the surface were
presented. Solar cells deposited on modulated surface-
textured ZnO:Al/glass substrate exhibited higher EQE in
comparison to a solar cell deposited on surface-textured
Zn0O or glass due to improved anti-reflective and scattering
properties of rough interfaces. 1-D PC can be used to
obtain high reflectance at the back contact in a broad and
tunable wavelength region. 1-D PCs based on a-Si:H and
a-SiNy:H layers were designed by computer simulations,
fabricated and implemented in a-Si:H solar cells. The use
of 1-D PC back reflector resulted in a higher EQE in the
long-wavelength region in comparison to other types of
back reflectors. The absence of absorption losses in the
dielectric layers of 1-D PC makes the combination of ZnO:Al
/ PC a good candidate for back reflectors.
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Abstract: Several aspects of the science and technology of thin film silicon for photovoltaic applications will be presented. The potential advantages of
this technology over crystalline wafer technology will be discussed. A basic understanding of the material properties of thin film silicon layers enables to
assess their potential and limitations when used in photovoltaic devices. A brief review of the production technology for thin films will be given with
particular emphasis on amorphous and microcrystalline silicon. As for other photovoltaic technologies, the push for higher efficiency of thin film silicon
devices is strong. An appealing feature of these materials is that they can be easily integrated in multijunction tandem devices. For instance, stacking
amorphous and microcrystalline silicon thin films in one tandem cell, the micromorph cell, increases the efficiency well above the characteristic values of
single junction cells. The Institute of Microengineering (IMT) has been a pioneer in the research and development of thin film silicon photovoltaics over the
last 20 years and several latest developments on are reviewed.

Uvod v tehnologijo tankoplastne silicijeve fotovoltaike

Kju€ne besede: tankoplastni silicij, mikrokistalni silicij, tandemske sonéne celice

Izvleéek: Predstavijeni so Stevilni vidiki znanosti in tehnologije uporabe tankoplastne silicijieve fotovoltaike. Razio&ene bodo potenciaine prednosti omen-
jene tehnologiie glede na kristalno siliciievo tehnologijo. Osnovno razumevanje lastnosti materiala plasti tankoplastnega silicija omogoéa podati oceno
prednosti in ovir pri uporabi v fotovoltaiki. Podan je kratek pregled tankoplastnih tehnologij s povdarkom na amorfnem in mikrokristalnem siliciju. Kot pri
drugih tehnologijah, je tudi tukaj prisotna teznja k povecaniju izkoristka son¢nih celic. Izstopajoca iastnost teh materialov je njihova enostavna moznost
integracije v ve¢spojne strukture. Zdruzevanje amorfnih in mikrokristainih plasti v tandemsko mikromorfno sonéno celic, na primer, poveduije izkoristek
precej nad vrednosti enospojnih soncnih celic. predstavijeni so Stevilni razvojni dosezki instituta IMT (Institute of Microengineering), ki je pionir na podrocju

raziskav in razvoja tankoplastne silicijeve fotovoltaike v zadnjih 20 letih,

1 Introduction

Thin film silicon photovoltaics is one of the emerging tech-
nologies to produce electricity from sunlight. Semiconduc-
tors like amorphous silicon (a-Si:H) and microcrystalline
silicon (uc-Si:H) form the backbone of this technology. The
use of a-Si:H as a photovoltaic material can be traced back
o publications in the 1970s /1/, whereas microcrystal-
line silicon solar celis were first made in the mid 1990s at
IMT /2/. Since then, this technology has attracted increas-
ing interest in the academic and industrial environment.
Despite lower efficiencies than wafer based crystaliine pho-
tovoltaics, a particularly attractive feature of this technolo-
gy is the versatility of the deposition techniques. Materials
with different optical band gaps are synthesized by chang-
ing the silicon phase and by forming compounds with oth-
er elements like carbon or germanium /3/. Materials with
different optical band gaps can be easily combined to form
multiple stacks that exploit a larger part of the solar spectrum
increasing the efficiency of the photovoltaic device /4/.

2 Deposition techniques

Crystalline and wafer based photovoltaic technology rep-
resents today the biggest market share. This technology

uses a top-down approach to prepare solar cells: wafers
are obtained by sawing silicon ingots drawn from melted
silicon in crucibles. These wafers are processed in muiti-
ple steps to obtain solar cells successively assembled in
modules. The technology used in thin film silicon is at the
opposite. Solar cells are obtained in the so called bottom-
up approach: atoms of silicon are stacked one on top of
the other on a suitable substrate to form all the layers of a
solar cell. Other technologies use this approach as well /5/,
however there is a distinctive advantage in doing so in thin
film silicon technology. The production technology used
to deposit single solar celis is scalable to large surfaces
and therefore modules can be prepared on large areas
(> 1m?) without the need to assemble individual cells. In
the following we will briefly describe the two main tech-
niques used at IMT to prepare full solar ceils, both scala-
ble to large surfaces and presently employed for industrial
production. Additional attractive features of this technolo-
gy are extremely low material consumptions compared to
wafer based technologies and low temperature process-
ing steps (typically below 300°C) in contrast to wafer based
technology where processes close to 1000°C are used.
This last aspect opens up the possibility to use cheap sub-
strates in thin film silicon technology.
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2.1 Low pressure chemical vapor
deposition

One of the characteristic components in the design of thin
film solar cells are transparent conductive oxide (TCO) lay-
ers that have principally three functions: 1-to contact elec-
trically the solar cell; 2- to be transparent to the sunlight;
3- to scatter the incoming sunlight. In the next section of
this paper it will be explained how these requirements are
intimately related to the material properties of the amor-
phous and microcrystalline silicon layers. Different tech-
nigues are available to deposit these layers. At IMT a mod-
ified low pressure chemical vapor deposition (LP-CVD)
technigue has been developed that allows growing TCO
layers with excellent optical and electrical properties that
satisfy the three requirements above /6/. Molecular pre-
cursors in gaseous form like water vapor, diethylzinc and
the dopant diborane are injected at low pressure (< 1mbar)
in a chamber and thermodynamically dissociate in the vi-
cinity of a hot plate where substrates are heated up to tem-
peratures between 100°C and 200°C. Depending on the
process parameters, different growth modes can be ob-
tained /6/. After optimization of the deposition process
layers as shown in Fig. 1 are obtained. They display a char-
acteristic surface roughness due to the presence of py-
ramidally shaped single ZnO crystals. The rough surface
that spontaneously develops during the growth acts as a
diffuser for the incoming light /7/. ZnO has excellent trans-
parency in the wavelength range between 400nm and
1000 nm, that is to say in the same range where silicon
absorbs light.

fromened ] (LY

Fig. 1:  SEM picture of typical ZnO samples with
different thicknesses deposited by LP-CVD
technigue.

An interesting feature of ZnO deposited by LP-CVD is that
by varying process and layer properties different electrical
and optical properties can be obtained /8/ and the im-
pact on solar cell performance studied.
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2.2 Plasma enhanced chemical vapor
deposition

For the deposition of silicon containing layers CVD alone
cannot be used, because the dissociation rate of typical
precursor gases like silane and hydrogen molecules is
extremely low at typical process temperatures around
200°C. Therefore, dissociation has to be provided by an-
other energy source than the hot plate. Electrons oscillat-
ing in an electromagnetic field driven at frequencies in the
range between 13.56 MHz (RF) and typically 100 MHz
can provide the necessary energy to dissociate the gas
molecules by electron impact dissociation. In stable dis-
charge conditions a plasma containing electrons and pos-
itive ions is obtained and the deposition technique is called
plasma enhanced chemical vapor deposition (PE-CVD)
/9/. Growth rates between a few Angstroms and a few
nanometers per second can be obtained by varying the
process parameters and reactor configurations. IMT has
been a pioneer in studying the physical and chemical prop-
erties of plasmas driven at frequencies higher than 13.56
MHz /10-12/, the so called VHF domain /13-15/. It was
shown that in VHF conditions higher deposition rates and
smaller ion bombardment energies could be obtained, lead-
ing to more favorable conditions for the deposition of sili-
con layers.

3  Silicon material properties

A quite remarkable feature by of PE-CVD processes is that
by varying deposition conditions, typically silane concen-
tration in hydrogen or RF-VHF input power, a transition
between the amorphous and microcrystalline phase of sil-
icon can be observed /16/. Therefore, two different phas-
es of this material can be easily deposited using the same
technology. In the following of this section we will briefly
review a few basic properties of a-Si:H and pc-Si:H.

3.1 Optical properties

The optical absorption spectrum of of a-Si:H and pc-Si:H
are displayed in Fig. 2. The two materials are character-
ized by quite distinct optical band gaps: amorphous sili-
con has a band gap around 1.7 eV, whereas microcrystal-
line silicon has a band gap around 1.1 eV. As a result mi-
crocrystalline silicon absorbs light in a spectral range where
amorphous silicon is already transparent to sunlight. To
effectively absorb the sunlight the layer thickness should
roughly equal the penetration depth. For amorphous sili-
con this would mean layer thicknesses of up to 10 pm and
for microcrystalline silicon up to 1 mm. With deposition
rates of a few Angstréms or even nanometers per second,
these thicknesses are prohibitively large. From this simple
analysis of the absorption spectrum the need to increase
the light path in silicon while keeping an acceptable film
thickness emerges as a priority in thin film silicon technol-
ogy. The light path can effectively be increased in thin lay-
ers by scattering processes at rough interfaces that devi-
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ate the light path from normal incidence into oblique direc-
tions.
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Fig. 2:  Absorption spectrum of amorphous and
microcrystalline silicon.

The usefulness of rough LP-CVD ZnO and the importance
to study light trapping in thin films becomes thus apparent.

3.2 Electronic properties

Amorphous and microcrystalline silicon are primarily char-
acterized by disorder in the atomic lattice /17-18/. As a
result, defects play an important role in the electronic and
transport properties of these materials. They drastically
reduce the carrier diffusion lengths compared to their crys-
talline (i.e. highly ordered) counterpart by several orders
of magnitude. Thin layers and transparent electrodes cov-
ering the whole cell surface are therefore needed to effi-
ciently extract the carriers in these materials. In addition,
amorphous silicon knowingly suffers from light-induced or
Staebler-Wronsky degradation /19/. This process, which
is reversible, increases the defect density in amorphous
silicon when illuminated and critically depends on the thick-
ness of the layer. Finally, doping n or p type thin film silicon
layers further reduces the diffusion length to a few nanom-
eters only.

4 Solar cells

The design of thin film silicon solar cells is basically deter-
mined by the electronic properties of amorphous and mi-
crocrystalline layers. Since doping drastically reduces dif-
fusion length, doped layers are not photoactive. Therefore
their role is to create an electric field in the photoactive
intrinsic layer sandwiched between the two doped layers.

4.1 Substrate and superstrate
configurations

Depending whether the substrate being used for silicon

deposition is transparent or not, two different sequences

of layer stacking are used in thin film silicon technology.
Fig. 3 shows the two possible configurations. In the first

one, called superstrate configuration, the substrate is glass.
Inthe second one, called substrate configuration, the sub-
strate is opaque like a plastic or metal and if the sheet is
thin enough, fiexible solar cell modules can be obtained.

~ Backreflector

PIN Si y ¥ U

Glass
substrate NIP Si
NN
Y A g . Back reflector
<1/><;41> Substrate

Fig. 3:  Sketches of thin film silicon cells in superstrate
(left) and substrate (right) configurations.

4.2 Single junction celis

Single junction amorphous and microcrystalline solar cells
have been extensively investigated at IMT and high effi-
ciencies of 9.5% after light soaking have been obtained
for amorphous single junction cells grown on LP-CVD ZnO
/20/.

The growth of 1c-Si:H on LP-CVD ZnO has been exten-
sively studied as well. It has been shown that in order to
obtain cell efficiencies close to 10%, it was necessary to
modify the ZnO surface morphology in order to obtain high
open circuit voltages and fill factors. Thus, high efficien-
cies of 9.9% have been reported at IMT /21 /. Plasma proc-
ess studies have been conducted as well in order to un-
derstand the growth of pc-Si:H. Fig. 4 shows the efficien-
cy of microcrystalline single junction solar celis deposited
in a large area R&D PE-CVD system at IMT under different
process conditions /22/. As can be seen, efficiencies are
very sensitive to pressure. It was shown that the improve-
ment in film quality and solar cell efficiency can be related
to lower ion energies hitting the growth surface. However,
pressure and ion energies are not the only important pa-
rameters determining the solar cell efficiencies. Cells de-
posited at 1.2 mbar, but under high silane depletion condi-
tions show a remarkable improvement as well. Plasma
chemistry is likely to be involved in this case, although the
exact mechanism remains unclear.

In Fig. 4 some of the cells display deposition rates close to
1 nm/s. These cells have been obtained in plasma condi-
tions where silane depletion is very high and they form the
basis process for the development of high rate deposition
processes for microcrystalline cells /23/.
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Fig. 4:  Efficiency vs pressure of microcrystalline silicon
single junction solar cells obtained at IMT.

4.3 Micromorph tandem cells

As mentioned in the introduction, stacking different mate-
rials is easily realized in thin film silicon technology because
combining materials with different optical band gaps allows
exploiting a larger part of the solar spectrum. In particular
combining amorphous and microcrystalline silicon thin fiims
in a serially connected tandem cell has first been proposed
at IMT in the mid 1990s /4/. Since then, an increasing
number of research institutes and companies have adopt-
ed this concept.
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Fig. 5. Spectral response of a 13.3% initial efficiency
micromorph tandem cell obtained at IMT.

In Fig. 5 the spectral response of 13.3% efficient micro-
morph tandem cell is presented. Such high efficiencies
and current densities can be obtained only by carefully
designing the light trapping in the device. In particular, a
high current in the top, or amorphous, cell while keeping
the thickness below 300 nm is highly desirable in order to
reduce Stabler-Wronski degradation of the amorphous
material. This can only be achieved by inserting between
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the two active layers an intermediate layer that selectively
reflects and transmits light in the appropriate wavelength
range. Different material options are available for the inter-
mediate layer. At IMT silicon oxide based intermediate re-
flectors have been investigated for this purpose and cur-
rent gains around 20% have been observed in the top cell
/24/. Additionally, it has been observed that the texture of
the front TCO influences the current gain as well /25/.

In substrate configuration the surface roughness of LP-
CVD ZnO can be used easily as an intermediate reflector
/26/. The device scheme with an AIR is presented in Fig.
6. The pe-Si:H is deposited on hot silver substrate which
has morphology with large feature size (about 1 pm) for
efficient light scattering for wavelengths between 750 nm
and 1100 nm. The shape of the morphology has a moder-
ate roughness in order to provide ideal condition for the
growth of nc-Si:H material. The AIR is composed of 1.5
pum of LP-CVD ZnO deposited on the bottom cell. As shown
in Fig. 6, it restores a feature size of about 300 nm and
morphology needed for the a-Si:H top cell. Therefore, the
blue-green light (600 nm - 750 nm) is back scattered at
the AIR interface. The light is then trapped between the
AIR and the top front contact in the a-Si:H top cell.

AccV SpotMagn Det WD Exp
0 %% SE 108 1

Fig. 6:  SEM micrograph of a nip/nip micromorph
tandem cell cross-section with a ZnO
asymmetric intermediate reflector (AIR)
obtained at IMT.

Fig. 7 shows the EQE of our device with thin 1.5 um pc-
Si:H cells. The initial and stabilized electrical parameters
of cells without IR and with AIR are also compared. It shows
that with the AIR, the top cell can be made as thin as 140
nm and still generates 11.4 mA/cm?. In tandem cells, the
degradation is reduced to 8 % with the AIR compared to
18 % without IR but thicker 300 nm top cell.

4.4 High rate deposition of bottom cell

The absorption coefficient of microcrystalline silicon ex-
tends well into the near infrared region compared to amor-
phous silicon. However, thick layers in the order of several
microns are nevertheless necessary in order to achieve
high current densities.
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Fig. 7:  Initial spectral response of nip/nip micromorph
tandem solar cells without IR (300 nm a-Si:H,
1.2 um pc-Si:H) and with AIR (140 nm a-Si:H,
1.4 um pe-Si:H) deposited on hot silver coated
glass.
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Fig. 8: Current-voltage curve of a micromorph tandem
cellin its initial and stabilized state. The bottom
cell has been deposited at 1 nm/s.

Therefore, fast deposition of microcrystalline silicon is de-
sirable. In Fig. 8 the current-voltage curves of initial and
stable (after 1000 hours light soaking) efficiencies of a
micromorph solar cell with the bottom (or microcrystailine)
cell deposited at 1 nm/s is shown. In this case the thick-
ness of the top cell is only 230 nm, which limits the light
induced degradation to about 12% to a stabilized value of
9.6%. Further improvements in the process conditions of
the bottom cell will be necessary in order to lift this effi-
ciency value above the 10% mark.

3 Conclusions

A short review of the main features and challenges in the
technology of thin film silicon photovoltaics has been pre-
sented. This technology certainly offers great potential in
terms of scalability to large surfaces and versatility of the

deposition technigues. In addition, materials with different
opfical band gaps are easily combined in multi-junction
structures that can significantly lift the efficiencies above
the level of singie junction solar cells. In order to achieve
high efficiencies it is necessary to properly design all the
layers of the stack. The design has to optimize optical and
light scattering properties of TCOs and electrical proper-
ties of the materials by tailoring PE-CVD conditions, reduc-
ing defect densities in intrinsic materials and minimizing
absorption in doped layers.
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Petinstirideseta mednarodna konferenca o mikroelektroni-
ki, elektronskih sestavnih delih in materialih - MIDEM 2009
(45" International Conference on Microelectronics, De-
vices and Materials) nadaljuje uspesno tradicijo mednar-
odnih konferenc MIDEM, ki jih vsako leto prireja Stroko-
vno drustvo za mikroelektroniko, elektronske sestavne dele
in materiale - MIDEM.

Na konferenci, ki sta ji predsedovala prof. dr. Marko Topi¢
in izr. prof. dr. Janez Kr¢ (UL FE), je bilo letos predstav-
lieno 59 rednih in 11 vabljenih predavanj v $estih sekcijah
z naslednjimi vsebinami:

- Materiali, tehnologije in elektronskih sestavnih delov
- Elektronika

- Optoelektronika

- Tanki in debeli filmi

- Integrirana vezja

- Senzorji in aktuatoriji

Kot vsako leto je osrednji dogodek konference predstavijala
enodnevna delavnica, tokrat na temo fotovoltaike z naslovom
»Advanced photovoltaic technologies and devices«

Na konferenci so bili predstavljeni najnovejsi dosezki razisk-
ovalcev iz domacih in tujih raziskovalnih skupin in podjetij.
Pomembno viogo so odigrala vabliena predavanja, ki so
povzemala zadnje dosezke iz evropskega in svetovnega
vrha izbranih tematik.

Na podrocju materialov, tehnologij in elektronskih elemen-
tov je bilo predstavlieno vabljeno predavanje:

J.Krupka: Measurements of Materials at Microwave Fre-
guencies

Na podro¢ju elekironike in optoelektronike je bilo izvede-
no nasiednje vabljeno predavanje:

M.A.Morris, J.D.Holmes: Scaling Beyond Lithographic
Limits — Polymer Self-Assembly Mediated Sub-20 nm FET
devices

Na podrocju tankih in debelih filmov je bilo vabijeno preda-
vanje z naslovom:

A.Dziedzic; Modern Thick-Film and LTCC Passives and
Passive Integrated Components

V delavnici je bilo predstavijeno osem vabljenih predavan;;

W.C.Sinke: Trends in Wafer-Based Silicon Photovoltaic Celi
and Module Technology

S.P.Philipps, W.Guter, M.Steiner, E.Oliva, G.Siefer,
E.Welser, B.M.George, M.Hermle, F.Dimroth, A.W.Bett:
I-V Multi-junction Solar Cells - Simulation and Experimen-
tal Realization

A.Luque and A.Marti: Progress in understanding the in-
termediate band solar cell

J.Rakovec: Exploiting Solar Energy with Photovoltaics

H.Fechner: High penetration of Photovoltaic Systems in
Electricity Networks

J.R.Sites: Impact of Grain Boundaries on Thin-Film Photo-
voltaics

M.Zeman, G. van Elzakker, P.Sutta, O.lsabella: Thin-
film silicon solar cells: stability and light trapping

A. Feltrin, R. Bartlomé, C. Battaglia, M. Boccard, G.
Bugnon, P. Biihimann, O. Cubero, M. Despeisse, D.
Doming, F.-J. Haug, F. Meillaud, X. Niquille, G. Paras-
candolo, T. Soderstrém, B. Strahm, V. Terrazzoni, N.
Wyrsch, C. Ballif: An Introduction to the Technology of
Thin Film Silicon Photovoltaics

Kot je razvidno iz naslovov vablienih predavanj (in rednih
prispevkov, gl. celotni program), je delavnica pokrivaia Sirok
spekter aktivnosti na podrocju fotovoltaike, vkljudujoé na-
inovejse strukture in tehnologije sonénih celic in fotonape-
tostnih (PV) modulov, od tehnologij celic na osnovi tankih
rezin, rekordnih veé-spojnih soncnih celic na osnovi lll-V
materialov, novih konceptov celic (vmesni pas v osnovni
energijski rezi), tehnologije tankoplastnih celic (CIGS, a-
Si, uc-Si, tandemske), vse do naprednih konceptov in ses-
tavnih gradnikov na sistemskem nivoju, prikiju¢evanju PV
sistemov na omreZje ter nenazadnje vplivi geografskih in
vremenskih pogojev (sonéno obsevanje) na energijski iz-
plen PV sistemov in elektrarn.

Delavnica je privabila ve¢ kot 60 poslusaicev.

Pred konferenco je bil izdelan zbornik z 69 referati (26 tuji
avtorji), skupaj v obsegu 396 strani (najobseznejsi zbornik
doslej). Skupno stevilo udelezencev konference je bilo 85,
od tega 80 domacih in 25 tujih udeleZzencev, kar kaze na
visok trend narasc¢anja obiska konferenc MIDEM.
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konference, z letoSnjo konferenco zelo zadovoljni. To nam
je v motivacijo in izziv pri pripravi aktualnih znanstvenih in
razvojnih tem ter organizacije konference MIDEM 2010.

Glede na navedene podatke in kvaliteto vabljenih in rednih
prispevkov smo organizatorji, upamo pa tudi da udelezenci

CONFERENCE MIDEM 2009 - SHORT PROGRAM
Jamski dvorec - Postojna, September 9. - September 11. 2009
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DAY/ sep.09 sep.10 sep.11
HOUR Wednesday Thursday Friday

9:00 OPENING CEREMONY WORKSHOP - OPENING INVITED PAPER
9:15 INVITED PAPER INVITED PAPERS Andrzej Dziedzic
9:30 Jerzy Krupka Chairman: M. Hrovat
9:45 Chairman :B. Mali¢ Wim Sinke

Coff S.P. Philipps SESSION ON
ig;{s} SESSION ON Antonio Luque THIN&THICK FILMS
10:45 MATE ’ Chairman: J. Kr¢ Chairman: A.Dziedzic
11:00 AND DEVICES _ Coffec Break
11:15 Chairman : B. Mali¢ INVITED PAPERS
11:30 Joze Rakovec
11:45 Hubert Fechner
12:00
12:15 Chairman: J. Kré¢
12:30
12:45
13:00
13:15
13:30 SESSION ON WORKSHOP
13:45 MATERIALS, INVITED PAPERS SESSION ON
14:00 AND DEVICES James R. Sites INTEGRATED CIRCUITS
14:15 Chairman: B. Mali¢ Miro Zeman
14:30 _Coffee Brea Andrea Feltrin
14:45 SESSION ON Chairman: M. Topi¢ Chairman: J. Trontelj
15:00 ELECTRONICS
15:15 Chairman: D. Vrtaénik
15:30 WORKSHOP
15:45 ~011ee bY
16:00 SESSION ON
16:15 REGULAR PAPERS SENSORS AND ACTUATORS
16:30 SESSION ON Chairman: J. Kr¢
16:45 OPTOELECTRONICS
17.00 Chairman: M. Topi¢ Chairman: S. Amon
17:15
17:30
17:45
18:00
18:15
18:30
18:45
19:00
19:15 REUNION IN FRONT OF THE

ENTRANCE

530 B 5
19:45
20:00
20:15
20:30
20:45
21:00
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UTRINKI S KONFERENCE

Vabljeno predavanje prof. Wima Sinke o kristalno
silicijevih sonénih celicah in modulih (Energy Research
Center of the Netherlands, koordinator najvecjega
evropskega projekta na podrocju kristalnih silicijevih
soncnih celic in modulov Crystalclear OP6)

Vabljeno predavanje prof. Antonia Luque o niovih
konceptih son&nih celic z vmesnim pasom (Polytechnic
University Madrid, izumitelj dvostranske celice, ¢lan
kralieve akademije Spanije, dobitnik prestiznih nagrad
kot je evropska nagrada Alexandra-Edmonda Becquerela
s podrocja fotovoltaike)

Vabljeno predavanje prof. Jamesa Sitesa o tankoplastnih
CIGS celicah (Colorado State University ZDA, vodja PV
laboratorija in prodekan na omenjeni univerzi)

Del udeleZenceyv delavnice o fotovoltaiki

Skupinska slika pred Jamskim dvorcem, v ozadju vhod
v Postojnsko jamo.
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V SLOVO PROF. DR. ANTONU ZALARJU

Pred ¢asom smo se poslovili od nasega pokojnega sode-
lavca Toneta Zalarja, vendar je v nasih mislih $e vedno ziva
njegova podoba. Naj ob tej priloznosti na kratko opisem
strokovno pot pokojnega prof. Antona Zalarja.

Profesor Anton Zalar je bil rojen sredi 2. svetovne vojne,
leta 1943 v Ljubljani. Tu se je $olal na srednji tehni¢ni $oli,
smer metalurgija, nadaljeval visoko$olski studij metalurgije
na Fakulteti za naravoslovje in tehnologijo Univerze v Ljublja-
ni, kier je leta 1969 diplomiral, leta 1981 zakljucil magis-
terij in leta 1987 doktoriral. Nadaljeval je z akademsko ka-
riero na Fakulteti za naravoslovje in tehnologijo, Univerze v
Liubliani, kjer je leta 2004 pridobil naziv redni profesor za
podrocje fizikalne metalurgije. Profesor Anton Zalar je bil
do leta 1995 zaposlen na Institutu za elektroniko in vaku-
umsko tehniko - [EVT, zatem pa je vodil Institut za tehnologijo
povrsin in optoelektroniko. Po prikljuditvi tega instituta v
okvir Instituta »Jozef Stefan« leta 2003 pa je bil uspesni
vodja Odseka za tehnologijo povrsin in optoelekironiko.
Prof. Zalar je vseskozi vodil tudi Laboratorij za preiskavo
povrsin in tankih plasti in raziskovalno skupino, ki je oprav-
ljala temeline in aplikativne raziskave, med drugim tudi s
podroc¢ja materialov za elektroniko.

Pokojni Anton Zalar je zadnja leta sicer opravijal vodstvene
funkcije, vendar pa je bil v svojem srcu predvsem razisko-
valec in je to ostal tudi do konca. Do konca je pozorno
spremiljal svoje raziskovalno podroéje, to je preiskave pov-
rSin in tankih plasti z elektronskimi spektroskopskimi teh-
nikami, oziroma bolj natanéno s spektroskopijo Augerjevih
elektronov. Do konca je Anton Zalar aktivno sodeloval pri
eksperimentalnem delu. Zal so nekatere njegove preiskave
ostale nedokonéane in nekatere njegove ideje neures-
nicene. Na svojem raziskovalnem podrodju se je uveljavil
doma in v mednarodnih strokovnih krogih. Med posebej
izstopajocCimi dosezki naj omenim, da je prof. Anton Zalar v
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osemdesetih letih prvi na svetu uvedel zelo odmevno me-
todo za natanéno preiskavo tankoplastnih struktur, ki so
Se posebej pomembne na podrod¢ju mikroelektronike. Ta
raziskovalna metoda nosi ime po profesorju Zalarju (ang.
»Zalar rotation«) in je $e danes sestavni del vseh napred-
nih analitskih instrumentov za preiskavo povrs$in in tankih
plasti. Metoda »Zalar rotation« za natanc¢no preiskavo
notranjih faznih mej v veéplastnih strukturah je e danes
nepogresljiva pri razvoju sodobnih mikroelekironskih ele-
mentov in jo redno uporabljajo v vseh razvojnih laboratori-
jih pomembnih svetovnih firm s podrocja mikroelektronike.
Prof. Zalar je avtor tudi veéih tehni¢nih izboljsav in enega
patenta. Kot mednarodno priznani strokovnjak je imel pro-
fesor Anton Zalar intenzivne stike s tujino. Uspesno je
sodeloval z Max-Planck institutom »Institut fir Metallforsc-
hung« iz Stuttgarta, kakor tudi s »Kernforschungszentrum
Karlsruhe«. Sodeloval je z Institutom za tehni¢no fiziko pri
Madzarski akademiji za znanost v Budimpesti, z Institutom
za fiziko iz Prage, z Oddelkom za tehni¢no fiziko Univerze
Kaiserslautern, ter mnogimi drugimi. Posebej velja omeniti
tudi njegovo sodelavo z amerisko firmo Physical Electron-
ics. Rezultati njegovega znanstveno-raziskovalnega dela so
zajeti v 360 bibliografskih enotah, med njimi je 208 znan-
stvenih in strokovnih élankov. Na tujih institutin in univer-
zah je imel okrog &tirideset vabljenih predavanj. Njegova
dela so bila citirana veé kot 1400 krat, kar nam prica o
izredni odmevnosti dela profesorja Antona Zalarja. Za svo-
je delo je profesor Anton Zalar dvakrat prejel nagrado Skla-
da Borisa Kidri¢a, in sicer 1980 in 1987. Oktobra 20086 je
bila njegova raziskovalna skupina uvrééena v skupino na-
jboljsih raziskovainih programov v letu 2005 v Sloveniji.
Profesor Anton Zalar je bil tudi uspesen pedagog in visoko-
Solski ucitelj. Od leta 1995 je bil visokosSolski profesor na
Naravoslovnotehniski fakulteti Univerze v Ljubljani, predaval
je tudi na Fakulteti za elektrotehniko in radunalnistvo na
Univerzi v Mariboru ter na Mednarodni podiplomski $oli
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Jozefa Stefana. Bil je tudi delovni mentor ve¢ miadim razisk-
ovalcem, ki so vsi svoj Studij uspesno zakljudéili.

Pokojni prof. Zalar je bil ¢lan drustva MIDEM, ¢lan uredni-
Skega odbora revije Informacije MIDEM in &lan Drustva za
vakuumsko tehniko Slovenije, katerega 50-letnico praznu-
jemo letos. O zelo visokem mednarodnem ugledu profe-
sorja Antona Zalarja nam pri¢ajo podatki, da je bil v letih od
1986 do 1988 predsednik Zveze drustev za vakuumsko
tehniko Jugoslavije - JUVAK, od leta 1986 do 1992 pa je
bil &lan izvrsilnega odbora Mednarodne zveze za vakuum-
sko znanost, tehniko in aplikacije (IJUVSTA). Prof. Zalar je
bil tudi ¢lan ameriskega vakuumskega drustva AVS. Od leta
1990 do 1994 je bil izvolien za poslanca Mestne skup-
4Cine Ljubljana za raziskovalno podrodje.

Prof. Zalar je sodeloval v $tevilnih mednarodnih program-
skih komitejih razli¢nih znanstvenih konferenc. Bil je &lan
mednarodnega svetovalnega odbora Evropske konference
o uporabni analizi povrsin in faznih mej (ECASIA). V Slov-
eniji je prof. Zalar od leta 1997 sodeloval v mednarodnem
programskem komiteju konference MIDEM, ki je na-
menjena strokovnjakom s podroéja mikroelektronike.
Pri Mednarodni organizaciji za standardizacijo je bil prof.
Zalar od leta 1992 ¢lan Komiteja ISO/TC 201, Surface
Chemical Analysis, Kjer je tudi zastopal Urad za standard-
izacijo in meroslovie, Slovenije. V letu 1992 je opravijal
povezavo med navedenim komitejem 1SO in Mednarodno
zvero za vakuumsko znanost, tehniko in aplikacije (IUVS-
TA) in sicer preko Povezovalnega komiteja IUVSTA, katere-
ga predsednik je bil. Prof. Zalar je opravijal tudi recenziis-
ka dela za dve najpomembnejsi mednarodni reviji za
podrocje tankih plasti in povrsin: Thin Solid Films in Sur-

face and Interface Analysis.

Pokojni prof. Anton Zalar je bil tudi veliki ljubitelj Slovenije
in slovenskega jezika, $e posebno si je prizadeval za kval-
itetno izrazoslovje na svojem raziskovalnem podrogju.

Sodelavci pokojnega Antona Zalarja se ga bomo spomin-
jali predvsem po njegovi natanénosti, doslednosti oziroma
pedantnosti, to je lastnostih, za katere danes velikokrat ni
veC ne prostora in ne ¢asa. Ravno tako je pokojnega Tone-
ta odlikovala pokon¢na drza, trma in vztrajnost. Imel je ved-
no tudi pogum, da je naredi korak dlje v neznano kot drugi.
Bil je rahlocuten in pravi¢en Clovek, ki je znal prisluhniti
Clovekovim tezavam in stiskam in mu, &e se je le dalo, tudi
pomagal. Pokojni Tone je bil med sodelavci, znanci in pri-
jateljii poznan tudi po svoji sproscéenosti, gostoljubnost in
prijetnem vzdusju v druzbi. Zelo rad se je po delovnih ob-
veznostih srecal s sodelavci in prijatelji in obi¢ajno na teh
srecanjih ostal do zadnjega.

Institut Jozef Stefan, Naravoslovnotehniska Fakulteta Uni-
verze v Ljubljani, Drustvo MIIDEM, Drustvo za vakuumsko
tehniko Slovenije in celotno slovensko naravoslovie so s
smrtjo profesorja Antona Zalarja izgubili izrednega razisko-
valca, uspesdnega visokosolskega uditelja, aktivnega Glana
ter mednarodno visoko priznanega strokovnjaka, ki je v
spominu slovenskega naravoslovja pustil trajno in vidno
sled.

Doc. dr. Janez Kovad,

Odsek za tehnologijo povrsin in optoelektroniko - F4
Institut Jozef Stefan
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B. Svili¢i¢, V. Jovanovié, T. Suligoj: Vertikalni
SONFET; modeliranje podpragovne tokovne
karakteristike

B. Svili¢i¢, V. Jovanovié, T. Suligoj:
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Calculation Using Compact Capacitance Model

A.Campa, J.Kré, M. Topié:

Dvo-dimenzionalni opti¢ni model za simulacijo
periodi¢nih opticnih strukiur v

tankoplastnih sonénih celicah

A.Campa, J.Kré, M. Topié:
Two-dimensional optical model for simulating
periodic optical structures in thin-film solar cells

A.Levstek, M.Pirc:
SMD filmski kondenzatorji za integracijske A/D
pretvornike

"

A Levstek, M.Pirc:
SMD Film Capacitors for Integrating A/D Converters

K.Gorecki, Witold J. Stepowicz:
Primerjava modelov induktivnosti uporabljenih pri
analizi DC-DC konverterjev

20

K.Gorecki, Witold J. Stepowicz:
Comparison of Inductor Models Used in Analysis of
the Buck and Boost Converters

Gregor Papa, Tomasz Garbolino:
Nov pristop k optimiranju strukture
generatorja testnih vzorcev

26

Gregor Papa, Tomasz Garbolino:
A New Approach to Optimization of Test Pattern
Generator Structure

Z.Cuceij, K.Benkié:
Komunikacija dvojnega optiénega obro¢a med
gradniki mo¢nostne elektronike: studija primera

31

Z.Cugdej, K.Benkié:
Two Optical Ring Communication Between Power
Electronic Building Blocks: a Case Study

S.Klampfer, B.Curk:
Robotizacija proizvodnje - robotsko sestavljanje
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S.Klampfer, B.Curk:
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F.Pavlovéi¢, J.Nastran:
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Z.Mezgec, A.Medved, A.Chowdhury, R.Svecko:
Mobilno placevanje - razvoj sodobnega terminala

53

Z Mezgec, A.Medved, A.Chowdhury, R.Svecko:
Mobile Payments-Design of New Terminal
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M.Fras, J.Mohorko:
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100
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