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Zusammenfassung

Die Wasserstoffpassivierung ist ein zentraler Prozess in der Herstellung von
polykristallinen Si (poly-Si) Diinnschichtsolarzellen. Im Rahmen der Arbeit
wurde ein RF-Parallelplattenreaktor fiir die Wasserstoffbehandlung eingesetzt.
Schwerpunkte der Untersuchungen waren (i) die Rolle von Plasmaparametern
(wie Druck, Elektrodenabstand und Leistung), (ii) die Dynamik der Wasser-
stoffbehandlung und (iii) das Zusammenspiel aus Passivierung und Materialei-
genschaften. Die Charakterisierung erfolgte anhand von Messungen der Leer-
laufspannung Vpe an poly-Si Referenzzellen.

Durch Messungen der Plasma-Durchschlagspannung V.. wurden optimale
Bedingungen fiir die Passivierung gefunden. Beste Ergebnisse wurden bei Elek-
trodenabstinden erzielt, bei denen V. fiir den jeweiligen Druck ein Minimum
hatte. Es wurden Plasmasimulationen durchgefiihrt, die nahe legen, dass dies
einer Minimierung der lonenenergie entspricht. Eine Erhohung des Wasserstoff-
gehaltes im Plasma fiithrte dagegen zu keiner Verbesserung der Passivierung.
Untersuchungen zur Dynamik zeigten, dass eine Wasserstoffbehandlung bei
geringen Temperaturen (< 400°C) mehrere Stunden dauert. Dagegen kann
diese bei erhohten Temperaturen von 500°C bis 600°C in nur 10 min (Pla-
teauzeit) erfolgreich durchgefithrt werden. Anhaltende Behandlungen fithrten
zu einer Verschlechterung von Voo, vor allem ober- und unterhalb des be-
obachteten Optimums (<500°C und >600°C). Als alternatives Verfahren zur
Herstellung von poly-Si Schichten wurde die Elektronenstrahlverdampfung un-
tersucht. Unterschiedliche Materialeigenschaften wurden durch Variation der
Depositionstemperatur T, = 200 —700°C eingestellt und mithilfe von Raman
und ESR untersucht. Grofle Kérner wurden nach Festphasenkristallisation von
amorphem Si, das bei 300°C abgeschieden wurde, erreicht. Die Anzahl offener
Si-Bindungen konnte mittels Passivierung um etwa eine Gréflenordnung re-

3 wurde fiir

duziert werden. Die niedrigste Konzentration von 2.5 - 10'¢ cm™
poly-Si mit den grofiten Kornern gefunden und steht im Einklang zu den be-
sten Solarzellenergebnissen (nach RTA und Passivierung).

Die Wasserstoffpassivierung von poly-Si Filmen konnte bei hohen Tempera-
turen von 500°C bis 600°C mittels Plasmabehandlung erfolgreich durchgefiihrt
werden. Jedoch scheinen im Laufe der Plasmabehandlung auch neue Defekte
zu entstehen, die mit andauernder Passivierung zu einer Verschlechterung von
Voc fithren. Dieser Effekt sollte minimiert werden. Um hohe Leerlaufspannun-
gen oberhalb von 450 mV zu erreichen, wird zunehmend auch eine niedrige

Rekombination an Grenzflichen wichtig.



Abstract

Hydrogen passivation is a key process step in the fabrication of polycrystalline
Si (poly-Si) thin film solar cells. In this work a parallel plate rf plasma setup
was used for the hydrogen passivation treatment. The main topics that have
been investigated are (i) the role of plasma parameters (like hydrogen pressure,
electrode gap and plasma power), (ii) the dynamics of the hydrogen treatment
and (iii) passivation of poly-Si with different material properties. Passiva-
tion was characterized by measuring the open-circuit voltage Voo of poly-Si
reference samples.

Optimum passivation conditions were found by measurements of the break-
down voltage Vj,, of the plasma for different pressures p and electrode gaps
d. For each pressure, the best passivation was achieved at a gap d that corre-
sponded to the minimum in Vj,;. Plasma simulations were carried out, which
indicate that best Voo corresponds to a minimum in ion energy. Voo was not
improved by a larger H flux. Investigations of the passivation dynamic showed
that a plasma treatment in the lower temperature range (< 400°C) is slow and
takes several hours for the Vo to saturate. Fast passivation can be success-
fully achieved at elevated temperatures around 500°C to 600°C with a plateau
time of 10 min. It was found that prolonged hydrogenation leads to a loss in
Voe, which is less pronounced within the observed optimum temperature range
(500°C — 600°C). Electron beam evaporation has been investigated as an al-
ternative method to fabricate poly-Si absorbers. The material properties have
been tuned by alteration of substrate temperature 7Ty, = 200 — 700°C and
were characterized by Raman, ESR and Vpc measurements. Largest grains
were obtained after solid phase crystallization (SPC) of a-Si, deposited in the
temperature range of 300°C. The defect concentration of Si dangling bonds was
lowered by passivation by about one order of magnitude. The lowest dangling
bond concentration of 2.5 - 10'® cm™2 after passivation was found for poly-Si
with largest grains and coincides with best solar cell results, obtained after
rapid thermal annealing and hydrogen passivation.

Hydrogen passivation of poly-Si films was successfully achieved with a par-
allel plate rf H plasma treatment at elevated temperatures around 500°C to
600°C. Yet it seems that treatment induced defect generation causes a loss in
Voc with prolonged passivation time and should be minimized. In order to
achieve high open circuit voltages larger than 450 mV, in addition to hydro-
gen passivation, low recombination at the interfaces becomes more and more

important.






1 Introduction

Solar cells are photovoltaic (PV) devices that can convert sunlight directly into
electricity, providing a clean and decentralized renewable energy source. The
PV market in the year 2009 was still dominated by Si wafer based solar cell
technology, which amounted to 81 % of the overall market [1]. However, the
trend in PV goes towards thin film technologies, in order to reduce production
costs and material consumption. Polycrystalline Si (poly-Si) thin films on for-
eign low cost substrates such as glass offer the potential of high cell efficiencies
[2, 3, 4] combined with the advantages of thin film technology and vast Si
abundance.

First investigations about low cost polycrystalline Si (poly-Si) thin film solar
cells on foreign substrates date well back into the mid 70’s [2, 5. In the recent
years noticeable progress has been made. In 2006, first solar modules based on
poly-Si on glass substrate have entered into commercial mass production [6, 7].
One of the key process steps relies on defect passivation of the poly-Si layers
by a hydrogen treatment, which can potentially multiplicate the efficiency of
a poly-Si solar cell [8, 9].

Crystalline Si can be categorized by grain size. Here the following definition

will be used:
» monocrystalline Si (¢-Si) for single-crystal,
« multicrystalline Si (mc-Si) with an average grain size of > 100 pm

 polycrystalline Si (poly-Si) with an average grain size between 100 pm

and 0.1 pm

» microcrystalline (pec-Si) with crystallites smaller than 0.1 pm, usually

embedded in an amorphous network.

A poly-Si thin film solar cell consists of fully crystalline poly-Si absorber layer.
The complete stack with a typical thickness between one to several micrometers
cannot support itself and needs to be grown onto a foreign substrate. The

average grain size is between (.1 pm and 100 pm and hence much smaller than

9



1 Introduction

the grain size of multicrystalline Si. Grain boundaries are source of defects that
deteriorate the efficiency of the solar cell. One approach to improve the device
quality focuses on increasing the average grain size and thereby reducing grain
boundary induced defects. Large grained poly-Si (~10 pm) can be achieved
through a method based on aluminum induced crystallization (AIC) of a thin
amorphous Si layer [10]. Even larger grained (~100 pm) layers were obtained
by laser crystallization of amorphous Si with a scanning cw laser beam [11].
Both methods produce a poly-Si thin film that in a next step can be used
as a seed layer for subsequent epitaxial growth of the absorber [12, 13, 14].
Nevertheless, the most successful method to produce poly-Si absorber layers is
based on solid phase crystallization (SPC). Amorphous Si layers are annealed
in a furnace at typically 600°C for several hours until a completely crystallized
poly-Si film is formed (grain size: 1-3 pm). Matsuyama et al. (Sanyo) could
demonstrate a cell efficiency of 9.2% [15]. CSG Solar recently achieved a mini
module efficiency of 10.4% [4] and is to date the first and only company that

went into industrial production of poly-Si thin film solar cells [7].

Poly-Si films exhibit numerous extended and point defects mainly in the
form of Si dangling bonds. These dangling bonds form electrically active de-
fect states within the bandgap, which act as recombination centers for charge
carriers and thus deteriorate the device quality. Hydrogen has the ability to
diffuse in Si and in particular to bond to dangling bonds, resulting in a pas-
sivation of the defects [16]. However, due to the high process temperatures
almost no hydrogen remains in the poly-Si layers. Therefore hydrogen needs

to be introduced by post-deposition exposure to atomic hydrogen.

First studies about hydrogen in Si date back to the 1950s, when Van Wierin-
gen and Warmoltz determined diffusion coefficient and activation energy for
hydrogen diffusion in single crystal silicon [17]. Great interest in hydrogen
arose with the discovery in 1976 that incorporation of H strongly improves
the properties of amorphous Si [18]. Amorphous Si lacks any long range order
and exhibits a high degree of unpaired Si bonds. Hydrogen can passivate the
unpaired Si dangling bonds which otherwise form defect states in the band gap

of a-Si and act as recombination centers for the charge carriers [19].

A similar beneficial effect has also been found for grain-boundary passivation
by H in poly-Si [20, 21, 16]. First studies, performed in 1979 by Seager et al.
on hydrogen plasma treatments of grain boundaries in mc-Si, demonstrated
a significant reduction of potential barrier and density of states due to the

plasma treatment [21]. In the following year the authors could report on
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the improvement of the dark-current IV characteristic of poly-Si solar cell

structures by H plasma treatment [22].

Since then hydrogen passivation has been recognized as an essential process
step in many solar cell concepts. For industrial bulk passivation of wafer
based mec-Si solar cells, hydrogen passivation is done by firing of hydrogenated
Si nitride (SiN:H) [23]. Hydrogen containing SiN films are deposited onto the
surface of mc-Si wafers and hydrogen is driven into the material during an
anneal for some seconds at temperatures of around 750°C [23]. However, in
case of poly-Si thin film solar cells, a hydrogen plasma treatment at 400°C for
30 min is able to supply a larger amount of hydrogen [24, 25]. Compared to
SiN:H firing, plasma hydrogenation consistently led to better solar cell results,
as well [25].

Higher substrate temperatures during plasma treatments have been investi-
gated by CSG-Solar AG. It was observed that poly-Si films were most effec-
tively hydrogenated (in terms of cell performance) at rather high temperatures
of ~610°C, resulting in a strong improvement of the open circuit voltage from
233 mV to 497 mV [8]. Stimulated by this report other groups have successfully
applied temperatures above 600°C [26, 27, 28, 29]. Temperature dependence
was investigated by Fosca et al. in the temperature range of 200 - 550°C [30].
The authors found an optimum temperature of 450°C with respect to open
circuit voltage of poly-Si solar cells. Research by Carnel et al. indicated an
optimum at 420°C [9], although later results on open circuit voltage showed
no strong influence in the range of 265 - 440°C [25]. However Carnel et al.
reported a much stronger dependence of open circuit voltage on the pressure
with an optimum at around 2 mbar [9]. Especially towards smaller pressures

(0.5 mbar) the open circuit voltage fell off sharply.

So far the question how the best H plasma treatment can be achieved is still
not answered. In particular results about the optimum substrate temperature
during plasma process diverge and there is a broad range of applied and op-
timum temperatures. Plasma parameters like pressure can have a significant
impact on the final result. In order to establish a better understanding of the

H plasma process further research is required.

This work therefore will focus on researching thoroughly important process
parameters (like temperature and duration) and plasma parameters (like pres-
sure, geometrical setup and plasma power). The structure is the following:

Chapter 2 presents fundamental knowledge about hydrogen diffusion and

defect passivation in Si. In addition a short overview is given about existing
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1 Introduction

sources for hydrogenation of Si and the state-of-the-art of hydrogen passivation
of poly-Si thin film solar cells.

Chapter 3 responds to sample preparation and characterization. Experi-
mental setups used for rapid thermal annealing (RTA) and hydrogen passiva-
tion (HP) are described in detail.

The further chapters are dedicated to the experimental results.

Chapter 4 investigates the role of plasma parameters like hydrogen pres-
sure, electrode gap and plasma power. These parameters could have a signif-
icant impact on hydrogen density, ion bombardment and on solar cell perfor-
mance. To establish a better understanding, simulations of the plasma reactor
are presented.

Chapter 5 reports on the dynamics of the hydrogen treatment, i.e. the time
and temperature dependence within the temperature range of 350 - 650°C.
Hydrogen diffusion will be mainly affected by those two parameters.

Chapter 6 researches the interaction of passivation and material properties.
Solar cells based on poly-Si absorbers, deposited by electron beam evaporation
(EBE) are fabricated. The material properties of these layers are varied by
tuning the deposition temperature in the range of Tg., = 200 — 700°C. In this
context also defect annealing by RTA is investigated.

Chapter 7 aims to establish a link between the measured open-circuit volt-
age data and the material properties in terms of an effective diffusion length.

Chapter 8 is devoted to a final discussion of the results before finally con-

cluding in Chapter 9.

12



2 Fundamentals

The general aim of the investigation of hydrogen passivation of poly-Si thin
film solar cells is to understand and control the dynamics of the hydrogen
treatment in terms of H diffusion and defect passivation for the purpose of
achieving high material quality and best solar cell performance. In order to
understand the dynamics of hydrogen passivation, the first part of this chapter
provides an overview of hydrogen diffusion in mono-, multi- and polycrystalline
Si.

There exist several techniques to introduce H into Si bulk material. Possible
sources for hydrogenation include molecular Hy sources, plasma sources and H
originating from hydrogenated Si nitride. This will be covered within the sec-
ond section where a general introduction is given to the different hydrogenation
methods.

Hydrogen passivation of defects and grain boundaries in poly-Si has been
widely studied. It has been successfully applied to mc-Si and poly-Si solar cells,
resulting in improvements of cell efficiencies. Investigations and results that
have preceded this work or have been obtained simultaneously are summarized

in the last section addressing the state-of-the-art of HP of poly-Si solar cells.

2.1 Hydrogen Diffusion and Passivation in Si

Great interest in hydrogen in semiconductors arose with the discovery of the
fact that the incorporation of H strongly improved the properties of amorphous
Si (aSi:H) [18]. This improvement is due to the ability of H to passivate
Si dangling bonds which otherwise form defect states in the band gap of a-
Si and act as recombination centers for the charge carriers [19]. A similar
beneficial effect has also been found for grain-boundary passivation by H in
poly-Si [20, 21, 16]. Since then H has received attention in various fields, such
as to passivate Si-SiOy interfaces of metal-oxide-semiconductor (MOS) devices
[31, 32] and poly-Si grain boundaries for thin-film transistor (TFT) display
applications [33, 34, 35].

13



2 Fundamentals

In the following sections a short overview about hydrogen diffusion and hy-
drogen passivation in Si will be given. It should be noted that a complete
description of this topic goes well beyond the scope of this chapter. For pro-
found reading, the reader may be referred to Refs. [36, 37, 38, 39, 40].

2.1.1 Hydrogen Diffusion in Monocrystalline Si

The diffusion of hydrogen in single crystal silicon (c-Si) follows Fick’s law,
where in one dimension the flux J(x) is proportional to the gradient of the

concentration C(z)

oC (z)
ox

D is the diffusion coefficient of H in Si. The second Fick’s law states how the

concentration will change over time

J(x)=-D-

(2.1)

oC(xz) . 9°Clx)
T D - 52 (2.2)

A simple solution to this problem can be given for the special case, where
the concentration at the Si surface (x = 0) is kept constant: C'(z = 0,t) = Cy
and C(z > 0,t = 0) = 0. The solution then is given by:

C(x,t) = Cyerfc ( (2.3)

x
77)
and lgip = 2v/Dt can be defined as the diffusion length, where the concentration
will have decayed to 0.157 x Cj.

The diffusivity of H was first investigated in the 1950s by Van Wieringen
and Warmoltz (VWW) (VWW(’56) in Fig. 2.1). They showed that within the
temperature range of ~1100-1200°C hydrogen diffuses in single crystal silicon
with a low activation energy of E4 = 0.48 eV [17]

E
D = Dy - exp <_k’;’> (2.4)

Here k is the Stefan-Boltzmann constant and 7" the absolute temperature. Dy
was determined to be 9.67-107% cm?/s [17]. A number of subsequent studies at
lower temperatures and for low H and low impurity concentrations confirmed
the extrapolated diffusivity determined by Van Wieringen and Warmoltz (Fig.
2.1[41, 42, 43, 44, 45], overview taken from Ref. [23]).

Grey symbols in Fig. 2.1 show the diffusion coefficients for the impurities

14



2.1 Hydrogen Diffusion and Passivation in Si
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Figure 2.1: Selected data for the diffusion coefficient of H (or D) in ¢-Si, as deter-
mined by Van Wieringen and Warmoltz (VWW) (VWW(’56) [17] and other groups
[23]. Also shown are diffusion coefficients for the impurities Al, O, P, and B.

Al, O, P, and B for comparison. The values are taken from Ref. [46, 47]
(for Al), [48, 49] (for O), [50, 51](for P) and [52, 53] (for B), respectively.
They are shown for a temperature between 1100°C and 1250°C to illustrate
the difference in diffusivity of more than 6 orders of magnitude, compared to
diffusion of hydrogen in c-Si. Also the activation energy is higher (> 2.5 eV
for O and P and > 3 eV for B and Al), which leads to a steeper slope of the
diffusivity with temperature [46, 47, 48, 49, 50, 51, 52, 53].

Mobile H that takes part in diffusion can be present in three different charge
states HY, H°, H™ in c-Si. The positive charge state H* is most stable at the
bond-center (BC) site in ¢-Si due to the high electronic charge density of
the covalent bonding. It forms a three-center bond with the two adjacent Si
atoms and acts as a donor. The donor level is located at about 200 meV
below the conduction band [54]. In its neutral charge state, H still prefers
the BC site, but because of the extra electron the HY state is less stable and
therefore unoccupied. In the negative charge state (H™), H can be found at
the tetrahedral interstitial site T; and acts as an acceptor. The acceptor level
is located at about 600 meV below the conduction band [54]. Because H can

be found in both charge states (i.e. Htand H") it is also called an amphoteric
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2 Fundamentals

H,QA A Energy (eV)
o'
Ev
\/ IEM-EBC —
Ep |-- L -—Y—-— - — - - —
~. —shallow
5 [ traps
qC_) IJH ............................................................................................
L
E® —
t | —
— deep
traps
grainboundary(gb)
> >
X H Trap DOS at gb

Figure 2.2: Tllustration of the H diffusion mechanism in c-Si and poly-Si (after [55]).
Epc and Ejs represent the energy levels for the Si-Si bond-center position for H
and the migration barrier for interstitial H diffusion in c¢-Si, respectively. Strained

Si-Si bonds and Si dangling bonds, originating from grain boundaries lead to addi-

tional shallow and deep traps for H diffusion, with energy levels at Fpc and Et(H),

respectively . At the right hand side the corresponding density-of-states (DOS)
distribution of H traps is illustrated.

impurity.

The diffusion mechanism for monocrystalline p-type Si (and poly-Si, which
will be discussed in the next section) is illustrated in Fig. 2.2. As just learned,
mobile hydrogen is situated at the Si-Si bond-center (BC) position. To diffuse
between sites, H must overcome the energy barrier Fy; — Epc (illustrated
on the left hand side in Fig. 2.2). FEpc and Ej; represent the energies for
the bond-center position and the migration barrier for interstitial diffusion,
respectively. The energy difference corresponds to the activation energy for H
diffusion in Eq. 2.4, as by determined by Van Wieringen and Warmoltz [17].
In n-type c-Si hydrogen diffuses via T} sites in the negative H~ charge state.

2.1.2 Trap-limited Hydrogen Diffusion in Silicon

It is now broadly accepted, that the diffusivity determined by Van Wieringen
and Warmoltz [17] is consistent with diffusion of H* in Si at low H and impu-
rity concentrations, where H* does not interact with other species [56, 57, 23].
However, under non-perfect conditions, with high concentrations of impurities

or defects and hydrogenation of doped material by plasma, the effective diffu-
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2.1 Hydrogen Diffusion and Passivation in Si
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Figure 2.3: Selected data for the diffusion coefficient of H (or D) in different Si
materials and under different conditions [23]. See text for details.

sivity of H can differ from the ideal case. In comparison to monocrystalline Si,
multicrystalline (mc-Si) and polycrystalline Si (poly-Si) exhibit higher defect
densities, due to a large number of grain boundaries and intra-grain defects. As
a consequence, H diffusion differs from the diffusion in monocrystalline Si and
can be quite similar to diffusion in disordered a-Si. H diffusion in poly-Si has
been widely investigated by Nickel and co-workers [16, 58, 55, 40]. Secondary-
ion-mass spectroscopy (SIMS) is certainly the most prominent technique to
observe the diffusion of hydrogen. Concentration profiles can be obtained and
to achieve a better sensitivity usually the isotope deuterium is used which

duplicates hydrogen chemistry.

Fig. 2.3 shows the diffusion coefficient of H in Si for different experimental
conditions (overview taken from Ref. [23]). Filled symbols in Fig. 2.3 reveal
that H diffusion in ¢-Si scatters and is 2-9 orders of magnitude lower than the
prediction by Van Wieringen and Warmoltz [17] (solid line). This difference is
due to significant H either trapped by impurities, dopants, defects or forming
Hy molecules [59, 56, 40]. Data in Fig. 2.3 include H diffusion in boron-
doped ¢-Si (Zundel(’92) [60]), diffusion in the presence of Au (Pearton(’85) and
Campero(’85) [61, 62]) and H interacting with oxygen (Newman('91) [63]).

The same phenomenon can be evidenced in the presence of grain boundaries
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2 Fundamentals

for me-Si and poly-Si (cross symbols). The high defect concentration traps H
very efficiently and significantly restrains the diffusivity [64, 55]. Grain bound-
ary diffusion in me-Si was first time observed using the electron beam induced
current (EBIC) mode of the scanning electron microscopy (SEM) and lower
diffusivity compared to bulk diffusion was observed (Dube(’84) [65]). Work
on H diffusion in poly-Si (Kamins(’80), Ginley(’81), Wu(’89) and Nickel(’99)
[33, 66, 67, 40]) showed similar results of a high scattering and a much slower
H diffusion.

It was suggested, that the presence of numerous defects in form of Si dan-
gling bonds and strained Si—Si bonds act as deep traps for H migration as
illustrated in Fig. 2.2 [38, 40]. The energetic distribution of these defects is
around the energy level Et(H). H is captured and released from these traps. In-
dicated at the right hand side is the density-of-states distribution for H at the
grain boundary. The occupation of the states is, similarly to the Fermi-level
for electrons, determined by the hydrogen chemical potential ug. Experimen-
tally it was observed that the diffusion profile differed from the typical erfc
shape in low-pressure CVD (LPCVD) grown poly-Si [55]. Below a critical H
concentration the profiles exhibited a kink and an exponential decay in the
concentration was evidenced. The difference can be attributed to trap-limited
diffusion [40]. In addition it was also found that the diffusion depended on the
Fermi-level [40]. This can be explained by H trapping-release processes of deep
traps via Si—H bonds, which require a change of the charge state of H. When
trapped at a Si dangling bond, it forms a neutral Si-H bond. To be released,
H needs to change its charge state to H* or H~ in p-type and n-type Si,
respectively. The additional charge is provided by the semiconductor, which
leads to a Fermi-level dependent activation energy. Once H diffuses within
the transport states (BC and Ty sites), the charge state does not change and
the diffusion barrier (F);) will be independent on the Fermi level. A detailed
description about trap-limited hydrogen diffusion in poly-Si can be found in
[40].

2.1.3 Passivation of Defects

The most prominent defects in poly-Si are Si dangling bonds originating from
under-coordinated Si atoms. This results in an unpaired electron of the Si
dangling bond whose energy level will move into the band gap. The Si dan-
gling bond has three different charge states (DT, D7, DY) and tends to occupy

mostly the neutral charge state D°, pinning the Fermi level at around midgap.
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Because of the unpaired electron the neutral dangling bond is paramagnetic
and can be detected by electron spin resonance (ESR) measurements (Sec.
3.3.2). Hydrogen can easily bind to the unpaired Si dangling bond [68]. This
will eliminate the associated defect states of the Si dangling bond from within
the band gap, passivating the dangling bond defect.

Besides this beneficial passivation effect of dangling bonds, H is also able
to passivate shallow dopant impurities. A deactivation or passivation was
observed for B in p-type Si [69, 70, 71] and not that severely for P in n-type
Si[72] at low temperatures. The B-H complex is however not very temperature
stable and dissociates at temperatures above 220 °C [73]. Passivation of other
shallow defects by H was also observed for Al, Ga, In, As and Sb [74, 75].

Interaction of H with deep level defects associated with transition metals has
been investigated with deep-level transient spectroscopy. Deep levels related to
Au, Cu, Ni, Pd, Pt and Cr could be passivated by H [76, 77, 78, 79]. For other
defects, like Ti or V, no passivation effect was observed [79]. Hydrogen induced
generation of acceptor-like states in intentionally undoped n-type poly-Si was
observed upon prolonged hydrogenation [80, 81]. H is also known to form
interstitial Hy [82] and two-dimensional H clusters (platelets) [83, 84].

2.2 Sources for Hydrogenation of Si

Atomic H is required for the passivation of defects in Si. For a-Si it was
demonstrated that in order to passivate Si dangling bonds, atomic hydrogen
is needed [85, 20]. Furthermore, molecular Hy is rather immobile compared to
atomic H in bulk Si [86]. Therefore H must be introduced into Si via atomic
H. There are several ways to introduce atomic H into bulk Si [87]. In the
following section, methods will be discussed that can provide atomic H for

hydrogenation and defect passivation of poly-Si.

2.2.1 Molecular H,; Source

The investigations on H diffusion by Van Wieringen and Warmoltz were con-
ducted in molecular H, ambient in the temperature range of 1092 °C and
1200°C [17]. This seems to be contradictory to the fact thatHy can be atom-
ized by heating only at high temperatures (~2000 °C) [88]. The adsorption
energy barrier for Hy on a perfect Si surface was determined to be 0.8 eV

[89]. Nevertheless, H passivation from a molecular Hy source is reported also
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elsewhere for lower temperatures [90, 91]. In conjunction with dopant passi-
vation studies it was found that bulk passivation of shallow impurities could
be achieved by annealing in Hy at temperatures > 900 °C, followed by a rapid
quench [91].

One possible explanation on how the molecular Hy dissociates is given by
ab initio tight-binding molecular-dynamic simulations. The calculations con-
cluded that interstitial Hy spontaneously dissociates when placed inside a va-
cancy. Interstitial Hy cannot remain in molecular form inside such a defect [92].
The configuration does not feature a local minimum in potential energy, but
is unstable resulting in two Si—H bonds. Secondary-ion mass spectrometry
studies showed no hydrogenation effects from the exposure of a perfect surface
to Hy (~1 h, 400 °C). Under the same conditions, H penetration of 6-8 mm
was observed after softly damaging the Si surface with a cotton swab and a
0.3 micron abrasion [92, 93]. Since damaging the surface produces strained
Si—Si bonds, Hs can readily dissociate and bind to the surface. For surfaces it
can be concluded, that hydrogenation from a molecular Hy gas source at a few
hundred degrees Celsius is very inefficient, except in the presence of surface
damage [92, 94].

2.2.2 Plasma Sources

A plasma represents an effective method to dissociate Hy gas and provide
sufficient atomic H for passivation. Plasma is often called a fourth state of
matter. It contains a quasi-neutral confinement of ionized species in which
the density of negatively charged species is well balanced by the density of
positively charged species. Depending on how the plasma is excited, it can be
divided into:

o direct current (DC) glow discharges: the plasma is ignited by an arch
discharge

o capacitively coupled plasmas (CCP’s): are maintained between two elec-
trodes, that are usually in direct contact with the plasma and are oper-

ated with a radio frequency (rf) excitation

« inductively coupled plasmas (ICP’s): are formed by an alternating cur-
rent running through coils generating alternating magnetic fields that
heat the plasma. The excitation frequency can be in the MHz (rf) to

GHz (microwave (mw)) range.
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2.2 Sources for Hydrogenation of Si

DC glow discharge represents a simple and inexpensive way to generate
atomic H. First studies demonstrated the potential of H passivation as an
application to improve the performance of mc-Si and poly-Si based solar cell
devices [95]. Nevertheless, a simple DC glow discharge has the disadvantage
of a strong voltage drop, that is localized around the cathode (“cathode fall”).
This implies strong acceleration of the H ions of several hundred eV. While
sputtering by H can be neglected, as the sputtering yield for H is very low [96],
H bombardment with high ion energies of 100-500 eV can lead to surface dam-
age [97]. At even higher energies amorphization of the surface was observed
[97, 98].

The cathode fall can be mostly avoided in discharges with alternating cur-
rents. Several groups [21, 69, 71, 99, 78, 73, 83, 100, 101] have used rf driven
plasma sources in a ICP or CCP remote setup. In these remote setups, the
heated samples are separated from the plasma. Such a “downstream” source
can prevent ion bombardment of the surface and in some cases baffles were
used for optical isolation of the plasma. Hence ions and UV irradiation cannot

reach the substrate and damage the surface.

2.2.3 Solid Source (Firing)

Firing of hydrogenated Si nitride (SiN:H) is a well established method and
industrially applied to passivate multi-crystalline Si wafers [23]. Hydrogen
containing SiN films are deposited onto the surface of me-Si wafers by PE-CVD.
The layer serves simultaneously as a source of H for bulk passivation [102],
an anti-reflective coating and provides emitter surface passivation [103]. The
hydrogen is driven into the material during the contact firing, which usually
takes place at temperatures around 750°C [23]. High temperatures are needed
for the H to diffuse entirely through the wafer (thickness: ~100 pm). However,
thermal processing at such high temperatures simultaneously also leads to
a dissociation of defect-H complexes and reactivation of deep level defects,
associated with transition metals or grain boundary defects [74]. During the
thermal process, H release, diffusion, binding and retention of H need to be
balanced at the same time. For an anneal at 750°C, it was shown recently that
a drive in time of one second, followed by a rapid thermal quench, allows for
higher lifetimes and efficiencies of EFG and String Ribbon based Si solar cells

compared to durations of 10 s and longer [104].
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2.3 Hydrogen Passivation of Poly-Si Thin Film
Solar Cells: State-of-the-Art

Early investigations in 1979 by Seager et al. on hydrogen plasma treatments
of grain boundaries in mc-Si demonstrated a significant reduction of potential
barrier and density of states due to the H plasma treatment [21]. Passivation
was achieved using a remote ICP source at a Hy pressure of 0.13 mbar at
400°C for several hours. In the following work the authors could report on
the improvement of the dark-current IV characteristic of a poly-Si solar cell
structure by H plasma treatment [22]. H treatment was performed at 350°C
for 16 hours. Nowadays firing of hydrogenated Si nitride (SiN:H) at high
temperatures is the method of choice for industrial bulk passivation of mc-Si
solar cells [23]. Recently it was found that an annealing time of one second at
~750°C is sufficient for high solar cell efficiencies, resulting in 18.2 and 17.8%
for edge-defined film-fed grown and string ribbon multicrystalline silicon solar
cells, respectively [104]. A duration of 10 s led to smaller improvements [104].
The effect of hydrogenation in multicrystalline Si seems to be more significant
for low-quality, high-defective multicrystalline material like ribbon grown Si
[105].

The firing of SiN:H was also applied to poly-Si films. For hydrogenation, the
atomic density of the SiN layer is considered to be important for the efficiency
of the hydrogenation process [106, 107]. However, the refractive index of SiN
layers usually needs to be tuned between 2.0 and 2.2 to serve as an anti-
reflective coating. As a consequence the SiN layer is able to provide only a
limited amount of hydrogen atoms. Poly-Si exhibits a higher defect density
than mec-Si. Therefore in the past it was assumed that the passivation effect
would not be sufficient for poly-Si, due to the limited amount of hydrogen.
The passivation of poly-Si layers through a firing at moderate temperatures of
600°C of SiN:H only led to limited success [108, 109].

Hydrogenation of poly-Si layers for solar cell application using SiN:H firing
at higher temperatures of 750°C was researched by Carnel, et al. [24, 25,
110]. For large-grained (grain size: 5 pm) poly-Si absorbers the open-circuit
voltage could be improved from 325 to 421 mV by firing of SiN:H while the
efficiency was enhanced from 2.4 to 3.8% [25]. A comparable effect of hydrogen
passivation was seen for small-grained (grain size: 0.2 pm) poly-Si. Here the
open-circuit voltage enhanced from 229 mV to 355 mV and the efficiency from

1% to 1.6% [25)].
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Carnel, et al. also investigated the influence of a H plasma treatment
[9, 111, 112, 110] and compared it to SiN:H firing [24, 25, 110]. Plasma treat-
ment was carried out in a conventional CCP rf CVD system at a Hy pressure

of 1.3 mbar and a power of 60 mW /cm?

. The open-circuit voltage of fine-
grained poly-Si absorbers with improved hetero-emitter was enhanced by the
plasma treatment from 341 mV (0.8% efficiency) to 460 mV (2.3%) [111]. The
passivation was carried out at 400°C for 30 min. In comparison to SiN:H fir-
ing (410 mV) plasma hydrogenation showed better results (i.e. 460 mV) [25].
Consistently the amount of H in the layer after plasma treatment was up to
10 times larger than after firing [24, 25]. Investigations of the temperature
during the plasma treatment indicated an optimum in Vpe at 420°C [9], al-
though later results showed no strong influence in the range of 265 - 440°C for
fine-grained poly-Si cells [25]. The plasma was kept ignited while cooling down
slowly for 30 min to 200°C. Therefore the long cooling down phase should be
kept in mind. The influence of pressure showed a much stronger dependence
with an optimum in Voo at around 2 mbar [9]. Especially towards smaller
pressures (0.5 mbar) Voo fell of sharply. Note that the poly-Si films, investi-
gated by Carnel were deposited at high temperatures of ~1100°C. Therefore
these films usually exhibit larger open-circuit voltages and the results cannot

be compared directly to solid-phase crystallized cells.

Higher temperatures during H plasma treatments have been applied by CSG-
Solar AG which is to date the first and only company that went into mass
production of poly-Si thin film solar cells [7]. For hydrogenation an ICP remote
system was used. It was observed that poly-Si films were most effectively
hydrogenated (in terms of cell performance) if hydrogenated at rather high
temperatures of ~610°C resulting in an improvement of Voo from 233 mV to
497 mV [8].

A defect passivation treatment at high plateau temperatures of up to 650°C
was also applied by the poly-Si group at the University of New South Wales
(UNSW) [26, 27, 28]. Using a low-pressure chemical vapor deposition (LPCVD)
system with an inductively coupled remote plasma source, Kunz et al. achieved
open-circuit voltages of 435 mV and efficiencies above 5% [28]. Earlier inves-
tigations by Straub et al. indicated benefits by going from 350°C to higher
temperatures of 480°C [113]. A remote microwave plasma source has been
used by Andrae et al. with Hy diluted in Ar at a temperature of 600°C [29].

Temperature dependence was investigated by Fosca et al. in an electron

cyclotron resonance (ECR) plasma system in the temperature range of 200 -
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550°C [30]. The authors found an optimum temperature of 450°C with respect
to Vo of poly-Si solar cells.

Summing up it can be stated that hydrogenation has been recognized as
an important treatment to passivate defects in poly-Si and to improve the
device performance. Hydrogen passivation via H plasma treatment seems to
be the preferred method leading to good results [109, 25]. However, no com-
mon opinion has been established yet on how the best H plasma treatment
can be achieved. In particular results about the optimum substrate tempera-
ture during hydrogen plasma treatments diverge and there is a broad range of
applied and optimum temperatures. In addition the passivation experiments
have been carried out on a highly diverse and unequal set of poly-Si thin film
solar cells. This sets the motivation for the investigations that will be pre-
sented here. Important process parameters (e.g. temperature, duration) and
plasma parameters (e.g. pressure, geometrical setup, power) will be investi-

gated thoroughly and a better understanding will be established.
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3 Experimental Procedures

The following chapter describes structure and preparation of poly-Si samples
and the characterization methods that have been used for the hydrogen passi-

vation experiments of this work.

3.1 Sample Preparation

In the course of this work two different types of poly-Si samples were used.
State-of-the-art solar cells based on SPC of PE-CVD grown a-Si were used as
reference samples because of their high quality. These samples were extracted
from the industrial production cycle of CSG Solar AG, Thalheim, Germany
[7]. The other set of samples was obtained by using electron-beam evaporation
(EBE) instead of CVD for absorber deposition.

3.1.1 Polycrystalline Si Solar Cells formed by SPC of
PE-CVD grown a-Si:H

State-of-the-art poly-Si thin films were provided by CSG Solar AG [7]. The
sample structure is illustrated in Fig. 3.1 . The following steps were performed
by CSG: (1) Glass substrates (Schott Borofloat®33, 1.1 x 1.25 m?, thickness
3.3 mm) were (2) surface-textured by CSG by dip-coating the samples with
a solution of silica beats (0.5 pm diameter) . The samples were loaded into
an Oerlikon Kai-1200 system [7] and subsequently coated with the following
layers: (3) SiN:H layer, that serves simultaneously as diffusion barrier for
contaminants of the glass and an antireflection coating (ARC); (4) about 50 nm
of highly (n™)-type phosphorous doped a-Si:H layer that represents the emitter
of the solar cell; (5) around 1.3 pm thick (p)-type boron doped a-Si:H absorber
layer and (6) about 50 nm of highly (p*)-type boron doped a-Si:H layer that
forms a back surface field at the rear side of the solar cell structure. All films
were deposited within the same run by plasma-enhanced CVD (PE-CVD) with
a total thickness of about 1.4 pm Si. It should be noted that the a-Si:H films
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Figure 3.1: Structure and the production flow of a poly-Si solar cell, manufactured
at CSG. The upper part shows an illustration of the cross section through the sample,
where part of it is etched down afterwards to contact the (n™) layer. The lower part
shows the production flow and an enlargement of the structure. SPC and partially
RTA were carried out at CSG. HP will be investigated in this work.

will still contain some amount of hydrogen prior to annealing, due to the
deposition by CVD. The complete stack of initially amorphous Si films was
annealed at around 600°C for several hours until the films were fully crystallized
(7). This step is called solid phase crystallization (SPC). After SPC a rapid
thermal annealing (RTA) step was performed (8), by heating up the samples
briefly to over 900°C [6]. For this work two sets of samples were used, one
with RTA and one without. Therefore samples were taken out of the solar
module production line after the SPC step (7) and after the RTA treatment
(8). The large samples (1.1 x 1.25 m?) were broken into identical parts. Due
to breaking the size of the small samples did vary slightly and was around
50 x 30 mm?. Both types of samples (RTA and non-RTA treated) were then
used for hydrogen plasma investigations. The aim was to study the influence
of different H passivation treatments on the solar cell device and the interplay
of HP with an additional RTA treatment.

In order to characterize the samples by photovoltage measurements, one
corner of the samples was etched down to contact the Si(n™) layer. For this a
poly-Si etch solution was applied for 3 min at RT consisting of HNO3 (65%),
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Figure 3.2: Structure and the production flow of a poly-Si solar cell and structure of
a sample used for ESR measurements. The upper part shows an illustration of the
cross section through the cell, where part of it is etched down afterwards to contact
the (n™) layer. For ESR only the absorber is deposited directly onto the substrate.
The lower part shows the production flow and an enlargement of the cell structure.

H3PO, (85%), HF (50%) and H,O (30:10:1:15).

3.1.2 Polycrystalline Si Solar Cells formed by SPC of

E-Beam Evaporated a-Si

Electron beam evaporation was tested in a new solar cell concept for the depo-
sition of the absorber layer, because it offers many advantages in comparison
to CVD (like higher deposition rates, lower system costs and the lack of toxic
gases). Fig. 3.2 shows the structure of the samples.

Similar to the PE-CVD based approach described in Section (3.1.1) SiN:H
coated Borofloat glasses (Schott Borofloat®33, 25 x 25 mm?, thickness 3.3 mm)
from CSG were used as foreign substrates (1) for the solar cell structures
(shown in Fig. 3.2 on the left hand side). In this case no texturing with Silica
beats was done but the sample was coated with SiN:H, acting as a diffusion
barrier and ARC by CSG Solar AG (2). As alternative substrates, Si wafers

with a 150 nm thick thermal oxide were used (1). The Si wafers serve as
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an ideal model substrate where any potential contamination effects can be
disregarded. The thermal oxide exhibits an amorphous structure and prevents
epitaxial growth during the following processes.

Next an (n') phosphorus doped 30 nm thick a-Si:H emitter was grown in
a conventional parallel plate 13.53 MHz PE-CVD reactor at HZB (3). For
deposition the following conditions were used: substrate temperature 210 °C,
base pressure 1x 107¢ mbar, SiH; at 10 SCCM (standard cubic centimeters per
minute) and 1% PHj diluted in Hy at 1 SCCM. This layer was then annealed
for 3h at 400°C to lower the hydrogen concentration. High concentrations of H
would otherwise lead to problems during the subsequent thermal treatments.

After this step, between 1 and 2 pm thick low p-type (~ 1 x 10! cm™3)
doped Si was deposited by EBE [14] (4) followed by 50 nm thick highly (p™)
(~ 1 x 10" em™?) doped Si (5). Deposition was performed at a base pressure
of ~ 1 x 1077 mbar and a rate of ~ 300 nm/min. Doping was achieved by co-
evaporation of boron using a boron effusion cell. Steps (4) and (5) were done
without vacuum break. The influence of the substrate deposition temperature
Thep Was investigated in the temperature range of 100 to 700°C. A subsequent
thermal anneal was carried out at 600°C for 12 hours in a tube furnace in Ny
ambient, to solid phase crystallize the remaining a-Si (SPC) (6) [114]. Prior
to HP the solar cell structures received an RTA treatment (7) [115]. Details
about RTA and HP are given in Sec. 3.1.3 and 3.1.4, respectively.

To investigate the dangling bond concentration by electron spin resonance
(ESR), a second set of samples was prepared (shown in Fig. 3.2 on the upper
right hand side). In this case only bare Si absorber layers have been deposited
by EBE (with the same parameters as taken for step (5)) directly onto ther-
mally oxidized Si wafers (1000°C, 160 nm thick oxide) or Corning 1737 glass
substrates. RTA was not carried out for the uncoated samples, to prevent
indiffusion of contaminants originating from the glass.

Sample size was limited by the substrate holder of EBE to 25 x 25 mm?. The
samples could be either contacted directly because of the deposition of the
absorber via a shadow mask (20 x 20 mm?) or the absorber was etched the

same way as described in Section (3.1.1) by a poly-Si corner etch.

3.1.3 Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) was carried out under nitrogen atmosphere
in a Heatpulse 210T system from AG Associates. The setup consisted of a

quartz chamber, two banks of tungsten-halogen lamps and a microcontroller
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Figure 3.3: Substrate temperature during RTA. The samples were annealed at
Trra = 1000 °C for tpgteqau = 60 sec.

unit [115]. A graphite wafer was used as a carrier. No specific cleaning pro-
cedure was applied to the samples. Beside the annealing temperature and
duration, it is necessary to adapt the annealing profile to the properties of
the glass. Therefore, adapted heating and cooling rates have been used for
different temperature regimes. The crucial temperature regime for an RTA
treatment of a glass-based sample is around the transformation temperature
T, (for Borofloat®33: T, = 525 °C). The corresponding transformation regime
of Borofloat® 33 is between 518°C (strain point) and 560°C (annealing point)
[116]. Below the strain point the thermal expansion coefficient closely matches
that of Si. Above the annealing point the glass softens slightly. Although
the expansion mismatch becomes larger, stress between glass and Si is re-
duced. Between strain and annealing point, the expansion coefficient of the
glass changes nonlinearly and slow heating and cooling rates are required to
relax the glass and avoid cracking of the Si film. We applied a heating rate
of about 0.7K/s and a cooling rate of about —1K/s for the transformation
regime. Fig. 3.3 shows schematically the RTA profile applied in this work.
The annealing started in the pre-heated chamber (around 100°C) directly af-
ter sample loading at a high rate (1), followed by a slow rate through the
transformation regime (2) to about 620°C. A fast ramp (14K/s) (3) was ap-

29



3 Experimental Procedures

Figure 3.4: Opened passivation chamber, attached to the CVD cluster tool and
magnification of the hollow cathode in the lid.

plied subsequently and the samples reached the final annealing temperature of
Trra = 1000°C with a plateau time of t,4tequ = 60 s (4). The samples were
cooled down afterwards again with a reduced rate through the transformation
regime (5). The annealing chamber was opened between 200°C to 300°C and
the samples were removed from the RTP system at about 100°C (not shown
here).

3.1.4 Hydrogenation

A hydrogen plasma passivation tool (developed by FAP Dresden, Germany and
HZB) was used to expose the samples to atomic hydrogen. The passivation
chamber is attached to a CVD cluster tool. A photograph of the tool is seen in
Fig. 3.4 . The inset shows a magnification of the hollow cathode in the open
lid. A corresponding sketch of the vacuum system is depicted in Fig. 3.5 .
For a hydrogen treatment, samples were placed onto an 8 inch Si carrier
and loaded into the load lock directly after the native oxide was removed and
the samples have been dried by blowing with dry nitrogen. Native oxide on

the sample surface was removed by 2% hydrofluoric acid (HF) for 3 min. At
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Figure 3.5: Sketch of the passivation chamber, attached to the CVD cluster tool.
For details see text.

a pressure of < 1 x 107° mbar, samples were transferred into the transfer
chamber and at a pressure of < 2 x 10~7 mbar into the passivation chamber.
Base pressure (i.e. without gas load) of the passivation chamber was < 1 x
1075 mbar. Vacuum was established via a fore-vacuum scroll pump (BOC-
Edwards XDS35i) and a turbo pump (TPH450H).

After the samples had been transferred, the H process pressure p was estab-
lished. Therefore H flux was controlled by mass flow control (MFC, Celerity
Multiflow™ 7300). The cathode serves as a shower head for the process hydro-
gen gas and Hy partial pressure p was varied between 0.1 and 10.0 mbar. At
pressures of 1.0 mbar and above, pumping was done by the scroll pump and
pressure was controlled at a constant H flux of 100 sccm by a butterfly valve.
Below 1.0 mbar, pumping capacity of the scroll was limited and the chamber
was therefore pumped via the turbo pump and pressure was controlled by H
flux.

After the pressure stabilized, the samples were heated. A sketch of the
passivation system, including heating system, plasma generation, electrodes,

and magnification of the hollow cathode (right hand side) is illustrated in
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Figure 3.6: Sketch of the passivation chamber, including plasma generation, elec-
trodes, heating system and magnification of the hollow cathode (right hand side).
For details see text.

Fig. 3.6 . The heating system features a remote lamp radiation heater that
allows controlled rapid heating and cooling phases with rates up to 200 K/min
and substrate temperatures of up to 650°C. Temperature was controlled by a
thermocouple and was calibrated beforehand. The corresponding temperature
ramp is shown in Fig. 3.7. Heating rate was adapted to the Borofloat glass by
heating up the samples slowly when passing the transformation regime between
518°C (strain point) and 560°C (annealing point) (step 2).

The plasma was ignited when the samples had reached the desired plateau
temperature Ty p (here: 600°C, step 3). Therefore a hollow cathode, made out
of stainless steel, was used in a diode configuration. The grooves are 5 mm
wide, 8 mm deep (right hand side in Fig. 3.6) and are arranged helically
over the whole cathode. The Si carrier was grounded and acted as a counter-
electrode, while the surface of the samples remained on floating potential due
to isolating substrates. The separation d between the carrier and the cathode
(electrode gap) could be varied in the range of 10-170 mm. Plasma power was
generated with a Cesar 136 (13.56 MHz, 600W) from Dressler Hochfrequen-
ztechnik GmbH, Germany. Impedance matching was done with the matching

box VM 1500 (Dressler).

After a plateau time t4scq, (here: 10 min) the samples were cooled down
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Figure 3.7: Substrate temperature during the hydrogen passivation at Tygp =
600°C. The plasma is ignited when the plateau temperature is reached (3). Af-
ter the time t,4¢cqr the samples are cooled down (4) and the plasma is switched off,
when the temperature of 350°C is reached (5).

rapidly while keeping the plasma ignited to prevent any out-diffusion of the
hydrogen (step 4 in Fig. 3.7). The plasma was switched off at 350°C (5).
The end-temperature of 350°C was chosen intentionally to counterbalance two
effects: i) H out-diffusion, which requires low end-temperatures and ii) the
etching of the Si surface by atomic H, which starts to become relevant at
temperatures below 350°C [117]. After switching of the plasma, H flux was
interrupted, the chamber was pumped to a pressure of 1 x 10~° mbar and

samples were transferred into the main chamber at a temperature of around
200°C (not shown here).

If not stated otherwise in the text, the following parameters were taken as
a standard for the hydrogen plasma treatment. The temperature profile was
chosen, as shown in Fig. 3.7 with a plateau temperature of Typ = 600°C and
a plateau time of ¢pj4teqn, = 10 min. Plasma was ignited at a hydrogen pressure

p of 1.0 mbar and an electrode gap d of 20 mm and run stable with a power
density of 0.1 W/cm?.
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3.2 Plasma Characterization

The hydrogen plasma was characterized by measuring the breakdown voltage
Virr and also power P, necessary to ignite the plasma. Results, presented in
Chapter 4, reveal that both quantities can provide helpful orientation, in order
to optimize plasma geometry and hydrogen pressure. The plasma power of the
generator was increased slowly in steps of 1 W each 5 s until ignition of the
plasma took place. The applied voltage V,;, was measured peak to peak with an
oscilloscope and a 1:10 attenuation voltage probe, attached after the matching
box directly to the cathode (see voltage probe in Fig. 3.6). The current was
not measured. The breakdown voltage Vj,r and power P, needed to ignite
the plasma were recorded in dependence of electrode gap d (Fig. 3.6) and H

pressure p.

3.3 Sample Characterization

The material properties of poly-Si films and the electrical properties of poly-Si

solar cell structures have been characterized by the following methods.

3.3.1 Raman - Phonon Scattering

Raman is a fast and nondestructive tool to characterize stress, defects and
crystallinity of poly-Si films. The Raman spectra of poly-Si exhibits a line at
520 cm™!, characteristic for the LO-TO phonon mode of c-Si. Its peak po-
sition and FWHM are affected by stress, defects and grain size. Tensile and
compressive stress affect the LO-TO peak position of the c¢-Si spectrum. A
redshift (negative Aw, shift to lower wavenumbers) of the Raman frequency
indicates tensile strain, while a blueshift indicates compressive strain [118].
Small crystallites and high defect densities in poly-Si films can cause asym-
metry and broadening of the Raman spectrum due to phonon scattering from
the microcrystalline boundaries and intragrain defects [119, 120]. Defect scat-
tering destroys the lattice translational symmetry and relaxes the momentum
conservation rule during phonon-photon interaction [120]. Smaller crystallites
lead to a downshift towards lower energy and a broadening, e.g. increase of
the Raman FWHM.

For the measurements a micro-Raman spectrometer DILOR/ISA LabRAM
010 in backscattering configuration was used with an unpolarized HeNe laser

for excitation (wavelength 632.82 nm, spectral resolution 1 em™!). The laser
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beam intensity was chosen such that it did not induce any crystallization of

the a-Si films during measurements.

3.3.2 Electron Spin Resonance

The Si dangling bond concentration of the Si films can be investigated by elec-
tron spin resonance (ESR) measurements [121]. Therefore a series of samples
was prepared (as shown in Fig. 3.2 on the right hand side). In this case only
bare Si absorber layers have been deposited by EBE (with the same parameters
as used for step (5) in Sec. 3.1.4) directly onto Corning 1737 substrates. This
was necessary because SiN contains a high amount of Si dangling bonds which
happen to exhibit the same characteristic ESR spectra as dangling bonds in
poly-Si. It is impossible to differentiate between dangling bonds from the Si
film and the SiN. Therefore SiN coated glass substrates are not suited for ESR
measurements. Standard room temperature electron spin resonance (ESR)
was utilized for spin density measurements of the Si dangling bonds. For this
purpose the samples were cut into an appropriate size (4 x 10 mm? ) and placed
in a continuous-wave (cw) ER41040R resonator of a Bruker ESP300 X-Band
(9.5 GHz) spectrometer [122]. A magnetic-field modulation of 0.4 mT at a fre-
quency of 100 kHz was used. The microwave power was set to 2 mW such that
saturation effects did not occur. The spin density calibration was achieved by

comparing the ESR response of the samples to a known spin standard.

3.3.3 Open Circuit Voltage and Suns-Voc

The open circuit voltage Voo was measured steady-state in a conventional sun
simulator under standard test conditions (STC) which are AM1.5 spectra with
100 mW /cm? and 25°C substrate temperature. The samples were contacted
simply by needles without any sophisticated metallization scheme.
Furthermore quasi-steady state Suns-Voc measurements were performed.
Suns-Voc as a measurement has been first introduced by Sinton and Cuevas
in 2000 and is now an established method for solar cell characterization [123].
It involves the measurement of the open-circuit voltage V54" during a illu-
mination with a short light flash Jps,(¢). The intensity of the light flash is
measured simultaneously and given in units of one sun, i.e. Jyq,(t) = suns(?).
The characteristic time constant of the decaying light flash is in the range of
4 ms and long in comparison to the lifetime of the minority charge carriers

(order of ns). This way the sample is operated in a quasi-steady-state mode.
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Figure 3.8: Principle of Suns-Voc measurements: a) Sinton setup, b) reference
diode, c) flash illumination intensity Jqsn(t) = suns(t), d) poly-Si solar cell sample,
e) V5&+(t) and f) Suns-Voc data V5E™ (suns).

The Sinton setup [123] is shown on the left hand side of Fig. 3.8 (a). It
consists of a triggered Xenon flash light (Quantum® QFlash®), a tempera-
ture controlled chuck to place the samples and a reference diode (shown in the
magnification). The right hand side illustrates the measurement principle. The
intensity of the light flash is measured time-resolved via the short-circuit cur-
rent Jso reference(t) = Jscreference(t)] gy, Xsuns(t) of a known reference diode
(b). The illumination level suns(t) is varied between suns(¢) = 3 and 1/100
(c).

Simultaneously the open-circuit voltage V5 (t) of the sample (d) is mea-
sured time-resolved during the light flash (e). From both data of (c¢) and (e)

the Suns-Voc curve is deduced (f).

Fitting of Suns-Voc Data: The IV characteristic of a poly-Si solar cell device
can be modeled within the two-diode model. Under open circuit conditions

(current density J = 0) the series resistance R of the solar cell can be omitted.
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3.3 Sample Characterization

For Suns-Voc measurements, the IV characteristic therefore reduces to

V/suns V/ suns V/suns
;ﬁns = J(]l (exp < o¢ ) — 1> + J(]2 (exp ( oc > - 1) + oC (31)

nl‘/t n?‘/;f Rsh
where nq; = 1, no = 2 are the ideality factors, Jyi, Joo are the corresponding
saturation current densities and V; = I“”TT is the thermal voltage. The first

term with n; = 1 describes the recombination current of charge carriers in the
bulk absorber, whereas the second term with ny = 2 models recombination in
the SCR.

Suns-Voc measures the photovoltage V& as a function of illumination. The
illumination intensity is measured by a calibrated photodiode in units of one

sun. Suns-Voc measurements therefore return the data set V5 (suns). To

obtain the photocurrent J5;"*, it is assumed that Jj;"* is linearly dependent

on the illumination, ie. Jp" = —Jg" = — Jsc| gy X suns. This way
the Suns-Voc data can be expressed by VS5&* (J;ﬁ”s). This data set can be
fitted by Eq. 3.1, where Jy;, Joo and R, are the fitting parameters. From
the quantities of Jy; and Jyo the dominating recombination mechanism can
be observed. Jy; describes the recombination current of charge carriers in the
bulk absorber, whereas Jy; models recombination in the space-charge region.
If the short circuit current Jgo is unknown, only the normalized quantities
Jo1/JIsc, Joz/Jsc and Ry, /Jsc are obtained. Vpe can be extracted directly
from the data and is equal to V5" at one sun. In the example, presented in
Fig. 3.8, the contributions of ny = 1 and ny = 2 are shown in (f). In addition
the measured Suns-Voc curve can also be recalculated into a corresponding

one-sun pseudo-IV curve and a pseudo fillfactor can be extracted.

Pseudo-1V Curve: The Suns-Voc data can also be transformed into an equiv-
alent pseudo-IV characteristic at one sun. The general IV characteristic with-

out the series resistance R, exhibits the form

%4 %4 \%4
= -1 -1 .2
J + Jph ng (exp (nlw> ) + J()Q (exp (712%) ) + Rsh (3 )

The Suns-Voc curve (Eq. 3.1) can be transformed into a pseudo-IV curve by

defining an equivalent voltage V, and current density J,, that corresponds to
V and J of the light-IV curve at one sun (Eq. 3.2). The left- and right-hand
side of Eq. 3.1 and Eq. 3.2 are equal under the constraint

Veg = Vo™ and J™ = Jeg + Jpnly qun - (33)
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Figure 3.9: Connection circuit of the impedance amplifier, consisting of a symmetric
power supply (on the left hand side, +15 V, 0 V, -15 V) and the AD620 amplifier
with the gain factor set to one (right hand side).

The equivalent current density then is given by:

Jeg = Joi"™* = Iphligun = J5Cl1gun X (1 — suns) (3.4)

The IV characteristics in the two-diode model are identical for the two mea-
surement conditions (i.e. one sun light-IV and Suns-Voc) except for the con-
tribution of the series resistance Rg. In the case of Suns-Voc, the pseudo-1V
does not include the series resistance. This is also reflected in a slightly higher
pseudo-fillfactor (pF'F') compared to the fillfactor of a measured IV curve that
includes the series resistance [124].

In every single experiment typically three poly-Si samples were treated si-
multaneously. Each of those samples has been characterized by Suns-Voc at
6 to 9 different positions, distributed uniformly over the surface of the sam-
ple. The characteristic quantities have been extracted directly from the data
(Voc, pF'F) or by fitting (Jo1/Jsc, Joz2/Jsc). At the end for each quantity an

average was formed of all 18 or 27 data points.

Buffer Amplifier: The samples have not been metallized and have been di-
rectly contacted by needles. This led to a high contact resistance. To increase
the input impedance, a buffer amplifier was inserted between the input of the
Sinton setup and the needles, probing the samples. The connection circuit of
this buffer amplifier is illustrated in Fig. 3.9 . For this purpose a symmetric
power supply (+15 V, 0V, -15 V) was used together with the amplifier AD620
that offers a high input impedance of 10 G2 and 2 pF and whose gain factor
was set to one (by setting Rg = 00). This way it was possible to measure

metallized, as well as non-metallized solar cells.

38



4 Plasma Process Optimization

First goal of the thesis was to find optimized process parameters for the hydro-
gen plasma treatment. For this purpose an empirical optimization procedure
was performed to realize an efficient defect passivation. Plasma parameters like
hydrogen pressure, electrode gap and plasma power could have a significant
impact on hydrogen density, ion bombardment and hence on the passivation
of poly-Si thin film solar cells. The quality of the passivation process was
characterized by open-circuit voltage measurements of the reference samples,
as described in Sec. 3.1.1. The detailed discussion regarding defect passiva-
tion, material quality and solar cell performance in Chapter 7 validates this
approach. In addition the plasma process was characterized by probing the
breakdown voltage, needed to ignite the plasma. In parallel plasma modeling
was performed in cooperation with E. Amanatides from the group of Prof.
Mataras from the Dept. of Chemical Engineering, University of Patras, to

discuss and explain the observed results on the basis of plasma conditions.

4.1 Influence of H Plasma Treatment on Device

Performance

The aim of H passivation is to enhance the device performance of the poly-Si
thin film solar cell. The H treatment mainly improves the open-circuit voltage
Voc. Due to better collection efficiency, also the current of the cell is normally
enhanced. Therefore an analysis of the current-voltage (IV) characteristic of
the cell is presented. Because of the high series resistance of the non-metallized
samples, the current cannot be evaluated directly. However, by Suns-Voc
measurements, the IV characteristic can be accessed indirectly (in this case
normalized to the short-circuit current Jgo). According to Section 3.3.3, the
Suns-Voc data can be transformed into an equivalent IV curve. This section
shows the influence of the H plasma treatment on the IV characteristic, probed
by Suns-Voc measurements, before presenting the optimization procedure in

the next section.
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For this purpose, reference samples from CSG Solar AG have been character-
ized before and after the hydrogen passivation. The hydrogen treatment was
performed with the standard plasma conditions described in Sec 3.1.4 (600°C,
10 min, 1.0 mbar Hy). The Suns-Voc data is shown in Fig. 4.1 a). Without
the treatment (dashed line) the samples exhibit a low Voo (at one sun) of
223 mV. After the hydrogen plasma treatment (solid line) the Suns-Voc curve
is strongly enhanced (i.e. shifted to the right). The V¢ is more than doubled
by the hydrogen passivation and amounts to 461 mV.

The measured Suns-Voc curves can be fitted and the saturation current
density ratios Jo1/Jsc, Joo/Jsc for the ideality factors ny = 1 and ny = 2
can be extracted. The contributions are plotted in 4.1 a). After the hydrogen
treatment the saturation current densities improved from Jy;/Jgc = 7.8-107°
and Joo/Jsc = 8.3 - 1073 to Jo1/Jsc = 2.0 - 1078 and Jyo/Jsc = 2.3 - 1075,
respectively.

High saturation current density ratios in the case before HP suggest high
recombination rates in the bulk (Jy1/Jsc) and via near-midgap defect states
in the SCR (Jo2/Jsc). The solar cell exhibits a low Ve of 223 mV at one sun.
At low illumination levels (<1/10 suns) it is dominated by an n = 2 behavior
(recombination in the SCR).

The saturation current density ratios are strongly reduced by the hydrogen
treatment. This can be explained by defect passivation leading to less recombi-
nation in the bulk and in the SCR. After HP Jy;/Jsc and Joe/Jsc are lowered
by a factor of around 4 - 10% and 4 - 10?, respectively. The open circuit voltage
at one sun is improved to 461 mV and at high illumination levels (> 1 sun)

the device is controlled by an n = 1 behavior.

Fig. 4.1 b) shows the equivalent pseudo-IV curves of the samples. The
hydrogen treatment helps in lowering the saturation current density ratios,
leading to higher Ve values. Simultaneously also the fillfactor pF'F' of the
solar cells is improved. This is due to lower saturation current density ratios
(hence higher Vo) and an ideality factor closer to one. In the presented case
pF F is enhanced from 56 % to 77 %.

As the actual short-circuit current density Jg¢, the equivalent current den-
sity Jeq in 4.1 b) is given in units of Jgo. It is expected that the HP also
affects positively Jsc, as has been evidenced for different types of poly-Si sam-
ples [125].

To attribute the observed effect to the plasma treatment, secondary effects

caused by thermal annealing or molecular hydrogen incorporation need to be
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Figure 4.1: a) Photovoltage of poly-Si solar cells with (solid line) and without hydro-
gen passivation (dashed line) measured as a function of illumination intensity (given
in units of one sun). b) Transformed pseudo-IV curve which contains the equivalent
current density Je, that corresponds to the current density J of the light-IV curve
at one sun (normalized to Jg¢).
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excluded. To check this, the same hydrogen treatment was carried out under
the exactly same conditions at 600°C and 1.0 mbar Hy ambient atmosphere
but without igniting the plasma. After this experiment the samples showed no
improvement in Suns-Voc and Vpo was the same as prior to the experiment.
Therefore the annealing at 600°C for 10 min has no noticeable influence and
cannot account for the presented results. Clearly only the combination of an-
nealing together with ignited hydrogen plasma causes incorporation of atomic
H into the films and achieves an improvement of the IV characteristic.

It was observed that hydrogen passivation improves the complete IV char-
acteristic. Yet in the following work, the quality of the passivation will be
mainly characterized by Voe. As will be discussed later in Chapter 7, Voo can
be directly linked to the effective diffusion length L.ss of the minority carri-
ers. Defects, lowering the minority carrier lifetime and therefore the diffusion
length, will directly lead to a deterioration of Vpe.. The open-circuit voltage
therefore represents a very sensitive and valuable quantity to characterize the

electronic quality of the absorber.

4.2 Influence of Plasma Conditions

In the following section plasma parameters like hydrogen pressure, electrode
gap and plasma power will be investigated with regard to open-circuit improve-
ments. In addition the ignition of the hydrogen plasma is studied for different
electrode gaps d of 10 to 170 mm in the pressure range p of 0.1- 1.0 mbar. The
aim is to find optimized plasma conditions for passivation and to get a better

understanding of the plasma process.

Pressure and Electrode Gap The ignition of the plasma was characterized
by plasma voltage measurements at the cathode as described in Sec. 3.2. For
each parameter set p - d, plasma power was increased steadily until the break-
down (ignition) of the gas. Both breakdown power P, and the corresponding
voltage Vi (peak to peak) needed to ignite the plasma were recorded. The
passivation experiments on the other hand were conducted at a constant power
of 50 W. The breakdown voltageVi,. (ignition conditions) and the cathode volt-
age V. (peak to peak) under passivation conditions are given in Table 4.1 for
a Hy plasma at 1 mbar and different electrode gaps. The cathode voltage V
is roughly constant. V., however exhibits a clear minimum at an electrode

gap of 20 mm.
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Table 4.1: Cathode voltage a) Vj,, for plasma ignition and b) V,;, under passivation
conditions (constant power, 50 W) for Hy plasma at 1 mbar and different electrode

gaps.

Pressure  Gap Voltage Vi, Voltage Vy
(mbar) (mm) | peak-peak (V) peak-peak (V)

1 10 380 268

1 20 284 262

1 30 324 264

1 40 354 262

1 50 380 260

a) plasma ignition | b) passivation condition

In Fig. 4.2 V. is plotted for different pressures p = 0.1, 0.2, 0.3, and
1.0mbar over p-d . For each pressure V;,, declines with reduced electrode
gap d and exhibits a minimum followed by a strong increase. The breakdown
of hydrogen plasma for direct-current (dc) discharges is usually governed by
Paschen’s law, which states that Vj,; should be a function of the product p-d
only [126]. In case of alternating-current rf discharges the relationship is more
complicated. For each pressure in Fig. 4.2 the minimum occurs at different
values of p - d. In a recent publication it was proposed that the similarity law
should be of the form Vi, = ¥ (p-d, d/R, f-d), where R is the diameter of
the cathode and f is the frequency of the rf electric field [127]. In the presented
case deviations are also expected due to the hollow cathode. As observed the
minimum is shifted for increasing pressures towards higher p - d values.

In the upper part of Fig. 4.3 the breakdown power P, is given for 0.3 mbar,
plotted as a function of the product of pressure and distance. For comparison
the breakdown voltage Vj,., (same as in Fig. 4.2) is plotted again for 0.3 mbar.
As can be seen, both of them exhibit very similar characteristics including a
clear minimum.

Solar cell test samples (Sec. 3.1.1) were used to study the influence of dif-
ferent electrode gaps and different pressures on the defect passivation. For all
passivation runs the same temperature profile with T p = 600 °C and ¢piatequ =
10 min was used. The dissipated power was kept constant (0.1 W/cm? = 50 W).
For a pressure of 0.3 mbar, experiments were in addition also performed at a
plateau temperature of 400°C and 500 °C. Before HP the samples exhibited
a Voo of 223 +4 mV. The lower part of Fig. 4.3 depicts the Voo after HP
at 400 °C, 500 °C and 600 °C. The enhancement in Vo after HP is significant
for all cases. Higher plateau temperatures lead to improved Vpo. A strong

improvement can be observed from 400 °C to 500 °C, however, only a minor
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Figure 4.2: Breakdown voltage V;,; of the plasma versus the product of pressure p
and electrode gap d for p = 0.1, 0.2, 0.3 and 1 mbar. The positions of the minima
are indicated by arrows.
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Figure 4.3: Breakdown power Py, and breakdown voltage Vj,; of the plasma at
p = 0.3 mbar versus the product of pressure and electrode gap. The Voo after
hydrogen passivation at 400 °C, 500 °C and 600 °C (for 10 min) are given in the
lower part. Highest values of Voo are obtained where Pp,;, and V. are lowest.
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Figure 4.4: Open circuit voltage after HP at 1 mbar, plotted over electrode gap d.
The maximum at d = 20 mm corresponds to the minimum in breakdown voltage for
1 mbar.

change was observed between 500 °C and 600 °C.

The curves for the investigated temperatures follow the same trend. In all
cases the Vo exhibits a maximum at the parameter set p-d = 0.3 mbar - 30 mm
that corresponds to the minimum of voltage and power required to ignite the
plasma. Fig. 4.4 shows the Vpo after HP at 1 mbar, plotted over electrode
gap d. The maximum at d = 20 mm again corresponds to the minimum in
Virk-

A similar behavior was also observed for the investigated H pressures of 0.1
and 0.2 mbar (not shown here). For each pressure the maximum Ve value
after HP at 600 °C (for 10 min) is depicted in Fig. 4.5 as a function of p - d.
The positions of the minima in Vi, (from Fig. 4.2) are indicated by arrows
in Fig. 4.5, revealing that the maximum Vpco values are always obtained at
those points where the breakdown voltage has its minimum. In the conducted
experiments the minimum of the rf breakdown curves seen in Fig. 4.2 always
led to the best V. Also note that the Voo values obtained for the different
pressures at the corresponding optimum electrode gaps in Fig. 4.5 are equally
high (450 mV).

Plasma Power The plasma power was investigated for the optimum pas-

sivation conditions with a fixed pressure of 1 mbar and an electrode gap of
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Figure 4.5: Maximum Vp¢ after hydrogen passivation at 600°C (for 10 min) versus
p - d, for different pressures p at the corresponding optimum electrode gap d. All
values are in the same range of 450 mV independent of the pressure. Also given are
the positions of the minima of the breakdown voltage Vi, in Figure 4.2.

500 T T T T T T T T
= \Y
4501 v Y v Vo
S
E 4004 i
8
>
350 - .
300 N,
0 50 100 150 200

plasma power (W)

Figure 4.6: Open circuit voltage of poly-Si samples passivated at 1 mbar and 20 mm
gap, plotted as a function of applied plasma power.

20 mm. The same temperature profile as before was used, with Typ = 600°C
and tyatequ = 10 min. Only the dissipated power was not kept constant (be-
fore 0.1 W/cm?= 50 W). Fig. 4.6 shows the open circuit voltage of passivated
poly-Si samples, plotted as a function of applied plasma power. Interestingly

the results do not exhibit any clear and strong trend and higher applied powers
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do not lead to an improved HP treatment. It is expected that higher plasma
power leads to a higher atomic H concentration in the plasma. However, no

enhancement in V¢ is observed.

4.3 Plasma Simulation

Plasma simulations were performed to get a deeper insight into the physics of
the preceding results and to explain why an optimum is observed for electrode
gaps, corresponding to minimum breakdown voltages. The simulations of the
reactor were carried out in collaboration with E. Amanatides from the group of
Prof. Mataras from the Dept. of Chemical Engineering, University of Patras.
In the following a brief overview of the model together with the most relevant

results will be given. A profound description of the plasma model can be found

in Ref. [128, 129].

4.3.1 Plasma Model

The plasma reactor was modeled using the professional program CFD-ACE+™
V2004 from ESI Group that is based on self-consistent computational fluid
dynamics (CFD). The simulation of our problem has been done by taking
into account the flow, heat, chemistry, plasma (CCP) and electric modules
of the specific software. Fluid dynamic models also known as hydrodynamic
models are based on solving transport equations that are derived from the
general Boltzmann transport equation. The limitations of this model imply
the assumption of a Maxwellian electron energy distribution function (EEDF),
which can differ from the actual EEDF especially in the high energy range
[130]. Furthermore the drift-diffusion approximation limits the model to a
certain pressure range and will not be reliable for low pressure regimes (<
1 mbar). For this reason, the simulations were all conducted at a pressure of
1.0 mbar.

The modeling of a hydrogen discharge can be quite complex. This is at-
tributed to the fact that H can occur in the plasma in both electropositive
and electronegative states [131]. Some important reactions are summarized in
table 4.2. It includes electron-molecule dissociation, dissociative excitations
and ionizations together with ion-molecule reactions and ion-electron recom-
bination. The production of negative H™ ions upon electron impact involves
intermediate vibrational excited Hy, states (Eq. 4.8), while the positive ions

produced in electron collisions are primarily Hf (Eq. 4.1) and a minority
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e” +Hy — Hy +2e” (4.1)
e +Hy —>2H+e (4.2)
e+ Hf — 21 (4.3)
Hf +H, » Hf + H (4.4)
e +Hy—e +H,y, (4.5)
Hy + Hy, — Hy + 2H (4.6)
H+ H,, — 3H (4.7)
e +Hy,, = H+H" (4.8)
¢+ Hy — Hy+ e (mom. transfer) (4.9)

Table 4.2: Some chemical reactions implemented into the plasma model.

fraction of H*. Also very common is the reaction of Hi with Hy molecules
to produce Hi ions and atomic H (Eq. 4.4). This process is very fast and

exhibits a high cross section.

The simulations were carried out in a 2D geometry. The upper part of Fig.
4.7 shows a geometric sketch of a 2D cross section plane through the plasma
setup used in the experiments. The gas inlets are embedded within the grooves
of the hollow cathode. Faced opposite to the cathode is the grounded substrate
carrier that acts as a counter electrode. Only the carrier was considered.
Samples on isolating glass substrates were neglected. The electrode gap d is
measured between the carrier and the nearest part of the hollow cathode not
including the grooves (according to the experiment). The complex structure
of the cathode and the H inlet requires a fine structured grid. Choosing the
smallest possible unit cell reduces computing time. The smallest unit cell
suited for the simulation is indicated by the dotted lines, representing the
symmetry boundaries. In the lower part of Fig. 4.7 the unit cell is depicted

once again, this time rotated by 90°.

The simulation returns a 2D data set (mapping) of the desired quantities.
The results are obtained for a complete cycle (which corresponds to ~ 74 ns)
that is discretized into 20 time steps. To characterize plasma bulk and surface
properties, data was extracted along a 1D line (linescans), as illustrated in
Fig. 4.7. In case of the plasma bulk properties, the results are plotted versus
the lateral distance from the hollow. With respect to the surface the flux of
atomic H towards the surface is of great interest. The flux was observed to be

constant over the whole surface.
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Figure 4.7: Geometric sketch of a two dimensional cross section plane through the
plasma setup (upper part). The lower part shows the unit cell, tilted by 90°. For
details see text.

4.3.2 Simulation Results

The model was applied to simulate two different states. The first replicates the
ignition conditions, i.e. the conditions of minimum voltage, required to ignite
H, plasmas at 1 mbar for different electrode gaps. Hydrogen passivation on the
other hand was performed at a constant power of 50 W (second condition). The
cathode voltage (V4 for ignition and V) for passivation) serves as an input
parameter for the simulation (Table 4.1 on page 43). For a gap of 10 mm, a
much lower cathode voltage had to be used for the passivation condition than
was needed for igniting the plasma. Under this condition the simulation did
not return any reasonable solution and therefore cannot be considered.

The aim of the simulation is to obtain a better understanding of the ob-
served correlation between minimum in breakdown voltage and optimum in
passivation. Therefore the results of the plasma simulation need to be com-
pared to the experimental Vo data, obtained after HP. An optimum in Voo
after HP was observed for electrode gaps, corresponding to minimum break-
down voltages. This is shown in Fig. 4.4 on page 45 for the relevant case of a
plasma treatment at 1 mbar. Voo after HP is plotted as a function of electrode
gap. The maximum at d = 20 mm corresponds to the minimum in breakdown
voltage (Table 4.1). The distinct decrease in V) from 10 mm to 20 mm gap
(Table 4.1) is accompanied by a sharp increase in V. For larger gaps the Voo

falls off slightly again. In the following some plasma properties will be shown
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Figure 4.8: Lateral distribution (linescan) of average densities of the most important
charge species (e~ H;f, HT, H;) The gap between cathode and substrate is 30 mm.
The inner region of the hollow is illustrated.

to investigate the correlation of breakdown voltage and hydrogen passivation.

Fig. 4.8 depicts the lateral distribution of the average densities of the most
important charge species (e~, Hy , H, HJ) for an electrode gap of d = 30 mm.
The inner region of the hollow is illustrated. The distribution of negative
ions H™ remains 6 orders of magnitude below the density of electrons and is
not shown here. The distribution of Hy ions exhibits great similarities to the
distribution of power dissipation (not shown here) and consequently of electron
heating. This is a typical behavior of highly reactive species in the gas phase,
i.e. of species that are consumed spontaneously, very close to the location,
where they have been produced. Hj ions react very fast with Hy molecules
towards H; . The dominating ion in the H plasma is therefore H3 . Tt is rather
non-reactive in the gas phase. The density is maximized at the center of the
plasma, leading to a profile that is determined by diffusion and drift of this
species, but also by its consumption at the conductive surfaces of cathode and
counter-electrode. Finally, electrons are faster and more mobile compared to
either H and Hj. They are self-adjusted, in order to counterbalance the
positive charge, especially in the bulk of the plasma. Thus, their distribution
follows the Hi behavior and their density is maximized in the center of the
plasma. Due to their high mobility, electrons are consumed more rapidly near
the surfaces than the heavier ions. This leads to the formation of the so-called
sheaths.

Atomic H density and the amount of atomic H reaching the surface of the
sample is expected to be an important quantity for HP. Fig. 4.9 depicts the

lateral distribution of atomic H density for different electrode gaps at a Hs
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Figure 4.9: Lateral distribution (linescan) of atomic H density for different elec-
trode gaps at a Ho pressure of 1 mbar, for a) ignition conditions and b) passivation
conditions.

pressure of 1 mbar under a) ignition conditions and b) passivation conditions.
The increase of electrode gap results in a significant enhancement in atomic
H density. The profiles of atomic H density are similar to the distribution of
non-reactive ions and electrons. In fact, atomic H has a rather high diffusion
coefficient and is consumed in the gas phase only by rather slow reactions.
Thus, the profile of this species is mainly determined from its consumption
at the electrodes. This can explain the significant increase of H density with
electrode gap. The corresponding atomic H flux, reaching the surface is plotted
in Fig. 4.10 as a function of electrode gap for both ignition and passivation
conditions. In both cases an almost exponential increase in atomic H flux with
larger electrode gaps can be observed. H flux directly relates to the atomic H
concentration in the plasma. The argument for an enhancement with electrode
gap is the same as for atomic H density. The difference between ignition and
passivation conditions is based upon the slightly smaller voltages applied for
passivation. No correlation can be observed between Voo after HP (Fig. 4.4

on page 45) and the atomic H flux.

Another significant quantity for H passivation could be ions hitting the sur-
face. Under passivation conditions, the averaged ion flux during one cycle
(not shown here) remained almost unchanged with changing electrode gap d
(N 1mA/ Cm2>. Before the ions hit the substrate, they are accelerated in the
electric field in front of the substrate. The cycle averaged electric field is given
in Fig. 4.11 a) as a function of electrode gap. For ignition conditions, a clear
minimum is observed at a gap of 20 mm. In both cases the electric field be-

comes stronger for larger gaps. This means that the ions reaching the substrate
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Figure 4.10: Atomic H flux towards the surface, plotted as a function of electrode
gap for both ignition and passivation conditions.
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Figure 4.11: a) Cycle averaged electric field, plotted as a function of electrode gap
for both ignition and passivation conditions. b) Average ion energy per cycle, cal-
culated with an ion mean free path of 0.1 mm.

gain more energy within the electric field. The dominating ion in the H plasma
is Hy . The ion mean free path for a 1 mbar H plasma is assumed to be around
0.1 mm [132, 133]. By integrating over the electric field, the ion energy can
be estimated. The cycle averaged ion energy, calculated with an ion mean
free path of 0.1 mm, is depicted in Fig. 4.11 b). It follows the same trend as
the electric field. For ignition and passivation conditions the ions, hitting the
substrate, exhibit the lowest energy for an electrode gap of 20 mm. Further

increase of electrode gap induces a continuous enhancement of ion energy.

For passivation conditions and an electrode gap of 10 mm the simulation did
not return any solution. Most probable this is due to the inefficient sustainment
of the plasma in case of the very narrow electrode gap. It is expected that

higher electric fields are needed for the narrow electrode gap condition d =
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10 mm, in order to maintain the plasma ignited. The H flux, on the other hand,
is mainly determined from atomic H consumption at the electrodes. With a
narrower electrode gap, the consumption of atomic H will increase, leading to
less atomic H and a smaller flux. Therefore it is reasonable to assume that
under passivation conditions the atomic H flux and the ion energy will follow
the same trend as for d = 10 mm under ignition conditions.

This would mean that the ion energy exhibits the opposite trend as Voo (in
Fig. 4.4) and that the best passivation is obtained for conditions where the
ions, hitting the surface, have the lowest energy. However, no correlation can
be established between Voo and atomic H flux. Passivation is better for the

case of d = 20 mm, resulting in a lower H flux than for larger electrode gaps.

4.4 Discussion

The effect of the hydrogen treatment varied strongly with electrode gap d and
pressure p. For each pressure (p = 0.1, 0.2, 0.3 and 1.0 mbar), variations
of the electrode gap resulted in an optimum electrode gap for passivation
treatment, tested by open-circuit voltage measurements. For larger pressures,
the optimum gap d shifts to smaller values. At the optimum equal values of
Voc were obtained.

To our knowledge, no previous investigations have been published of gap
variations for hydrogen passivation of poly-Si solar cells using a capacitively
coupled parallel plate plasma setup. Carnel et al. investigated the influence
of pressures at a fixed electrode gap [9]. The samples consisted of 5 pm thick,
fine-grained polycrystalline silicon solar cell structures, that were deposited on
oxidized Si wafers by high-temperature CVD at ~1100°C. The paper reports
on hydrogen passivation with an optimum in Vpe at a pressure of 2 mbar.
At higher and lower pressures the Voo declined [9]. As a first approximation
higher pressures are equivalent to smaller electrode gaps, when thinking in
terms of p - d. Therefore the findings of the paper confirm our results, having
used different poly-Si samples and a different CCP setup.

In addition the plasma was characterized measuring the breakdown voltage
Virr and the power P, needed to ignite the plasma. For each pressure a
minimum in breakdown voltage V;,. was found at a different gap. As expected
[127], the dependence on pressure and electrode gap of the minimum was
different to Paschen’s law for dc discharges (where Vj,, depends only on the

product p-d). In our case, p-d, corresponding to the minimum of the Paschen
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curve, shifted towards higher values with higher pressures. For each pressure,
the best passivation effect in terms of Ve was always accomplished at the
point of p - d that corresponded to the minimum in V},,. It is remarkable that
the optimum plasma conditions for the passivation of the poly-Si layers can be
found by simple and fast measurements of the breakdown voltage Vj,, at the
RF electrode.

Plasma simulations were carried out to obtain some physical understanding
of the investigated gap variations. The hollow cathode was simulated with a
two-dimensional fluid dynamic code. Fluid dynamic models solve the conti-
nuity and transport equations for the various plasma species and the Poisson
equation, in order to obtain a self-consistent electric field distribution. In com-
parison to kinetic models, fluid models require less computational effort and
are especially suited for high pressure regimes (> 1 mbar), multidimensional
problems and for describing detailed plasma chemistry [134, 131]. A recent
overview of the major plasma modeling methods can be found in Ref. [134].
Reference [131] demonstrates the complex behavior in rf discharges, using a
particle-in-cell/Monte Carlo (PIC/MC) model which also includes negative

ions and vibrationally excited molecules.

The average densities and lateral distributions of the most important charge
species (e”, Hi, H", HJ, Fig. 4.8), obtained in this work, are in qualitative
agreement with work by other authors, done on simulations of parallel-plate
capacitively coupled rf discharges (e.g. [135, 136]). Our modeling of the hollow
cathode leads as expected to a slight asymmetry of the lateral distributions
(Fig. 4.8). The gap variation studies predict that the electron and atomic
H density in the plasma will increase with larger electrode gaps d. This is in
agreement with PIC-MC simulations done by Radouane et al. [137], discussing

the influence of different electrode gaps.

It might have been speculated that the optimum plasma conditions coincide
with an improved generation of atomic H. However, plasma simulations indi-
cate that the best results obtained in the minimum of Vj,, do not correlate
with the conditions of maximum atomic H flux towards the surface. Possibly
there is always enough atomic hydrogen available to passivate the samples.
This implies that the limiting step for passivation is not the rate of arrival of
atomic H to the surface. Consistently, no enhancements can be observed for
variations of plasma power. Higher applied power did not lead to an improved
HP treatment (Fig. 4.6 on page 46) although it is expected to lead to a higher

concentration of atomic H in the plasma. The mechanism in this case could
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Figure 4.12: Suggested model of hydrogen passivation: 1) H atoms adsorb to the
surface, 2) plasma ions hit the surface, 3) H atoms diffuse into the bulk of the
material, 4) the rate of H desorption is determined by the ion bombardment and
surface temperature, 5) H atoms that diffuse or desorb are immediately replaced by
H atoms from the gas phase

be described as illustrated in Fig. 4.12:

1. H atoms from the gas phase (H,) arrive and adsorb to the surface (Hy):
H, — H;

2. In addition plasma ions (mainly Hy ) are accelerated in the plasma sheath

and hit the sample.

3. H atoms diffuse into the bulk of the material and can passivate defects

like dangling bonds: Hy — Hyu
4. H can diffuse back to the surface: Hy . — Hs

5. H desorbs from the surface. Desorption can include multiple processes:

a) thermal desorption: Hy + Hy, — Ha
b) direct abstraction: H, + Hy — Hy,
¢) indirect abstraction: H, + Hy + Hy — (Hy + Hy + Hy)" — Hy + Ha g

6. H surface atoms that diffuse into the bulk material or desorb are replaced

by H atoms from the gas phase

7. The surface can be etched by H (not relevant at higher substrate tem-
peratures above 350°C): H, + SiH3 ; — SiH,
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The sticking probability of H to a Si surface is close to unity [138, 139]. The
rate of hydrogen adsorption (1) therefore depends on the H flux. Step (3) and
(4) are governed by Fick’s law (Eq. 2.1). The net diffusion rate depends on
the concentration profile of H and the diffusion coefficient. The diffusion is
thermally activated and is enhanced exponentially with temperature. H des-
orption reduces the H coverage of the surface and includes multiple processes
[139]. Thermal desorption is a spontaneous and thermally activated process
(5a). Thermal desorption of H, bonded in dihydride and monohydride com-
plexes, will become relevant at temperatures above 400°C and 550°C, respec-
tively [140]. Steps (5b) and (5c¢) are stimulated desorption processes, which
require a high H surface coverage and which are triggered by incoming H atoms
or ions. H atoms that diffuse into the bulk material or desorb are replaced by H
atoms from the gas phase (6). Etching of the Si surface becomes relevant only
at substrate temperatures below 300°C, as it involves trihydride complexes (7)
[117, 140]. H in form of trihydride will desorb above 200°C [140].

For passivation the in-diffusion of H (3) must be larger than the out-diffusion
(4). Therefore the H surface coverage should be large, which can be achieved
by a high atomic H flux (1) from the plasma and a low desorption rate (5). A
higher atomic hydrogen flux did not improve Vpe. This would indicate that
the atomic H flux towards the surface is large, compared to desorption and
in-diffusion of H. Otherwise a higher flow of atomic H would be beneficial for
the passivation. Passivation for a fixed duration of 10 min is also enhanced
by higher substrate temperatures (Fig. 4.3) which causes a faster diffusion of
H. Therefore the dynamic of the passivation could be limited by the diffusion
(slower rate) rather than the adsorption of H from the plasma to the surface
(faster rate). H surface atoms that diffuse into the bulk material or desorb are

immediately replaced by H atoms from the gas phase.

Thermal desorption of H from monohydride complexes should become signif-
icant at substrate temperatures around 550°C. Going to higher temperatures
will increase the desorption rate exponentially. At some point thermal desorp-
tion will start to counterbalance H adsorption and the amount of H that can

indiffuse into the Si will drop with raising temperature.

The presented model can explain why the hydrogen passivation does not
benefit from a higher atomic H flux. If the atomic H flux is not the limiting
mechanism and does not affect significantly Ve, it is possible that the passi-
vation process is limited by desorption and in-diffusion of H. It was observed

that best passivation conditions correspond to a minimum in electric field and
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ion energy. Both quantities vary significantly with electrode gap. The samples
are directly exposed to the plasma. Therefore plasma can potentially cause
damage to the samples. lon energy and UV-irradiation from the plasma could
potentially lead to defect generation within the poly-Si samples and cause a
degradation of the Vpe. Yet we do not have any indication so far that the
surface of the samples gets visibly damaged (as tested with reflectance mea-
surements in the ultraviolet and visible spectrum). Therefore the origin for the
discussed correlation between Voo and ion energy cannot be answered conclu-
sively and clearly more results and investigations are needed to get a better
understanding.

To summarize, it can be stated that:

o The variations of plasma process parameters have led to optimized plasma
conditions. The passivation effect depends strongly on the interplay of
electrode gap d and pressure p. However, no clear trend was observed
for the plasma power. The best plasma conditions for the passivation
of the poly-Si layers correspond to the minimum in breakdown voltage
Virr and can be found by simple and fast voltage measurements at the

electrode.

e Optimized plasma conditions do not correlate with the highest hydrogen
flux towards the surface, as learned from the plasma simulations. The
proposed model could explain why the hydrogen passivation does not
benefit from a higher atomic H flux. This observation is confirmed by
the plasma power experiments, which showed no effect on Vpe. The
question whether the optimized plasma conditions can be related to a
minimum in electric field and ion energy cannot be answered conclusively.

Careful measurements of the plasma would be requiered.
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5 Dynamic of the Hydrogen

Passivation

In the last chapter plasma conditions like pressure, geometry and pressure
have been studied and optimized. This provides the basis for a solid hydrogen
treatment on which further investigations can be build upon. In this chapter
important process quantities will be researched. The dynamic of H indiffu-
sion and H passivation will be studied closely by means of the two parameters
plateau temperature Typ of the hydrogen treatment and the plateau length
tplateau- As motivated in Sec. 2.3, results about an optimum process temper-
ature Typ during hydrogen plasma treatments diverge and yet no common
opinion has been established on how the best H plasma treatment can be
achieved. Therefore the temperature Typ will be looked at more closely. A
focus will be on the moment, at which the plasma is ignited and at possible
degradation due to prolonged hydrogen passivation. Finally, the end tem-
perature, at which the plasma is switched off, will be investigated indirectly
by annealing experiments that are designed to investigate the degradation of

open-circuit voltage caused by outdiffusion of H.

5.1 Time and Temperature Dependence of

Hydrogen Passivation

Hydrogen diffusion in Si shows a thermally activated behavior (Eq. 2.4). This
means that the diffusion is very fast for high temperatures and rather slow for
low temperatures. The diffusion length lg;; = 2v/Dt (in Eq. 2.3) is a function
of both temperature and time. Therefore time and temperature dependence
need to be investigated simultaneously.

CVD-grown solar cell test structures were hydrogen passivated under plasma
conditions of 1 mbar and an electrode gap of d = 20 mm at different temper-
atures Typ and time periods fpiatequ. The same solar cell samples as in the

previous chapter 4 were used.
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Figure 5.1: Open circuit voltages of poly-Si solar cells passivated at different tem-
peratures of Typ = 350°C, 400°C, 500°C and 600°C plotted versus the square root
of tpiatean- For Typ = 500°C and 600°C the maximum Vo values are obtained very
rapidly already after a duration of 10 min.

Fig. 5.1 shows the open circuit voltages of the passivated samples for dif-
ferent passivation temperatures (T p = 350°C, 400°C, 500°C and 600°C). The
Voc is plotted over the square root of the plateau time t,ateqn (in units of
v/min, lower x-axis) and accounts for the square root dependence of the dif-
fusion length l4; = 2v/Dt . In the upper x-axis the time is given in units
of min. As a rough estimation the number of defects, passivated with time
will directly depend on the diffusion length. The correlation between defect
density and Vpe on the other hand is expected to be more complex. A more
detailed discussion can be found in Chapter 7. In an idealized case of only
bulk recombination via midgap states and an ideality factor of ny = 1, Ve
would be proportional to Vo o In(7) [141]. Here 7 is the minority carrier
lifetime which relates to the defect density ng via 7 o< 1/ng. Therefore as ex-
pected, no square root dependence of Vo on the duration time of passivation
is observed. For Typ = 500°C and 600°C it is observed that the Voo is im-
proved very rapidly by the hydrogen treatment and Ve values above 400 mV

are already reached after 10 sec plus cooling down phase. In both cases the
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Figure 5.2: Illustration how the saturation time tsqsyration Of the hydrogen treatment
is defined for the time dependence of the HP at 400°C. The time when 95 % of the
maximum V¢ is reached is determined to be tsqturation-

maximum values are obtained already for a duration of 10 min and the values

saturate. After this no significant further improvement can be observed.

For the lower temperature range of Typ = 350°C and 400°C the dynamic
of the hydrogen treatment is much slower and it takes longer to reach high
Voc. The results suggest that the Ve is still not completely saturated. On
the other hand it seems that high values of 450 mV are unlikely to be reached.
The longest treatments at Ty p = 500°C and 600°C where performed for 2 hours
while at Typ = 400°C and Typ = 350°C passivation was applied for 6 and 14
hours, respectively. This suggests that the dynamic of hydrogen passivation
is limited by slow diffusion of H for temperatures below Ty p < 400°C. At low
temperatures it takes the hydrogen several hours to diffuse completely through
the 1.4 pm thick Si film.

The time needed to passivate the structure can be evaluated further. For
each temperature of the hydrogen treatment a saturation time t,4puration Will be
defined as the time, when 95% of the maximum Vp¢ is reached (as illustrated
in Fig 5.2). The point tsapuration Was determined by numerically interpolating

between the individual data points.
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Figure 5.3: Saturation time tsutyration plotted logarithmically versus the inverse hy-
drogen treatment temperature T p (in units of 1/eV). The upper x-axis displays the
equivalent temperatures. Higher temperatures lead to shorter process times, that
are reduced over two orders of magnitude by going from 350°C to 450°C.

In Fig. 5.3 the saturation time t uuration 1S plotted logarithmically versus
the inverse plateau temperature Typ (in units of 1/eV, lower x-axis) of the
hydrogen treatment in an Arrhenius plot. The equivalent temperatures are
displayed in the upper x-axis. Higher temperatures lead to lower t,uturation-
In the temperature range of 350°C to 450°C, tsuturation iS reduced over two
orders of magnitude from almost 300 min at 350°C to less than 3 min for
temperatures > 450°C. For temperatures above 450°C it was not possible to
observe significant changes in tqsuration, Which could be due to extremely short
process times. For temperatures < 450°C a thermally activated behavior can
be observed and tsuturation can be fitted with an Arrhenius function teaturation =
to exp (%) The inclination observed in Fig. 5.3 corresponds to an energy of
E,=1.740.2 ¢V (with ty = 4.5 x 1072 min).

The so far investigated samples all feature an identical structure and the
same layer thickness. The emitter of the solar cell structure is located at the
glass side of the Si stack. The open circuit voltage of the device will be in
particularly sensitive to the defect density near the emitter. Therefore we
assume that H has to diffuse completely through the Si layer in order to fully
improve the Voo of the solar cell device structure. As a first approximation

it is estimated that the saturation time corresponds to the H diffusion time.
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The constant layer thickness dg; is then equated to the H diffusion length

dSi = ldif =2 \/ D Lsaturation (51)

It follows that ts.uration 18 inversely proportional to the diffusion coefficient of
H

D ~ s St

4 saturation

(5.2)

If the assumptions are correct, the determined activation energy F, = 1.7 &
0.2 eV can be identified as the activation energy for H diffusion. The diffusion

prefactor can also be estimated via the relation:

E,
D = Dyexp (—kT> (5.3)

From the data points that show an activated behavior in Fig. 5.3, the diffusion
prefactor is estimated to be Dy ~ 18 +3 cm?/s. Determined activation energy
and diffusion prefactor are in agreement with results found in the literature
(see Fig. 5.9 on page 70). This demonstrates that within the temperature range
Trp < 450°C the passivation process is governed by an activated H diffusion.
Higher temperatures lead to a faster H diffusion and a faster passivation. For
Typ > 450°C, it is observed that the Voo is improved very rapidly by the
hydrogen treatment and Vo values above 400 mV are already reached after
10 sec plus cooling down phase. In the next section a closer look will be taken
at the temperature in terms of optimum treatment and degradation effects of
Voc.

5.2 Optimum Temperature

In the previous section the time behavior of the hydrogen treatment was in-
vestigated for different temperatures. At temperatures Typ < 400°C it takes
several hours of passivation to reach high Voo values. The data in Fig. 5.1
further suggests that the samples passivated at lower temperatures might sat-
urate below the maximum Ve of the samples passivated at higher tempera-
tures. Even if not the case, fast processes are desired from an industrial point
of view to reach high throughput in production. To gain better insight into
the influence of the temperature, passivation experiments were repeated in
smaller temperature intervals of 50 K for three different plateau time periods

of tpiatean = 3, 10 and 30 min in the temperature range of 400 to 650°C.
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Figure 5.4: Open circuit voltages of poly-Si solar cells, passivated for different
plateau time periods (tpigtean =3, 10 and 30 min) and plotted as a function of
passivation temperature T p.

The measured Ve after hydrogen passivation is shown in Fig. 5.4 for three
different plateau times of ¢pi4teqn, = 3, 10 and 30 min. In addition the value
of Typ = 350°C" after 30 min is given. A significant improvement in Vpe is
observed in the whole temperature range. Except for the samples passivated at
Txrp = 350°C for 30 min and Ty p = 400°C for 3 and 10 min, where the dynamic
is still limited by slow H diffusion, V¢ is improved after HP from ~ 223 mV
to a value ranging between 400 and 465 mV. For temperatures Typ > 450°C a
treatment time of ¢y4eq, = 10 min results in an equal or higher Vi than after
30 min. Therefore a treatment time of ¢,4teq,, = 10 min seems to be sufficient.
An optimum is observed for treatments at Typ = 550°C (tpiateau = 10 and
30 min) leading to the best average Voo = 463 + 5mV of this series. The
best value of 470 mV, measured at a specific position of the sample, was also
obtained at a passivation temperature of 550°C. The best average Voo values
measured for 500 and 600°C were 452 4+ 4 and 455 + 3 mV, respectively.

It is interesting to note that for Typ = 450°C Vo decreases slightly for
prolonged hydrogenation. The Vp¢ after passivation is already maximized
after roughly 3 min. This indicates that the observed maximum in Fig. 5.4

is not due to enhanced H diffusion at higher temperatures. Moreover Voo
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Figure 5.5: Open circuit voltages of poly-Si solar cells, passivated at Tygp = 600°C
for tpiateqn = 10. The ignition time was varied, as illustrated in the inset, showing
the temperature profile of the samples. In case (a) the plasma was ignited before
reaching the plateau temperature of 600°C. In case (b), the samples were annealed
at 600°C for an additional 10 min, before igniting the plasma for another 10 min at
600°C.

decreases also for Ty p = 650°C with longer hydrogenation time.

Experiments were conducted to investigate whether an ignition at lower
temperatures before reaching the high plateau set-temperature could be bene-
ficial. As described before, the native oxide of the samples was removed by an
HF dip before loading the samples into the plasma chamber. This leaves the
Si surface H-terminated, which also serves as a protection against impurities
to be adsorbed at the surface. H-termination of Si surfaces is known to be
temperature stable only to intermediate temperatures and the H desorbs at
temperatures of around 450°C to 550°C [140]. Early ignition of the plasma

could prevent H desorption.

Fig. 5.5 shows the open circuit voltages of poly-Si solar cells as a function
of ignition time. The samples were passivated at Tpp = 600°C for tpiateqn =
10 min. The ignition time was varied, as illustrated in the inset of Fig. 5.5.
In case (a) the plasma was ignited during the ramp-up phase, before reaching
the plateau temperature of 600°C (at -4.5 min and -3.75 min, corresponding
to a substrate temperature of 350°C and 460°C, respectively). The plateau

time was 10 min. In case (b), an additional anneal was performed at 600°C
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Figure 5.6: Open circuit voltages of poly-Si solar cells, passivated at different tem-
peratures Ty p and plotted as a function of passivation plateau time.

for 10 min, before igniting the plasma for another 10 min at 600°C. The total
plateau time in this case is 20 min, with the plasma burning for 10 min plus
cooling down phase.

Ignition at lower temperatures of 350°C and 460°C leads to lower V¢ values,
compared to samples where the plasma was ignited directly after reaching the
plateau temperature of 600°C. From the results in Fig. 5.5 it can be concluded
that an early ignition at lower temperatures during the ramping-up phase is
not beneficial, but even leads to lower Vo values. This could indicate that
the surface termination by H during ramp-up does not play a very important
role. On the other hand a delay of 10 min at 600°C also leads to lower Voo
values. The fact that lower V¢ values are reached in combination with an early
plasma ignition, supports the observed optimum in Fig. 5.4 at a passivation
temperature of 550°C. It indicates that the temperature, at which the plasma
is ignited might have a significant influence on the result of the hydrogen
passivation.

It was already mentioned that with prolonged hydrogenation in some cases
(e.g. Fig. 5.1 and 5.4) the Vo first reaches a maximum value after 3 to
10 min and then slightly declines again. This is illustrated more closely in

Fig. 5.6 with the open circuit voltages of samples from Fig. 5.4, plotted as a
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function of passivation plateau time. The different temperatures Typ are given
as parameters. Except for Typ < 450°C, the maximum Vpo values are reached
after 10 min of passivation. In the case of Typ = 500°C and 550°C, no decline
in Vpe is observed for durations longer than 10 min. For all other treatments
at lower (Typ = 450°C) and higher temperatures (Typ = 600°C and 650°C)
a degradation of Voo can be observed. This effect is most pronounced for
Typ = 450°C and 650°C.

5.3 H Out-Diffusion

The cooling-down phase is an important part of the hydrogen passivation treat-
ment. As was shown, the applied plasma treatment is most effective in terms
of Voc, when carried out at rather high temperatures in the range of 500°C to
600°C. One challenge is to cool down the samples afterwards without loosing
considerable amounts of H due to out-diffusion.

H out-diffusion is avoided by keeping the plasma ignited during cooling-down
the samples. To protect the glass-substrates from damage, a controlled slow
cooling rate is favored. On the other hand, faster cooling rate will prevent
H out-diffusion. The cooling-down ramp is illustrated in Fig. 3.7 (page 33).
The plasma remains ignited until samples reach the plasma end temperature
of 350°C. In case of 600°C it takes 3 min to reach 350°C at a rate of 83 K/min.
After that the plasma is switched off and the samples are cooled down further.

In order to investigate the effect of cooling-down on the out-diffusion of H
and degradation of V¢, hydrogenated poly-Si solar cells were annealed in Hy
ambient (1 mbar) at different temperatures without the plasma ignited. Prior,
all samples received a hydrogen treatment at 1 mbar and 600°C for 10 min.
Then the Ve was measured and the samples were subsequently annealed for a
certain time. Afterwards the Voo was measured again. The normalized Voo =
Vé‘gtemnnea“ / VO(béf ereanncal) s shown in Fig. 5.7 as a function of annealing
temperature with annealing time (1 - 30 min) given as a parameter.

The anneal in Hy ambient at temperatures above 450°C leads to a significant
and rapid loss in Vpo. For short annealing durations of 1 min, the decline is
larger than 10 %. For lower annealing temperatures the deterioration of Voo
is less severe. This is illustrated in Fig. 5.8 showing the normalized Ve for
the temperatures of 300 - 400°C as a function of annealing time. Within the
error range of ~1% no change can be evidenced after an annealing for 3 min at
300°C. The Vo declines to 99 % and 97 % of the initial value after 10 min and
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Figure 5.7: Normalized Voo of hydrogenated poly-Si solar cells after annealing as
a function of annealing temperature with the annealing time (1 - 30 min) given as
parameter.
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Figure 5.8: Normalized V¢ of hydrogenated poly-Si solar cells after annealing as a
function of annealing time with the annealing temperature (300 - 400 °C) given as
parameter (carried out in Hy ambient).
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30 min annealing, respectively. Also for a temperature of 350°C, the deviation
is less than 2 % within the first 3 minutes.

After switching off the plasma, the samples will cool down from 350°C to
300°C in less than one minute. Therefore it can be concluded, that a plasma
end-temperature of 350°C will be sufficient to prevent any significant degra-
dation of Vo due to out-diffusion of H. A higher end-temperature of 400°C,
on the other hand, could already lead to a noticeable loss in Voo (~ 4%).

The end-temperature of 350°C was chosen intentionally to counterbalance
two effects: i) H out-diffusion, as described above, which requires low end-
temperatures and ii) the etching of the Si surface by atomic H, which starts to
become relevant at temperatures below 350°C [117]. At temperatures below
200°C, the Si surface will be mostly terminated by H [140]. The H will form
mono-, di- and trihydride complexes with the Si [142]. In this case, a Si
adatom is bonded only weakly and can be removed easily in form of SiH, and
etching can be observed. H in form of trihydride, dihydrides and monohydride
complexes will desorb above 200°C, 400°C and 550°C, respectively [140].

Indeed, AFM measurements of monocrystalline silicon surfaces, exposed to
an RF remote H plasma at temperatures of 450°C to 700°C did not reveal
any observable changes in the surface roughness, potentially caused by plasma
etching [117]. However, for temperatures below 300°C a significant roughening

of the surface was evidenced [117].

5.4 Discussion

Diffusion It was observed that for Typ < 450°C the passivation process
is governed by an activated behavior. If a maximization of Vpo can be at-
tributed to the complete H penetration of the Si films, the behavior can be
attributed to H diffusion. Higher temperatures lead to a faster H diffusion
and a faster passivation. The activation energy and diffusion prefactor were
experimentally determined from the data in Fig. 5.3 to be B4 = 1.74+0.2 eV
and Dy ~ 18 cm?/s, respectively. The activation energy is much larger than
0.5 eV, as is observed for high temperature hydrogen diffusion in ¢-Si via Si
BC sites [17]. Similar high activation energies of 1.69 eV are reported in the
literature for H diffusion from a solid source in SPC based poly-Si [55]. Also
the diffusion prefactor differs significantly from 9.67 - 1072 cm? /s, determined
by Van Wieringen and Warmoltz [17]. In Fig. 5.9 the diffusion prefactor Dy

is plotted versus experimentally measured activation energies E4 for different
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Figure 5.9: Diffusion prefactor Dy plotted versus activation energy F 4 after Ref.
[40]. Poly-Si and nc-Si (Nickel) are taken from Ref. [40], the data from Beyer [143]
and Street [144] were obtained from H diffusion in a-Si.

Si materials (after Ref. [40]). The data for poly-Si and pc-Si (Nickel) are
taken from Ref. [40], the data from Beyer [143] and Street [144] were obtained
from H diffusion in a-Si. It can be observed that there is a strong dependence
of the prefactor on the activation energy, showing a so-called Mayer-Neldel
behavior [145]. The same behavior was also observed for H diffusion in a-Si
[146]. Noticeable this correlation is the same for a-Si, pe-Si and poly-Si and

consequently independent of the degree of macroscopic disorder.

Dy changes over more than 15 orders of magnitude. In theory, the diffusion

prefactor should be independent of experimental parameters or activation en-

1
6

the traps attempt-to-escape frequency wy and the distance ap between sites.

ergy and equal to the microscopic prefactor D™ = La%wy, which is given by
It is independent of other parameters like Fermi energy, defect densities or
hydrogen concentration. A Mayer-Neldel behavior can be observed, when the
physically relevant activation energy £, depends linearly on the temperature
[146]. The leads to a different, measured activation energy E4, which can

be corrected taking into account the microscopic diffusion prefactor Dgcr
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(estimated to DF™* ~ 103cm?/s) [55]

EA(T)=E4s—kTIn ( Do ) (5.4)
Dg’LZC’!‘O

Two different models have been proposed to describe the hydrogen migra-
tion in non-monocrystalline Si (see also Fig. 2.2), the equilibrium model and
the trapping model. Both models consider deep trap states that are separated
in energy from the transport states. The energy gap to the transport states is
large and the energy level of deep traps Et(H) resides 1.5 to 1.7 eV below E),
(Fig. 2.2 on page 16). H transport occurs through migration of charged inter-
stitial H states (BC and Ty sites for H* and H~, respectively) by surmounting
the energy barrier E);.

The equilibrium model is based on the assumption that the occupied and
unoccupied H density-of-states are in thermal equilibrium [147]. The H con-
centration in the transport states is controlled by the H chemical potential
ir- H has to overcome the energy barrier Fy; — pg to migrate. The energy
difference corresponds to the (physically relevant) activation energy E 4.

The trapping model considers that H within deep traps is not equilibrated
due to trapping and de-trapping processes occurring on longer time scales than
H migration within shallow transport states. If py resides below the energy
level of Et(H) the activation energy is given by E4 = Ey — Et(H) (148, 149].
Otherwise the activation energy is the same as in equilibrium (ie. E, =
Eyv — ).

In this case F4 = Ey — (g can be taken to determine the position of the
hydrogen chemical potential uy [55, 143]. For the data points that show an
activated behavior in Fig. 5.3 (Typ < 450°C) the corrected activation energy
E 4 is calculated to be between 1.2 and 1.0 eV after Eq. 5.4. It is clearly above
the reported energy level ™) for H deep trap states (1.5 - 1.7 eV) [39]. For
temperatures Typ > 450°C' the saturation time t,u4yration remains constant
within the error range and no activated behavior can be observed. In average

Voc is maximized after 10 min and 95 % is reached after ¢ u1uration = 330.4 min.

Optimum Temperature The presented results indicate, that a hydrogen
treatment at rather high temperatures seems to be well suited for defect passi-
vation of poly-Si solar cell structures. In terms of Voo an optimum treatment
temperature around 550°C is identified (Fig. 5.4). In addition, a plasma treat-

ment at lower temperatures (< 400°C) takes several hours to improve signifi-
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5 Dynamic of the Hydrogen Passivation

cantly Voe and hence is irrelevant for industrial processes, which require high
throughput. Hydrogen treatments of the same sample structure but in two
different remote inductively-coupled plasma setups have led to similar conclu-
sions, stating a broad optimum range at high temperatures of around 610°C
[8]. Kunz et al. recently published a poly-Si solar cell with 5 % efficiency,
based on a defect passivation treatment, carried out at temperatures of 650°C
with an inductively coupled remote plasma source [28]. This indicates that

hydrogen passivation at high temperatures is beneficial and feasible.

The reason for the observed optimum at high temperatures is not yet very
clear. One possible explanation could be the following. With increasing treat-
ment time, hydrogen diffuses into the sample and passivates Si dangling bonds.
The diffusion D = Dy - exp (—%) is thermally activated. In parallel also new
defects are generated, e.g. the breaking of Si-H bonds and hydrogen breaking

weak Si-Si bonds.
At the beginning, the initial defect concentration is high and the rate at

which H passivates these defects is higher than the rate at which new defects are
generated. After a certain time H has diffused completely through the sample
and the majority of the defects has been passivated. This is characterized by a
balance between the defect passivation rate that has reached a minimum and
the generation rate of defects due to Si-H and Si-Si bond breaking. At this
point in principle thermodynamic equilibrium should be reached, where the
defect generation rate is exactly compensated by the rate of defect passivation

and in average no additional defects are created or annihilated.

In principle this should lead to a saturation of passivated dangling bonds and
therefore also a saturation of V. However, in most cases a saturation was not
observed. Prolonged hydrogenation led to a degradation in V¢ after initially
reaching a maximum value. This suggests that the dynamic of the hydrogen
passivation treatment in terms of V¢ is not only governed by thermodynamic
equilibration of pre-existing dangling bonds.

The passivation of dangling bonds is a microscopic effect that occurs during
passivation. Vpe on the other hand is a macroscopic electronic quantity that
depends on the splitting of the quasi-Fermi levels for electrons and holes. It
is very sensitive to the lifetime of the charge carriers (in case of a one-sided
junction to the lifetime of the minority charge carriers). Any kind of electrically
active defects that enhance the recombination and lower the lifetime will lead

to a decline in Vpe.

As seen in Fig. 5.6, prolonged hydrogenation (> 30 min) leads to a degra-
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Figure 5.10: Loss in open circuit voltage after 30 min hydrogenation, plotted as a
function of temperature and calculated from data in Fig. 5.6 (difference between
maximum Vpc and Voo reached after 30 min).

dation of V¢ after initially reaching a maximum value after 3 to 10 min. The
degree of degradation is summarized in Fig. 5.10. The loss in V¢ after 30 min
compared to the maximum Vpe (e.g. V4™ —V5ae) is calculated and plotted
versus Typ. The analysis suggests a temperature dependent deterioration of
Voe, which is only weakly pronounced around 550°C and strongly pronounced
for Typ = 450°C and 650°C. Also a passivation at Ty p = 600°C, but with an
earlier plasma ignition at lower temperatures, resulted in a loss in Voo (Fig.
5.5). The temperature dependent degradation suggests that simultaneously
with defect passivation, new defects are generated. The Ve does not saturate
with time but first reaches a maximum and subsequently starts to degrade
with prolonged HP. The degree of degradation is minimized and nearly zero
around Typ = 550°C and coincides with the observed optimum passivation

temperature.

The nature of the type of defect generation cannot be concluded from the
conducted experiments but can only be speculated. In addition to passiva-
tion of pre-existing dangling bonds it is possible that also secondary defect
creation mechanisms influence the lifetime of the charge carriers and therefore

the device performance in terms of Vpe.

Hydrogen mediated defect generation includes the breaking of weak Si-Si
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bonds either by a single H atom, leaving behind a non-passivated Si dangling
bond or by two H atoms. The double occupied state (later process) is ener-
getically favored and exhibits a negative correlation energy [150]. Breaking of
weak Si bonds will alter the H density of states, revealing the complexity of
H passivation. The occupation of the single and double occupied states will
depend on the energetic levels with respect to the chemical potential py and
also on the temperature. Possible diatomic H complexes include Hj, where
one H atom is placed at the bond-center site and the second H atom at the
interstital antibonding site (73) [151] and the formation of H platelets [83, 84].
Platelets are thought to consist of Hj accumulated complexes [152] and are
favored in the lower temperature range [153]. Open circuit voltage will also be
affected by doping passivation. Passivation of B in p-type Si was observed at
low temperatures [69, 70, 71]. This would lead to additional defects that not
necessarily affect the Si dangling bond concentration, but will deteriorate the
performance of the device by either reducing the lifetime and diffusion length
of the charge carriers or by affecting the doping profile. In addition, compari-
son of plasma parameter variation and simulation in Chapter 4 hint that the
electric field in the plasma and hence the ion energy could play a role. This
could explain why other groups using different sample structures and plasma
setups might find different optimum temperature regimes. Using for example
an RF-ECR hydrogen plasma source for HP of poly-Si solar cells (deposited
directly via CVD at 1080°C) Fosca et al. found a favorable passivation regime
at around 450°C [30].

To summarize:

o A plasma treatment in the lower temperature range (< 400°C) is slow
and takes several hours to significantly improve Vpo. Furthermore the
results were inferior to treatments at higher temperatures within the
investigated plateau time of up to 14h. Such long durations are too
time-consuming to be implemented into an industrial process. Therefore

this regime is irrelevant for an industrial application.

o For Typ < 450°C the passivation process is governed by an activated
behavior. Higher temperatures lead to a faster H diffusion and a faster
passivation. The activation energy and diffusion prefactor were exper-
imentally determined to be E4 = 1.7 0.2 ¢V and Dy ~ 18 cm?/s,
respectively. This is in agreement with values from the literature (Fig.
5.9). The corrected and physically relevant activation energy E4 is cal-
culated to be between 1.2 and 1.0 eV. For temperatures Ty p > 450°C the
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saturation time ¢,4suration Temains constant within the error range and no

activated behavior can be observed. V¢ is maximized after 10 min.

Prolonged hydrogenation leads to a degradation in V. This suggests
that the dynamic of the hydrogen treatment is not only governed by
thermodynamic equilibration. The loss in Vpe with prolonged hydro-
genation is more severe for temperatures below 500°C and above 600°C.
Best results in terms of Voo were achieved for Ty p = 500 — 600°C with
a weakly pronounced optimum at Ty p = 550°C leading to the best aver-
age Voo = 463 £ 5mV of this series. Within this temperature range the

observed decrease in V¢ for long passivation times is minimal.
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6 Interaction of Passivation with

Material Properties

In the previous chapters one specific poly-Si material has been investigated.
Nevertheless, the material properties of the samples could have an important
impact on the final result after hydrogen passivation. Therefore the interplay
of material quality and hydrogen passivation will be studied in this chapter.
The material properties are modified and tuned in two different ways.

In the first section of the chapter, the material properties are modified by
different RTA treatments. HP is performed on RTA and non-RTA treated
samples and the influence of RTA on the dynamics of HP is studied. In a
further step the RTA treatment is varied and the conditions of HP are kept
constant.

In the second part of the chapter, investigations are extended towards poly-Si
samples with varying structural properties (i.e. different grain sizes). Poly-Si
absorbers are deposited by electron beam evaporation (EBE). In comparison
to CVD, neither hydrogen nor toxic gases are involved. EBE features high
deposition rates of around 1pm/min and offers a high cost reduction poten-
tial. The material properties of these layers can be varied easily by tuning
the substrate temperature during Si deposition and will be investigated. The
interplay between material properties and hydrogen passivation will be inves-
tigated in terms of defect concentration of Si dangling bonds and Vpe. On
solar cell level, the interaction on RTA will be tested, as well. The aim is
to develop high quality EBE-grown poly-Si absorber layers that can compete

with or even outperform conventionally grown (CVD) absorber layers.

6.1 Influence of Defect Annealing on Hydrogen

Passivation

In this section, the material properties are modified by different RTA treat-

ments. In the first part, hydrogen passivation of non-RTA treated samples is
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Figure 6.1: Open circuit voltages of poly-Si solar cells passivated at different tem-
peratures of Typ = 350°C, 400°C, 500°C and 600°C plotted versus the square root
of the passivation plateau time ?pjqseqy. The samples did not receive any RTA treat-
ment (solid symbols). For comparison two samples from Fig. 5.1 are shown again,
that received RTA (open symbols).

compared to RTA treated samples and the influence of RTA on the dynamics
of HP is studied. In the second part, the RTA treatment is varied to see the
effect on solar cell performance (Vo) before and after a subsequent hydrogen
treatment. If not stated otherwise, hydrogen passivation was performed at
Trp = 600°C for tyateqn = 10 min.

6.1.1 Influence of Defect Annealing on the Dynamics of HP

The time and temperature dynamic of the hydrogen treatment has already
been investigated for solar cell structures that received an RTA treatment by
CSG Solar AG (chapter 5). In addition the same experiments were conducted
with samples that had not received any RTA treatment. Fig. 6.1 shows the

open circuit voltage of poly-Si solar cells passivated at different temperatures
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Figure 6.2: Open circuit voltages of poly-Si solar cells, passivated for different
plateau time periods (tpiatequ =3, 10 and 30 min) and plotted over the passiva-
tion temperature Typ. In addition also the initial values of Voo before (178 mV)
and after RTA (223 mV) are given.

of Typ = 350°C, 400°C, 500°C and 600°C, plotted versus the square root of the
passivation plateau time ¢pj4seqn. The samples did not receive any RTA treat-
ment. For comparison two samples from Fig. 5.1 (Chapter 5) are shown again,
that did receive an RTA treatment. The samples without RTA treatment (solid
symbols, Fig. 6.1) show a similar time and temperature dependence than the
samples that received an RTA treatment (open symbols in Fig. 6.1). Lower
substrate temperatures Ty p result in a slower improvement and saturation of
Voc. This is expected due to a slower H diffusion with decreasing temperature.

However, the highest values of V¢ that are reached after HP without RTA
are evidently lower than in case of an additional RTA treatment. The gap in
Voc also cannot be compensated by a longer hydrogen treatment (as evidenced
in Fig. 6.1). Fig. 6.2 compares the open circuit voltages of RTA and non-RTA
treated samples after HP as a function of passivation temperature Typ for
different plateau time periods (fpatean =3, 10 and 30 min). The dashed line
represents samples that received a standard RTA treatment (already shown in
Fig. 5.4 on page 64), whereas the other samples (solid line) did not receive any
RTA treatment. In addition also the initial values of Vo before (178 mV) and
after RTA (but without HP) (Voo = 223 mV) are given.

The samples without RTA treatment exhibit a similar temperature depen-
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Figure 6.3: Saturation time, plotted logarithmical versus the inverse hydrogen treat-
ment temperature (in units of 1/eV), shown for RTA treated samples (triangles, from
Fig. 5.3) and for samples without RTA treatment (squares). The upper x-axis dis-
plays the equivalent temperature Ty p. The dashed line is guide to the eye.

dence. It shows the same shape and also features an optimum in terms of
Voo at the same temperature Typ = 550°C, compared to RTA treated sam-
ples. Without RTA a best Voo of 351 =1 mV is reached after HP at 550°C,
compared to 463 + 3 mV with an additional RTA treatment. In all cases
the difference in Voo between RTA and non-RTA treated samples is roughly
> 100 mV after HP, whereas initially only a difference of ~45 mV was observed.

The time dependence can be analyzed analogously as previously (chapter 5)
by evaluating the time required to reach 95 % of the maximum Vp¢ for each
temperature series (as illustrated in Fig 5.2). The saturation time tsuuration
is plotted logarithmically in an Arrhenius plot versus the inverse plateau tem-
perature Typ (in units of 1/eV) of the hydrogen treatment in Fig. 6.3. The
equivalent temperatures are displayed in the upper x-axis. The saturation time
tsaturation 18 given for RTA treated samples (triangles, taken from Fig. 5.3) and
for the samples without any RTA treatment (squares). It can be observed that
both types of samples show a similar passivation dynamic, i.e. they show a
similar saturation behavior, which relates to the hydrogen diffusion. Higher
temperatures lead to shorter process times, which are reduced by two orders of

magnitude, going from 350°C to 450°C. It appears that an RTA treatment does
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Figure 6.4: Comparison of V¢ for RTA (triangles) and non-RTA treated solar cells
(squares), passivated at Tpp = 400°C and plotted versus the square root of the
passivation plateau time fpjqteqy. The difference in Voe is given on the right hand
scale (AVoc, circles).

not noticeably show any influence on the temperature dependence of HP and
H diffusion. However, RTA enhances the final effect of HP by about > 100 mV,

which seemingly is independent on Ty p.

Fig. 6.4 shows a comparison of the Vpo for RTA (triangles) and non-RTA
treated solar cells (squares) that were passivated at Typ = 400°C for different
passivation plateau times t,qtequ. At this low temperature the effect of HP
occurs at a slow pace and improvement of Voo can be observed closely. The
difference in Vo between both samples is given on the right hand side (AVpe,
circles). Especially during the first 10 minutes of passivation AVpe enlarges
between RTA and non-RTA treated samples. Already after a passivation time
of 1 min, the difference in Vo is about 100 mV. Considering the diffusion
coefficients determined in Fig. 6.3, after 1 min H will have diffused into the
layer only at a depth of around 300 nm at 400°C. So the gap between RTA and
non-RTA treated samples already opens up when H starts to diffuse through
the highly doped p* layer (~50 nm) and reaches the absorber layer. After the
saturation of the H treatment usually a difference of more than 100 mV was
observed (see Fig. 6.2).
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Figure 6.5: Open circuit voltage of RTA treated samples before (circles) and after
HP (squares), plotted as a function of RTA plateau temperature (with fixed tppra =
200 s). For comparison Voo values for the samples without an RTA treatment are
also given (w/o0). The arrows to the right refer to the maximum change observed
for each treatment.

The comparison of the results for RTA and non-RTA treated samples leads
to the conclusion that RTA does not affect the dynamics of the HP treatment
noticeably. Yet for the investigated samples the standard RTA, done at CSG
Solar has a beneficial effect on the Vpo. The enhancement in Voo due to RTA
is less pronounced directly after RTA (AVpe ~ 50 mV) and more distinct after
an additional HP (AVpe > 100 mV).

6.1.2 Variation of Defect Annealing

So far samples have been investigated that either received a standard RTA
treatment or no RTA prior to HP. It was observed that RTA can strongly
influence the final device performance. Therefore RTA treatments at different
temperatures were performed and the effect of an RTA variation was studied
before and after HP.

Fig. 6.5 shows the open circuit voltage of RTA treated samples before (cir-
cles) and after HP (squares), plotted as a function of RTA plateau temperature.
RTA was conducted as described in Sec. 3.1.3 with a treatment plateau time of
trra = 200 s. Plasma hydrogenation was performed at 600°C for 10 min (Sec.

3.1.4). For comparison the Voo of the samples without an RTA treatment is
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6.2 Passivation of Poly-Si Films with Different Structural Properties

also given (w/o0). The arrows on the right hand side refer to the maximum
change observed for each treatment. As-crystallized, the samples exhibit a
Voc of 178 £2 mV, which is improved to 321 & 11 mV by HP (in both cases
without RTA). As a trend V¢ improves continuously with higher applied RTA
temperatures. The same trend can be observed after an additional HP step.
The gradient of the linear fit amounts to 30 £ 3 mV /100K after RTA and
49 + 7 mV/100K after HP. The improvement by higher RTA temperatures
thus is enhanced after HP.

One interesting aspect can be elucidated for an RTA treatment of 850°C.
Almost no effect can be observed directly after RTA (Voo = 18446 mV). Nev-
ertheless, a strong increase can be evidenced after an additional HP (365 mV).
Compared to a non-RTA treated sample (321 mV), an enhancement of 44 mV
can be observed. For higher RTA temperatures this effect is augmented. This
is indicated by the arrows in Fig. 6.5 in case of the best Vo, achieved at
Trra = 1050°C. By RTA, V¢ increases by 57 mV to Voo = 235+ 8 mV. HP
after RTA results in Voo = 481 4+ 52 mV, which represents an improvement
by 246 mV compared to no HP treatment.

This illustrates that when studying RTA as a treatment for defect annealing,
the effects need to be always investigated along with HP. If adapted well,
the effect of HP can be enhanced by an adequate RTA treatment and vice
versa. On the other hand a further improvement by RTA does not necessarily
implicate the same tendency after HP. This effect was observed for interval
RTA experiments, where in some cases after HP a different trend was found
than directly after RTA [154]. Hence it is required not to solely investigate
RTA but always in combination with HP, in order to optimize the process and
maximize device performance. In addition RTA at very high temperatures
or long durations can lead to softening and bending of the substrate. This
means that the RTA plateau temperature cannot be raised arbitrarily high,
as bending will lead to inhomogeneities and problems during further device

processing.

6.2 Passivation of Poly-Si Films with Different

Structural Properties

In this section, new samples with varying structural properties will be pro-
cessed by electron beam evaporation (EBE). The material properties of these

layers can be varied by tuning the substrate temperature during Si deposition
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(Thep) in the temperature range of Ty, = 200 — 700°C. The influence of the
deposition temperature Ty, on material properties will be characterized in the
first part of this section by Raman measurements and scanning electron mi-
croscopy (SEM). In the second part, the interplay between material properties
and hydrogen passivation will be investigated in terms of defect passivation of
Si dangling bonds. In the last two parts of this section, solar cell structures
will be fabricated and the influence of material properties on Vp¢ of the so-
lar cell structures is tested before and after hydrogen passivation and RTA,
respectively.

Different substrates have been used. Bare Corning 1737 and Borofloatt®33
glasses are suited substrates that can withstand the high temperature anneal-
ing steps, applied for example in case of an RTA treatment. Nevertheless, in
some cases in-diffusion of contaminants from the glass into the poly-Si film
was observed after RTA at high temperatures. In order to prevent contam-
inations during a high temperature step, the glass substrates can be coated
with a SiN film, where the coating serves as anti-reflection layer and as a
diffusion barrier for contaminants originating from the glass. In addition, Si
wafers (here Si(100)) covered with a 150 nm thick thermal Si oxide were used
as ideal reference substrates (SiOy), impeding contamination originating from
the substrate. The oxide on top gives an amorphous structure similar to the

glass and prevents epitaxial growth (which is in this case undesired).

6.2.1 Structural Properties After Electron Beam

Evaporation and Crystallization

This subsection investigates the influence of the deposition temperature Ty,
on material properties by Raman measurements and scanning electron mi-
croscopy (SEM). Absorber layers were deposited by EBE in the temperature
range of Ty, = 200 — 600°C onto plain Corning 1737 substrates and within
Tyep = 200 — 700°C onto Si(100) wafers covered with a 150 nm thick Si ox-
ide (SiOy), respectively. After deposition all films subsequently underwent a
thermal annealing step at 600°C. If not stated otherwise, Si films on Corning
substrates were annealed for 8 h. Si films, deposited on the other substrates
were annealed for 12 h. A temperature step of 12 h is sufficient for all samples
to completely crystallize via solid phase crystallization (SPC). We will refer to
this step as SPC, even if some of the films are crystalline already before the
annealing step.

Figure 6.6 shows the Raman spectra of 1 pm thick Si films, deposited be-
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Figure 6.6: Raman spectra for samples, deposited between 200°C - 600°C onto Corn-
ing glass substrates, shown before (a) and after (b) annealing (SPC at 600°C for 8 h).

tween 200°C - 600°C onto Corning glass substrates. The spectra were measured
before (a) and after the SPC step (b). Here SPC was only carried out for 8 h.
In the as-grown case (a), samples deposited at Ty, < 400°C exhibit a broad
peak at 480 cm™, which is characteristic for amorphous Si. Samples, deposited
at Tyep > 500°C on the other hand exhibit an intense peak at 515 cm™. This
peak is characteristic for the TO-LO phonon mode of crystalline Si. No amor-
phous contributions are observed, indicating a direct crystalline growth. In
addition, the spectra exhibits an inhomogeneous broadening, which can be de-
scribed with a smaller second peak, located at around 495 - 500 cm™t. This
inhomogeneous broadening is typically observed in small-grained microcrys-
talline material [119, 120].

The peak position at 515 cm™ is slightly redshifted towards lower wavenum-
bers compared to the peak position of the TO-LO phonon mode at 520 cm™,
measured for a reference Si(100) wafer. A redshift (negative Aw) of the Ra-
man frequency indicates tensile strain, while a blueshift indicates compressive
strain [118]. The tensile strain probably originates from the different thermal
expansion coefficients of the glass and the thin Si films. It shall be noted that
2 nm thick films did not exhibit a strong redshift.

For the as-deposited samples the transition between amorphous to crys-
talline growth occurs around 400°C. At Ty, = 400°C both, amorphous and
crystalline Raman contributions at 480 and 515 cm™ were observed, whereas
for Ty, < 350°C only amorphous and for Ty, > 500°C only crystalline contri-

butions were evidenced.

After SPC (b), Raman spectra of samples, deposited at 300°C and 400°C
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have altered significantly. No Raman contributions of a-Si at 480 cm™ are

detected. The samples show an intense peak at 515 cm™ indicating complete
solid phase crystallization. The spectra of the sample, deposited at 200°C re-
mains unchanged. The Si film is still amorphous. Repetition of the experiment
with a duration of 12h SPC resulted in complete crystallization. Therefore for
the following experiments on SiO, and SiN substrates a duration of 12h was

chosen.

The Raman spectrum of the sample deposited at 600°C remains unchanged
after annealing (b). This is expected because the films have been deposited
directly crystalline. The crystalline structure is not affected by the thermal
treatment. In the following, Ty, > 500°C will be referred to as the direct
growth regime in contrast to the SPC regime, defined by T, < 400°C and the

transition regime around 7y, ~ 400°C.

In Fig. 6.6 b) it can be seen that the crystalline peak is narrower for the
sample, deposited at 300°C than for Tg., = 600°C. The crystalline peak width
was evaluated further. In a first step a baseline was subtracted from the
spectra. Next the full-width at half-maximum (FWHM) of the main peak (at
~515-520 cm™) was extracted by fitting the spectra with a Lorentzian profile.
Due to the inhomogeneous broadening a second Lorentzian at ~ 495 cm™ has

been added in those cases.

Figure 6.7 shows the extracted FWHM of the crystalline Raman peak (after
SPC), as a function of deposition temperature for the different samples on
Corning substrates. Two more samples (with Ty, = 250°C, 350°C and SPC
for 12 h) have been added. In addition the FWHM of 2 pm thick poly-Si
films, deposited onto Si(100) wafers covered with a 150 nm thick Si oxide, is
given after the SPC step. The fraction of the Raman signal, originating from
the substrate can be neglected. The film thickness of 2 pm is close to the
penetration depth of the laser (~3 pm). In addition the remaining intensity of
the laser beam will partially also be reflected at the poly-Si/Si-oxide interface.
The signal of the Si wafer will thus only have a minor influence, which would
lead to a slight underestimation of the FWHM.

As can be seen, the dependence on T, is very similar for both substrates.
The width increases strongly for samples with T, > 400°C. The largest width
can be evidenced at Ty, = 500°C. For 600°C and even more pronounced for
700°C it decreases again. Smaller FWHM values are observed for deposition
temperatures below 400°C. Note that this temperature regime is characterized

by the deposition of initially amorphous films and subsequent SPC. The lowest

86



6.2 Passivation of Poly-Si Films with Different Structural Properties

8 T T T T T T T T T T T
—@— Corning é 1
7 —A— SiOx / §\ ]
‘TE —
s ) '
S 64 .
T
z /é A
O 51 § A
-
o) Ai\é/
|_ 1
4 4
3 T T T T T T T T T T T
200 300 400 500 600 700
aep (C)

Figure 6.7: Raman FWHM of the crystalline TO-LO Si phonon mode (after SPC),
plotted over the deposition temperature Tg.,. Circles represent Si films deposited
onto Corning substrates and triangles Si(100) wafer substrates, covered with a
150 nm thick Si oxide

values are obtained at Tg., = 300°C. For both substrates the crystallized films
exhibit FWHM of 4.4 4+ 0.2 cm™!. The FWHM of a reference Si(100) wafer
was determined to be 3.1 £ 0.2 cm™!. In case of SiO, substrates the FWHM
remains almost unchanged for Ty, = 300°C and T}, = 200°C. In case of
Corning the minimum is more pronounced. The broadening of the FWHM can
be related to structural defects that destroy the lattice translational symmetry
and relaxes the momentum conservation rule during phonon-photon scattering
[120]. A narrower width can be taken as an indication for larger grains and

less structural defects.

This was verified by scanning electron microscopy (SEM) and electron beam
scattering diffraction (EBSD). Large grains were observed for the films de-
posited at Ty, < 350°C (SPC regime). Fig. 6.8 shows the SEM images of
the samples after SPC, deposited at different temperatures onto Corning sub-
strates. The insets for 7§, = 500°C and 600°C are magnifications to make the
grain structure more visible. The regime for T}, < 350°C is characterized by
the deposition of a-Si and a subsequent SPC resulting in large grains with sizes
of 1 -3 pm. For Ty, > 500°C the films are deposited completely crystalline

(direct growth regime) and the grains grow in a columnar structure with a
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Figure 6.8: Scanning electron microscopy (SEM) of Si films after SPC, deposited
at different temperatures onto Corning substrates. The insets for Ty., = 500 and
600°C are magnifications with the given scale.
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much smaller grain size in the order of 100 nm. At Ty, ~ 400°C a transition
from amorphous to crystalline growth takes place. After SPC the films grown
at 400°C and 500°C seem to feature the smallest grains. Within the direct
growth regime, higher deposition temperatures will lead to an enhancement
of the Si adatom mobility during growth and result in larger grains and less
structural defects. This can explain the sharp decline of FWHM, observed for
Thep > 600°C. A grain size of 100 nm is to small to be visible in our EBSD

setup and was therefore only roughly estimated from SEM images.

6.2.2 Hydrogen Passivation of Defects (Si dangling bonds)

In the preceding, the influence of deposition temperature Ty, on crystalline
properties was investigated. Raman and SEM measurements indicate that
a deposition temperature of Ty, = 300°C should be favorable for structural
high quality material. In a next step a connection is established between the
structural properties of the films, the defect concentration and the passivation
of those defects. Hydrogen passivation was performed at Typ = 600°C for
plateaw = 10 min.

The most prominent defects in poly-Si are Si dangling bonds originating
from under-coordinated Si atoms. This results in an unpaired electron of the
Si dangling bond whose energy level moves into the band gap. Si dangling
bonds are paramagnetic and can be detected by ESR measurements.

The typical ESR absorption spectrum of intentionally undoped Si samples,
is shown in the inset of Fig. 6.9. The measurements are carried out under
modulation of the magnetic field and the spectrum thus represents the deriva-
tive of the absorption. The shape of the plotted absorption spectrum is typical
for Si dangling bonds with a g-value of 2.0055 (£ 0.0005).

The choice of substrate is important for ESR measurements. Bare Corning
1737 substrates did not show any ESR signal that would distort the measure-
ment. Hence, Corning 1737 glass substrates are suited for ESR measurements.
On the other hand, to investigate the influence of RTA requires a SiN coat-
ing, used as a diffusion barrier to prevent indiffusion of contaminants from
the glass. Unfortunately SiN coated glass substrates are unsuited for ESR
measurements. This is because plasma-deposited amorphous SiN:H exhibits
a similar absorption spectrum with the same g-value of 2.0055 than the Si
dangling bond in amorphous Si [155] (also observed in our case). Therefore
only bare Corning 1737 substrates were used and RTA was not investigated

by ESR.
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Figure 6.9: Si dangling bond concentration (measured by ESR) as a function of
deposition temperature Ty, directly after deposition, after SPC and after hydrogen
passivation (HP). The Si films were deposited onto Corning substrates. The inset
shows the ESR spectrum of one of the samples.

From the intensity of the measured ESR absorption, the Si dangling bond
concentration [db] can be extracted and is plotted in Fig. 6.9 versus Tje,.
For low deposition temperatures Ty, < 400°C, the as-deposited samples (solid
squares) are still amorphous and exhibit a high number of dangling bonds in
the order of 10! ecm™, typical for non-hydrogenated a-Si. Near the transition
from a-Si to direct-grown c-Si at around 400 °C the [db] decreases and goes
down to roughly 1-10'® cm™ for the samples, deposited at Ty, > 500°C (direct

growth regime).

After the SPC annealing step (solid circles), the [db] of the samples with
Thep = 500°C and 600°C remains almost unaffected by the thermal treatment.

This is expected because those samples have been already crystalline before the
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annealing step and no structural change occurred. Thus also the [db] remains
unaffected. On the other hand for Ty, < 400°C, the [db] is affected strongly
by the SPC annealing step. The [db] is lower for the SPC regime than for the
direct-growth regime. This is in agreement with observations made by Raman
and SEM. The temperature dependence of [db] shows a very similar trend as
the FWHM in Fig. 6.7 with a minimum at Tj., = 300°C for the large-grained
material.

After the annealing step (SPC), the samples received a hydrogen treatment.
The standard hydrogen treatment at Typ = 600°C was applied for 10 min, as
described in Sec. 3.1.4. The results of the [db] after HP (open squares) can
be seen in Fig. 6.9. The hydrogen treatment strongly reduces the [db] in all
cases. In the investigated range, the [db] is decreased independently of the
deposition temperature for all the samples by about one order of magnitude.
The overall trend of the [db] vs. deposition temperature thus remains the
same. The dangling bond density, observed after HP, depends strongly on the
initial concentration. The minimum in [db] before and after HP is observed
for the same deposition temperature of Ty, = 300°C. After HP, the [db] is
lowered from 2.0 - 10'7 cm™ to 2.5 - 10'% cm™ for Thep = 300°C.

Except for the films, deposited at Ty, = 250°C and 350°C, the thickness of
the samples in Fig. 6.9 is 1 pm. To resolve the minimum, the experiments
were repeated for Ty, = 250°C, 300 °C and 350°C, this time with a film
thickness of 2 pm to give better ESR spectra. The value of the dangling bond
concentration for Ty, = 300°C was reproduced and no dependence of film
thickness was observed. Note that for a 1 pm thick film, a dangling bond

concentration of 2.5 - 10'% ¢m™

corresponds to an absolute number of 1 -10'2
spins (sample size = 0.4 cm? ). This is already very close to the detection limit
of the ESR setup (1-10'" —5- 10" spins). If converted to an areal density (i.e.
2.5 10" cm™?), it is in the same range as a typical surface density of states
of 1-10* em™. This means that dangling bonds from the surface might play
a role under those conditions and cannot be distinguished from bulk dangling

bonds.

6.2.3 Hydrogen Passivation of Solar Cells with Different

Structural Properties

After characterizing the passivation of Si dangling bond defects, this section
will focus on the passivation of complete solar cell structures and the influ-

ence of material properties. Complete solar cell structures were fabricated as
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Figure 6.10: Open circuit voltage Voo of RTA treated solar cell structures with the
absorber and BSF being deposited by electron beam evaporation. The different
substrates (SiN coated Borofloat and Si(100) wafer with SiOy layer) are indicated.
The Vpe is plotted as a function of the absorber and BSF deposition temperature
Ty4ep and given before (for SiO) and after HP (for SiN, SiOy).

described in Sec. 3.1.2. For the solar cells presented in this chapter an RTA
treatment at 1000°C for 60 s was carried out. Plain glass substrates such
as Corning or Borofloat are not suited for such a high temperature annealing
step. They contain numerous elements that can diffuse into the Si layer during
the RTA step and are a potential source of contamination. Therefore a SiN
coating was used (Sec. 3.1.2) that can serve as a diffusion barrier. In addition,

thermally oxidized Si wafers (SiOy) have been used as reference substrates.

First, the emitter was deposited by PE-CVD onto the substrate (for details
see section 3.1.2). The absorber and BSF were deposited in the same run by
EBE. RTA and HP were carried out after the SPC step. Hydrogen passivation
was performed at Typ = 600°C for tpaeq, = 10 min. The deposition of ab-
sorber and BSF was done through a shadow mask. This way the emitter could
be easily contacted to measure the photovoltage under open circuit conditions
(Voe) after each post-deposition treatment by Suns-Voc.

Fig. 6.10 shows the 1-sun Vo of RTA treated solar cell structures plotted
as a function of absorber and BSF deposition temperature 7j.,. The used
substrates (circles: SiN coated Borofloat, squares: thermally oxidized Si wafers
(SiOy)) are indicated. In case of the SiOy substrates the Vo is shown before
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(dashed line) and after HP (solid line). In case of SiN coating, only the Voo
after HP was measured.

Before HP, highest V¢ values are obtained within the temperature range
of Tyep, = 200 — 300°C where the films exhibit the largest grains. Yet Vpe is
limited to below 200 mV. With higher deposition temperatures Voo diminishes
and shows a minimum at 7., = 500°C. Above 500°C, V¢ improves again. HP
results in a large improvement in Ve of more than 250 mV. After passivation
the shape of the curve is maintained, i.e. highest values are found for samples
with T4, = 200 — 300°C and a minimum for Ty, = 500°C. The best Vo¢ is
achieved within the SPC regime at 200°C with 427 £ 5 mV (422 £ 6 mV for
300°C). Tyep = 500°C results in Voo = 318 & 3 mV, which is a difference of
more than 100 mV. The temperature dependence of V¢ for the poly-Si films
deposited onto the two different substrates (SiN and SiOy) is similar. However,
in case of SiN the open circuit voltages are slightly lower with the highest value
of 394+ 9 mV for Ty, = 300°C.

6.2.4 Interplay of Defect Annealing with Passivation and

Structural Properties

In the following, the impact of RTA and its interplay with material properties
and HP will be studied, together with hydrogen passivation. Therefore, poly-Si
solar cell structures were fabricated onto thermally oxidized Si wafers (SiOy).
The RTA treatment was carried out at 1000°C for 60s. Hydrogen passivation
was performed at Typ = 600°C for ¢p4seqn = 10 min. As demonstrated in the
previous section, depending on the deposition temperature the poly-Si films
exhibit different material properties. Within the SPC regime (7y., < 400°C)
the poly-Si films feature large grains with an average grain size of ~ 3 pm. For
the direct growth regime (T, > 400°C), small grains in the order of 100 nm
are observed.

Fig. 6.11 a) and b) shows the Voo and pseudo fillfactor of the solar cell
structures, respectively - plotted over the deposition temperature Ty, for four
different cases (post-deposition treatments). In all cases (a-d) a thermal an-
nealing at 600°C (SPC for the a-Si samples) was applied (described in Sec.
3.1.1). The samples that did not receive any further post-deposition treat-
ments are labeled with (a). The other samples in Fig. 6.11 received either
only RTA (b) or only HP (c) or they received the combination of RTA and HP
(d).

After SPC (case (a)) all samples independently of the deposition temper-
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Figure 6.11: Open circuit voltage and pseudo fillfactor of solar cell structures, with
the absorber and BSF deposited by electron beam evaporation, as a function of the
deposition temperature Ty, and shown after different post-deposition treatments:
in all case a thermal annealing at 600°C (SPC) was applied (a-d), a) without any
additional treatment, b) after RTA, c) after HP and d) after the combination of
RTA and HP

ature Ty, exhibit a very poor Vpc with the best Voo of 100 mV for Ty, =
700°C. Without the RTA treatment (case a & c), the Vo in the direct growth
regime (7., = 600°C and 700°C) is equal or higher than in the SPC regime.

The opposite trend is revealed with an additional RTA treatment (case b &
¢). An RTA treatment improves the Vp¢ in the SPC regime but has no major
influence on the V¢ of the samples from the direct growth regime. After RTA
the best Vpc’s are observed for the samples deposited at 200°C and 300°C.
In all cases (a-d) a minimum in Vo can be observed within the temperature
range of 400°C to 500°C which corresponds to the transition regime between
SPC and direct growth.

Without HP the open circuit voltage is limited to below 200 mV. HP results
in a large improvement in Vpe by about 250 mV (solid lines). This holds true
for all samples, independent of deposition temperature T}, and an additional

RTA treatment. Also the shape of the curve is preserved.

For completeness the corresponding pseudo-fillfactors pF'F', extracted from
Suns-Voc measurements, are shown in Fig. 6.11 b). In all cases pF'F' shows a
similar behavior as Voe. An improvement in pF'F' by RTA (case (b) and (d)) is
again only established for samples of lower deposition temperatures < 400°C.

For the direct growth regime, RTA shows no clear influence.

94



6.3 Discussion

6.3 Discussion

Passivation of Defects in Poly-Si Films with Different Structural

Properties

In Sec. 6.2 it was shown that the substrate temperature Ty, during the
deposition of Si by EBE has a significant influence on the structure of the
films. For Ty, < 400°C (SPC regime) the as-deposited films still exhibit
an amorphous phase and for Ty, < 400°C large crystalline grains can be
obtained by SPC. The grain size is equal or larger than the film thickness
(1-2 pm). For T}, > 500°C (direct-growth regime) the films grow crystalline
in a small grained, columnar structure. Towards 700°C grain size increases
again with increasing temperature due to more mobile Si adatoms during

growth /deposition.

The grain size can be roughly estimated from SEM images of the samples
(Fig. 6.8 on page 88). The average grain size was estimated to be 3+1 pm and
0.24 0.1 pm for films deposited at Ty, = 300°C and 600°C, respectively. The
average grain size differs by more than one order of magnitude for those two
samples. With the assumption that the Si dangling bond density at the grain
boundary (areal, cm™) is constant and no intragrain defects are present, the
[db] per volume should be proportional to 1/g for columnar grains with a grain
size g. The [db] concentration after SPC for the large grained sample is only
by a factor of 4.2 smaller (Fig. 6.9 on page 90). Normalized to the grain size,
the defect concentration [db]/g is roughly by a factor of 2 larger for films with
larger grains. This suggests that the defect density at the grain boundary is
either not constant for the different samples but depends on the growth regime
or that intragrain defects cannot be neglected. Although the sample at 300 °C
exhibits larger grains, either the grain boundaries in this sample could be more
disordered compared to the small grained material (7, = 600°C) or the large
grained samples could exhibit more intragrain defects that add up to the total
dangling bond concentration.

Intragrain defects of the poly-Si samples were studied by applying a defect
etch (Secco [156]) to the films after SPC. Fig. 6.12 shows exemplarily SEM
images of two etched samples, deposited at 300°C and 600°C, respectively. For
the sample deposited at Ty, = 300°C, the surface of the grains is affected
strongly by the etch process and a high number of holes can be observed.
These holes can be related to intragrain defects in the form of dislocations.

The grain size is larger than 1pm. For the sample with Ty, = 600°C the
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Figure 6.12: SEM images of two samples deposited at 300°C and 600°C, respectively.
After SPC a defect etch was applied (Secco [156]). For the sample deposited at
Tep = 300°C a high number of intragrain defects in the form of dislocations can be
observed. The grain size is larger than 1 pm. For Tg., = 600°C the smaller grains
are strongly etched. No intragrain defects can be observed in the remaining grains.

smaller grains are etched strongly. Surprisingly the surface of the larger grains
remains smooth and unaffected by the defect etch. No intragrain defects can
be observed. This observation is characteristic for all the samples: intragrain
defects have been observed for all samples deposited at Ty, < 400°C whereas
for Ty, > 400°C no intragrain defects could be evidenced. The findings on
intragrain defects for Ty, < 400°C and no intragrain defects in form of dislo-
cations for Ty, > 400°C support the above argument that the large grained
samples exhibit more intragrain defects that add up to the total dangling bond

concentration.

The [db] can be strongly reduced by HP (as seen in Fig. 6.9 on page 90). In
the investigated range, the [db] is decreased for all the samples by about one
order of magnitude. The overall trend of the [db] vs. deposition temperature
thus remains the same. The minimum in [db] before and after HP is observed
for T4, = 300°C which corresponds well to the minimum in FWHM of the
crystalline TO-LO Si phonon peak, observed by Raman and coincides with
the regime of largest grains. After HP, the [db] is lowered from 2.0 - 1017 cm™
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Figure 6.13: Si dangling bond concentration after HP as a function of initial dan-
gling bond concentration (prior to HP). The dashed line represents a ratio of un-

passivated dangling bonds of 1/10.

to 2.5 - 10'6 em™ for Ty, = 300°C.

The ratio of passivated dangling bonds is analyzed in Fig. 6.13. Here, the Si
dangling bond concentration after HP is plotted as a function of initial dangling
bond concentration (prior to HP). All the samples, deposited at Ty, < 400°C
show a non-passivated to initial dangling bond ratio close to 1/10, which is
represented by the dashed line. The dangling bond density, observed after HP,
therefore depends strongly on the initial concentration. Defect passivation is
slightly less efficient for the direct growth regime. Samples deposited at Ty, =
500°C and 600°C (direct growth regime) show a lower ratio of ~ 2/10. The

difference by a factor of 2 could be related to the difference in the normalized

defect concentration [db]/g.

Passivation of Poly-Si Solar Cells: Interplay with Defect Annealing and

Structural Properties

This different behavior between SPC and direct growth regime is also reflected
in the solar cell results (e.g. Fig. 6.11 on page 94). Without RTA the direct-
growth regime with small grains gives equally high or even higher V¢ s than
the large grained material from the SPC regime. In principle the reverse effect

would be expected, resulting in lower Vp¢’s for the small grained material.
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6 Interaction of Passivation with Material Properties

This was only evidenced after an additional RTA treatment, where the highest
Voo ’s are obtained for the films with the largest grains, e.g. in the SPC
regime.

Another observation made in Fig. 6.11 is the dependence of the RTA in-
duced improvement on the deposition temperature 7j.,. The improvements are
depicted in Fig. 6.14 a) for the poly-Si solar cells, deposited by electron beam
evaporation as a function of deposition temperature 7j,,. The effect on AVpe
by RTA (circles) and HP (squares) is analyzed individually for improvements
resulting from RTA directly after SPC (i.e. before HP, open circles)

RTASPC _ 1,RTA SPC
A“/OC — Yoc T~ Yoc
after HP (full circles)
RTAHP _ \;RTA+HP HP
AVoe = Voc —Voc

and improvements achieved by HP excluding RTA (i.e. directly after SPC,
open squares)

S
AVge ™ = Vg = Ve©
and including RTA (full squares)

HP,RTA _ y/RTA+HP RTA
AVYOC' - VOC’ - VOC’

respectively.

A larger effect of the RTA treatment in Fig. 6.14 a) can only be evidenced for
deposition temperatures Ty, < 400°C. For the direct growth regime (T, >
500°C) the effect of RTA results is less than 30 mV in all but one case.

The improvement after hydrogen passivation is always large and does not
show a strong dependence on the structural properties. Therefore poly-Si
films with higher Vi values before HP will also exhibit higher values after
HP. AVpe after HP can however be enhanced by an additional RTA treat-
ment. Improvements by RTA and enhancement of the hydrogen treatment
depend on the structural properties and are most significant within the SPC
regime (7., < 400°C). The effect of passivation is slightly lower without RTA
(AVoe = 234 + 4 mV) than with RTA (AVpe = 262 £ 6 mV). The average
change in V¢ of all samples after passivation amounts to AVpe = 251+6 mV.

In Fig. 6.14 a) RTA was performed at 1000°C for 60 s. Fig. 6.14 b) compares
the results to improvements of PE-CVD grown poly-Si solar cells, achieved by

98



6.3 Discussion

300 T 300 —
e
n - —|:I\OC-/.¢’\"?’/--E HP RTA _——n
O viesee s g - B Effect of HP Moo P
_200- —~2001 Wy —
> = m” Effect of HP
£ E °
\_:) < @AVZZSPC ./
o0 SV S W
2100{ o ¢ —e <100 s
Ss - —e " RTA,SPC
e 'A\'/.QTA‘SPC‘ < e FEffectof RTA o *™ Effectof RTA A\_/(%c_ ...
a = o 8 b o007
0 ) : : : do o-—J Q--0--Q ‘ ‘ ‘
200 300 400 500 600 700 w/o 850 900 950 1000 1050
Tiep (°C) Tera €C)

Figure 6.14: Effect of RTA and HP on AVpe for poly-Si solar cells, deposited by
a) electron beam evaporation, as a funtion of T, and b) PE-CVD, as a function of

RTA plateau temperature Trr4 . The improvements are analyzed individually for

improvements resulting from RTA directly after SPC (open circles: AVng A’SPC),

after HP (full circles: AVgg A’HP) and improvements achieved by HP directly after
SPC (open squares: AVé{CP’SPC) and after RTA (full squares: AVé{CP’RTA), respec-
tively.

RTA and HP as a function of RTA plateau temperature Tgrrs. The RTA
plateau time f,qreqn, Was 200 s. Improvements by RTA (circles) profit from
high treatment temperatures Trra. Large improvements are observed only
in conjunction with a subsequent hydrogen treatment. The multiplication of
RTA and HP treatment is more pronounced for CVD than for EBE grown

samples.

Variations in RTA have a major influence on V. Higher annealing temper-
atures have resulted in higher Vo directly after RTA. Together with HP this
effect can be amplified. If adapted well, the effect of HP can be enhanced by
an adequate RTA treatment and vice versa. An improvement by RTA does not
necessarily implicate an improvement after HP, which was observed in recent
experiments concerning RTA interval treatments [154]. Higher RTA treatment
temperatures can for example lead to secondary effects like in-diffusion of con-
taminants and generation or reduction of stress. Those secondary effects could
temporarily improve the device performance prior to an H treatment but lead
to a deteriorated device after HP. When the Vo was boosted by RTA; si-
multaneously also an enhanced scattering of Vo was observed especially after
HP (see Fig. 6.5 on page 82). This could be an indication for inhomogeneities
that are caused by RTA but become visible only after an additional HP step.
Therefore RTA always should be investigated together with HP.

The comparison of RTA and non-RTA treated poly-Si samples, grown by
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6 Interaction of Passivation with Material Properties

CVD, has shown that both samples exhibit the same dynamics regarding hy-
drogen passivation. The calculated diffusion coefficients are of the same order
of magnitude and feature the same temperature dependence (Fig. 6.3 on page
80). Hence RTA does not significantly affect the diffusion of hydrogen. Nev-
ertheless, without RTA treatments Vo is more than 100 mV lower (Fig. 6.2
on page 79). The best Vo after HP is 351 mV compared to 463mV with an
additional RTA treatment prior to HP.

This enhancement by RTA can be already observed at the beginning of the
hydrogen treatment (Fig. 6.4) when H passes the BSF layer but most likely
has not diffused completely through the absorber layer. This indicates that
the effect is independent of bulk passivation but might be attributed to the
highly boron doped BSF layer.

The objective of the RTA treatment is dopant activation. For poly-Si films,
obtained by SPC of CVD grown a-Si, dopant activation is usually lower than
unity. RTA can cause a better rearrangement and an activation of the dopants
within the crystal lattice. Hydrogen passivation on the other hand is known to
passivate shallow acceptors like boron, which was observed for p-type Si [69,
70, 71]. It could be speculated that RTA might result in a weaker passivation
efficiency of the dopants by H and hence lead to higher open circuit voltages due
to a better BSF. Yet this has not been tested so far. Experiments concerning
dopant activation and dopant passivation could be carried out and investigated

for example by Hall measurements.

As shown in the preceding, improvements by RTA of EBE deposited films
depend on the structural properties. A significant improvement in Vpe can
be observed for the SPC regime, whereas no significant change is seen for the
direct growth regime. There are at least two reasons to consider: intragrain

defects and dopant activation.

Dopant activation has been discussed before. It was shown by Dogan et
al. that for poly-Si films, deposited epitaxially at 600°C by electron beam
evaporation, complete doping activation could be achieved [14, 157]. Similar
high activation can therefore be expected for the direct-growth regime. On the
other hand, CVD grown a-Si show a dopant activation lower than unity after
SPC. It is not clear so far, if a lower dopant activation is also given for poly-
Si films of the SPC regime, deposited by EBE. If the poly-Si samples of the
SPC regime exhibit lower dopant activation than samples of the direct growth

regime, this would explain the observed RTA behavior for different regimes.

The other difference between the two regimes is the presence of intragrain
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defects in large-grained poly-Si films of the SPC regime, whereas no intragrain
defects were observed in films of the direct growth regime. It was shown
that intragrain defects in poly-Si, fabricated by high-temperature epitaxy on
poly-Si seed layers (obtained by aluminum induced crystallization) are highly
electrically active and act as recombination centers [158]. To explain the RTA
behavior, it would implement that the H treatment does not preferentially
passivate dislocations within the grain compared to grain boundaries [159]
unless RTA is applied. This however is in contradiction to the results on
defect passivation of Si dangling bonds (without RTA, Fig. 6.9 and 6.13),
stating that defect passivation is slightly less efficient for the direct growth
regime and not for the SPC regime.

To summarize:

o By changing the deposition temperature it is possible to tune the mate-
rial properties of the poly-Si films using electron beam evaporation: A
minimum in Si dangling bond concentration is observed for T, = 300°C,
which corresponds to the minimum in FWHM of the crystalline TO-LO
Si phonon peak, observed by Raman and coincides with the regime of

largest grains and highest Voo values after RTA and HP.

o The Si dangling bond concentration can be strongly reduced by HP.
Samples of the SPC regime show a non-passivated to initial dangling
bond ratio close to 1/10. The dangling bond density, observed after
HP, therefore depends strongly on the initial concentration. For Ty, =
300°C, the dangling bond concentration is lowered from 2.0 - 10" cm™
to 2.5-10'% cm™ by HP.

o High open circuit voltages rely on good material properties, which are
not necessarily manifested solely in grain size: Without an RTA treat-
ment, the direct-growth regime with small grains gives equally high or
even higher Vpe values than the large grained material from the SPC
regime. RTA affects primarily samples of the SPC regime. Possible
reasons include a larger amount of intragrain defects, observed in SPC

material or a suggested lower dopant activation.

o After RTA and HP, open circuit voltages of 427 +£5 mV have been ob-
tained. Note that the fabrication of those samples has yet not been
optimized in terms of thickness, doping and contacting. In addition no

light trapping has been applied. Therefore further improvements can be
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expected. The results have provided valuable insights into processing

and post-deposition treatments of high quality poly-Si.
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7 Discussion of Electronic Solar

Cell Performance

Poly-Si exhibits a large number of defects, mainly located at grain bound-
aries. The presence of defects leads to recombination and affects the device
performance. The aim of the hydrogen plasma treatment is to passivate those
defects. Because HP is investigated in terms of its effect on the solar cell device
performance (open-circuit voltage Vo), a link will be established between de-
fect recombination and minority carrier diffusion length L.¢; on the one hand
and device performance (i.e. Vp¢) on the other hand. CVD grown poly-Si
solar cells, investigated in this thesis, will be described within a two-diode
model. A correlation between L.;; and Vo can be given, following the model
of Taretto et al. [160]. Without loss of generality a p-type absorber will be

considered with holes as majority and electrons as minority carriers.

Modeling of Poly-Si Solar Cells by a Two Diode Model and an Effective
Diffusion Length To further analyze the Suns-Voc data, obtained in this the-
sis, we want to apply the two-diode model, as described by Taretto et al. [160].
It will be applied to CVD-grown solar cells, investigated in this thesis. They
exhibit approximately an identical structure and the same material properties
because they were all obtained from the same production cycle. Nevertheless,
the electronic properties are different because the hydrogen treatment was per-
formed with different parameters (e.g. different durations and temperatures).

The structure of the samples is described in Sec. 3.1.1 and consists of a
highly n-type doped emitter and a p-type doped absorber. The current-voltage
characteristic of a one-sided abrupt junction under illumination in the two-

diode model is given by [141]:

V V
J=Jn (exp (n V) - 1> + Jo2 <exp (ngV) - 1> + Jsco (7.1)
1Vi t

where Jy1, Jy2 are the saturation current densities, ny = 1, ny = 2 the so

called ideality factors, V, = % the thermal voltage (with Boltzmann constant
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7 Discussion of Electronic Solar Cell Performance

k and elementary charge ¢). The photocurrent density under illumination .J,,
is given by J,, = —Jsc. Shunt and series resistance are neglected (justification
will be given later).

The current contributions J; = Jy; (exp (ﬁ) — 1), Joy = Joo (exp (ﬁ) — 1)
model defect recombination in the bulk and space-charge region (SCR), respec-
tively. The saturation current densities Jy, Joo can be expressed in terms of

diffusion length and other material related parameters [141, 160]:

gD,n? 1
Jo1 = t— 7.2
01 N, L. (7.2)
D, nV, 1
Jop = TDmVi L 73

Here ¢ is the elementary charge, n; the intrinsic carrier concentration, D,
the bulk diffusion constant of electrons, N4 the doping concentration in the
absorber, Vj,; the build-in voltage, € the dielectric constant of the semiconductor
and L, the bulk diffusion length of the electrons. With Eq. 7.2 and 7.3, the
ideal current-voltage characteristic (Eq. 7.1) depends only on D,,, Na, Vi,
Jsc and L,. To derive the equations of the two diode model, the following

assumptions have been made:

1. abrupt depletion-layer approximation: the SCR is confined within abrupt

boundaries

2. the Boltzmann relationships are valid (which is the case for non-degenerate

semiconductors)

3. low-level injection: the concentration of minority carriers injected in the
quasi-neutral region is low compared to the majority carrier concentra-

tion

4. current flow in the quasi-neutral regions is due to diffusion (no electric

field, and therefore, no drift contribution is assumed in the absorber)
5. the quasi-neutral regions of the diode are considered infinitely long

6. solution only in one dimension: recombination at extended defects (like

grain-boundaries) is not considered

Assumptions (5) and (6) are definitely not fulfilled in poly-Si thin film solar
cells. Therefore, to account for limited absorber thickness and grain-boundary

recombination, the bulk diffusion length L,, must be substituted by an effective
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Figure 7.1: Effective diffusion length L.f;, computed as a function of open-circuit
voltage Voc for different doping levels N4 (solid lines, Js¢ = 10mA/cm?, Vi =
650mV), different Jg¢o (dashed line) and different V3; (dotted line).

diffusion length L.;s. The effective diffusion length must model the following
types of recombination mechanism: recombination of carriers in the quasi-
neutral regions, recombination at the grain-boundary and in the SCR and
recombination at the front and rear side. The individual contributions to Ly
have been assessed for example in Ref. [3, 160]. If grain-boundary recombina-
tion is the limiting mechanism, the diffusion length L.s¢ can be approximated
by [161]:

Dyyg
250,

Lgry = (7.4)

which includes the grain size g and the grain boundary recombination velocity
o (in units of cm/s).

Under open circuit conditions (e.g. J =0,V = Voo > V;) Eq. 7.1 becomes:

Vi Ve
_JSC ~ J01 exXp (‘20> + J02 €xXp <20V€> (75)

Substituting Joi, Joo with Eq. 7.2 and 7.3 and L, with L.¢¢, the equation
can be solved for either Voo or L.ss (see Ref. [160]) and gives a unique
relationship between both quantities if D,,, Na, Vi, Jsco are specified. This
relationship is displayed in Fig. 7.1. Here the effective diffusion length L.s; is

computed as a function of V¢ for different doping levels N4 (solid lines, with
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7 Discussion of Electronic Solar Cell Performance

Jsc¢ = 10mA /em?, Vi; = 650mV), different Jso (dashed line) and different
Vi (dotted line). The bulk diffusion constant of electrons has been set to
D,, = 20cm?s™!, which is a reasonable assumption for defect concentrations
up to 107em™3 [162]. If the diffusion constant is lower, this would result in an
overestimation of L.y (not shown in Fig. 7.1).

Fig. 7.1 also visualizes the impact of the parameters Ny, Jsc and Vj; on the
effective diffusion length L.sf (Voc). The largest effect on L.y (Voe) is seen
for different doping levels N4. The influence of the short circuit current Jg¢ is
not that pronounced, while the effect of different built-in voltages V;; can be
neglected. In the following Vj; is fixed to 650 mV. A change by £200 mV will
not affect the results.

The two different slopes of L.s¢ in Fig. 7.1 are controlled by the dominating
current contributions of either .J, (lower Vo) and J; (higher Vi), as indicated
by the corresponding ideality factors ny = 2 and n; = 1, respectively. Higher
Le¢s result in higher Voo values and vice versa. Therefore Ve represents
an assessment to the electronic quality of the solar cell structure. Defects,
lowering the minority carrier lifetime and therefore the diffusion length, will
directly lead to a deterioration of Vpec.. This makes Voo a very sensitive and

valuable quantity for characterization.

Application of the Model As motivated in the beginning, the investigated
samples exhibit approximately identical structure and material properties.
Nevertheless, the electronic properties will be different because the hydrogen
treatment was performed with different parameters (as presented in Chap. 5).
Therefore defect concentration will vary and so will also Ve and the effective
diffusion length L.y.

Suns-Voc measurements provide not only open circuit voltages but also
pseudo-1V curves. From there, different device parameters like the pseudo-
fillfactor (pF'F') and the saturation current density ratios Jo;/Jsc and Joo/Jsc
can be obtained either directly from the pseudo-IV curve (in case of pF'F) or
by fitting the data (in case of Jyi2). Another convenient feature of Suns-
Voc is that the measurement is conducted under open circuit conditions and
the measurement reproduces the IV curve without the influence of the series
resistance. Therefore the series resistance can be neglected.

In Fig. 7.2 , we analyze the obtained fillfactors pF'F' as a function of Vpe.
The solid symbols correspond to samples after different hydrogen treatments.

The samples were treated for different temperatures T p and durations ,uzequ
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Figure 7.2: Fillfactor as a function of Vpe. Open data points are taken from Ref.
[160], solid data point are taken from Suns-Voc measurements of PE-CVD-grown
solar cell structures (this work). The solid lines model the fillfactor for different
doping concentrations Ny via Lerr(Voc) (with Jso = 10 mA /cm?, Vi; = 650 mV).
For Ny = 10'6 cm™3 besides Rg = 0 Qcm ™2 also a series resistance of Rg = 2, 4 and
6 Qcm~2 is considered (dotted lines). The dashed lines are calculated, considering
only either Jyp; or Joz (with an ideality factor of n; = 1 or ng = 2, respectively).

and thus exhibit different Voo values and IV characteristics (here pF'F'). The
fillfactors are obtained from pseudo-IV curves of the Suns-Voc data. The solid
lines respond to simulations, where the fillfactor is obtained as follows. In a
first step L.y is calculated as a function of Voo with given parameters Ny,
Jsc = 10mA /em? (relationship of Fig. 7.1). In a next step the corresponding
saturation current densities Jy; and Jy are calculated from L.y via Eq. 7.2
and 7.3, respectively. Finally the fillfactor is evaluated numerically from the
simulated IV curves (Eq. 7.1).

The solid lines in Fig. 7.2 are computed for three different doping concen-
trations of Ny = 10, 10'% and 10'® cm™3. For the doping concentration of
Ny = 10 ¢cm~3 besides Rg = 0Qcm ™2 also a series resistance of Rg = 2, 4
and 6 Qcm™? is considered (dotted lines).

The dashed lines are calculated, considering only either Jy; or Jyp (with
an ideality factor of ny = 1 or ny = 2, respectively). As seen, the dashed
lines confine the solid data points and represent upper (n; = 1) and lower
limit (ny = 2). The open data point in Fig. 7.2 are taken from Ref. [160]
for comparison and consist of poly-Si samples (circles) and pc-Si (triangles).

Here the fillfactors were extracted from measured one-sun IV curves, which
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essentially include the series resistance. Due to series resistance, the fillfactors
are reduced, as also illustrated by the simulated dotted curves. The data points

scatter significantly and are not confined between the dashed lines.

For Vo values after HP higher than 380 mV, the solid data points of the pas-
sivated samples lie all very close along the simulated curve for Rg = 0 Qcm 2
and Ny = 10" cm™3. This means that the samples can be modeled with the
presented model, using at least very similar material parameters (i.e. D,,, Ny)
for differently treated samples. A hydrogen treatment mainly improves the
effective diffusion length L.;s in the samples. The dependence of L.s¢ on Voo
for Ny = 10'® cm™3 was given in Fig. 7.1. The effective doping level of the
samples (10" ¢cm™3) is lower than the intended doping level (~ 106 cm™3).
This could be due to either low doping activation or partially depleted grains
which are caused by SCR, formed at grain boundaries [163].

Samples with Voo < 400 mV are limited by SRH recombination in the SCR
and are dominated by a non-ideal n = 2 behavior. Essentially in this range the
solar cells need to be described with the two diode model and strong deviations
from an ideal n = 1 behavior are observed. For Voo > 420mV the electronic
properties are enhanced and the samples can be increasingly modeled by an

ideality factor of n = 1.

The IV characteristics are best described by N4 = 10* ecm™ and an im-
provement of L.y by passivation. For high Voo values of > 450 mV and a
doping level of Ny > 10'® cm™ the model requires high effective diffusion
lengths (Fig. 7.1) that are larger than the film thickness (1.5 pm). This im-
plicates that the diffusion length will not only be limited by grain-boundary
diffusion (Eq. 7.4) but possibly will also be controlled by recombination at the
front and back surface. If recombination at the interfaces is high, the effective
diffusion length cannot become larger than the film thickness. On the other
hand, if recombination at the interfaces is low, the effective diffusion length can
even become larger than it would be in the bulk. This effect can for example
be observed in poor cells, where V¢ increases as the film thickness is reduced.
The treatment of this effect can be studied for example in Ref. [164, 160].
To achieve high open circuit voltages, high bulk diffusion lengths are required

together with low recombination velocities at the front and back surface.

The curve was modeled with a constant short-circuit current Jgo. Yet the
hydrogen plasma treatment is expected to also improve the short-circuit cur-
rent by improving the effective diffusion length L.s; and hence the charge

carrier collection efficiency [8]. For low Voo values Jge should be lower than
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Figure 7.3: Fillfactor as a function of Voo for different shunt resistances Rgpyn: at
a doping concentration N4 = 106 cm.

for higher Voo values. The simulated L.s¢-Voc curves in Fig. 7.1 show that
if Js¢ is overestimated (in case of lower Vo), it results in slightly underesti-
mated diffusion lengths L.s¢. Hence for lower voltages the simulated curves
for the fillfactor in Fig. 7.2 would shift slightly to the left.

Until now, the shunt resistance Rgpu.: Was neglected. Fig. 7.3 shows the
simulated fillfactor as a function of V¢ for different shunt resistances Rgnunt
at a doping concentration N4 = 106 cm™3. Small shunts (with large Rspunt >
10* Qem™2) do not lead to any degradation of the I-V characteristic and the
fillfactor and can be neglected. Only shunts with Rgpun: < 102 Qem™2 can
lower the fillfactor significantly. As can be observed also from the solid data
points in Fig. 7.2, the investigated samples did not exhibit any significant

shunts.

It can be concluded that the measured IV characteristics of the samples
can be described within a two diode model and an effective diffusion length
Lesr. Within the model, other parameters than L.f; are not substantially
modified by a hydrogen treatment. If the hydrogen treatment improves the
Voc, it is by means of increasing the effective diffusion length Lcss. Legy is
again directly linked to the lifetime 7. and to the effective recombination rate
which depends on the defect concentration of the solar cell device. To achieve
open circuit values larger than 450 mV, the effective diffusion length L.s; needs

to become larger than the film thickness (1.5 pm). Low recombination at the

109



7 Discussion of Electronic Solar Cell Performance

interfaces becomes more and more important.

To summarize:

o A two-diode model was applied, which establishes a link between the

110

open-circuit voltage Vpoc and an effective diffusion length L.ss. The
[-V characteristic of samples that have received different hydrogen treat-
ments can be modeled with similar material parameters, where L.sy is
the only variable. A hydrogen treatment improves the Voo by means of

the effective diffusion length L.;; of the samples.

Voc represents an assessment to the electronic quality of the solar cell
structure. Defects, lowering the minority carrier lifetime and therefore

the diffusion length, will directly lead to a deterioration of Vp¢.

To achieve open circuit values larger than 450 mV, the effective diffusion
length L. s needs to become larger than the film thickness (1.5 pm). The
modeling shows that low recombination at the interfaces becomes more

and more important. Better material properties are needed.



8 Discussion

The experimental chapters have emphasized different topics of hydrogen pas-

sivation of poly-Si thin film solar cells:

o Chapter 4 has laid a focus on the role of plasma parameters like hydrogen
pressure, electrode gap and plasma power. Simulations of the plasma
reactor were carried out to establish a better understanding of the impact
of these parameters on physically relevant quantities like H flux and

density in the plasma and ion bombardment energy.

o Chapter 5 addressed the dynamics of the hydrogen treatment, i.e. the
time and temperature dependence of the passivation process within the

temperature range of 350 - 650°C.

o Chapter 6 investigated the interaction of passivation and material prop-
erties. Solar cells based on poly-Si absorbers, deposited by electron beam
evaporation (EBE) are fabricated. The material properties of PE-CVD
and EBE grown films were varied by different RTA treatments or by

tuning the deposition temperature, respectively.

o The quality of the passivation process was characterized by open-circuit
voltage measurements. A detailed discussion in Chapter 7 regarding de-
fect passivation, material quality (L.ss) and solar cell performance (Voc)
validates this approach. Vpo represents an assessment to the electronic
quality of the solar cell structure. Defects, lowering the minority carrier
lifetime and therefore the diffusion length L.;s, will directly lead to a

deterioration of Vpq..

In the following, the presented results shall be briefly discussed in a mutual

context.

Plasma Variations Plasma parameter variations of hydrogen pressure and
electrode gap have led to optimized process conditions. Simulations of the

plasma revealed that the optimum conditions do not correspond to a higher
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8 Discussion

but rather to a lower atomic H flux together with a minimum in the ion
bombardment energy. The hydrogen passivation does not benefit from a higher
atomic H flux. This is also supported by experiments with higher plasma
powers which should lead to a higher H density in the plasma but which did
not lead to any noticeable improvements in Vpo. A kinetic model was proposed
that explains how passivation can be dominated by H diffusion rather than
by the atomic H flux towards the surface. However, the equilibrium state
of H diffusion will be controlled by thermodynamic equilibrium and the H
concentration in the films will depend on the H chemical potential pug. The H
chemical potential pp is in analogy to the Fermi level for electrons and controls
the occupation of the density of states for H in the Si films. In thermodynamic
equilibrium the H chemical potential iy will approach the value of the chemical

potential (g piasma in the plasma, which is given by [55]

HH plasma = kT In (CHVQ) . (81)

Here cp is the density of atomic H in the plasma and Vj; the quantum volume
of H (Vg &~ 107** cm? at room temperature).

Higher concentrations cg of H in the plasma should lead to a higher chemical
potential uy and a higher density of H in the films. Higher concentrations cy
have not led to better Vo results. It can be stated that Voo after hydrogen
passivation remains unaffected by a higher chemical potential pig.

This is also supported by the plasma power experiments and the temperature
dependence of the V¢ after passivation. Since the product cyVg in Eq. 8.1 is
smaller than unity, the chemical potential pg piasma should increase for lower
temperatures. However, higher temperatures have led to better passivation

results.

Passivation Dynamic Investigations concerning the dynamics revealed that
for Typ < 450°C the passivation process is governed by an activated behavior.
If a maximization of Voo can be attributed to the complete H penetration of
the Si films, the behavior can be attributed to H diffusion. Higher temperatures
lead to a faster H diffusion and a faster passivation. The activation energy and
diffusion prefactor were experimentally determined to be E4 = 1.7£0.2 eV and
Dy ~ 18 cm?/s, respectively. This is in agreement with values for H diffusion
from the literature (Fig. 5.9 on page 70) which exhibit a Meyer-Neldel behavior.
The corrected activation energy E,4 for H diffusion D = D,iuro - exp (—%)
is calculated to be between 1.2 and 1.0 €V (for Typ = 350 — 450°C). In the
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equilibrium model and also in the trapping model, E4 would correspond to
the energy gap E4 = Ey — pug between the migration barrier Ey; for H and
the chemical potential py.

For temperatures Typ > 450°C the saturation time t,uturation remains con-
stant within the error range. Vp¢ is usually maximized after 10 min and no
activated behavior can be observed. If the diffusion coefficient D remains con-
stant, in the diffusion models this would mean that the energy gap between
Ey and pg must become larger and that the position of the chemical potential
is decreased for Typ > 450°C with increasing temperature. This would be in
agreement with the discussion of Eq. 8.1 and has also been witnessed and

discussed in the literature [55].

Passivation Temperature In terms of Ve, an optimum treatment temper-
ature around 550°C was identified for the poly-Si samples, grown by PE-CVD
(Fig. 5.4). The hydrogen treatment at rather high temperatures is well suited
for passivation of poly-Si solar cell structures.

The passivation of the main defects in poly-Si, namely dangling bonds, can

be described by the reaction
H + Sipg = SiH (8.2)

where mobile H is transferred to a Si dangling bond site (Sipg) and passivates
the dangling bond (SiH). In parallel also new defects are generated, e.g. hy-
drogen breaking weak Si-Si bonds and Si-H bonds. The breaking of Si-H bonds
is described by the reverse reaction of Eq. 8.2.

As already argued, the passivation of pre-existing dangling bonds should
saturate with time and thermodynamic equilibrium should be reached. The
defect passivation rate is exactly compensated by the rate of defect generation
and in average no additional defects are created or annihilated.

Thermodynamic equilibrium is described by a minimum of the Gibbs free
energy. The equilibrium state for reaction 8.2 is described by the law of mass

action
NDB,1/NDB,0 = exp (— (EDB - ,UH) /kT) (8-3>

where Epp is the hydrogen binding energy of a dangling bond and Npgo and
Npg,1 denote the density of unpassivated and passivated dangling bonds, re-
spectively. The total density of pre-existing dangling bonds Npg = Npggo +

Npg1 is preserved. The ratio of passivated to non-passivated pre-existing
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dangling bonds should increase for lower temperatures and larger H concen-
trations (higher H chemical potential py). The results on Voo do however not
reproduce this dependency. This suggests that the dynamic of the hydrogen
passivation treatment in terms of V¢ is not only governed by thermodynamic
equilibration of pre-existing dangling bonds. As discussed in Chapter 7, Voo
can be related to the lifetime and diffusion length of the charge carriers. It
therefore represents a macroscopic electronic quantity that is sensitive to elec-

trically active defects.

It was also observed that prolonged hydrogenation (> 30 min) can lead to a
degradation of V¢ after initially reaching a maximum value after 3 to 10 min.
This behavior is only weakly pronounced within the temperature range of
500°C to 600°C, but more strongly pronounced for Typ = 450°C and 650°C
(Fig. 5.10). The analysis suggests a temperature dependent secondary defect

generation.

Possible hydrogen mediated defect generation includes the breaking of weak
Si-Si bonds, the formation of diatomic Hj complexes [151], the formation of H
platelets [83, 84] and the passivation of dopants [69, 70, 71]. The breaking of

weak Si-Si bonds includes the following reactions:

H + (SiSi),... = (SiH + Sipp) (8.4)

weak

H + (SiH+Sipp), o = (SiH + SiH) (8.5)

weak

The correlation energy between the single occupied (SiH + Sipg),.,. and the
double occupied state (SiH + SiH)_,, is negative [150]. Therefore the equilib-
rium of reaction 8.5 will be shifted to the right hand side (SiH + SiH)_,, and
the majority of the broken weak Si bonds will not contribute to the generation
of dangling bonds [150]. The occupation of the single and double occupied
states depend on the energetic levels with respect to the chemical potential
i, the correlation energy of the defect and the temperature [150]. Breaking
of weak Si bonds and formation of H3 complexes and platelets will alter the H

density of states, revealing the complexity of H passivation [165].

Also the passivation of dopants or plasma related defect generation could
lead to a temperature dependant degradation of V. The simulations of the
plasma suggest that optimum plasma conditions could correspond to electrode
gaps where the electric field and therefore the ion bombardment energy has
a minimum. However, it is not yet fully understood what the degradation

mechanism would be in this case. Investigations concerning temperature and
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time dependence support a detrimental influence of the H treatment.

It can be concluded that Ve does not depend significantly on the position
of py. The passivation process is not only controlled by thermodynamic equi-
librium but temperature dependant defect generation and degradation of Voo
should play a role. The results on Ve do not reveal the microscopic mecha-
nism. Best results in terms of Vo were achieved for Ty p = 550 —600°C with a
weakly pronounced optimum at Typ = 550°C. Within this temperature range

the observed decrease in V¢ for long passivation times is minimal.

Material Dependence Hydrogen passivation was also investigated in terms
of its interplay with different material properties. The material properties were
varied by different RTA treatments and using different poly-Si films, deposited
by electron beam evaporation. The Si dangling bond concentration can be
strongly reduced by HP. Samples of the SPC regime show a non-passivated to
initial dangling bond ratio close to 1/10. The dangling bond density, observed
after HP, therefore depends on the initial defect concentration. The equilib-
rium state for reaction 8.2 is described by Eq. 8.3. If only reaction 8.2 and
a single defect level is considered (i.e. no dangling bond contributions from

broken weak Si bonds), the density of unpassivated dangling bonds is given by

NDB,O = NDB/ (1 + exXp (— (EDB — ,U,H) //{ZT)) (86)

It depends on the energy level of the H chemical potential uy with respect
to hydrogen binding energy Fpg and on the density of pre-existing dangling
bonds Npg. If the energy levels and the temperature are kept constant, the
density of unpassivated dangling bonds depends only on the initial density of
pre-existing bonds. In this simple model it can therefore be expected that the
dangling bond concentration after hydrogen passivation is proportional to the
dangling bond concentration before hydrogen passivation.

For Ty, = 300°C, the dangling bond concentration is lowered from 2.0 -
10*7 em™ to 2.5 - 1016 cm™ after hydrogen passivation. Carnel et al. reported
a decrease in dangling bond concentration of directly grown fine-grained poly-
Si by PE-CVD from 7 - 10'7 ecm™ to 1.1 - 10" cm™ after 60 min of hydrogen
passivation at 385°C [25]. Nickel et al. lowered the defect density of directly
PE-CVD grown poly-Si from 1.8 - 10! cm™ to 9.6 - 10'6 cm™ after hydrogen
passivation of several hours at 355°C [16]. This concentration could be reduced
further to 2.2 - 10'® cm™ with an additional anneal at 160°C for 15 hours,

creating a illumination sensitive metastable state [58].
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8 Discussion

It can be stated that hydrogen passivation as presented in this work is well
suited to passivate Si dangling bonds during a very short treatment of 10 min.
Nevertheless, it also depends on the initial dangling bond concentration, as
shown for electron beam evaporated poly-Si after SPC. A minimum in Si
dangling bond concentration is observed for Ty, = 300°C before and after
passivation, which corresponds to the minimum in FWHM of the crystalline
TO-LO Si phonon peak, observed by Raman and coincides with the regime of
largest grains and highest Vo values after RTA and hydrogen passivation.

It could also be shown that high open circuit voltages rely on good material
properties, which are not necessarily manifested solely in grain size. Without
an RTA treatment, the direct-growth regime with small grains gives equally
high or even higher Vo values than the large grained material from the SPC
regime. RTA affects primarily samples of the SPC regime. Possible reasons
include a significant larger amount of intragrain defects, as observed in SPC
material by Secco defect etching or a suggested lower dopant activation. In-

vestigations concerning dopant activation are on-going.

After RTA and HP, open circuit voltages of 427+ 5 mV have been obtained.
Note that the fabrication of those samples has yet not been optimized in terms
of thickness, doping and contacting. In addition no light trapping has been
applied. Therefore further improvements can be expected. The results have
provided valuable insights into processing and post-deposition treatments of
high quality poly-Si solar cells.

In chapter 7 it was shown that the measured I'V characteristics of the samples
can be described within a two diode model and an effective diffusion length
Lesr. Within the model, other parameters than L.f; are not substantially
modified by a hydrogen treatment. If the hydrogen treatment improves the
Voc, it is by means of increasing the effective diffusion length Less. Legy is
again directly linked to the lifetime 7.;; and to the effective recombination
rate which depends on the defect concentration of the solar cell device. To
achieve open circuit voltages larger than 450 mV, the effective diffusion length
L.s; needs to become larger than the film thickness (1.5 pm). Hence low

recombination at the interfaces becomes more and more important.

Outlook The temperature dependence of defect passivation has only been in-
vestigated indirectly by Voo measurements. The time dependent observations
suggest that simultaneously with defect passivation, new defects are gener-

ated. The Vpe does not saturate with time but first reaches a maximum and
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subsequently starts to degrade with prolonged HP. The degree of degradation
seems to be temperature dependent, is minimal at T p = 550°C and coincides
with the observed optimum HP temperature. The microscopic mechanism of
the defect generation is unknown and should be investigated. Dangling bond
measurements could be done, investigating the time and temperature depen-
dence of the hydrogen treatment. In addition also H effusion experiments
should be performed, permitting to deduce the H density-of-states [166]. The
experiments could reveal, to what extend H mediated defect generation and
passivation affect the electronic properties of the solar cell devices.

Comparison of experiments and simulation in chapter 4 hint that the ion
energy could play a role and should be minimized. Precise characterization
of the plasma should be carried out to compare the plasma simulations with
the experimental results and confirm the previous statement. To reduce ion
energy, for example softer plasma conditions could be applied. Preliminary
experiments at higher pressures of 4 mbar and 10 mbar led in our case to
small further improvements. The best average Vpc was obtained at 4 mbar
with 475 £ 3 mV (in comparison to preceding 463 & 5mV).

Device modeling has shown that high open circuit voltages larger than
450 mV demand an effective diffusion length L.s¢ larger than the film thick-
ness. Recombination at the interfaces becomes more and more the limiting
factor and good interface properties with low recombination velocities are re-
quired. For the rear side the influence of doping profile and thickness of the
back surface field (BSF) layer could be investigated and the BSF layer should
be optimized. Lower recombination velocities could also be obtained by a-
Si:H/c-Si heterojunctions, as already applied in Si wafer based cell concepts.
The bulk properties of poly-Si should also be improved. The experiments on
material properties of electron beam evaporated Si have shown three desired
requisites: (i) large grains, (ii) good grain boundary properties and (iii) low
density of intragrain defects. Methods that bear the potential to achieve high
quality, large-grained poly-Si films include for example laser crystallization
(LC) [29] and electron-beam crystallization [167]. Once the material proper-
ties have been improved and interface recombination has been lowered, the
poly-Si thin film solar cells should be more sensitive to variations in hydrogen
passivation and further investigations, including for example softer passivation

conditions, should be carried out.
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9 Conclusion

A parallel plate rf plasma setup was used for the hydrogen passivation of poly-
Si thin film solar cells. The reactor features a remote heating stage, capable
of high temperatures up to 650°C. PECVD-grown test structures were used to
investigate the role of plasma parameters like hydrogen pressure, electrode gap
and power by open circuit voltage measurements. The plasma was character-
ized by measurements of breakdown voltage V,,., and power P, necessary to

ignite the plasma.

The dependence of the minimum in breakdown voltage Vj,.. on pressure p
and electrode gap d was different to Paschen’s law. With higher pressures,
the value p - d, corresponding to the minimum of the Paschen curve, shifted
towards higher values. For each pressure, the best Voo values were always
obtained at the point of p - d that corresponded to the minimum in Vj,.
It is remarkable that the optimum plasma conditions for the passivation of
the poly-Si layers can be found by simple and fast voltage measurements at
the RF electrode. The plasma reactor was simulated using a computational
fluid dynamics code. The results indicate that optimum plasma conditions,
characterized by a minimum in V., correspond to a minimum in ion energy.
On the other hand, Vo does not benefit from a higher H flux and therefore a
higher chemical potential 1.

CVD-grown solar cell test structures were also used to explore the dynam-
ics of the hydrogen treatment, i.e. the time and temperature dependence. A
plasma treatment in the lower temperature range (< 400°C) is slow and takes
several hours for the Vo to saturate. Therefore this regime is irrelevant in in-
dustrial processes, requiring high throughput. Hydrogen passivation at rather
high temperatures above 400°C seems to be well suited for defect passivation
of poly-Si solar cell structures. Best results in terms of Vo were achieved with
a treatment at high temperatures (> 500°C) with a weakly pronounced opti-
mum at Typ = 550°C. A short plateau time of 10 min and fast cool down steps
make an industrial application feasible. Prolonged hydrogenation leads to a

degradation in Vpe. The loss in Ve is less pronounced within the observed
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9 Conclusion

optimum temperature range (500°C — 600°C).

Electron beam evaporation (EBE) has been investigated as an alterna-
tive method to fabricate poly-Si absorbers, featuring high deposition rates
of around 1pm/min and a high cost reduction potential compared to CVD.
The material properties of these layers can be tuned by alteration of substrate
temperature during EBE and have been investigated in the temperature range
of Tyep, = 200 — 700°C. Raman and ESR have proven to be valuable charac-
terization tools. The extracted FWHM of the c-Si Raman peak (520 cm™1)
correlated well with the Si dangling bond concentration, measured by ESR,
and with average grain size. Largest grains were obtained after solid phase
crystallization (SPC) of a-Si, deposited in the temperature range of 300°C.
By HP, the Si dangling bond concentration is lowered by about one order of
magnitude. The lowest dangling bond concentration of 2.5 - 106 ¢cm=3 was
found for Ty, = 300°C after HP (before HP: 2 - 10'7 ¢cm™?).

A correlation between grain size and Vo could be observed only with an
additional RTA treatment. Without RTA, samples with small grains (g, >
400°C) exhibited equally high or even higher Voo values than large grained
samples (T, < 400°C). However, after an additional RTA treatment highest
Voe values were obtained for large grained material. The difference is sug-
gested to be caused by intragrain defects, which are present in large grained
samples. If present, apparently a larger improvement can be observed after
RTA. Hydrogen passivation of EBE-grown films results in a large improvement
in Voo by +240 mV and +260 mV for non-RTA and RTA treated samples,
respectively. The shape of the deposition temperature dependence of Vo re-
mains nearly unchanged. It appears that neither intragrain defects nor grain
boundaries are passivated preferentially, resulting in similar improvements af-
ter passivation. Mini-modules recently prepared by EBE yield equivalent good
results than the corresponding PECVD grown devices.

Hydrogen passivation of poly-Si films can be successfully achieved with a
parallel plate rf H plasma treatment at elevated temperatures around 500°C
to 600°C. Yet it seems that treatment induced defect generation causes degra-
dation and should be minimized. In the future, further advances could be
made going to softer passivation conditions, either at higher pressures or using
a quasi-remote plasma setup. Also careful matching of RTA together with
material properties and HP promises further improvements and should make

poly-Si competitive with other thin film technologies.
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Nomenclature

Symbols

E.  activation energy

E4  corrected activation energy
n efficiency

[H plasma H chemical potential in the plasma

HH

Tx

H chemical potential

excess carrier lifetime, x = (eff, rad, Auger, defect)
dielectric constant of a semiconductor

electrode gap

diffusion constant for electrons

energy level of deep traps for H

energy level of hydrogen at a BC site

migration barrier for interstital hydrogen diffusion
energy level of deep traps for charge carriers
maximum electric field in the SCR

fillfactor

grain size

H=%% charge state of hydrogen

Jo1,02 saturation current densities

Ji

dark current density (i = 1, 2)
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Nomenclature

Py,

pFF

*
grb

*
grb

photocurrent density

short circuit current density

Boltzmann constant

effective diffusion length

grain-boundary dominated diffusion length

trap density of deep traps for H

ideality factors

acceptor concentration

defect density

intrinsic carrier concentration

pressure

plasma breakdown power

pseudo-fillfactor obtained from SunsVoc measurements
elementary charge

grain boundary charge density (C/cm?)

surface recombination rate at the grain boundary (cm2st)
series resistance

shunt resistance

recombination rate, x = (eff, rad, Auger, defect)
surface recombination velocity at the grain boundary (cm/s)
tetrahedral interstitial site

transformation temperature

deposition temperature

plateau temperature during hydrogen passivation



Trra plateau temperature during RTA
Vi built-in voltage

Ve plasma breakdown voltage

Voc  open-circuit voltage

V, thermal voltage ( ]“”TT)
w thickness of solar cell

)

w width of depletion zone (w <

N[

Abbreviations

ne-Si microcrystalline silicon

a-Si  amorphous silicon

a-3i:H hydrogenated amorphous silicon
AIC aluminum induced crystallization
BC  bond center

BSF  back surface field

c-Si  monocrystalline silicon

CVD chemical vapor deposition

db dangling bond

DOS density of states

EBE electron beam evaporation

ESR electron spin resonance

FWHM full width half maximum

HP  hydrogen passivation

v current-voltage

mc-Si multicrystalline Si

Nomenclature
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Nomenclature

PECVD plasma-enhanced chemical-vapor deposition
poly-Si polycrystalline Si

PV photovoltaics

PVD physical vapor deposition

rf radio frequency

RTA rapid thermal annealing

SCR  space-charge region

SEM scanning electron microscopy
SIMS secondary ion mass spectrometry
SiN:H hydrogenated silicon nitride
SPC solid phase crystallization

SRH Shockley-Read-Hall

VWW Van Wieringen and Warmoltz
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