Presented at the 2™ World Conference and Exhibition on Phatovoltaic Solar Energy Conversion

Vienna, July 6-10, 1998.

DEVELOPMENT OF INVERTED MICROMORPH SOLAR CELL S

N. Wyrsch, P. Torres, M. Goetz, S. Dubail, L. Feitknedt, J. Cuperus, A. Shah,

B. Redh’, O. Kluth, S. Wieder, O. Vetterl”, H. Stiebig’, C. Beneking’, H. Wagner”
Ingtitut de Microtechnique, A.-L. Breguet 2, CH-2000 Neuchétel, Switzerland
http://www-micromorph.unine.ch/

*Institut fiir Schicht- und lonentechnik, Forschungszentrum Jiili ch, D-52425 Jili ch, Germany

ABSTRACT: This paper gives a mmprehensive overview of the development of the amorphous $licon
/microcrystalli ne silicon "Micromorph™ tandem cdl deposited in the inverted configuration (n-i-p/n-i-p). The
objedive of this work is to achieve ahigh stable dficiency (> 10%) with an innovative cdl structure, to be
compatible with various types of substrates (including non-transparent or flexible substrates), while taking into
acourt, at the same time, cost and ewmlogicd fadors. In this context, ZnO conductive layers have been
introduced as a replacement for ITO (Indium Tin Oxide) for both the top contad and the cnducting badk
reflector. In a further important step towards potential cost reduction, high deposition rate of the bottom
microcrystalli ne silicon cdl has been thoroughly investigated. First results on complete structures $ow initial
efficiencies up to 9.3 % on glass aluminium and stainless sed substrates.

Keywords: Microcrystalline Si - 1; aSi - 2; Multijunction Solar Cell - 3.

1. INTRODUCTION

Recent progresshas demonstrated that microcrystali ne
hydrogenated sili con (uc-Si:H) is a very attradive material
for the adive layer of thin film solar cdls. Efficiencies of
up to 85% have been adieved on entirely
microcrystalline single p-i-n cdls with no sign of light-
induced degradation [1, 2]. By combining this cdl with an
amorphous dlicon (aSi:H)-based top cdl and creding
thereby a tandem structure (the so-cdled "micromorph’
cdl), efficiencies in excess of 11% (10.7 % confirmed)
have been achieved [3, 4]. These results have resulted in a
renewed interest for thin film crystalli ne silicon cdls (e.g.
seel[5, 6].
The "micromorph" structure has certain important
assts when implementing high efficiency and low cost
modues:
® High efficiency potential with the combination d a
high gap top cdl (a-Si:H) and a low gap bdatom one
(nc-Si:H),

® Same techndogy (PE-CVD) for both top and batom
cdl deposition,

® | ow temperature process

® |mproved stability (as compared to the aSi:H/a-Si:H
tandem) due to the resistance of uc-Si:H to light-
induced degradation.
The inverted (n-i-p) configuration offers here some
further additional advantages:
® Useof avariety of cheg substrates, including flexible
and non-transparent ones (e.g. glass stainless sed,
auminium sheds, plastic or metal foils),

® Wider range of temperatures for the deposition d the
(a-Si:H) top cdl; higher deposition temperatures are
advantageous for obtaining optimised current
matching of the top and bottom cdls, and leas to
better stability and hgher current output (through a
deaease of the opticd band gap of the top cdl).

With these asts, this inverted micromorph concept
has advantages (for high efficiency and low cost solar
cdls) over the so-cdled STAR structure developed by
Kaneka Corp [6, 7], the aSiGe/a-Si tandem structure [8] or
the triple-junction technology favoured by USSC [9].

The present work focuses on the development of

micromorph cdls deposited in the so-cdled inverted
structure (substrate/n-i-p/n-i-p) within a projed of the E.U.,
involving Neuchétel and Jllich as the cdl manufadurers.
Besides optimisation o the top and bottom cdls
themselves, our joint investigations cover the development
of ZnO/Ag textured bad refledors for an effedive light
trapping, and o ZnO top transparent conducting oxide
(TCO) films. The choice of ZnO for the TCO was here
motivated by environmental and cost considerations.

Due to the relatively low absorption coefficient of
uc-Si:H, relatively thick i-layers are needed to absorb most
of the light. As a mnsequence, the deposition rate of
uc-Si:H is an important issue for the viability of this
concept and has a so been thoroughly investigated.

2. &Si:H TOP CELL DEVELOPMENT

The top cdl development focuses on threesubjeds: (1)
The replacement of the cmmonly used ITO top contad by
ZnO (this topic will be discussed in sedion 41); (2) the
development of pc-p-layers which provide low opticd
absorption, as well as a low ohmic contad with the top
ZnO layer and a high V; (3) finaly, the bandgap of the
aSi:H i-layers dwoud be adjusted with resped to the
requirements of the bottom cdl.

2.1 Redisation d an optimised i/p/TCO interface

Major effort was dedicaed to the development of
optimised microcrystalli ne p-layers for the aSi:H top cdl.
Detail s are given in a separate paper [10] and anly the key
results are summarised here: The comparison d different
depasition techniques reveds that the VHF-technique (at a
plasma excitation frequency of 110MHz), in contrast to
the dasdcd RF-technique (at 13.56 MHz), provides
microcrystalline growth of the p-layer on the underlying
i-layer withou the use of any interface treament. Fill
factors above 70 % have been achieved uwsing the VHF-
technique & 110 MHz. An optimisation d the doping ratio
as well as of the hydrogen dlution ratio during p-layer
growth results in a high open-circuit voltage V¢ of up to
880 mV, while using standard i-layer processes. However,
most of the cdls dgill suffer from a relatively low blue



resporse, when compared with cdls deposited in the
regular p-i-n configuration; the origin of this loss can be
atributed to absorption in the amorphous phase of the
microcrystalli ne p-layer (see Ref. [10] for a more detail ed
discusgon).

2.2 i-layer development

As compared to the regular p-i-n (superstrate)
structure, the inverted rri-p (substrate) structure offers a
higher flexibility for the i-layer deposition parameters of
the aSi:H top cdl. Depending on the requirements of the
pe-Si:H bottom cdl top cdls containing either high
bandgap a-Si:H i-layers leading to high V4 (> 900mV) or
low bandgap i-layers which improve the airrent can be
implemented. The latter type of i-layers has to be prepared
at substrate temperatures sgnificantly above 200°C; such
high temperature leals in the cae of regular p-i-n cdlsto a
loss in V.. This relationship between V.. and i-layer
deposition temperature is ill ustrated for both types of cdls
in Figure 1, confirming ealier work of Takahama & al.
[11]. Due to deterioration in the TCO/pli-interfaceregion,
the Vo of regular p-i-n cdls dragticdly deaeases for
substrate temperatures above 200°C. On the other hand,
the Vo deaease of the inverted ni-p cdls smply
corresponds to the observed deaease in bandgap of the
i-layer with increasing substrate temperature.
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Figurel: V,. as function of the i-layer deposition
temperature for p-i-n and r+i-p aSi:H solar cdls.

3. uc-Si:H BOTTOM CELL DEVELOPMENT

The objedives for the bottom cdl are thredold: the
depasition of the bottom cdl must be optimised in terms of
efficiency, V_ and reduction of the deposition time. To
obtain high micromorph cdl efficiencies, it is quite dea
that an incresse in pc-Si:H bottom cdl efficiency is
desirable. The requirement of ahigh V_ is given by current
matching consideration with resped to the top cdl; in order
to read the best top cdl (and as a @mnsequence of the
micromorph tandem) stable dficiency, one has to limit the
thickness of the top cdl and therefore must ke a
relatively low current throughout the device Finally, due
to the low absorption coefficient of the pc-Si:H materia,
one has to grow (at a limited and rather low value of
depasition rate) relatively thick pc-Si:H i-layers. In this
context, both an incresse in the deposition rate and the
implementation d an effedive light trapping schema (see
sedion 4.2) is of paramourt importance in reducing
deposition time to economicdly acceptable levels.

For this work, entirely pc-Si:H cdls were deposited by

the VHF technique on Asahi (type U) or Ag/ZnO-coated
glass sibstrates. In order to get high deposition rates,
i-layers were deposited using the VHF tednique &
130 MHz; preparation cetails may be found in Ref. [12,
13]. Single pc-Si:H cdl were terminated with ITO top
contads.

Cells with stable dficiencies in excess of 6 % have
drealy been achieved on Asahi substrates [14]. In Figure
2, the spedral response and cetailed performance of a
6.5 % cdl is sown. Note that this cdl exhibits also a very
good saturation of the aurrent (even a OV applied
voltage). On the same type of substrate, an efficiency of
5.2 % at a deposition rate of 10.9 A/s was aso ottained
[13, 14].
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Figure 2: Spedral response and performances of an 3.6 um
thick n-i-p pc-Si:H cdl deposited on Asahi (type
U) at adeposition rate of 5.7 A/s.

In order to further reduce the deposition time, we am
a reducing the cdl thickness with the implementation o
an efficient bad refledor. Several cdls were deposited on
either flat or textured Ag/ZnO coated glass (see sedion
4.2). As one can seein Fig. 3, similar performances (as
compared to Asahi U) were obtained on a flat (non-
textured) Ag/ZnO-coated dass sibstrate with only half the
i-layer thickness A further gain is expeded with the
implementation d textured badk refledors (see sedion
4.2). No optimised pc-Si:H cdls have been deposited so
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Fig.3: Spedra response of an 36 um thick inverted
n-i-p pc-Si:H cdl deposited on an Asahi (type U)
substrate wmpared with the spedra response of
a 2 um thick inverted n-i-p cdl deposited onflat
Ag/ZnO-coated glass Depostion rates were
5.7 Alsand 55 A/s, respedively.



far ontextured bad refledors.

As far asthe V__ is concerned, the inverted n-i-p cdls
deposited so far exhibit values around 450 mV. In the
regular p-i-n configuration, careful optimisation o the
p-layer alowed us to boost the V _ to values over 500 mV
[2]; this optimisation work has now to be pursued and
transferred to the inverted n-i-p structure.

4. TCO DEVELOPMENT AND LIGHT TRAPANG

For silicon besed inverted n-i-p thin film solar cdls,
highly condctive and transparent ITO films are ommonly
used for the front contad. The typicd film thickness is
around 80nm providing an effedive ati-reflective
coating. Due to the low absorption coefficient of the
microcrystalline silicon, the incident light has to be
efficiently scattered in order to get absorbed within the
device This opticd confinement is necessary in order to
obtain a sufficient long wavelength (infrared light) spedral
resporse. For this purpose, the light scatering can be
brought externally, e.g. by the introduction of a textured
badk refledor or by increasing the natural surface
roughnessof the pc-Si:H cdl.

In our approach, adl TCO and metd films serving as
transparent top contad or textured badk reflector are
prepared by sputtering, which is a ommonly avail able and
highly industrialised thin film deposition technique. Note
that a large variety of cheap substrates (e.g. float glass or
metal- and dastic foils) can be used since the gplied
deposition temperatures (for both TCO and meta layers)
are below 250°C.

As TCO material, ZnO was preferred becaise it
combines svera advantages besides its high transparency
and conductivity: ZnO is an abundant, chegp and
environmentally friendy material. In combination with
metal films, it provides high refledivity and dfers a high
resistivity against hydrogen plasmas, which is an important
advantage for the preparation d the microcrystaline
bottom cdl. In case of Al substrates, it serves as an
effedive diffusion barrier [15 which avoid the
contamination o the cdl i-layer with meta atoms.
Moreover, we have shown that sputtered, initialy smoath,
ZnO films with appropriate structural properties can be
chemicdly textured by a post depaosition etching treament
with dluted HCI. The resulting surface texture exhibits
distinct scatering properties for visible and infrared light
[16, 17]. For the inverted cdl, we @mmbine texture-etched
ZnO with highly refledive metdli c films to redise abadk
contad with high refledivity and tuneable light scatering
properties.

4.1 Transparent top contad

Low-resigtive, transparent ZnO and ITO (for
comparison) films were prepared by magnetron sputtering.
Highly transparent films (T > 84 %) with resistivities down
to 410°Qcm and 7:10*Qcm for ZnO and ITO,
respedively, have been adieved on glass sibstrates at
deposition  temperatures below 200°C. Resistivities
distinctly below 5-10%Qcm were adieved for both
materials at somewhat higher deposition temperatures.
Using adapted microcrystalli ne p-layers, we compared ITO
and ZnO front contads in inverted r-i-p solar cdls. The
thicknessof both ITO and ZnO layers was varied between
40 and 250 nm to determine the optimum value; a sharp
maximum in the dficiency is observed when the anti-
reflection conditions are fulfill ed (seeFig. 4). The FF and

V¢ Of these cdls were typicdly around70 % and 80 mV,
respedively. Sincethese cdls are developed for the use &
top cdls in tandem devices, transparent substrates have
been used, which explains the relatively low absolute
values of the dficiency. A further dight improvement in
FF (up to 72 %) was achieved by a fine ajustment of the
sputter parameters during the first nanometers of top TCO
growth by using a soft plasma start. In conclusion, we
succealed in repladng the ITO top contad by sputtered
ZnO films withou any drawback in device performance
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Fig. 4:  Efficiency of amorphousinverted n-i-p cdlswith
ITO or ZnO top contads, as function of the TCO
film thickness

4.2 Textured Ag/ZnO bad reflector

In addition to an increase of the deposition rate, the
reduction of the thickness of the microcrystalline bottom
cdl is of grea importance in the perspedive of a future
large-scale prodiction. In order to keg the dfedive
thickness constant, a li ght-trapping scheme with a textured
bad refledor has therefore to be implemented. Recently,
Yamamoto et al. [7] reported a record efficiency of 9.3 %
for asingle n-i-p pdycrystaline Si cdl with a 1.5 um thick
i-layer, where both the natural surface roughness of the
polycrystalli ne silicon and a textured bad reflecor were
used for light-scatering. This result ill ustrates very well
the potential of an efficient optica confinement.

For this badk refledor, we investigate the use of
metalli c films (espedaly Ag) combined with chemically
textured ZnO films. Since the dedric properties for the
applicaion as textured bad reflector are far less criticd
(than for the top contad), these ZnO films have been
sputtered with a high amourt of oxygen duing the process
(O./Ar=1 %), in order to avoid any lossdue to free carier
opticd absorption in the long wavelength range. We have
aready shown, that by simply varying the eching timeit is
possble to tune the diff use reflection and improve the long
wavelength response of amorphaous sli con pi-n cdls[1§].
However, in the cae of the inverted micromorph structure,
the surface texture has to be optimised acording to the
requirements of the microcrystalli ne bottom cdls. For this
purpose, a microcrystalline n-i-p test cdl process (i-layer
thickness 1.5 um) was used in order to charaderise aad
optimise the light trapping properties of the textured
AQ/IZNO bad reflectors. Fig. 5 shows a remarkable
reduction o the tota refledion o pc-Si solar cdls
prepared on texture dched bad refledors as compared to
the cdls on the smooth (untextured) bad refledor. The
reduced refledion with increasing etching time indicates
that a greaer amount of the incident light is trapped inside



the device This is confirmed by I(V) meaurements
performed on these solar cdls. Short-circuit current
densities of 18.3 mA/cm?, 19.4 mA/cn?, and 205 mA/cm?
have been achieved on the smoath, 7's, and 3 s texture-
etched substrates, respedively. Significant higher current
densities is expeded using optimised cdl processes on
these substrates.
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Fig.5: Totd reflection d pc-Si:H inverted ni-p cdls
(with 15 um i-layer thicknes9 co-deposited on
flat, 7 sand 30s etched gasgAQ/ZnO substrates.

3.3 Outlook

Our TCO development currently focuses on the
development of highly condictive ZnO prepared by DC-
sputtering from metalli c Zn/Al targets. By avoiding the use
of more epensive ceamics targets, this approach is
consistent with ou aim at minimal production cost and
eff edivenessof the micromorph concept in the frame of an
industrial production.

4. FIRST COMPLETE TANDEM DEVICES

Complete micromorph tandem devices were redised
onAl, stainless $ed and dass sibstrates. Best efficiencies
(initial) adhieved so far are summarised in Table |I.
Efficiencies indicated here ae preliminary results. So far,
the full li ght-trapping scheme (i.e. the texturing of the back
reflector) has not yet been incorporated. Still, the natural
texture of the pc-Si:H surface &ealy introduced some
light scatering. However, this effect can be in future
further strongly enhanced by the texturing of the bad
reflector, a step that should generaly results in higher
current and higher efficiency for the whole micromorph
tandem.

Substrate Ve le FF n
[mV] | [mA/em’] | [%] | [%]
Al/ZnO (flat) 1240 111 673 | 9.25
SSZnO (flat) | 1267 10.6 690 | 9.25
Glass’/Ag/ZnO | 1280 101 719 9.3
Tablel: Performance  of inverted (n-i-p/n-i-p)

micromorph tandem cdls deposited on various
types of substrates. Efficiencies are given for the
initial state (stable dficiency of the cdl on
aluminium substrate is 8.4 %).

Asone ca seein Fig. 6, from the spedral resporse of
the cdl deposited on Ag/ZnO, the aurrent matching of this

deviceis dill far from perfed, which explained the rather
high obtained FF value; a better current matching is
expeded from the introduction d the textured badk
reflector, which is going to incresse the bottom cdl
current. The (V) charaderistics of this cdl are plotted in
Fig. 7.
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Fig. 6: Spedra response of an inverted micromorph cell
depasited on aflat Ag/ZnO bad reflecor as well
as the ontributions from the cmporent cdls
(the total micromorph current is here bottom cell
limited). The I(V) charaderistics of this cdl may
befourdinFig. 7.
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Fig. 7:  I(V) charaderistics of an inverted (n-i-p/n-i-p)
micromorph cdl deposited on a flat Ag/iZnO
bad refledor.

5. CONCLUSIONS

Inverted micromorph tandem concept offers an
promising alternative for high efficiency, low cogt, thin-
film silicon solar cdls. Compared to other tedhnologies,
the use of low temperature processes as well as the
incorporation o only abundant and environmentally
friendy materials is afurther advantage of this technology.

In the regular p-i-n/p-i-n configuration, stable
efficiencies in excess of 11% have drealy been
demonstrated. The inverted nri-p/n-i-p configuration
alows for a wider range of possble deposition conditions
(espedally for higher deposition temperatures) as well as
for the use of wider range of substrates too; thus, this
configuration hes certainly a potential for even higher
stable dficiencies and for lower modue ®sts. In first



complete devices as implemented on various types of
substrates, initial efficiencies higher than 9.2 % have been
obtained. A further implementation o arealy developed
light-trapping schemes (texturing of the bad refledor) as
well as better current balancing between the top and the
bottom cdl, shoud results in a significant improvement of
the dficiency.

As far as the stability of the micromorph tandem is
concerned, the stability is only controlled by the top aSi:H
cdl. Since the latter produce 2/3 of the total power of the
micromorph tandem, it is criticd to kee the top cdl
thickness as thin as posdble. In this context, two different
strategies may be followed. The first one, already partialy
studied, consist in an incresse of the depaosition
temperature in order to reduce the bandgap and to obtain
higher current. As an dternative, one can also implement
an intermediate opticd refledor (between the top and
bottom cdl) as a mean to increase the dfedive thickness
of the top cdl, as demonstrated by Pellaton Vaucher et al.
[19].
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