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ABSTRACT: This paper deds with 4 separate isues: (1) Open circuit voltage (Voc) of microcrystaline silicon
(uc-Si:H): The Voc-value of the singlejunction c-Si:H bottom cdl has a dired impad on the dficiency of the
"micromorph” (uc-Si:H/aSi:H) tandem cdl. It is sown here that open circuit voltage values of 530 mV can be
adhieved for pc-Si:H, leading thereby to single-junction cdl efficiencies of 8.5 %. (2) The laser-scribing technique
commonly used in amorphows dlicon techndogy hes been succesdully applied on thick pc-Si:H cdls. (3) A
combination d the hot-wire and VHF-GD deposition techniques alows one to deposit pc-Si:H films with low
subbandgap absorption (as measured by PDS) at remarkably high deposition rates of upto 26A/s. (4) The behaviour
of different solar cdls was charaderised by the illuminated 1-V charaderistics in function of cdl temperature.
Microcrystalline cdls with Vgc-values higher than 500mV and "micromorph” tandems possessin genera a lower
value of the temperature wefficient of thefill factor and thus of the dficiency, when compared to crystali ne sili con.

Experimental evidenceis provided for this.
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1. INTRODUCTION

Intrinsic  hydrogenated microcrystaline  silicon
(uc-Si:H) has been shown to be avery promising rew
phaovoltaic materia [1-7] for thin-film (< 5 pm) solar
cdls. Thanks to the Very High Frequency Glow Discharge
(VHF GD) technique [8], substrate temperatures as low as
200+C can be used for deposition. Microcrystalli ne sili con
single-junction pi-n conversion efficiencies of 7.7 % were
obtained already in 1996[3], however, with a relatively
low open circuit voltage (Vgc) of around 450mV. The
combination d both amorphows and microcrystaline
material leads to a "true" sili con-based tandem concept (no
dloys invalved, two distinct bandgaps), which has been
cdled the "micromorph" concept. Recantly, our group tes
reported stabili sed micromorph efficiencies for a 10.7 %
cdl (independently confirmed [4]) and, for another tandem
with 12 % (not yet confirmed; measurements based on
outdoar condtions [5]). In these tandems pc-Si:H bottom
cdls with a Vgc of approximatively 450 mV were
incorporated.  Obviously, higher  efficiencies for
micromorph tandem cdls could be obtained, if the V¢ of
the pc-Si:H bottom cdls is increased. In the first part of
this paper, new results on |c-Si:H singe cdls, with
increased values of V¢, are presented.

Thin-film solar cdl concepts are, in general, expeded
to reduce manufaduring costs for solar cdls basicdly due
to two fadors: i) reduced materia requirements; ii)
applicaion d mondithic series conredion for modue
manufaduring. The latter paint streses the necessty of
laser-scribing.  This tedhnique is waell-established for
aSi:H, CIS and CdTe; however, it has to be caefully
developed for any new alternative thin-film concepts. In
order to ched this for pc-Si:H, first experiments with
laser-scribing were performed on thick pc-Si:H cdls (3-
4 um).

Ancther important issie for microcrystalline single-
junction and micromorph tandem cdls is the depasition
rate. Hereby, the deposition time of the intrinsic
microcrystalline asorber layer is crucial with resped to
modue manufaduring at industrial production levels.
Since it is known that the hot-wire deposition technique

leads to very high depasition rates for silicon films, we
performed experiments using a mmbination d the hot-
wire and d the VHF-GD technique for microcrystali ne
silicon deposition; first results are presented here.

Under red working condtions, i.e outdoor
condtions, an important asped of any solar cdl is its
temperature performance The value of installed Wpex,
e.g. on a roof, usualy does not take temperature dfeds
into acourt; the latter have, however, a dired impad on
the yealy energy yield of a given instalation. It has been
reported that aSi:H has the best temperature performance
in comparison with ¢-Si and CIS [9]. In the fourth part of
this paper we focus our atention on the temperature
behaviour of pc-Si:H singejunction and micromorph
tandem cdls.

2. EXPERIMENTAL

The deposition o microcrystali ne p-i-n solar cdls has
been described in previous work [1-7]. A caeful
reoptimisation o the p-doped layers [10] and a better
control of impurity contaminations in the i-layer were
caried ou lealing to a further improvement in cdl
performance The silane gas purifier technique introduced
by ou group [3,6,11] was used for the depaosition o all
pe-Si:H i-layers. The cdlswere charaderised under AM1.5
condtions at 100 mW/cm? by a two-source solar simulator
and spedral resporse. For the temperature-dependent
measurements, a Pt100 sensor was glued orto the bad side
of the cdls. The cdls were kept in an isothermal
environment by a "heaing boX equipped with a glass
window in order to ill uminate the devices. The temperature
variation duing an I-V scan was lessthan 1 K for all
measurements. The temperature was varied from 10 «C to
90 «C. The comparison ketween the different kinds of solar
cdls investigated was caried ou looking at the relative
temperature efficient (TC) which is defined in the
foll owing expresson:

TC) = —=2
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The structuring o the microcrystalline cdls was
performed by a mnventional NdYAG laser equipped with
a frequency douber. The qudlity of the scribe w.r.t.
eledricd losses was monitored by Light Bean Induced
Current (LBIC) mapping.

In oder to incresse the depostion rate of
microcrystalline silicon a @ombination d the hot-wire
(HW) and the VHF-GD tedhnique was investigated. The
temperature of the glass sibstrate (Schott AF45 sodium-
freg was kept at around 350-C. The quality of the films
was charaderised by Phototherma  Defledion
Spedroscopy (PDS). The description o details of the
experimental procedures used for the cmmbined HW/VHF-
GD deposition processwould exceal the framework of this
paper; we limit ourselves to simply annource the
posshility of obtaining high-rate deposition d low defea
density pc-Si:H.

3. RESULTS AND DISCUSSON

3.1 Microcrystalli ne sili con solar celswith Ve > 500mV

The dficiency of micromorph tandem cdlsis diredly
linked to the open circuit voltages of the pc-Si:H bottom
cdl. Up to now, Vgc-vaues higher than 450mV resulted
(in the ontext of low-temperature VHF-GD at abou
200+C) in moderate FF not higher than 60 %. Therefore,
speda efforts were invested exclusively for the
preparation o pc-Si:H single-junction cdls, with the goal
to overcome the V-FF problem. The results of these new
pe-Si:H cdls are given in Tab. |, where it can be dealy
sean that Voc-values over 500 mV combined with good
fill fadtors are obtainable for puc-Si:H cdls. The so far best
cdl showed a Vgc-value & high as 531 mV and a fill
fador close to 70%, which leads to a AM15 cdl
efficiency of 85 %. Note, that an even further
improvement of the open circuit voltage dose to 600mV
can be obtained (Tab. 1); however, the simultaneous
adiievement of high fill fadors, remains yet to be
acomplished.

These new high-Vgoc bottom cdls will have, of
course, a dired impad on the dficiency of micromorph
tandem cdls. The prospeds for future micromorph cdl
efficiencies in function d the open circuit voltage of the
bottom cdl can be seen in Fig. 1; the lines indicae the
projeded efficiencies for single-junction pc-Si:H and for
tandem cdls.

The new experimental results on [c-Si:H single cdls
from Tab. | (fill ed circles) indicae the dficiency paential
for the next generation d micromorph cdls: We can
asume, thus, that stable dficiencies of 13 % shoud be
adhievable by implementation d our present bottom cels
within the tandem structure. This has yet to be caried ou
in the next step of our work.

3.2 Laser-scribing

Withou any doult, the laser-scribing technique is one
of the key fadorsin reducing production costs for all thin-
film solar cdl concepts. Kegping this fad in mind, we have
to nowv ched caefully: (i) the compatibility of laser-
scribing with relatively thick silicon layers and ii) the
scribing technique of crystdli ne sili conin form of pec-Si:H
based devices (single junctions and micromorph tandems).
It is thus mandatory to prove that such devices can be
laser-scribed  withou significant losses in the cdl
performance

The SEM micrograph represented in Fig. 2 shows that
patterning d a 3.5 pm thick cdl is possble, i.e.

requirement (i) is fulfilled. In Fig. 2 the individua “shats’
of the laser pulses can be seen.
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Figure 1. Projeded efficiencies of micromorph tandem
cdls in function o the Voc of the pc-Si:H bottom cel,
asauming a tota current of 26 mA/cm?, a fill fador of
73% and a V¢ of 900mV for the aSi:H top cdl (lines).
Symbals represent experimentally obtained data (SANYO
inref. [12], KANEKA inref. [13]).

Tablel: Recent new pc-Si:H single p-i-n solar cdls.

n [%] 77183|77|81|85]|32]|44

Joc [mA/em?] | 25.3 [ 252 21.5|23.2( 229|184 |17.9

FF[%] 679|682(711| 68 |69.8]|305(418

Voc [mV] | 448|483 503 | 512 | 531 | 568 | 592

Figure 2. SEM phaograph o a laser-scribed micro-
crystaline slicon pi-n solar cdl deposited orto TCO-
coated gass
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Figure 3: LBIC mapping d a 1x1 cm’® pc-Si:H p-i-n cdl
patterned by laser-scribing.

Patterning alone is merely the first step for the
establishment of the laser-scribing technique; the
conservation o the dedricd properties of the solar cdl
during laser-scribing must be guaranteed. In order to chedk
this, LBIC mapping combined with |-V charaderistics was
performed. The LBIC map of a square-shaped laser scribed
pe-Si:H cdl is represented in Fig. 3. Note the very steep
deaease of the phaocurrent in the vicinity of the scribed
lines: this indicetes that there is no deterioration o the
eledricd properties at the border of the cél. Globally, we
could na deted a reduction d the adive aea cd
efficiency. Thus, one may conclude that conventional
laser-scribing can be gplied to thinfilm crystaline
silicon. The full set of such experiments were not yet
caried ou on micromorph cdls.

3.3 Resultson highrate deposition o pc-Si:H
It is well-known from previous work [14, 15] that the
hot-wire (HW) technique (aso cdled "caalytic CVD")
adlows one to gow silicon films at significantly higher
deposition rates as compared to gow-discharge. However,
palycrystalli ne silicon deposited by this method generally
shows higher subbandgap absorption [16] when compared
to similar materia depaosited by VHF-GD. Our ideawas to
combine bath these processes. Results for films deposited
with such a combination of HW and VHF-GD are shown
in Fig. 4, where the foll owing striking olservations can be
made:
i) a remarkably high deposition rate & high as
26A/s coud be adieved withou powder
formation for microcrystali ne sili con.

i) we observe (by PDS) a similarly low subgap
absorption value for these films (at 0.8 €V) when
compared to films deposited by VHF-GD. This
indicaes that this material shoud basicdly be
suitable for solar cdls.

iii) compared to VHF-GD films, however, the
combined VHF-GD/HW material shows lower
apparent absorption at the bandedge (1 to 18
eV). This can probably be explained by aladk of
microstructural  feaures that enhance light-
scdtering at the surface and bythat, the gparent
absorption[17, 1§].

The encouraging material by VHF-GD/HW shoud
now be transferred in further steps into a full p-i-n

structure: Only in this way can ore prove that such high
rate material isredly useful for solar cdls.
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Figure 4. Apparent opticd absorption d a highrate
uc-Si:H layer (26 A/s) deposited by the cmmbined ha-wire
(HW) and VHF-GD technique in comparison with results
obtained for VHF-GD pc-Si:H layers [1] and with the
opticd absorption d monacrystalli ne sili con (c-Si).

3.4 Temperature-dependent illuminated |-V measurements
A comprehensive set of solar cdls (six pc-Si:H, three
micromorph tandems, two crystalli ne silicon cdls and ore
aSi:H) was meaured in function d the device
temperature. The results are briefly summarised in Tab. II.

a) Singlejunctioncdls

First of all, the temperature dependency of crystaline
and amorphows dlicon was investigated. Fig. 5
demonstrates the well-known fad that the deaesse of
efficiency at higher temperatures of amorphows slicon
solar cdls is much lower than that of crystalline (wafer-
based) siliconcdls[9].

How do the pc-Si:H single-junction and micromorph
tandem cdls behave a higher temperatures? In order to
answer this question, such cdls were subjeded to the same
temperature procedure & for the ones sown in Fig. 5: The
results for single-junction (c-Si:H cdls are given in Fig. 6
and Tab. Il. The most striking dff erence between the ¢Si
and the pc-Si:H cdls consists in a significantly reduced fill
fador loss for pc-Si:H cdls at higher temperatures,
whereas the V oc- and the Jg-dependencies are mmparable
to those of (wafer-based) crystaline silicon (c-Si). The
conservation o the fill fador of pc-Si:H cdls at higher
temperatures beames even more pronourced for cdls
where Vgc-values at 25 °C exceal 500 mV. Cells with
lower Vge-values (Tab. Il) suffer a stronger fill fador
reduction with temperature and dsplay a behaviour similar
to that of c-Si cdls. It has to be noted here that low-V e
pe-Si:H cdls and ¢-Si cdls an to have atemperature
behaviour that hardly varies over a wide range of adive
cdl thickness (from 2 pm up to 300 pm!). For high-V ¢
pe-Si:H cdls, on the other hand, we observe a distinct



advantage of working with low cdl thicknesses.
If we cmmpare the temperature behaviour of the FFfor
al three types of singlejunction cdls,

observations can be made:

following

(i) Inthe caeof aSi:H and |c-Si:H the temperature
dependency of the FF is not always linea, as is
for the cae of c-Si.

(i) Forthe normalised TC of the FF defined as

ATFF(25°C)

we find the following Herarchy:
aSi:H < pc-Si:H « ¢c-Si.

AFF
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Figure 5: Temperature behaviour of an aSi:H p-i-n and
crystalli ne sili con solar cdls.

(iii) For microcrystalline cdls we find that the
appeaance of a low TC for the FF is linked to
the gpeaanceof arelatively highVgc-vaue.

From these observations one @uld speaulate that the
temperature dependence is linked to the nature of
eledronic carier transport prevailing in the device It may
be that drift-dominated transport is less affeded by
temperature than dffusion-dominated transport, as the
extreme examples of amorphows and crystaline wuld
suggest. High-Voc pe-Si:H cdls may be more drift-
dominated and, thus, lessinfluenced by temperature than
low-Voc Hc-Si:H cdls (which would be more diffusion-
dominated). In order to prove this asumption more

discriminative experiments are needed.
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Figure 6: Temperature behaviour of a high-Vgc pc-Si:H
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cdl compared with that of a ¢Si cdl.

Table Il TC-values of the solar cdl parameters of the investigated amorphots, crystalline,
microcrystalline and micromorph cdls. ~ All TC's are normali sed with resped to the values measured
at 25+C, acording to the expresson (1) given.

Cell Voo [V] FE* AVoc N AFF An
AT Voo ATdg AT-FF* AT
a-Si:H 0.872 0711 | -29x10°3 7.7x104 | -25x104 | -25x103
pe-SicH 0.426 0549 | -4.8x103 5.0x104 -1.3x103 | -5.4x103
pe-Si:H 0.470 0675 | -4.2x10°3 5.9x104 -1.8x103 | -52x103
pe-SicH 0.499 0651 | -4.0x103 6.3x104 -11x103 | -4.4x103
pe-Si:H 0.512 0.659 | -4.2x103 6.5x10°4 -9.3x104 | -4.4x103
pe-SicH 0.516 0676 | -4.0x103 7.7x104 -6.9x104 | -4.0x103
pe-Si:H 0.531 0.698 | -3.9x10°3 8.7x104 -79x104 | -3.9x103
multi ¢-Si 0.552 0730 | -3.8x10°3 7.5x104 -1.9x103 | -4.7x10°3
monoc-Si | 0538 0768 | -4.4x10°3 6.4x104 | -1.7x103 | -53x103
p-mor ph 1.345 0674 | -3.3x103 7.6x104 -53x106 | -2.7x103
p-morph 1.286 0711 | -35x103 7.7x104 -3.9x104 | -32x103
p-mor ph 1.287 0683 | -3.6x103 7.8x104 -5.8x104 | -35x103




Due to the fad that the qucia temperature-dependent
parameter is the FF, the dficiency of single-junction
slicon besed solar cdls follows the same trend as
mentioned in the @ove observation (ii).

b) Micromorph tandem cdls

In the previous ®dion we studied besides the
temperature behaviour of the pc-Si:H cdls, that of well-
established crystaline silicon and amorphous slicon
single-junction solar cdls. Now, how does the "mixture" of
an aSi:H and a ¢Si cdlsin form of a micromorph tandem
cdl perform? Do we have to exped a predominately
amorphows or a predominately crystalline silicon TC
behaviour? At the moment of the present study, only those
pc-Si:H bottom cdl's that have V gg-vaues around 450mV
were incorporated into micromorph tandems. Therefore, a
definitive statement on the temperature behaviour of
micromorph tandem cdls can na be given as yet.
Nevertheless as sown in Fig. 7, the temperature
coefficient of the FF is, in the cae of micromorph cdls,
clealy lower than that for c-Si and aso lower than in any
single-junction Lc-Si:H cdl and corresponds moreto the
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Figure 7: Micromorph tandem cdls in function d cdl
temperature in comparison with crystalline and amorphous
silicon: &) Jgc, FFandVoc; b) n .

tendency observed in amorphous slicon single-junction
cdls. Thus, the overal TC of the dficiency is, for
micromorph cdls, clealy below that of (wafer-based) c-Si.

If we mnsider future micromorph tandem cdls with
high-V ¢ bottom cdls we can reasonably exped an even
lower TC; if confirmed, this would be an important asped
for most outdoar PV applications, as it removes the nead
for forced-air modue ventilation.

4. CONCLUSIONS

Singlejjunction microcrystalline silicon pi-n solar
cdls with open circuit voltages as high as 530 mV and a
stable cdl efficiency of 85 % could be adieved. At
present no conclusive statement on the mechanism of the
V gc improvement involved in pe-Si:H cdls can be given.
Laser-scribing, an important key techndogy for the low-
cost thin-film approach (using mondithic series
conredion), has been successully applied for thick (3-
4 um) pe-Si cdls. In the next step, laser structuring hes to
be etablished for the micromorph tandems. If laser-
scribing is indeed compatible for micromorph cdls a
similar impad on cost reduction for modue
manufaduring, as in the cae of amorphous slicon can be
expeded.

A combination o the hot-wire aad VHF-GD
depasition technique was foundto link the alvantages of
high deposition rate and the reduced defed density (i.e.
device quality) of the pc-Si:H material. In this manner
weobtained deposition rates of up to 26 A/s with low
defed densities (comparable to those of VHF-GD
material). Such high depaosition rates would indeed be
desirable for modue manufaduring, however, in a next
step the quality of this high-rate pc-Si:H would have to be
tested in asolar cdl device

A series of different types of silicon based solar cdls
was gudied with resped to their temperature behaviour.
We observed that the dedsive parameter that governs the
TC of the dficiency is the TC of the fill facor. Our
recantly obtained high-Voc Hc-Si:H cdls reved a lower
TC of the fill fador as compared with ¢-Si cdls and as
compared to ou previous low-V ¢ Hc-SiiH cdls, as well.
Our present micromorph tandem cdls, containing sofar
only low-Voc bottom cdls, show a better thermal
behaviour than c¢-Si and al pc-Si:H cdls. The next
generation d micromorph tandem cdls where we will
incorporate pc-Si:H bottom cdls having Vgc's > 500 mV
shoud lea to stabili sed efficiencies of 13 %. Furthermore,
such tandem cdls shoud also have a even hetter (lower)
temperature efficient. The latter asped shoud na be
uncderestimated for red outdoar operations.
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