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ABSTRACT

Hydrogen dilution and buffer layers, as two ways to obtain higlgenelues in a-Si:H p-i-n
solar cells, are directly compared in the present study. Special emphasis is laid on stabil
against light soaking. ptdilution in combination with lower substrate temperature yields higher
Voc values and better stability as compared to buffer layers. However, light absorption
decreased due to the increased gap ardhuted cells. The stability of buffer layer cells can
remarkably be ameliorated by boron doping amgtdiution of the a-SiC:H buffer layer.
However, stabilized efficiency is higher for optimized diluted cells than for cells with a buffer
layer. An a-Si/a-Si stacked cell with a graded dilution for both cells yielded 10% initial
efficiency with 17% relative degradation. Diluted a-Si:H cells at lower temperature becom
specially interesting in combination with a microcrystalline bottom cell. For such a
"micromorph” tandem cell we obtained 11.4% initial efficiency.

INTRODUCTION

There are different approaches to increase #heoV a-Si:H based p-i-n solar cells. One is to
use wide-bandgap a-SiC:H buffer layers at the p-i-interface, another to use lower depositi
temperatures for the i-layer thereby increasing the bandgap energy. Both methods are founu
be harmful to the stability of the cells.

It has been shown that the stability of buffer cells can be increased by boron-doping of t
buffer layer and hydrogen dilution of the buffer a-SiC:H matedi§[Z]. For lower deposition
temperatures, ptdilution is found to increase the material quality of the i-layer and also the
stability of the cells [3]4].

The present study compares both methods with respect to their potential to increagge the \
and their influence on the stability of solar cells. The study was realized with materials and ce
deposited by VHF-GD at 70 MHz.

H2-DILUTION
MATERIAL 2500

If one wants to increase the bandgap of a-Si:H— C
intrinsic material in order to obtain a higher open-circuit'g 2000
voltage for a p-i-n solar cell, hydrogen dilution can play—

a double role. On the one hand, the quality of materiag 1500
deposited below "standard" temperature (a techniqu&g _
that increases the bandgap) is remarkably enhanced 1000LS
Ho-dilution. On the other hand, hydrogen dilution g
increases the bandgap of the material at a given
temperature already by itself. 500

We investigated the influence of hydrogen dilution
on material properties for 3 temperatures and different A
dilution ratios ([Fp]/[SiH4]). The substrate temperatures 1800 1950 2100,
were 220, 180 and 126C. The extent of hydrogen wave number [cm ]
dilution is limited by the transition between amorphotg.1.: Infrared absorption spectra for layers
and microcrystalline growth. This transition occurs fégeposited at 12€ and different hydrogen
our VHF deposition technique (70MHz) at dilutiogflution ratios. The spectra are shifted by
ratios of about 12 to 15 (with conventional R¥90cntl with respect to each other.
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(13.56MHz) deposition the onset of microcrystalline
growth is typically at ratios of 30 to 568]). SR LR LAY RN AR LA L
We observed a remarkably better microstructure, as 7L 120°C
determined from the 2000ct and 2080cmt IR o 2 10
absorption peaks, for samples deposited at low
temperature with hydrogen dilution as compared t& 5
undiluted samples (at the same deposition temperature}, 10
Fig.1. shows those peaks for the IR2&amples and for o
different dilution ratios. The 2080crh peak clearly =
decreases with increasing2Hlilution. For samples 5 108
deposited at "standard" temperature, i.e. at@2this bbb b o
peak is, already for undiluted samples, much smaller 0 1d.|2 3 4 5
than the 2000crd peak. ution
The fact that H-dilution increases the quality ofig.2.:ugtg for samples deposited at 12D
a-Si:H deposited at low temperatures is also confirnaed different dilution ratios. The samples are
by determination of the material quality parameigrp the same as in Fig.1.
[6]: Fig.2. showsugtg for the samples deposited at

120°C, indicating better electronic transport properties _ . Fe | —
with increasing dilution. e 3 —— %%ggJ
§ — —— 120C
CELLS £ 16F T
In order to study the influence of hydrogen dilution < 3 ¥ E
of the i-layer on cell performance in the initial as wellas © 15F E
in the degraded state, we deposited 2 series of cellsF 3 E
(22°C and 180C) containing the i-layers mentioned — N TR &£
above. The i-layer thickness was chosen to be 450nm, 0 2 4 6 8
i.e. much thicker than for high-performance solar cells; dilution

the i-layer quality thereby directly determines the ¢
performance, and possible harmful effects cannot be S layers as a measure of the
casiy,hdden behind fielc-enhanced collection, as;fcal absorpion 2> & ncton o subtat
systematically degraded for 1000h afGQunder white perature and hydrogen dilution.

light (1 sun intensity) and open circuit conditions.

For constant deposition temperature we observe an increase of the optical gap with hydrog
dilution as is reflected in spectral response (SR) measurements. The integrated current fr
spectral response measurements at -3V bias voltage (no collection losses) is a measure fol
absorbed photons and therefore the optical gap. This current decreases strongly with increa:
hydrogen dilution and, to a smaller extent, with decreasing deposition temperature (Fig.3
indicating in both cases an increase in the optical gap.

The increase in the optical gap is reflected in tiyg Values for these cells (Fig.4a.). For
undiluted cells, the value of¢ in the initial state is about 40mV higher for cells deposited at
18C°C than for cells deposited at 22D (standard temperature), whereas the difference in the
gap is only about 20meV. Similar results have already been reported elsewhere [4]. The incre
in Voc obviously does not only depend on the optical g(?p Hhis indicates that other
mechanisms play a role: e.g. less recombination in the bulk due to better material quality or/e
different interfaces for diluted i-layers.

For the 180C samples, ¥Yc decreases slightly under degradation (except the sample a
dilution 9, where \4c increases) whereas thgd/values for the 22 samples even slightly
increase. (See also similar observations in T]),[Hydrogen dilution improves the fill factor
after degradation for the cells deposited at’C3F-or the 228C cells, the degraded fill factor is
only slightly improved by H-dilution. However, for both temperatures, current degradation is
strongly reduced by pidilution (Fig.4b.).

The observed gain ing¢ and the stabilized fill factor have to compete with losses in current
due to the higher optical gap. An increase of thg ¥om 0.83V up to 0.90V corresponds to
8.4% relative gain. The current (at -3V) decreases from 17.2mAI@8AC, undil.) to

I
Ej 3.: Current from integrated SRV) for



16.2mA/cn? (180°, dil.2) or even to 15.4mA/cékh
(180, dil.9) which corresponds to 6.2% and 15.4% SRR R R e
relative loss. For the 220 samples, the higherg¢ is 0.92 .
compensated by the lower current, whereas for the g
180°C samples the gain ingé and FF after degradation —

is larger than the loss in current. For dilution ratios of 0.88 | .
and higher, both series have the same efficiency in theg 0.86 | .
degraded state, one cell having a higher current and 0.84F .
smaller \p¢, the other cell the inverse. This possibility T F .
of a choice between current and voltage is particularly 0-82F E
interesting in the context of tandem and stacked cells. S
It is quite clear that for thin cells, e.g. for the - =
application as a top cell, the loss in the absorption can be ;- E E
compensated by a only slightly thicker i-layer, so in thiS' - m :
case the diluted samples become even more interestir@ E E
due to their high Yc and increased stability. s 15F E
CONTAMINATION PROBLEMS _8 14 —E‘QD\ =
= D—;
| | | |

For high dilution ratios (>2), we found that
contamination problems play an increasing role. The
main problem is oxygen contamination of the i-layer for 0.7
highly diluted cells 8]. Due to the reduced growth rate _
and possibly due to traces of water in the feedstockS 0.65
gases, oxygen is incorporated into the i-layer. Oxygeng8 o 6
acts as an n-type dopant [9]. In the solar cell, this leads.
to a reduced spectral response for red light, which in itss 9-°°
turn leads to a low fill factor. Fig.5. shows the values of g 5
Voc and of FF*=FFd4dI(-3V) for highly diluted cells,
deposited at different outgassing rates of the reactor
walls. The fill factor decreases with increasing
outgassing rate due to an increasing amount of n-type —,
doping, whereas ¢ is almost not affected. From this &
we conclude that water vapor coming from the walls is
one major source of oxygen contamination The relative
degradation of the collection is not affected by oxygen
contamination.

Even for very low outgassing rates the FF* values of ]
the cells shown in Fig.5. do not exceed 60% indicating N U T PR A
that there is another problem persistent: it was found 0 2 4 6 8
that the H-diluted silane-plasma during the deposition dilution
of the i-layer etches the reactor walls. As cells weifig 4a.: \p values for 220 and 180C and
prepared in a single-chamber reactor, there is phospii¥ent dilution rates before and after
from previous depositions which is thereby etched argradation. i-layer thickness is 450nm.
incorporated into the i-layer in spite of a dummy-layeircles: 220C, rectangles: 18€, filled
deposited in between 2 cells. Deposition of this dummymbols before degradation and open
layer at low pressure and withpHlilution eliminated symbols after degradation (1000h).
this problem. Fig.4b.: kcvalues for the same samples.

Another source for n-type doping of the i-layer aré-4c.: Fill factor values for the same
impurities in the feedstock gas. The use of a gas puriffples.
was shown to reduce these impurities [8]. By applyii%d'?“ Efficiency values for the same
this technique to high dilution cells, we ‘were able ¥§"P'¢*
further increase FF* to over 64%. This leads to the cells
shown in Fig.4.

Remark: we also observe an etching of the p-layer during the deposition of a diluted i-laye
this results in a slight boron doping of the first part of the i-layer. This etching effect seems -
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occur only for VHF deposition as it has to our
knowledge so far not been reported for RF deposition at  ; g

stability due to the strong degradation of the buffer layer ¢.40 D.D\EED
which destroys the electric field in the cell. It has been e
found [1], [2 (SiC-cells)] that boron doping of the buffer 4107 1072 10
layer can reduce this effect by compensating negatively dp/dt (mbar*l/sec)
charged light-induced dangling bonds through positively.5.: Voc and FF* in the initial and
charged boron atoms, thereby maintaining the electagraded state for cells deposited at different
field in the cell. outgassing rates of the reactor walls
These findings encouraged us to further optimigearl/sec]. FF*=FFdgI(-3V) is shown as
buffer layers in order to find an answer to the quest{@ithick cells collection at OV already suffers
whether buffer layers can contribute to higher stabiliZEn field distortion. Dilution of the i-layer
cell efficiencies through highergdé values. was 9r'].5|t’bs”a‘t1%0temperat“re 1B0and I-
When optimizing those buffer layers, it is quit8Y®" thickness 450nm.
difficult to distinguish between degradation due to the
buffer layer and degradation due to the bulk of the i 1
layer. We therefore used cells with an i-layer of 1000A
thickness and deposited with g Hilution ratio of 9. . 44
Substrate temperature was 180 The degradation of =
this i-layer itself is very small (Fig.6., triangles) and can g
therefore be considered to be negligible w.r.t. the> 0.92
degradation of the buffer layer.
Fig.6. shows a series of cells containing buffer layers .gs
with a varying doping concentration, deposited with
60% CHy, 40% SiHy and a H-dilution ratio of 10. 0.7
Fig.6. shows that this buffer layer can increase the
initial Voc to values of up to 1V. Fig.6. further 0.6
confirmes that an adequate doping of the buffer layer 0.5
can increase the fill factor in the initial state and reduce '
its degradation. (Results are quite similar to those
reported in [2].) However, for all cells, independent of
the doping level, there is no gain ing¥ after 0.3
degradation and the fill factor is always worse than for T T T
cells without a buffer. In order to increase the stability 0 2 4 6 8
of the buffer layer itself we optimized the a-SiC:H doping [sccm]
material. Less CHl in the gas phase and highep-H _ _ _
dilution ratios result in a better and more stable matefi&i62.: \oc for cells with a buffer layer in
[2]. With a new buffer layer (40% Cin the gas phasethe initial (filled) and the degraded (open
dilution ratio of the buffer layer 20 and appropria?émﬁo'?ogtate for d'fffrert‘tt] d%p'f?g f'uxdes
doping (100ppm BHg)), we obtained the following -2 '6 27°PPM I F%I) o.rh € b“ﬁer ?”
result: Vpc=0.955V at 70% FF which degrades aft‘@ mparison to a cell without buffer fayer

13.56 MHz. -
w 0.80 —@—— Voc.init
BUFFER LAYERS - 0.70E —m— " ooon
. S - —{— FF*1000h
It is well known that a buffer layer at the p-i = 0.60F -
interface can remarkably increase thgc\of the cell. >8 : E
However, those cells suffer in general from poor 0.50F E

U

»__

0.4

fill factor

iangles). i-layer thickness is 1000A.

1000h to 0.933V at 64.5% FF (diamonds, Fig.6.). In t ISmonds indicate the so far best cells with a

case there remains a gain inpy/ of 30mV after pyfer jayer.
degradation. o ) Fig.6b.: FF for the same cells before and after

It is shown that it is possible to reaclydvalues of degradation.
1V with a buffer layer. The loss ingé and FF during
degradation is clearly only due to the degradation of the buffer layer itself. If this degradatic
can be reduced, it should be possible to redusggdégradation and maintain high values in the
light-soaked state.



COMPARISON OF H2-DILUTION AND BUFFER
LAYERS

—@—— Voc(dil.2/18C
e |

dop.b.20

Fig.7. compares the so far best diluted cell in the 0.88
degraded state (dil.2, 180, see Fig.4.) to acellwithan = g¢
undiluted i-layer but an optimized doped buffer layer at™, ™
the p-i-interface. The buffer layer is the same as®° g g4
described above (40% QHdil.20, doped). Both cells ]
have an i-layer thickness of 450nm. 0.82F- ne hiiffar 990 v - ... -

Although the buffer layer in Fig.7. is an optimized no buffer 220C
buffer layer, i.e. deposited with hydrogen dilution and
boron doping, we observe a strong degradation under
illumination. Vpc degrades down to values only about__
20mV above those without buffer layer and also the fiffz 16
factor degradation is high. If we compare this cell to the2
cell deposited under MHdilution at lower temperature, é
we find less ¢ and FF degradation; this —
overcompensates the loss in current and results in &
higher stabilized efficiency. 14

%

—@— Isc(dil.2/180
—— Isc(dop.b.20

15

STACKED CELLS 0.7

For application in stacked cells we developed cells -
with a graded dilution ratio in the i-layer. A small part g
(=30nm) of the i-layer was deposited with a dilution of 9 &
in order to get the maximum possible voltage of around=
900mV per cell, and the bigger part was deposited with*
a dilution of 2 in order to get sufficient current. Ina  0.55
2000A thick single cell we obtained by this structure
(1:9/1:2) a \bc of 927mV at 72.3% FF. In an a-Si/a-Si
stacked cell, employing two times this structure, we

0.65 —l—— FF(dop.b.

—— FFédil.Z/lB%)) I

0.6

|

obtained a ¢ of 1.82V at 73% fill factor and a current — 10F :

of 7.52mA/cn? (efficiency of 10%). Degradation of this & F\ | —8— etatonb20) I

cell is shown in Fig.8. Stabilization occurs aft&00h o 9F

illumination at 8.3% efficiency which means 17% % F

relative degradation. Inserting additionally a buffer layer o 8¢

as described above (40% @Hdil. 20) in both cells 5 7E

increases the §¢ to 1.9V. However, after degradation s

we observed no gain in efficiency when compared to the TN IR RN I

cell without buffer layers. 0 10 100 1000
Recently our group published results on so-called t [h]

micromorph tandem cells i.e. a-Si/microcrystallingy 7a.: Comparison of Voc degradation for

stacked cells]0]. The best result at that time was a cédlis with doped a-SiC:H buffer (dilution 20)
with a stabilized efficiency of 8.9%. The top cell of thi®posited at 22C vs. diluted i-layer
tandem was a 22Q undiluted cell with a doped buffedeposited at 18€ (thickness 450nm).

layer; the initial \¢c had been 1.25V which degraded tdg.7b.: kcdegradation for the same cells.
1.22V. Taking into account the results shown in thig.7c.: FF degradation for the same cells.
paper, we now deposited a "micromorph” tandem degi7d.: Efficiency during degradation for the
with a 180C top cell, without buffer layer, but with &ame cells.

graded dilution 1:9/1:2. Thereby we could increase the

Vocto 1.34V at 73.8% FFgEwas 11.5mA/cr resulting in an initial efficiency of 11.4941].

In contrast to the former cell and as can be expected from the above result, there is nearly
Voc degradation for this cell. After 145h of light-soaking we measured 1.33V at 66.6% FI
(9.9% efficiency).



CONCLUSIONS

L=

Hydrogen dilution as well as lower substrate 10

temperature can remarkably enhance tle Walues of
a-Si:H p-i-n solar cells. In the latter casey-Hilution
avoids the material deterioration in the initial state
(normally associated with low substrate temperatures),
as well as enhanced degradation. At the same time, the RPTTIT ETETTT B
maximum achievable current of the cells is reduced due 0 100 1000
to an increase in the optical gap. Furthep;dilution time [h]
reduces current degradation of thick cells, independenpt| a.: Effici dearadation of Si/a.Si
of the deposition temperature. As a result, afE'%i:kéd el o ditttion n

X . . . , ploying graded dilution in
degradation, the efficiency of diluted cells is better thnart1h Y der 100mW/@at 50C
for standard undiluted cells. ofh I-layers, under 1L5m '

For deposition with high Ppktdilution ratios,
contamination problems have to be looked at carefully in order to avoid detrimental effects «
the cell performance.

Buffer layers can additionally contribute to even higher voltages. Highly diluted a-SiC:+
material with slight boron doping yields buffer layers that enable a gairpgwhich also
remains in the degraded state. However, at present, cells with a buffer layer still degrade
lower efficiency values as compared to optimized diluted cells without a buffer layer.

Stacked cells with low degradation and higlpdvdemand a careful choice of the
incorporated materials taking into account the achievable current for a given bandgap energy
cell thicknesses in order to minimize degradation. With a graded dilution of the i-layer w
obtained for a a-Si/a-Si stacked cell an initial efficiency of 10% with only 17% relative
degradation. It should be possible to increase the stability by stronger dilution of the top cell.
order to get enough current in both cells, the i-material for the bottom cell has to be reviewed.

Ho-dilution and low substrate temperatures have also been applied to the top cell in
"micromorph" tandem cell resulting in an increase of tiy Value. The results are reported in
detail in a separate paper in this conference [11].
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