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ABSTRACT

The electronic WANSPOTL PIOPErtics of Lc-51-H materials were
investigated. The pc-5i'H was deposited by the Very High
Frequency - Glow Discharge (VHF-GD) technique at a RF-
excitation of 70 MHz. Very thin <p> doped layers (100 - 400
A) weze studied. Conductivities higher than 10- (Qem)y1 could
be achieved for films thicker than 150 A. The as-deposited pc-
Si:H is a slightly <n>-type material and compensation was
oblained by pg-doping with boron. Light-induced degradation
of the compensated film showed better stability than for a-Si:H.
Entirely pc-Si:H p-i-n solar cells were precparcd by
incorporaiing the compensated layer in the stmocture, The po-
Si:H cells show indeed an increase in the speciral response
bevond 730 nm compared 1o amorphous silicon solar cells.
These results indicate that the sliphtly doped pic-5i:H is a new
promising photovoltaically active material, which merits closer

INTRODUCTION

The prowth of microcrystalline silicon (We-Si:H) is empirically
realised in & glow-discharge (GD) system by a high dilution of
silane in hydrogen (~3 %) at a sufficiently high deposition
temperature and a high discharge power. Our earlier studies
have shown [1 - 3] that by the VHF-GD technique at 70 MHz
the input power for the growth of pc-5i:H can significantly be
reduced. Also, the deposilion lemperamre can be kept lower
than in the case of conventional 13.56 MHz G} [4]. Thus,
"thick"™ doped layers show excellent conductivitics, as high as
130 {Ccmy! for n-tvpe and 30 {Qcm)? for p-type material [1 -
3]. Supported from plasma diagnostics [5] we believe that the
lower jon energies due to a redoced sheath poicntial and a
higher atomic hydrogen flux on the growth surface ephance the
surface mobllity of the species, which contribute 1o the
favourahla growth of pe-5i-H in VHF conditions.

The challenge to achieve more stable thin film solar cells
encouraged us lo investigate the properties of ntrinsic pe-5i:H
as a potential new solar cell material, since it is known that
light-induced degradation in pc-Si:H films is lower than for
amnrphoms silicon [6 - R].

As previously reported [4], we found inatemperature depen-

dence study, that the undoped pe-SitH shows <n>-lype
properties 4% is also reported by the work of [6, 7]. Now, in
the present siudy we ried 10 compensale our already oprimised
undoped material by adding some traces of diborane into the
plasma gas. Further, the stability of such films were analysed
under strong light Mumination.

Before preparing finally p-i-n solar cells, we first developed
Very tin, appropriale <p>-iype ue-51H window layers; their
detailed study will be given here. In the second part of this
work we prepared p-i-n solar cells with entirely
microcrystalline <i> and <n> layers in combination with
different <p> windows (a-5iC:H, pe-5i:H).

EXPERIMENTAL

Films and solar cells were deposited in a single YHF chamber
reactor at 70 MHz. The deposition parameters were: Taep = 170
- 200 °C, p = 0.4 - 0.8 mbar, power input of 3 - 10r W,
SiHytotal ~ 1 - 3 %, depositionrate 0.5- 1 A.

To have the same original state of the chamber at the beginning
of each new experiment and afier each cell, we always
deposited an a-5i:H dummy layer to minimise contamination
residues.
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For the compensation of the pe-Si:H material an additional
mixing chamber was installed which allowed "micro-doping”.
For both the compensation and deposition of thin <p=-type
window layers, BaHg was used.

All films were deposited onto Dow Corning 7059 glass and on
-5 wafers for their characterisation. Thin copper grids were
also uged for the deposition of the thin <p>-type layers. The
films were analysed by IR- and UV/visible ransmission
gpectroscopy, dark- and photoconductivity. Fuarther, Raman
and X-ray diffraction were investigated o verify the
crystallinity. The thickness of the samples for the compensated
material was kept constant around (.33 - 0.44 pm, contacts
used here were 1000 A thick aluminium in a coplanar
configuration. The dark conductivity of the films was measured
under vacunm condition after standard annealing at 200 *C.
The thicknesses of the films were delermined by a siep prodiler.
Specially for the thin p-doped layers the given valhues were



averaged over about twenty measurements. To avoid a change
in the surface of the thin <p>-doped series, all films were
stocked in an argon atmosphere.

The photoconductivity of three typical films of the
compensation study series were characterised during long-term
Hlumination under an intensive high pressure sodivm lamp
(1.5x10!% photons/ecmZs). With the wavelength of this Light
source of 590 nm and the absorption coefficient of sbout 1310
em! of the pe-5i:H we get a relatively unifonm illumination
through the entire film (ransmission ~ 70 %). The temperature
during the light exposure was 40 *C and was measured by an
infrared thermometer.

b} Solar cells

The p-i-n solar cells were deposited onte Zn0 and Snidy coated
glass subsirates. Thus, the newly developed pe-Si:H window
layer has been applied in the cells and was compared with a
<p=-type 2-5iC:H window layer. The latter we commonly use
in our standard a-5i:H solar cells was nol especially optimised
for the pec-Si:H reactor. As active layer we introduced our
compensated material of first 0.3 pm thickness (finally 1.1
pm), followed by a thin <n>-deped microcrystalline silicon
layer (between 100 and 400 A). This <n> pe-Si:H is well
cstablished in our a-Si:H p-i-n solar cells [9). As back contacts
we used either aluminium, titanium-gilver (TiAg) or the
transparent indinm-tin-axide (TTO),

In order to avaid the evident large peripheral effect as reported
[4], the cell surface has been defined using masks,

The cells were charscterised under AM1.5 illumination ai 100
mWjfcm? by a two-source solar simulator (Wacom WXS-1408-
10} and in the dark. The external quantum efficiency was
measured in the range of 350 o 1000 nm. Light Beam Induced
Current (LBIC) measurements were carried out to monitor the
peripheral effect of the cells and to check the back contact

To improve the performance of the devices we systematically
armealed the cells.

RESULTS AND DISCUSSION

Ik Joped e SicH films (window lavers

For solar cells applications the most important features for a
high quality <p>type window layer are: its transparency, its
conductivity and its overall ability of being an efficient emitter.
The propertics of the emitter can be verified by measuring the
activation energy.

Az already reported, doping efficlency for pc-Si:H is much
higher than for a-5i:H. Thus, for thick <p> layers (0.3 um)
activation energies of 20 meV and conductivities of 30 {Oem)l
cin be obtained. This very low value of E,, and the high
conductivities encouraged us to investigate the propertics of
very thin <p> layers. The influence of the film thickness on
the condoctivily o4 and the activation energy E
summarised in fig. 1.
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Fig. 1: Dark conductivity and activation energy as a
funcuion of <p> pe-5i:H film thickness (diborane-
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Fig. 2: Bpectral ransmission of the ivkuess series of

<p> pe-Si:H films, deposited onto glass substrates (Dow
coming 59,
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O Temains still at really high vatues of 1 w 10 (Qom)- down to
thicknesses of about 200 A, while beyond this value the
conductivity begins to fall and E,; 0 increase. The
conductivity reaches, even for thinner films (~150 &),
remarkably high values of > 10-2 {Qcm)! which are well
dbove those of doped a-SiC:H (~10-% (¢m)-1). These high
conductivities are a relishle monitor for microcrystallinity.



The messurements were carried Out using Al contacls (1000 A)
with a 1 mm gap. The thinner the investigated films are, the
more important influence of e.g. nucleation on size effects will
become. A reliable and correct characterisation of such thin
films is therefore very difficult and strongly substrate-
dependent, Possibly, conductivity and activation energy of the
films would be seen not to change as strongly, if the films
could be characterised by a sandwich configuration.

The =zolar cell device will probably show the thickness
influence more cvidently, but in this case the roughncss of the
TCO, oo, will significanily influence growth and properties of
the thin <> pe-Si:H window layer.

These thin window layers were further characlerised by
spectral transmisgion. Fig. 2 shows the transmission curves
obtained from the layers of the thickness series, depesited onto
glass; the ransmission of the suhbstraie is also plotted; for
comparizon, the sunlight spectrum is also given.

Films between 110 and 140 A show a remarkable transparency
in the important vigible range of the sun light.

An extensive study of these thin <pe> doped films (optimisation
and characterisation) will be published later.
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To compensate the <n>-type character of undoped pec-5iH
materlal, small amounts of diborane (BpHg) were
sysiematically added to the gas mixture, Fig. 3 shows the
response of these experiments on the dark conductivity and the
activation ensrgy in function of very light doping {"micro-
doping™).
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Fig. 3: Variation of dark conductivity and activation
energy as a function of "micro-doping™ with BaHs.

It is clearly shown that the Fermi level posidon reacts
sensitively i the diborane partial pressure, Micro-doping shifts

e dark conducdvity over & wide range from 22102 {Cm) !
for the undoped material to 3x10-% (Qem)! a1 the compensation
point. In the same way the activation emergy increases from $0
meV to the maximum vahee of 517 meV, Further doping leads
1o a sharp increase of gy to <p>-type material with again
smaller values [or Eyq. Ihe very sharp compensaion point is
obtained at a conceniration of about 10 ppm BaHg in SiHa.
The activation energy was determined by a lemperature fanp of
the dark conductivity from 200 *C down 1o room (emperature
(RT). The Arrhenius plot of &4 shows for the higher
temperatures a steeper decrease than for lemperamures below
100 “C. We plotted therefore the lower values of E,., which
correspond to the drawn RT conductivity poinis in {ig. 3.

The achieved compensation of the material at — 10 ppm is in
well agreement with the work reported in [6, 7] using a remote
PECVD system. The maximum of the photoconductive gain of
6x107 at 100 mW/cm? for the compensated pc-StH is a little
higher than the one observed in [6, 7]. In contrast o [6, 7]
where an activation energy of 0.7 &V is reported we observe a
smaller value of only 0.517 oV for the compensated material.

The stability behaviour of the pc-Si:H under light sxposure
was performed on thres different films in fig. 3. During the
light-soaking the photocurrent of all three samples was
simultaneously menitored: the imtensity of the sodium lamp
used (500 mW/cms, ~ 1.5x1018 photonsfcm?s) was controlied
by a photodiode in parallel. Fig. 4 shows the photoconductivity
versus light exposure lime. The behaviour of the three samples
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Fig. 4: Simultancous long-time light exposue of three
different uc-5i:H films. The light source was a sodium

lamnp ¢h = 590 nm) of 500 mW/em?2, The films were kept
at 40 *C,



is very surprising. While the op, of the undopad material
siowly decreases by long4erm illumination, in the compensated
sample (B.83 ppm} in conirast Oy Seems 10 increasc slightly
with time. The undercompensated probe (4.1 ppm, slightly
<n>-{ype) shows a small flucation but remains more or 1ess
constant over the observed time period. These degradation
experiments, which were caried out under a strong light
SOUrce, are very encouraging: the néw photovoltaic material has
now t be explored by light-soaking of the whole solar cell
device, wherse all poszible effects of degradation (Ffiald,
interface effects) are taken inio accounL.

¢} pei-n solar cells

In & previous paper we have already reported about the strong
peripheral effect. By a simple p-i-n deposition through & metal
mask a better definition of the active ccll area could be
obtained. All solar cell data presented in this paper are based on
this technique (see fig. 5). The areas of the mask holes were
8353 w 80.12 mm2,
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Fig. 5: Strucrure of the pe-Si:H p-i-n solar cell with a
back reflector.

For our present study, two types of p-i-n solar cell siuciures
were investigated:

1. <p> pe-SizH  <i> pe-SitH / <n> pe-Si:H

2. <p> a-SIC:H / <i> pe-Si:H / <n> pc-8i:H
In both cells compensated <i> pe-SiH layers were used, in
case 1 (scc fig. 5) the proviously developed <p> pc-5i:H
window layer wags used. In case 2, for reference, a <pi> a-
S1C:H window layver was prepared.
For comparing the quality of both <p> windows we kept the
compensated <i> layer (~ 10 ppm) constant at & thickness of
0.3 pm. As is well known from the experience with a-Si:H the
<n> pe-8i:H back contsct is not so critical for device
perfarmance. The thickness of the <nx~ laver was varied
between 100 and 400 A,

For cell structure 2, a typical illuminated I-V chargeteristic is
shown in fig. 6: all of these cells show high open circoit
voliages (up to 778 mY, which is quite surprisingly high
compared o the valies reporied earlier [4]).
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Fig. & I-V characteristics of cells with a <p> pe-51:H
and a <p> 2-3iC:H window layer.

A further investigation of the <p> a-8iCtH window by a
variation of the thickness and by adding thin a-5i:H buffers
belwesn the <ps and <3 layors Qi ol sulve b protdem ol
the low fill factor so far obtained here {$=e fig. 6). Wea supposa
that the bend in the active IV curve is probably cansed by a
band spike at the p-i interface due to higher gap of the a-5iC:H.
Conductivity measuremenis of <p> a-8SiC:H films gave
acHvation energies of abourl 0.0 eV, Which 18 indesd (oo Righ it
one 1akes into account & band gap between 1.1 md 1.4 eV for
the: pe-Si:H. Further work and optimisation of the p-i interface
with a-SiC:H shoukl be done to clarify this probler. The high
Woe obtained here constituies a strong motivation o comtinue
with the <p> a-8iC:H window together with inirinsic pic-5i:H
base material.

Entirely p-i-n e-SitH cells showed from the beginning lower
open circuit voltages but better fill factors and higher short
circuit currents than cells with <p> a-5iC:H windows (see fig.
&).

An attemnpt with an ultra-thin a-5i:H buffer Jayer between the
<p> and <i> layer of abour 20 A shows, however, that the Ve
could thereby be enbanced up to 608 mV. The characteristic in
fig. 7 sugpests a high series resistance in the cell, which may
originate from a too thick a-5i:H buffer. It is well known, for
example from MIS device studies, that by optimising the
thickness and the quality of the thin buffer layer, one is also
able to improve the FF of such & cell, while kecping the high
Voo and the T

The preparstion of the ulira-thin 4-51:H is very critical because
it takes only a few seconds in our fast a-Si:H deposition
process compared to the two hours of deposition for a 0.3 pm
He-SiH cell. By using a more defined a-SitH layer an
enhanced performance scems to be foamble,
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Fig. 7: I-V characteristics of pc-8i:H p-i-n solar cells
with and without & thin a-5itH baffer layer.

The wvoltage-dependent spectral responss measnrements
showed that the collection efficiency of the pc-5i:H cell under
J;e conditions is already close to satration. Therefore, the
thickness of the compensated <i> layer was enhanced from (.3
up to 1.11 pm. The results of these cells are represented in
fige. B and O,

As one coukd assume, the selar cell performance indeed
improved with increased <i> layer thickness, Specially, the
short cirenit cugrent imcreases, whereas the V., and the FF
remained unchanged. Thus, an efficiency of 3.8 % could be
méatured for the bast celle, when putting a white reflector
behind the non-metalised gap, as shown in fig. 5, beiween the
exlernal active ared radius and the outer border of the
mecialization. This shows that the IR back reflection propertics
of the used back contacis were far from being opiimised.
Henee, a real potential for incrcasing the cell cfficlency is
gIven.
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Fig. 8: I-V characteristics: best resull of a thick p-i-n
entiraly pc-Si'H salar eell on Zn0) coated glass with
external reflector.
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Fig. % Spectral response measurements of pe-5itH p-i-n
cells on the metallic back concact (no reflector) with
different <i>> layer thicknesses, in comparison with an a-
SEH standard solar cell.
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The spectral response measurements in fig. 9 prove the
microcrystalline properties of our base material: due (o the
reduced “bane gap” there is indeed a quantum efficiency in the
near infrared where the sensitivity of the a-Si:H is already
close o zero. An interesting peint of our pe-Si:H cell is even
the small sipnal &t longer wavelengths {100 mm: =1 %), since
the "gap” of pc-Si:H was until now generally thought to be
around .4 eV (® 880 nm) [, 7], somewhere between the gap
of crystalline and amorphous silicon. The reverse biasing of the
thick cells in the speciral response measurements showed again
arather good collection under J.-conditions, for carriers being
absorbed near the back contact (sec fig. 9). The assumption of
a strong electrical field in the <i> layer is also supported by the
dark [-V characteristics where a quality factor of 2 could be
found, which can be linked 1o a space-charge limited
recombination current

Comparing both TCO substrates used, V,. amd spectral
response {except at very short wavelengths) of the entirely jpc-
Si:H cells om Zn© and Sn0; were quite similar. This indicates
in contrast to previous work [10], that the growth of the plc-
8i:H does not reduce necessarily the quality of the Sn0;
(transparency and conductivity), which is known not 10 be
resistant to atomic hydrogen. The only explanation for the good
interface obtained is the sufficiently high growth rate of 1 A/fs,
which seems. o be high ¢nough 50 as to cover the sensitive
Sn0); within a short time.

From figs. 8 and 9 one can infer that the efficiency of the
entirely pe-Si:H solar cell may possibly be further increased by
growing thicker <i> layers. It would be interesting to find the
thickness where the collection of “deep” photogenerated
carriers becomes limited. As already mentioned, an optimised



a-3i:H builer enables us 1o improve the open circuit vollage
and thus the efficiency. These results show that compensated
pc-Si:H may really be an excellent photovoellaic material and is
worth a more imtensive study in fuhure.

Before degradation experiments will be started on solar cells,
higher mnitial efficiencies have 0 be obtained. This is important
in order to conclude whether there {3 a net gain in stable
efficiencies, as compared (o a standard a-5i:H p-i-n cell, or not.

CONCLUSIONS

Starting from previcusly obtalned resulis where the VHF-GD
process showed 10 be A very sultable technique for preparing
doped highly-conduciive jc-5i:H layers, a downscaling of the
fili thickness could be successfully performed. Thus, thin
<p>-type doped pic-5i:H layers can now be prepared and could
become excellent window layers for solar ccll applications. The
VHF-GD process can produce undoped pe-5i:H layers that are
& active photovoltaic material, althouph having low activation
encrgics {due to extrinsic impurities, ete.), Therefore a "micro-
doping” technigue was iniroduced for the <i> layer, in order to
ghift the Fermi level towards midgep, thus obtaining
compensation of the mitially <n>-fype material. Light-soaking
#xperimenis with an intensive high pressure sodium lamp have
shown a better stability in the photoconductivity of the new,
compensated pe-SitH films; however, more detailed studies
with other {cchnigues have to be applied before claiming a
better stability for these films and for the whole solar cells.
Using such compensated material for solar cell applicaticns, the
exlension of the built-in fleld into the cell ¢ould be improved
compared to our previously published results (better field
uniformity). Thus, the cells showed an increase in the infrared
collection for wavelengths above 800 nm, which could never
be observed in standard amorphous p-i-n solar cells. This fact
proves again the microcrystallinity of the <> layer.

The results presented have shown a solar cell efficiency of 3.8
%, that could be further improved following two ways: first,
by optimising the p-i interface with an a-Si:H buffer layer in
order t¢ increasc the open circuit voltage, and secondly, by
increasmg the <i> layer thickness in order to ohtain higher
short circuit currents. A further potential for increasing the
quanium efliciency lies in the optimisation of the back contact
reflecior for the infrared light.

If the better stability of the all pc-Si:H solar cells can be
proven, microcrystalline silicon could become a new
encouraging thin film base material, that could contribute
0 & solution to the photovoltaic problem provided the
efficiency can be increased close to 10 %.
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