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Thin film p-i-n microcrystalline silicon (pc-Si:H) solar cells were studied by
photol uminescence (PL) spectroscopy and open circuit voltage, V.. By this means, the cause
of the commonly observed increase of V. when the silane concentration in the gas phase for
the preparation of the intrinsic absorber layersisraised is addressed. The hot wire chemical
vapour deposition (HW-CVD) technique was used for the preparation of films and intrinsic
absorber layers of solar cells with efficiencies higher than 9%. By monitoring V. and the PL
energy, Ep, as a function of temperature, information on the photogenerated carrier
distributions and the splitting of the quasi-Fermi energies was gained and the effect of states
in the gap was studied by comparison with results from a crystalline p-i-n diode. Anincrease
of Ep. and V. for increasing SC and decreasing temperature is attributed to the shift of the
excess carrier distributions to higher energies. It is proposed that this shift is limited by band
tail states. It is proposed that increasing SC leads to a reduction of the density of band tail
states, due to structural relaxation of the pc-Si:H network by the presence of hydrogen or
hydrogenated amorphous silicon.
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1. Introduction

Microcrystaline silicon (pc-Si:H) thin films have attracted great interest because of their
potential applications in thin film dectronics and thin film solar cdls. High qudity puc-Si:H can be
prepared at low substrate temperatures on a large variety of substrate materials such as glass,
stainless sted and even plastics. A significant advantage is the compatibility of the deposition
techniques with the quite mature amorphous silicon technology. The films are usually prepared from
silane highly diluted in hydrogen. By increasing the silane concentration (SC) in the hydrogen gas,
the microgtructure of the material can be changed from highly crystalline to amorphous [1]. Previous
studies on pc-Si:H solar cdls have shown an increased open circuit voltage (Vo) when theintrinsic
(i-) layers were prepared with increasing SC, irrespective of the deposition method, eg. plasma
enhanced chemical vapour deposition (PE-CVD) [2-4] or hot wire chemical vapour deposition (HW-
CVD) [5]. In particular, pc-Si:H solar cdls with i-layers deposited near the transition from
crystaline to amorphous growth exhibit the best performance [2,3,5]. Studies of the photo- and dark
conductivity on undoped material showed a continuous decrease with increasing SC [2]. It was aso
found that the PL band, which is located below the band gap of crystalline silicon, shifts to higher
energies with increasing SC, i.e. with decreasing crystaline volume fraction [6-11]. This featureess
band is much broader than the luminescence spectra observed in high quality crystalline silicon, and
is about half the width of the photoluminescence band found in &Si:H, e.g. [8,11,12]. The origin of
this PL band is not yet clear. Radiative recombination at defects in the crystalline phase, transitions
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between states in the grain boundary region or transitions between localized tail states similar to the
case of amorphous silicon have been discussed [6-12]. However, there is evidence that the
recombination process involves localized states and the recombination processes show similarities
with those found in aSi:H. Therefore, we assume that the PL originates from transitions between
localized band tail states similar to thosein a-Si:H [7,13].
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Fig. 1. Schematic representation of the current-voltage characteristics of ap-i-n solar cell in
the dark and under illumination (left); the time sequence of the modulaion technique,
together with the expected signals to be measured (right).

Here, a systematic study of the influence of the SC (respectively the crystaline volume
fraction) on the PL properties and V. of very high quality pc-Si:H solar cdlsis provided, in order to
obtain more information on the density and distribution of the tail states and its influence on V. in
this solar cells. The emphasis is on the relationship between V., i.e. the splitting of the quasi-Fermi
energies and PL peak energy, i.e. the carrier distributions in the band tails.

2. Experimental details

Raman measurements in a back-scattering geometry were performed with the 488nm line of
an Ar-ion laser or the 647 nm line of a Krypton laser for excitation. Details of the set-up and the data
evaluation have been published esewhere [1,5]. Photoluminescence (PL) spectra were measured
with a Fourier transform (FT) spectrometer (Bruker FS66v) and detected either with a LN, cooled
Ge or an InAs detector. For the measurements, the samples were mounted in a continuous flow
helium cryostat, providing temperatures from 10 to 300 K. Measurements on solar cells were
performed using a modul aion technique, in order to eiminate spurious PL signas from the glass,
the transparent conductive oxide (TCO) and the p-layer, and to detect the rdlevant carriers involved
in the photovoltaic process, as explained bd ow. Here, the 632.8 nm line of a He-Ne laser was used
to provide homogeneous generation throughout the samples. The applied photon flux of about 10
cm?s? led to a 10 times higher short-circuit current density as compared to AM 1.5 illumination.
An external voltage was applied to the solar cells and switched from 0 V to V. (20 Hz, rectangular
shape, 50% duty cycle) using a HP 8116A pulse generator.

Fig. 1(a) showsthel-V characteristics of a solar cdl in the dark and under illumination, and
the two important parameters short circuit current, ls, and open circuit voltage, V., are indicated.
The time sequence of the measurement, together with the expected signas to be measured is
schematically shown in Fig. 1(b). At V. (i.e. | = 0) where full carrier recombination and no
extraction from thei-layer occurs, the maximum PL signa will be obtained. The minimum PL signal
will be obtained at I - where full carrier extraction and no recombination is expected in the ideal
case. With this technique, only those carriers reevant to the photovoltaic process are probed, and
spurious signals from the doped layers, glass substrate, etc. are suppressed. The change of the PL
signa upon changing the applied voltage from 0 V to V. was detected by alock-in technique, while
the FT-spectrometer was operated in step-scan mode. |, was monitored with a digital oscill oscope
(Le Croy 9400). The contact area was typicaly 1 mm?. A Keithley 2400 source meter was used for
the V,. and | measurements, under steady state conditions. The investigated puc-Si:H solar cdls
were prepared at a substrate temperature of T=185 °C in a p-i-n deposition sequence on textured
ZnO substrates with a ZnO/Ag back reflector. HW-CVD a a deposition pressure (Py) of 3.5 - 5 Pa
was used to deposit the intrinsi ¢ layers. The microstructure of the i-layers with thickness between
0.85 and 1.3 um was modified by varying the dilution of the silane process gas in hydrogen
(SCHSIH4)/[SiHs+H,]), keeping the conditions for all other layers constant. Details of the
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deposition parameters are published dsewhere [5,14]. A commercially available p-i-n diode
(Hamamatsu S1190) of active diameter 1 mm was used as a reference.
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Fig. 2. Open circuit voltage V. a 300K as afunction of the silane concentration in the gas
phase for two series of solar cells deposited by PE-CVD and HW-CVD.

3. Results

In Fig. 2, V. is plotted as a function of the silane concentration used for the i-layer
preparation, for two series of solar cells prepared by HW-CVD and PE-CVD [2, 14]. The data points
for the highest SC values refer to those that still provide cells with good extraction properties. A still
higher SC leads to even higher V., but also to a degradation of the solar cell parameters (low |« and
fill factor). With increasing SC, Vo increases amost linearly for the PE-CVD series, by about 100
mV. For the HW-CVD cdls, the V. is higher and the increase seems to be steeper at higher SC.
However, the overall change is very similar and is in line with observations from other series and
from other groups.

Fig. 3, the maximum of the photol uminescence energy (Ep) measured in the conventional
way a 10 K isplotted as a function of SC for two series of films (full symbols) prepared by PECVD
and HW-CVD at different substrate temperatures. The data suggest that Ep. as a function of SC
exhibits asimilar trend to that as a function of V., as shownin Fig. 1, although the magnitude of the
changes is different. A more detailed investigation of several sample series made by HW-CVD or
PE-CVD reveals a common trend, i.e. at low SC the increase of Ep_ is less pronounced (or even
constant) but at high SC, Ep. changes more rapidly. In addition to the data for the films, results for
the intrinsic layer of the HW-CVD solar cells are shown. They exhibit the same trend as observed
for the films.

In Fig. 4, PL spectra obtained by the modulation technique on solar cells with different
silane concentrations (3 - 5.6%), measured at 150 K, are shown. For the lowest SC, the PL spectra
reveal a broad emission band with a maximum at about 0.86 eV (uc-Si-band) and a half-width of
about 0.14 eV, attributed to the microcrystalline phase.
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Fig. 3. Photoluminescence peak energy Ep. measured at 10 K as a function of the silane

concentration for two series of films deposited by PE-CVD and HW-CVD and for the
intrinsic layers of the solar cellsinvestigated in this study.
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Fig. 4. Modulated PL spectra of solar cells with i-layers prepared with different SC by
HW-CVD measured a 150K. Note the logarithmic intensity scale. The interference fringes
aretentatively corrected for the solar cells with 4% and 5% SC.

The luminescence energy is similar to that observed in a conventiona photoluminescence
measurement on films at the same temperature. To demonstrate the shift of the pc-Si-band towards
higher energies with increasing SC (up to 0.91 eV), and the absence of any contribution a 1.35 eV
originaing from an amorphous phase, a logarithmic intensity scale was chosen. Interference fringes
modify the shape of the PL spectra for solar cells with SC between 4% and 5.2%. The indicated
open circles and dashed line refer to tentatively corrected spectra. The PL intensity (givenin relative
units) and the width of the PL band are very similar for al solar cells, and thus the quantum
efficiency of the PL does not change significantly.

In Fig. 5, Ep. as a function of the silane concentration is shown for modulated spectra
measured at 125, 200 and 250 K. In addition, the data for the conventional PL measurements at
10 K shown in Fig. 3 are included for comparison. For the evaluation of Ep_, the maximum of the
spectrum was taken. When this was not possible due to fringe patterns in the spectrum, the centre-of-
mass was chosen. This gave reliable vaues because of the symmetry of the spectra. All samples
exhibit a similar behaviour, i.e. with increasing SC an increase of Ep_ is observed. However, the
increase seems more pronounced for the PL measurement at 10 K. With increasing temperature, Ep
decreases for al samples, in agreement with results in the literature [10].
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Fig. 5. Photoluminescence peak energy Ep from modul ation measurements on solar cells as

a function of the silane concentration measured at the indicated temperatures. Data for a
conventional PL measurement at 10 K are also shown.
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Fig. 6 Photoluminescence peak energy Ep_ as a function of temperature for the same devices
asinFig. 5.

The dependence of Ep. on the measurement temperature for the modulated spectrais shown
in Fig. 6 in more detail. Modulated spectra could not be obtained a all temperatures. At low
temperatures, the modulation effect decreased strongly for some of the samples. There is strong
evidence that thisis related to the low mobility of charge carriers, which leads to poor extraction of
carriers [15]. At high temperatures, useful results could not be obtained because the low
lumi nescence efficiency causes a poor signal-to-noise ratio. In addition to the results obtained on the
microcrystaline solar cdls, those obtained on the ¢-Si photodiode are included in the figure for
comparison. It is obvious that all microcrystalline samples exhibit a similar temperature dependence
in the investigated temperature range, but the results differ dramatically from the single crystalline
case. The c-Si diode has the highest E; and exhibits only a weak change with temperature, whereas
Er. of the microcrystalline solar cdl with SC=5.6 %, for example, shows a dightly lower energy at
low temperature and decreases strongly with increasing temperature The increase of Ep with
increasing SC, as shown in Fig. 5, is obtained in the whol e temperature range.

InFig. 7, Vo is shown as a function of temperature for the same set of samples asin Fig. 6.
These measurements were done under the same conditions as for the modulated PL spectra, and the
data have been used as set-points for V. (compare with Fig. 2). At 10 K, V. of the ¢-Si diodeis
about 1120 mV, and it decreases only weakly below 50 K. At higher temperatures, the decrease is
stronger and amost linear with temperature. Similar to the results of the PL measurements shown in
Fig. 6, the SC=5.6 % sampl e exhibits the highest value of all pc-Si:H solar cdls, but the V. of about
961 mV is significantly lower than that of the c-Si diode. At higher temperatures, the difference of
the V. of ¢-Si and pc-Si:H becomes smaller, and & room temperature only a very small difference
remains. With decreasing SC, the V. curves are shifted pardld towards lower values.
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Fig. 7. Open circuit voltage V. as afunction of temperature for the same devices asin Fig. 5.
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4. Discussion

Asshownin Figs. 1 and 2, an increase in the silane concentration in the gas phase leads to
an increase of both the open circuit voltage and the photol uminescence energy. Raman and X-ray
diffraction measurements on the same samples reveal a decreasing crystalline volume fraction with
increasing SC, e.g. the 'Raman crystallinity’, X.*°[1], decreases from more than 65% for SC=3% to
25% for SC=5.6%. The decrease of the crystallinity is usualy accompanied by a broadening of the
X-ray diffraction peaks and a decreasing size of the crystalline grain clusters observed in TEM, see
eg. [1] and references therein. This has led to the suggestion of a shift of the band gap of
pe-Si:H with decreasing crystallinity, due to quantum size effects, to explain e.g. the shift of Ep
[9,11]. We do not consider size effects here, because careful spectrd response measurements (not
shown) do not reved a shift of the band edge within experimental error (< 20 meV). Therefore, the
increase of aimost 100 mV in V. and Ep. with increasing SC requires a different explanation.

A good corrdation between the PL peak energy and microstructure, i.e. an increase of the
PL energy with decreasing crystalline volume fraction, was previously found for series of undoped
pe-Si:H thin films deposited at different substrate temperatures. It was tentatively interpreted as
being caused by changes in the density of states distribution due to changes in the microstructure [6].
In the following, we will discuss changes of the density of states distribution as a possible reason for
the adlteration of both Vo and Ep, .

As shown inFigs. 4 and 5, the PL spectrum is broad and featurel ess and located well bel ow
the band gap of ¢-Si (1.16 €V at 10 K). In agreement with various other experiments that indicate
localized states close to the band edges, e.g. [16], the photol uminescence process is attributed to the
recombination of eectrons and holes in localized states below the conduction band edge and the
valence band edge respectivey [6]. The energy position and the shape of the PL spectrum are thus
determined by the distribution of carriers in these | ocalized states and the transition probabilities for
radiative recombination. On the other hand, the distribution of the eéectrons and holes aso
determines the V. in the case of a quasi eguilibrium condition, via the splitting of the quasi-Fermi
levels of the dectrons and holes. Therefore, V. and Ep. are linked viathe distribution of the excess
carriers. It is therefore expected that both values will exhibit similar trends, but the changes will
depend on the details of the density-of-states distribution (DOS). On the other hand, from the
investigation of both parameters, information on the DOS can be obtained. It should also be
mentioned here that the assumption of the quasi-equilibrium for the photogenerated carriers might
not be fulfilled for deep trap states at |ow temperatures. It is not dear how these conditions could be
described appropriatdy.

When compared to ¢-Si, the V. of the uc-Si:H cdls is lower at al temperatures but the
difference is largest at low temperatures and becomes smaller at high temperatures. At low
temperatures, the Fermi-Dirac distribution is sharp and the quasi-Fermi-leve splitting is determined
by the integration over the DOS up to the quasi-Fermi-level. The smaller splitting of the quasi-
Fermi-levd inthe puc-Si:H cdls is therefore strong evidence for a high DOS beow the band gap in
these cells. These states shall be identified with the localized band tail states evidenced by other
techniques, e.g. [16, 17]. The much larger width of the PL band of the pc-Si:H films and solar cells
compared to their crystalline counterpart strongly supports this interpretation. Also the temperature
dependence of Ep. isin line with this interpretation. The results can be discussed based on the well-
accepted model for radiative recombination between locdized statesin aSi:H (see e.g. [13]), where
the temperature dependent shift of Ep, is caused by a superpasition of the shift of the optical gap and
the shift of the carrier distribution to lower energies. The latter is due to competing non-radiative
recombi nation processes.

The increase of Ep. and V. with increasing SC at a given temperature is interpreted by a
reduction of the density of band tail states. This results in a shift of the carrier distributions to higher
energy, and thus to a shift of the photoluminescence spectra to higher energies and to a larger
splitting of the quasi-Fermi levels, i.e. an increase of V., if the carrier concentration remains almost
constant. As shown in Fig. 4, the photoluminescence intensity does not change significantly, and
therefore the quantum efficiency remains fairly constant. Changes in the defect concentration can
therefore be ruled out, and the assumption of a constant carrier concentration seems appropriate.
Investigations of the short circuit current density j on the solar cdls studied here reveal a decreases
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of j« , i.e adecreasing carrier collection, with decreasing temperature below about 200 K [15]. In
contrast, j« of the c-Si solar cell remains dmost constant down to 50 K whereas j. of an aSi:H solar
cell aready starts to drop below 250 K. This indicates a decreasing carrier drift length in pc-Si:H,
probably due to a decreasing carrier mobility towards low temperature in agreement with results
from Hal measurements on pc-Si:H films which have been interpreted as evidence for tail states
[17]. Further support for the interpretation presented here stems from modd cdculations of PL
spectra for a given DOS and quasi-Fermi level splitting, i.e. Vo (see [18]), and from the results of
Vo & afunction of the generation rate [15]. The results are consistent with the assumption that band
tail states act as traps for photogenerated carriers and limit the shift of the quasi-Fermi leves
towards higher energies.

Although there is only little known on the cause of the band tail states on a microscopic
scae, strain and interface states at the crystalline grains are possible sources for such states. We
propose that the reduction of the density of band tail states is due to structural relaxation of the
pe-Si:H network by the incorporation of hydrogen or amorphous hydrogenated silicon. This effect
would be similar to that obtained in polycrystaline-silicon thin film transistors, where a significant
reduction in the concentration of tail states has been observed after hydrogenation [19].

5. Conclusions

The change of Ep, and V., in uc-Si:H solar cells, as a function of the silane concentration
and temperature, can beinterpreted assuming band tail states extending from the band edges into the
band gap of silicon. The decrease of Ep. and Vo With increasing temperature is due to the change of
the carrier distributions in the band tails, and the accompanying shift of the quasi-Fermi energies to
lower energies. The increase of Ep. and V. for increasing SC is attributed to a reduced density of
band tail states. It is suggested that hydrogen or hydrogenated amorphous silicon surrounding the
crystaline phase leads to an improved lattice reaxation, and that thereby the density of band tal
states is reduced. The differences between HW-CVD and PE-CVD material and solar cells shall be
explored by asimilar study.
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