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Abstract A key process in thin film silicon-based solar cell manufacturing is plasma enhanced chemical
vapor deposition (PECVD) of the active layers. The deposition process can be monitored in situ by
plasma diagnostics. Three types of complementary diagnostics, namely optical emission spectroscopy, mass
spectrometry and non-linear extended electron dynamics are applied to an industrial-type PECVD reactor.
We investigated the influence of substrate and chamber wall temperature and chamber history on the
PECVD process. The impact of chamber wall conditioning on the solar cell performance is demonstrated.

1 Introduction

Plasma-enhanced chemical vapor deposition (PECVD)
of thin film silicon is a key process in various industrial
applications. Thin film silicon material is used in flat panel
displays [1], as passivation layers in crystalline silicon and
hetero junction solar cells [2,3], and as absorber layers in
thin film silicon-based solar cells and modules [4-7]. The
material can be deposited by means of plasma-enhanced
chemical vapor deposition (PECVD) in two different al-
lotropes: hydrogenated amorphous (a-Si:H) and micro-
crystalline (puc-Si:H) silicon. Both types of materials are
generally deposited using process gas mixtures of silane
(SiH4) and hydrogen (Hsz), but with differences in the pro-
cess conditions such as the gas flow composition, cham-
ber pressure and RF power density [4,8]. Both types are
applied in silicon-based tandem device solar cells [5, 7],
where the intrinsic (i) layer of the top cell is made from
a-Si:H, while the i-layer of the bottom cell is made from
pe-Si:H material. Another photovoltaic application is the
hetero junction solar cell, where thin layers of a-Si:H are
deposited on crystalline silicon wafers as passivation lay-
ers [2]. Doped p- and n-layers can be deposited by small
admixtures of doping gases such as B(CHgz)3 or PHj to the
SiH4/Hy process gas mixture. Moreover, the refractive in-
dex and the electronic band gap and, thus, the optical
absorption of the material can be varied by alloying of
the material with carbon and oxygen, e.g. by the admix-
ture of CH4 or CO2 to the process gas [9-13]. Due to the
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wide spread and large variety of applications of these films
the growth mechanism of thin film silicon is the topic of
ongoing research.

The plasma parameters determining the thin film
growth remain mostly unknown. Insights into the plasma
chemistry and the plasma-surface interaction, including
thin film growth can generally be obtained by means
of in situ plasma diagnostics. These diagnostics directly
reveal the plasma parameters such as gas phase com-
position, electron and ion densities, energy distributions
and temperatures. All these plasma parameters influence
the growth process directly and, thereby, the proper-
ties of the resulting thin films as well. Each property
is usually detected by a special diagnostic technique,
each with its advantages and limitations. Among the
plasma diagnostics proven to be useful for investigations of
thin film silicon growth are optical emission spectroscopy
(OES) [14-17], laser-induced fluorescence (LIF) [14, 18],
Fourier-transform infra-red spectroscopy (FTIR) [16,19],
tunable diode laser absorption spectroscopy (TDLAS) [20,
21], quadrupole mass spectrometry (QMS) [15, 22, 23],
or cavity ring down spectroscopy (CRDS) [24]. Mea-
surements of the electron density and the dynamics
of electrons in the plasma gas phase, however, remain
challenging under PECVD conditions.

An often neglected but relevant impact on the plasma
chemistry is the influence of previously deposited films
on substrate, electrode and chamber walls, which results
in released atoms and molecules into the plasma by sur-
face etching and surface association processes [25,26]. Al-
though chamber wall conditioning by the deposition of
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a defined layer prior to the actual thin film deposition
is a well-established method to prevent an unpredictable
influence of the reactor wall condition on the film qual-
ity, the actual influence of the chamber wall condition
on the plasma chemistry is an often unknown parame-
ter. Atoms, radicals and molecules are not only lost to
surfaces surrounding the active plasma zone, but are also
released from these surfaces even under deposition con-
ditions. They can have a strong impact on the plasma
chemistry. For example, in hydrogen rich a-Si:H or pc-Si:H
deposition regimes, the flow rate of SiH4 molecules and
SiH, radicals originating from recombination and etch
processes from the surfaces back into the plasma gas phase
can be a substantial fraction of the total SiHy process
gas flow into the reactor [17]. The properties and struc-
ture of a chamber wall conditioning layer influences the
deposition process, as we will show for the pc-Si:H depo-
sition process. Moreover, pre-treatments of conditioning
layers or of previously deposited layers on the substrate
itself can be beneficial for the layer quality, e.g. by Ha or
CO3 plasma treatment to improve the start of the pc-Si:H
growth process [27,28]. Additionally, plasma treatments
are used for chamber cleaning [29] or to improve the
interface properties between two different layers [30].

In this paper we present results of our research regard-
ing plasma-surface interactions during PECVD processes
used for thin film silicon deposition. We focus on three
different in situ plasma diagnostics, which can readily be
applied to an industrial-type PECVD process chamber,
namely optical emission spectroscopy (OES), residual gas
analysis/mass spectrometry (MS) and a novel technique
called non-linear enhanced electron dynamics (NEED).
The applied diagnostics deliver detailed and complemen-
tary information on the plasma chemistry. We will give
examples — measured in experiments and also during so-
lar cell production — how chamber walls and the properties
of the surface material influences plasma chemistry dur-
ing PECVD and how these changes in plasma chemistry
influence the material properties and, thus, the resulting
solar cell performance.

2 Experiment

All thin film silicon layer depositions were performed in
an Applied Materials AKT 1600A cluster tool consisting
of three PECVD process chambers connected to a central
transfer chamber (Fig. 1) [13]. Up to six glass substrates
of 30 x 30 cm? area were loaded via a load lock to a storage
chamber. These substrates were automatically transferred
by a central substrate mover from the storage via the
transfer chamber to the PECVD process chambers, where
the p-i-n/p-i-n layer structure of a-Si:H/puc-Si:H tandem
solar cells were deposited. Software, process control and
PECVD plasma conditions are very similar to those of
the larger AKT 60k cluster tools used in industry to man-
ufacture solar modules and flat panel displays of up to
220 x 260 cm? area (Gen8.5).

Within the PECVD chambers a shower head electrode
(“diffuser”) is mounted in the chamber top cover and
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Fig. 1. Scheme of the AKT 1600A PECVD cluster, plasma
diagnostics tools and the data management structure at
PVcomB.
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Fig. 2. Scheme of the process chamber with the parallel plate
PECVD reactor and the three plasma diagnostics OES, MS
and NEED.

powered by a 13.56 MHz radio frequency (RF) genera-
tor with RF powers between some 10 W and 1000 W
(Fig. 2). Process gases flow into the chamber through the
shower head electrode. The glass substrate is located on
the grounded electrode (“susceptor”), which is heated up
to typically 200 °C. All chamber walls are heated to 80 °C.
The susceptor is movable in vertical direction and allows a
variable electrode spacing from 5 to 75 mm. PECVD pro-
cesses were performed typically at pressures in the range
200—1300 Pa with total gas flows rates between some
100 sccm up to 10000 sccm. The chambers are usually
cleaned after each layer deposition using a NF3/Ar etch
plasma followed by the deposition of a thin silicon layer
(“conditioning layer”) to ensure stable and reproducible
process start conditions and reduce contamination. Amor-
phous and microcrystalline layers were deposited using
process gas mixtures of SiHy and Hs. Doping of both ma-
terials is achieved by the admixture of trimethylboron,
B(CHs)s or TMB, to the SiH,/Hs process gas mixture
(resulting in p-layers) or phosphine, PHs (resulting to
n-layers). Silicon alloys were deposited using an admixture
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Table 1. Wavelengths of line and band transitions of electronically excited atoms, radicals and molecules detected by OES
during a-Si:H/pc-Si:H deposition and Ar/NF3 plasma chamber cleaning.

Species Transition Wavelength
Si 3523p? 'D 2 —s%3p4s'P° 1 288.3 nm
SiH X?IT — A*A band 409—422 nm
H n=3-—n=2 (“Balmer H,”) 656.3 nm
H n=4—n=2 (“Balmer Hg") 486.1 nm
H, 2532;r — 3p*II,; band (“Fulcher-a”) 570—640 nm
F 2522p* (3P)3s P 3/ — 2522p* (*P)3p 2P° ¥/, 703.7 nm
Ar 35%3p* (*P)4s 2P /2 — 3523p* (®P)4p® D° ¥/, 496.5 nm

of CHy, resulting in SiC,:H films, or of COgz, resulting in < » - — ' ' '

Si0,:H films. 5 0f-SiiH depositon ]
z < st H ]
The deposition process conditions were monitored 2 Si SiH “

by means of optical emission spectroscopy (OES), mass g 15l H, H Fulcher ]

spectrometry (MS) and by an electrodynamics- and S wof S 2 ]
model-based technique called non-linear electron dynam- & s} ]
ics (NEED) (see Fig. 2). OES and MS do not depend on 9 —

any assumption about the plasma. The missing link to the = H H,

plasma physics can be provided by NEED (see Sect. 2.3), & 15t : 1

which is based on a discharge model and provides a series 2 ol Si H, Fuicher ]

resonance frequency, in first order depending on the elec- 5§

tron density in the plasma, and the RF resistivity of the i st 1

plasma, which is proportional to the quotient of collision o . ‘ ‘ ‘ L]

rate for momentum transfer and electron density. Both
parameters are provided at an absolute scale. The time
resolution of the plasma diagnostics is about 1 s, while
the data for chamber pressure, gas flow rates, RF power,
temperatures, etc. are recorded with 0.25 s time resolu-
tion. All data from plasma diagnostics and AKT process
data are stored in a central data base allowing user ac-
cess to all recorded data, including data visualization and
analysis.

2.1 Optical emission spectroscopy (OES)

One of the easiest applied in situ plasma diagnostics is
OES. Only one transparent window port is needed to mea-
sure the emission spectrum generated by excited species
in the plasma [4,17]. On the other hand, the interpreta-
tion of measured spectra is more difficult and results often
in indirect and relative properties of the plasma [15,16].
The measured intensity I, of an emission line (“peak”)
in a spectrum depends not only on the transition proba-
bility A, between the upper (') and lower () electronic
state of the transition, but also on the density of atoms or
molecules in the upper electronic state NN, :

I, ~ A,N,.

The upper state is generally populated by excitation
processes due to collisions of electrons with atoms and
molecules, which are nearly all in the electronic ground
state. Therefore, N, depends not only on the ground state
density of an atom or molecule, but also on the elec-
tron density and the electron energy distribution func-
tion (EEDF). In more complicated cases, the upper state

500 600 700

200 300 400
Wavelength (nm)

Fig. 3. Optical emission spectra measured during the deposi-
tion of amorphous (top) and microcrystalline thin film silicon
(bottom). Some prominent optical emission peaks and band
structures are labelled.

is populated additionally by other processes such as de-
excitation from even higher states or gas phase reactions
such as dissociative attachment. A full interpretation of
measured spectra can only be given by detailed collisional-
radiative models [15], which take all these reactions and
transitions into account. Such a model is beyond the scope
of this contribution.

From an experimental point of view, problems arise
from the spatial distribution of the light emission from
the plasma, which is usually higher in the plasma bulk
and lower at the surroundings, e.g. near the substrate or
electrodes (plasma sheaths). Moreover, the thickness of
the plasma sheaths depend strongly on process conditions
such as the chamber pressure. Therefore, a measured spec-
trum always depends on the optics and view direction into
the chamber, i.e. the integral over the full line of sight
through the plasma zone. We measured optical emission
spectra using a fiber optics coupled directly to a quartz
window. The same fiber window mount is installed on all
three process chambers allowing exactly the same inte-
grated views into the plasma. The light is coupled via a
fiber into a two channel AvaSpec-2048 spectrometer by
Avantes. The most important measured peaks and bands
appearing during our PECVD processes are listed in Ta-
ble 1. Example spectra during a-Si:H and pc-Si:H depo-
sition are shown in Figure 3. Figure 4 shows measured
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Fig. 4. Optical emission spectra measured during chamber
cleaning in an Ar/NF3 etch plasma. The clean/etch start is
shown on top and the end on the bottom of the figure. F line
intensities increase after the end point of the etching process.

spectra during the start and end of an Ar/NF3 plasma
etch for chamber cleaning. The intensities of emission
peaks from F atoms increase strongly after the end point
of the etching process, because F is not consumed any-
more by the etching process, which lead to the formation
of SiFy. Therefore, the F lines can be used for etch stop
detection.

2.2 Mass spectrometry (MS)

A residual gas analyzer/mass spectrometer (MKS
Vision2000c) was applied near the process chamber ex-
haust exit [13]. The position of the MS orifice is about
10 cm away from the outer edge of the RF electrode.
The RGA consists of a quadrupole mass spectrometer
and can detect masses up to 300 amu. A special orifice
system is mounted in front of the MS enabling measure-
ments at pressures up to 1333 Pa (10 Torr) during de-
position as well as during chamber cleaning (NF3 plasma
etching). We use only a range up to 90 amu to increase
the time resolution during measurements (about 0.5—3 s
depending on accuracy). Most of the characteristic finger-
prints of interesting atoms and molecules can be found
in this range. MS provides only relative densities and the
measured peaks are often ambiguous, i.e. they can origi-
nate from more than one detected species. Figure 5 shows
mass spectra measured during a-Si:H and pc-Si:H depo-
sition. Both are very similar apart from the difference in
the Hy/SiH, ratio, which originates from the process gas
ratio. In the bottom of Figure 5 a mass spectrum is shown
measured during Ar/NF3 plasma etch with characteristic
fingerprints of etch radicals (F) and molecules (NF,) and
etch products (HF, SiF,). The SiF3 signal detected during
deposition is a residue in the RGA originating from the
NF3 plasma etch, which is performed directly before each
deposition process. RGA can detect a very broad range
of stable atoms and molecules and is very useful for mea-
surements of the gas composition. A disadvantage is the
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Fig. 5. Mass spectra measured during typical a-Si:H and
puc-Si:H deposition (top and middle) and during Ar/NFs
plasma chamber clean (bottom).

impact of measurement history, e.g. a long residence of flu-
orine in the spectrometer, and the lower time resolution
compared to OES.

2.3 Non-linear extended electron dynamics (NEED)

The RF plasma properties were measured by means of
NEED, a plasma sensor provided by Plasmetrex GmbH,
which is based on self-excited electron resonance spec-
troscopy (SEERS) [31]. With this technique resonance
effects in capacitively coupled RF plasmas are detected,
which occur due to an exchange between the kinetic energy
of the electrons in the plasma bulk and the electric field
energy in the plasma sheaths. Strong non-linear current-
voltage characteristics within the sheaths (see equivalent
circuit in Fig. 6) lead to the generation of higher harmon-
ics, which can be measured in the displacement current
at the chamber wall (see measured raw data example in
Fig. 6). The sensor head can be implemented as a sim-
ple isolated metal plate at the chamber wall. Because the
RF displacement current is not influenced by any thin
film coating on the sensor head, the sensor operates under
PECVD conditions as well as during NF3 plasma chamber
cleaning without drift in time.

NEED is based on a 3D fluid model for the isothermal
plasma electrons, describing the RF current and potential
in the plasma including a non-linear model of the bound-
ary sheath, which result in two parameters. First, the nor-
malized plasma resistivity x, which is equal to veg X wgen/
w?, with the effective electron collision rate veg, the RF
generator frequency wge, and the electron plasma fre-
quency we. The latter is generally defined as w? = n, x €2/
(me X €p), with the electron density ne, the elementary

55202-p4



O. Gabriel et al.: Plasma monitoring and PECVD process control in thin film silicon-based solar cell manufacturing

| measured current (a.u.)

v Py

73 £
IR f 3
'SR R

Az | rf generator
| lpaasitc. C parasit
generator| barasitic 7P

! 1
plasma ¥

Rt e A
Eplasma : f {
: | \¥4

(electrode system, 0

C chamber etc.) 36.87 73.74
= Time (ns)

110.61 147.48

Fig. 6. Left: Scheme of the RF equivalent circuit used in the
NEED model. The plasma part is marked by a dotted line.
Right: Example of an electric current distorted by higher har-
monics measured by NEED during one 13.56 MHz RF cycle.

charge e, the electron mass m. and the vacuum permittiv-
ity €o. Therefore, x is directly proportional to veg/n.. The
second parameter is the resonance frequency fy, which
comprises the inertia effect of the chamber (mainly the in-
ductance of the movable substrate holder) and the inertia
effect of the plasma electrons, both at the RF scale, (com-
pare Fig. 6). fo is equal to (2m+/(Lp + Lc)Cs) ™! with
the plasma inductance L p, the sheath capacitance Cg and
the inductance L¢ of the chamber /substrate holder. Lp is
equal to mely (e?n.A)~! with the plasma bulk thickness
I, and the electrode area A. For our reactor geometry L,
has a value in the order of 100 nH, assuming an electron
density of 10'* m~3. The sheath capacitance C's = % is
determined by the area of the electrodes A and the total
sheath thickness s¢,;. The value for Lo depends also on
the position of the moveable susceptor. The exact value
is unknown for our reactor, but has values in the range
of 0.1-1 pH and is, therefore, in the same order or even
larger than L,. Thus, only in case of sufficient grounding
of the substrate holder also the plasma density can be pro-
vided directly, while in case of larger PECVD reactors fy
is strongly influenced by L¢. Nevertheless, x and fy are
two basic plasma properties valuable for plasma process
monitoring.

3 Results and discussion

In Sections 3.1 and 3.2 will be shown how the substrate
temperature and the substrate surface material influence
the plasma physics and chemistry. Even small changes can
be detected by sensitive in situ diagnostics. In Section 3.3
we will show how a plasma itself can be used for diag-
nostics by a technique called etch product detection in a
Hs etch plasma, and how this technique is applied to the
detection of the phase transition in a-Si:H/puc-Si:H depo-
sition. The last Section 3.4 deals with the influence of
the chamber wall condition on the material properties of
deposited doped pc-SiO,:H layers and how it affects fill
factor and open circuit voltage of a-Si:H single junction
cells.
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Fig. 7. Plasma resistivity and resonance frequency mea-
sured by NEED during 25 a-Si:H depositions at substrate
temperatures 190, 205 and 220 °C.

3.1 Influence of the substrate temperature

Figure 7 shows y and fy measured during the deposi-
tion of 25 intrinsic a-Si:H layers at substrate temperatures
between 190 °C and 220 °C, while all other process param-
eters are constant (40 W, 330 Pa). The data show strong
correlations with the substrate temperature Ty,;, which
has been varied between 190 °C and 220 °C. The sub-
strate temperature is directly influencing the gas temper-
ature of the plasma. With the gas temperature changes the
gas density and, thus, the electron collision frequency. In
this process window, x is directly proportional to 1/T sy
according to the ideal gas law. On the other hand, the
change in the gas density is changing the bulk property of
the plasma, which also leads to the change in the resonance
frequency via a change of the electron energy distribution
and finally the electron density. NEED proves to be very
sensitive: a change in the thermodynamic temperature of
only about 6% leads to a 18% change in y and a 9% change
in fo.

Here we can also validate our initial estimation of
the electron density. The collision rate v (for momentum
transfer) can be estimated to be 4 x 10 / (100 Pa s) for
both, Ar and Hy [32]. For a typical process pressure of
330 Pa, one can estimate v to be about 1.3 x 1010 g1,
With x = veg X wgen/wz = 10 as shown in Figure 7, the
electron density can be estimated to be 4 x 103 m™3.
This is a typical value for an electronegative plasma and
in agreement to the assumption in Section 2.3.

3.2 Influence of surface material

The condition of the surfaces surrounding the plasma
has a strong influence on the plasma chemistry. Molecules
and atoms are released from these surfaces, e.g. RF elec-
trode and chamber walls, back into the gas phase by sur-
face etching and by the association of ions and radicals
at the surface forming new gas phase molecules [25, 26].
These new molecules and atoms are a source in addition
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Fig. 8. Optical emission (top) and NEED (bottom) data mea-
sured during the etching of a 20 nm a-Si:H layer in a Hy plasma
(left) and of a 50 nm a-Si:H layer in an Ar/NF3 plasma (right).

to the process gas and, thereby, change the plasma chem-
istry. The impact of surfaces to the plasma chemistry can
be demonstrated in a simple experiment. A glass sub-
strate covered with a 20 nm a-Si:H layer was exposed to a
Hs plasma in a previously cleaned reactor. The OES and
NEED signals measured in this plasma are shown in the
left part of Figure 8. The H,, emission, as well as x and fj
measured by NEED are constant during the Hy plasma,
but only until the a-Si:H layer is fully etched away by the
Hy plasma after about 100 s. The etch stop is clearly vis-
ible as a step in the measured signals. The etch product
are SiH4 molecules. This etching results in a SiH4 concen-
tration in the reactor similar to a case where the SiHy flow
rate is set to 3.8 sccm, a value calculated using the etch
rate (0.2 nm/s), layer density and area. This additional
flow of SiH, into the plasma gas phase is strongly chang-
ing the plasma chemistry. The change is most pronounced
in the plasma resistivity y measured by NEED, as it will
be explained in more detail in Section 3.3.

Another example is the NF5/Ar plasma etch for cham-
ber cleaning. The right part of Figure 8 shows the F and
Ar emission (OES) and x and fp measured by NEED dur-
ing a NF3/Ar plasma etching a 50 nm a-Si:H layer. The
etch rate is much faster (1.1 nm/s) and the equivalent gas
flow rate of the etch product is 20 sccm (of SiFy in this
case). Again, the etch stop is clearly visible, but here only
in the OES data. The NEED values x and fy, measures
for the electron density and collision rate, remain unaf-
fected. This points out the different plasma chemistries in
the two types of etching plasmas. More insight would be
given by applying a collisional-radiative model, which is
beyond the scope of our work.

3.3 Plasma-surface interaction during a-Si:H/pc-Si:H
deposition

PECVD of pc-Si:H thin films using 13.56 MHz
RF discharges is usually performed with SiH4 strongly
diluted in Hy gas under high-pressure-high-power (hphP)
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Fig. 9. OES, MS and NEED data measured during pc-Si:H
deposition (left) and subsequent Hs plasma etching (right).
The pe-Si:H < a-Si:H phase transition is indicated with a dot-
ted line at 0.81% and all curves are normalized to their values
at 0.81%.

conditions [4,5,7,16,33], i.e. the deposition under higher
chamber pressures and RF powers resulting in a high SiHy4
process gas depletion. In our PECVD system for sufficient
layer quality and uniformity over large electrode areas the
hphP process regime requires high total gas flows and a
high hydrogen dilution of the process gas resulting in very
low SiH concentrations in the order of 1% [8]. Lower
SiH4 concentrations lead to pc-Si:H material growth, while
higher SiH, concentrations lead to amorphous growth.
Best solar cells are achieved at pc-Si:H growth very close
to the phase transition to a-Si:H growth [16, 17]. The
process window is very small, requiring stable and repro-
ducible process conditions and/or active process monitor-
ing and control [8,17,34]. The impact of the SiH4 con-
centration on the plasma properties during the deposition
process is shown in the left part of Figure 9. The con-
centration was varied between 0.32% and 1.6%, where the
phase transition is at 0.81% (with 6160 sccm Hy flow and
1200 Pa pressure). The optical emission of the H,, line and
the SiH band (top part of Fig. 9) is proportional to the
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Table 2. Influence of chamber condition on the Raman crystallinity and refractive index at 632 nm of deposited puc-SiO.:H

p- and n-layers.

Chamber conditioning

ne-SiO4:H p-layer

ne-SiO,:H n-layer

layer material Raman F. (%) mn@632 nm Raman F. (%) n@632 nm
a-Si:H 55.3 3.30 28.1 2.51
pne-Si0g:H 51.4 3.26 26.7 2.42

SiH4 concentration in the plasma, with the SiH emission
increasing slightly faster than the H, emission. The den-
sity of SiH4 molecules in the chamber was measured by
MS at mass number 30 (middle part of Fig. 9). The in-
crease of SiH radicals is due to the increase of the SiHy
density in the plasma, because SiH is a direct dissocia-
tion product of the SiH4 process gas. The simultaneous
increase of the H, emission indicates an increase in the
electron density n., which leads directly to an increase
in the production of excited H atoms by electron colli-
sions with ground state H. This increase in n. results from
different ionization energy thresholds FE;,,,:n of process
gas molecules and their direct products: while Ej;q,,¢p is
equal to 15.4 eV and 13.6 eV for Hy and H [35], respec-
tively, Eion,en is lower for SiHy (11.0 €V) and even lower
for its radicals SiHs, SiHs, SiH and Si (8.0, 8.2, 7.9, and
8.2 eV) [36]. Therefore, the increasing SiH4 concentration
leads to an increase in the electron density in the plasma
by enhanced ionization processes. This is confirmed by
the measured plasma resistivity x, which decreases recip-
rocally with the electron density (bottom part of Fig. 9).
Even small changes in the SiH4 gas flow strongly influence
the measured plasma properties. However, the measured
values change only linearly and do not show any indi-
cation at which SiH4 concentration the pc-Si:H « a-Si:H
phase transition occurs.

The right part of Figure 9 shows data measured dur-
ing Hy plasma etch steps (each of 45 s duration, 500 W,
1200 Pa, 6000 sccm Hs), which were performed directly
after each of the deposition shown in the left part of Fig-
ure 9. The data is plotted over the SiHy concentration of
the preceding deposition step. This technique called etch
product detection was proposed by Dingemans et al. [17]
and is used to detect the phase transition in thin film
silicon deposited in a SiH, gas flow variation series. The
measured data show a clear non-linear behavior: the Hy
plasma etch leads to an increased amount of etch prod-
ucts (primarily in the form of SiH4 molecules) due to an
enhanced etching of the previously deposited film on sub-
strate, RF electrode, and chamber walls, because a-Si:H
is etched more easily by hydrogen radicals than pc-Si:H
material [17]. Additionally to previously measured SiH
emissions [17] we also found the optical emission of other
lines to be dependent on the crystallinity of the etched
material, shown for the H, line in Figure 9 (top right).
As indicated by the SiH signal and here substantiated by
mass spectrometry, the amount of etched silicon material
is responsible for the s-like shape of the curves with SiHy4
as the main etch product. Clearly visible is the trend and
the s-shape also in the NEED data curves, where y and fj
decrease with increasing electron density resulting from
increasing SiH4 concentrations in the gas phase.

3.4 Impact of chamber wall condition

In previous sections it was shown how surfaces (be it
reactor walls or substrate) can influence the plasma chem-
istry. Vice versa, any change in the plasma has an impact
on the thin film growths process. Therefore, the material
properties of a deposited thin film layer depend on the
pre-conditioning of the chamber wall. Since the start of a
PECVD process usually determines the interface region of
two sequential layers, the chamber conditioning has also
a large impact on the performance of the resulting so-
lar cell device. We found this dependence to be strongest
for the deposition of microcrystalline material, strongly
influenced by the equilibrium of deposition and etching
processes as described in Sections 3.2 and 3.3. The devel-
opment of proper chamber conditioning layers is an impor-
tant part of the whole optimization of PECVD processes
for solar cell manufacturing.

Any effect on the start of a PECVD process is strongest
in case of the deposition of the thin doped p- and n-layers,
because the total deposition time is in the order of only
one minute, which is much shorter than the deposition
time for i-layers. The p- and n-layers in our a-Si:H/puc-Si:H
tandem solar cells are made from doped pc-SiO,:H ma-
terial. As compared to uc-Si:H such layers are deposited
with extremely low SiH, concentrations below 1% [13]. To
reveal the impact of the conditioning layer on the mate-
rial quality, we deposited 100 nm p- and n-type uc-SiO,:H
layers on glass substrates, each in two different runs: one
in a chamber conditioned with an a-Si:H layer and one
conditioned with a puc-SiO,:H layer. The crystallinity F,
measured by Raman spectroscopy and the refractive in-
dex n at 632 nm measured by a photo-spectrometer [13]
for the p- and n-layers are listed in Table 2. The result-
ing values depend on the type of the conditioning layer:
both, the p- and the n-layer, have a lower crystallinity
if deposited in a chamber conditioned with a puc-SiO,:H
layer compared to the chamber with a-Si:H conditioning.
With F,. also the refractive index n at 632 nm decreases
slightly. This seems to be in contrast to the findings in
Section 3.3, where an a-Si:H layer is etched faster than
a pe-Si:H layer and the additional SiH4 originating from
the etch process should result in the deposition of more
amorphous material. However, the additional SiH, also re-
sults in a change in the SiH4/CO4 process gas ratio, which
determines F, and n [10,11,13]. Thus, for uc-SiO,:H de-
position the decrease in F, and n can be explained by
a decrease in SiH4/COs ratio in the plasma gas phase at
PECVD start by the change from an a-Si:H to a puc-SiO,:H
conditioning layers.

The last example is about the influence of the condi-
tioning layer material on the p-layer of p-i-n solar cells
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Table 3. Influence of chamber condition on the (initial) I-V
characteristics of a-Si:H p-i-n single junction cells deposited on
Zn0:Al front TCO. Data is averaged over 60 1-cm? solar cells.

Chamber conditioning Jse Voe FF n
layer material (mA/cm?) (mV) (%) (%)
p-type a-Si:H 14.5 £ 0.1 912 £ 768 =2 9.0 = 0.3

p-type pc-Si:H 145 £ 0.1 925 £ 6 69 + 2 9.3 £ 0.3

and, thereby, on the performance of the resulting solar
cell device. The p-i-n layer stack was deposited on tex-
tured ZnO:Al front TCO and finished by a ZnO:Al/Ag
back reflector/contact. The p-i-n layers are the same as
used for top cells in our standard tandem cell device on
ZnO:Al [37], i.e. the p-layer is made from pc-Si:O,:H ma-
terial. Prior to the p-layer deposition the PECVD cham-
ber was conditioned in two ways: the deposition of p-type
a-Si:H and p-type pc-Si:H material. The chamber condi-
tioning influences the performance of the resulting solar
cell device. The resulting I-V parameters measured under
AM 1.5 illumination are listed in Table 3. While the short
circuit current density Js. remains unaffected, the open
circuit voltage V,. and the fill factor FF are increased by
the application of the pc-Si:H conditioning layer, resulting
in an increase in solar cell efficiency about 0.3% absolute.

We applied the in situ diagnostics to the PECVD of the
p-layers for these two different chamber conditionings. The
PECVD recipe starts with a 30 s Ar plasma treatment to
clean the ZnO:Al surface e.g. from HyO molecules. Then
follows the deposition of a very thin p-type pc-Si:H seed
layer and then the p-type puc-SiO,:H layer. The in situ data
measured during Ar treatment and seed layer deposition
is shown in Figure 10. The impact of the chamber condi-
tioning material on the plasma chemistry is clearly visible.
During the Ar plasma the Si and SiH signals measured by
OES are about a factor two lower in case of uc-Si:H con-
ditioning. Both signals arise from etch products from the
conditioning layer in form of SiH, molecules. The SiHy4
signal measured at m = 30 by mass spectrometry is below
the MS detection limit, indicating that the OES signals
do not originate from SiHy but from SiH, (x = 0—3) rad-
icals. Again, NEED proves to be very sensitive, because
the plasma resistivity y and resonance frequency fy are
strongly affected by the additional SiH, in the plasma.
This is even visible during the pc-Si:H seed layer deposi-
tion, which is performed after pumping and re-fill of the
chamber with process gas. Even then, the plasma resis-
tivity is slightly lower in case of a pc-Si:H conditioning
layer, while OES and MS signals show no influence on
the material of the conditioning layer. Therefore, the Ar
plasma leads to a change on the ZnO:Al surface, probably
by re-deposition of Si material etched from the chamber
wall. A similar effect was previously reported by Wanka
et al. [30]: the re-deposition of SiO, material on a TCO
coated substrate during a pure CO5 plasma treatment
in a process chamber conditioned by an a-Si:H layer. In
our case, the re-deposited material on the ZnO influences
the start of the seed layer deposition. This chamber his-
tory effect is covered by the deposition of the seed layer

a-Si:H conditioning uc-Si:H conditioning

[ Ar [pumprrefill Juc-Si| [ Ar  [pumprrefill [pe-Si|
N
SiH SiH :

OES (a.u.)

MS (a.u.)

40 .
;; 30 y .
% 20 .
Z. 10 X
0 S I Lol
' 30 60
Time (s) Time (s)

Fig. 10. OES (top), MS (middle) and NEED (bottom) data
measured in situ during Ar plasma treatment and pc-Si-p-layer
deposition. Left: a-Si:H chamber conditioning, right: puc-Si:H
chamber conditioning.

on substrate, electrode and chamber walls. The following
thicker p-type pc-SiO,:H layer is not influenced by the
chamber wall conditioning anymore. This explains also the
equal Js. values in Table 3. The influence of the condition-
ing layer material is only on the TCO/p interface region,
which affects only F'F' and V..

4 Summary

In summary, the growth of a-Si:H, pc-Si:H and
uc-Si0,:H thin films by PECVD were monitored by means
of three complementary plasma diagnostics: OES, MS and
NEED. Next to the process parameters such as cham-
ber pressure, RF power and process gas composition,
the substrate surface temperature and surface material
properties influence the plasma chemistry as well and,
thus, the PECVD process and properties of the resulting
thin films. We showed how in situ plasma diagnostics
adds valuable data for fast and effective process devel-
opment on the PECVD process. Especially NEED is a
very sensitive technique, which can detect even very small
changes in the plasma gas phase and substrate/chamber
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wall temperature. Finally, we demonstrated the impact
of the chamber wall conditioning on the properties of
1c-Si04:H material and how the chamber conditioning
influence the p-layer for p-i-n solar cells and, ultimately,
their electrical performance.
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