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ABSTRACT

A detailed study of the influence of different materials for the amorphous top cell on th
stabilized efficiency of amorphous silicon/microcrystalline silicon ("micromorph") tandem cells
is presented. The authors investigate different amorphous i-layer materials which are appliec
cells with varying thicknesses. It is shown that it is preferable to optimize the top cell in order 1
obtain a high current rather than a high voltage.

A simple optical and electrical model is presented which allows one to predict the optimui
optical bandgap of the i-layer material of the top cell and to determine its optimum thickness f
maximum stabilized efficiency, By means of this model it is shown that the optimum top cell fo
a total cell current of 26 mA/cfshould contain an about 2500 A thick i-layer with an optical
gap EH4 = 1.8 eV. The model furthermore shows that it is desirable to obtain slightly bottom
limited conditions after degradation in order to maximize the output power.

A stabilized efficiency of 10.7 % for a micromorph tandem cell has been confirmed by a
independent measurement (FhG-ISE). Another such cell yields a stabilized efficiency of 11.2
as measured in our laboratory.

INTRODUCTION

23eld "d

Microcrystalline silicon ic-Si:H) p-i-n cells 1] have gained a lot of interest in the last 3
years. However, the efficiency ofue-Si:H cell alone is still rather low. Micromorph cells, i.e.
a-Si:Hjuc-Si:H tandems have, in contrast, shown very promising performa@¢gg [t,
however, turns out that in the micromorph tandem cell the design of the a-Si:H top cell becg
very critical. This is because the top cell produces 2/3 of the total power, while it is at the sar
time subject to light-induced degradation. As fteeSi:H cell can provide at least 26 mA/Zm
the top cell current should approach 13 mAdanithout back reflector and at the same time its
Voc and its stability should be high.

In this paper we propose to determine the top cell i-layer material for the optimum stabilize
tandem cell performance. The importance of the top cell for the performance of the micromor,
tandem cell has been underestimated so far.

In the first part of this paper we will investigate a series of amorphous i-layer materials
employing Hp-dilution and different deposition temperatures; these layers are then incorporate
into single junction p-i-n cells with varying thicknesses of the i-layer. An identicsi:H
bottom cell was then deposited onto each cell of these series of amorphous p-i-n cel
Systematic degradation experiments were performed on both the amorphous p-i-n cells and
micromorph tandem cells, in order to determine the optimum i-layer thickness for each top c
material. All cells presented in this paper have been produced by the VHF glow dischar
technique.

In the second part of this paper, we try to work out by semi-empirical modeling of the
spectral response and of the I-V-curve of the tandem cell the optimum top cell, i.e. optimu
thickness and bandgap energy of the i-layer, in order to obtain a maximum in stabilize
efficiency of the tandem cell. Modeling furthermore allows us to predict the influence of currer
matching on the stabilized output power.

o8ed

COMPARISON OF DIFFERENT TOP CELL MATERIALS, THICKNESS SERIES

Since the fabrication of the first micromorph tandem cell there has always been the questi
persisting which top cell i-layer material and which i-layer thickness would yield the highes
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overall stabilized efficiency. Previously, we had studied
several VHF-deposited materials with respect to
increasing stabilized efficiencies for purely amorphous 1
single junction and stacked celld][ Similar to RF 1.
1
1

deposited material[6,7], Hp-dilution of the i-layer —
material was found to result in more stable amorphou@
stacked cells. There is, however, the problem of the
increasing gap underg-dilution, which is particularly >
unwelcome in the context of micromorph cells with their
high current density levels. Cells from "standard" a-Si:H
material, produced without Hdilution together with a
boron-doped a-SiC:H buffer layer, have been shown to
be somewhat less stable than cells produced with Hg—
dilution [4]; however, they become again interesting ir%
the context of micromorph cells due to their relativelyz
high current levels. In order to provide as much current 12
as possible for the micromorph cell, the top cell has to, 11
be quite thick, which affects in its turn the stability of _®
the top cell. 10

We deposited thickness series of cells for two
different i-layer materials. Each cell was, on the one
hand, partly contacted as a single-junction cell and, on 0.68
the other hand, partly used as the top cell in a_ 0.66
micromorph tandem cell. The single-junction and theS 0.64
tandem cells were degraded in parallel under the sanfg -
conditions (spectra close to AM1.5, 100 mW&m ~ 0.62
50°C, 1000h). Fig.1. shows the results for these twE& (.6
series: A) i-layer material deposited withoug-Hilution 0.58
at standard substrate temperature of°22@p4 = 1.88 :
eV; B) cells deposited atsF18C0°C from a Hp-diluted
plasma (dilution ratio 2), g4 = 1.92 eV. Both series
contain a thin a-Si:H buffer layer with a dilution ratio of
9. =

The stabilized efficiency values of the single- &
junction cells (black symbols in Fig.1.) of both series areg
nearly independent of the i-layer thickness in theg
investigated range between 1500 and 3000 A (Fig.1d.X=
For both series, the increase of the short circuit curren® 3
(Fig.1b.) with increasing i-layer thickness is T P B PR
counteracted by a decrease of the fill factor (Fig.1c.) 1000 2000 3000
resulting in a nearly constant degraded efficiency in the top cell thickness [A]
investigated thickness range. Efficiency values &@la-d.: \p¢ Isg FF and efficiency values
somewhat higher for the diluted cells at lower depositiothe degraded state for the thickness series
temperature (series B), this is due to highgg Values A) m: standard material withoutg-dilution,
(Fig.1a.) which overcompensate the slight loss Tigr220°C; B) e : dilution 2, Ts=180°C.
current. This loss in current is more pronounced for fied symbols are for single cells and open
tandem cells than for the single-junction cells (Fig.lk‘f‘?'rbo's are for the corresponding tandem
due to the missing back reflector in the tandem top cel dls-

While the situation is relatively clear for the case of
single-junction cells (linear relationship betweegcMsc FF and efficiency), it becomes more
complex in the case of micromorph tandem cells. In fact, we observe for series A a constz
increase of the stabilized efficiency of the tandem cells with increasing top cell thicknes
without reaching the maximum in the investigated thickness range. The current of the top ¢
and conclusively that of the micromorph cell increases with increasing cell thicknesses, the 1
factor of the top cell decreases in the degraded state with increasing cell thickness. T
continuous increase in efficiency for the tandem cell with the top cell thickness is due to the fe
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that, on the one hand, the degraded fill factor of the micromorph cell is found to decrease t«
smaller extent with the thickness of the top cell than the fill factor of the single-junction cel
(Fig.1c.); on the other hand, a gain of 1.6 mAdofh0.1 mA/cn? at 1500 A and 11.7 mA/cfn

at 3000 A for the tandem cell) means an increase of +15.8% relative whereas a loss of 0.03 in
(66% at 1000 A and 63% at 3000 A) means only a loss of -4.5% relative for the tandem cell.

The situation is quite similar for the diluted cells at lower substrate temperature (series E
The lower current density due to the enhanced optical gap of the top cell results directly in
lower efficiency of the micromorph tandem cell. The highgg Values of the single cells are
directly transferred to the tandem cells, however this gainpigcdnnot compensate the loss in
current. We observe therefore overall lower efficiencies for the tandem cells of series B
compared to the tandem cells of series A. In both cases, series A and B, we observe a stabil
efficiency of the single cells which is independent of the cell thickness in the investigate
thickness range, whereas the stabilized efficiency increases with top cell thickness for t
corresponding tandem cells; the maximum will appear for even thicker top cell i-layers.

As a preliminary conclusion of these experimental results, one notes that the situations -
single-junction cells and for micromorph tandem cells
are different. Due to the high current of the
micromorph bottom cell (up to 26 mA/@&nhand its .
rather low voltage of about 0.45 V, it is preferable tg
have a top cell which furnishes a high current rathgr,,
than a high voltage. The optimum i-layer thickness fgr [ .
the top cell seems to be larger for micromorph cels [
than for single-junction or for a-Si:H/a-Si:H tandenrg , 3
cells: a somewhat lower FF of the top cell is nc%

0.3

directly transferred to the micromorph cell. The cefl | 7
with the highest degraded efficiency as single-junction o
cell is not identical with the cell that results in a |, ' 5
micromorph tandem with the highest stabilized * = _ % t7r01°[ano N
efficiency. 9 E

Fig.2.: Modeled spectral response curves of @
WHICH BANDGAP AND THICKNESS FOR THE  micromorph tandem cells (lines) and g
AMORPHOUS TOP CELL? comparison to measured SR curves (points) for =
The optical model different i-layer thicknesses (1500, 2000, 2500 <

A) of the amorphous top cell. The top cell i-

Having recognized how important the short-circliyer material is our "standard” undiluted
current of the top cell is for the stabilized efficiency Bterial with an optical gapgz = 1.86 ev.
a micromorph tandem cell, we tried to figure out mbﬁ.rsl”.‘d'ctahte Cul”elntts ((ijAFég')mbta'”e.?h
means of a simple optical model which current valjgg's' P Y13 e caicliated 5= curves Wit an
are basically available in such a top cell, in function'of ™ P '
the i-layer thickness and of the optical gap of the i
layer. The model is straightforward: as input we take
measured absorption curvaghv) for "standard" a <
Si:H andpuc-Si:H [8]. In order to simulate different g 12
optical gaps of different a-Si:H layers, we simply Z
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shifted thea(hv) curve parallel on thevhaxis: thishas g 8 1.76eV =
shown to be a good approximation for the materials™_ E - 1.80eV 3
studied by us so far; we will use it as a working _& 4 04 1.86eV 3
hypothesis for the whole range of hypothetical 1.92eV 3
materials considered here. We give for the optical gap 0 bl 1988, 3
the Ep4 value. The currents in the top and bottom cells 0 2000 4000
are calculated on the basis of the simple Lambert-Beer top cell thickness [A]

absorption law and taking into account the reflection-gt s . top cell currents for different optical
the front glass surface. The hazed 3r<dbstrate gg,s B4 ffnd different i-layer thicknesspes of
(Asahi U) is taken Into account by multiplying the jhe top cell, according to the optical simulation.
layer thickness by a identical factor for all cells. As thgs=1.86 eV corresponds to our "standard"
bottom cell is strongly absorbing and very thick (2u8diluted material.



pum), we neglect the light that is reflected at the back reflector and reaches the top cell again. -
thickness of the bottom cell is again multiplied by a constant factor in order to take into accou
the enhancement of the optical path due to the back reflector. In spite of the simplicity of ti
model we observed a satisfying agreement between simulation and measured spectral resp
(SR) curves for all optical gaps and thicknesses of the top cells from the micromorph tande
which are available so far. Fig.2. shows, as an example, measured and calculated SR curve:
Ep4= 1.86 eV and for 3 different top_cell thicknesses. Note that the sum of top and bottom ct
current remains constantaR5 mA/cn?.

Fig.3. shows the calculated top cell current as a function of the optical bandgap and of t
thickness of the top cell i-layer. Note that these values are only valid for top cells without bac
reflector, or for those on top ofpec-Si:H bottom cell.

The electrical model

In order to calculate the efficiency of a micromorph tandem cell with a given top cell, on:
must also take into account the influence of the optical gap onghef\the top cell as well as
the influence of the top cell thickness on the degraded fill factor of the top cell and, finally, als
of the tandem cell. Therefore we added to our optical model an electric part, i.e. a procedure
calculate the I-V curve of a tandem cell for different top cells.

The calculations are based on measured |-V curves of amorphous cells in different states
degradation (which are therefore showing different fill factors) and on the measured I-V curve
a typicaluc-Si:H cell (63% FF and §¢c = 0.49V). We scaled the I-V curves of the top cells in
order to obtain the desiredg¥ and current level. §¢ values were estimated to depend linearly
on the optical gap of the i-layer; this is a reasonable approximation as long as "seconda
effects, such as contamination or other probledhscan be neglected. Based on measurggl V =
values of our cells with different bandgap energies, we extrapolatechthealies as shown on
the bottom of Fig.4. The ¢ values are here assumed to be independent of the i-layer thicknes:

Degraded fill factors were assumed to depend only on the thickness of the i-layer.-The™F
values employed are based on the measured values for degraded single-junction cells as Bt
in Fig.1. and extrapolated to larger thicknesses (Fig.4., right). This is a simplification as tfse
may be some differences in stability for different i-layer materials, a fact that has to be kegte
mind for the interpretation of the results. Note, that these are FF values which have
measured for single-junction cells. The fill factor in a tandem cell will degrade to a smalffe
extent than the FF in a single-junction cell which corresponds to the top cell, as the lig
intensity is smaller without the back reflector. Thus, the simulation underestimates the FF valt
of the top cells and simulated efficiencies will therefore be somewhat smaller than measur
efficiencies for micromorph cells.

The currents were scaled according to the values obtained from the optical modeling for t
top cell: the total cell current was held constant at 26 mA/¢he top cell absorbs its part in
function of its bandgap and thickness, as given in Fig.3.

After the scaling procedure we simply added the curugg(lj and Vhotton{l) in order to
estimate the 1-V curve of the micromorph tandem cell. Fig.4. shows the resulting efficienc
values as a function of the top cell i-layer thickness and its optical bandgap. Increasing optit
bandgap means increasingy but decreasing current. Increasing i-layer thickness means
increasing current but decreasing fill factor of the top cell. However, the top cell FF and tr
tandem cell FF depend in a strongly nonlinear manner on each other. The latter depends stroi
on the current matching between the both component cells. It is obvious that the maximum
the efficiency is situated at lower bandgap energies for the top cell than those that we actue
obtain with "standard" amorphous material, which is in fact the lowest gap we can obtain so fi
If the bandgap energy becomes too small, the tandem cell becomes strongly "bottom-limite
which in turn results again in a decrease of the efficiency of the cell. At the same timgcthe V
of the top cell decreases which also reduces the tandem cell efficiency. Concerning the optim
thickness, it is evident that very thin top cells can by far not provide enough current to yield
good efficiency of the top cell. There is a broad maximum between 2000 and 3000 A, dependi
on the bandgap of the top cell. For smaller bandgap energies of the top cell, the maximum sh
towards smaller cell thicknesses, as those cells can provide enough current with less ¢



thickness and also possess a better 220°Cundil.  180°C
degraded fill factors than thicker [
cells. Towards very thick cells, the

deterioration of the FF of the top X 5000 F i
cell and bottom limitation reduce /// // /J;;m\ \t01§\<_4500 Z_HHH_Z
once again the efficiency. ///// limitedf\:"\klimited : ]
Obviously, the numerical modeling —— 2% 4000 .2 £ 3
underestimates efficiencies, as can ] (IMT{\\ 5L ]
be seen from the measured datg” \\‘\ \ 300 5F 7
points in Fig.4. 10.7% stabilized 1 F \ \ FI
efficiency have been independently // ) --------- }A """ 1) """ ), 3000 =2 ¢ ]
measured at the FhG-ISE (Freiburg, ,/ """" 107 %2500 SF | 4
Germany), the cell with 11.2% .‘9.‘96'/;;-’///; /t// /(/ISE): E 3
stabilized efficiency has been ==  hickness g—zooo R[S
measured at our institute [3]. This is T:;:/_/_'//%/y = - ]
due to the underestimation of the B2 —— 1500 [/
FF of the top cell, already e A= SIiE
mentioned above. 176 179 182 185 188 191 194 ° 68 60 52
The numerical modeling clearly E04 [eV] FF top cell [%]
shows that with our so farexisting [T T T T T T T TTTTTTT1 oo
material, top cells with a thickness |— — " Voc top cell [V]
Of 2500'3500 A ShOU|d y|e|d _|| | I T T T T O Y I O O I | |_0’8

micromorph tandem cells with the

best performance; this fact is iRig.4.: Calculated stabilized efficiencies (lines) in function of the
agreement with the experiment@ptical gap g4 and the i-layer thickness of the amorphous top cell forxg
results shown in this papera constant total cell current density of 26 mAfcamd the conditions
Furthermore, in order to obtails described in the text. Also shown are two data points for measurgd
even higher stabilized efficiencie icromorph tandem cells. The graphs at right and on the bottom shoW
for micromorph tandem cells Wg': and \§¢c values of the top cell which have been used for thes

h imulation.
should ideally have an amorphousi-

layer material with an optical gap
that is about 60-70 meV lower than our present "standard" material. Of course, this result obt
numerical modeling is only valid provided this new material shows at least the same stability
the existing amorphous materials and if, furthermore, we can make cells with this material tr
have a \b¢ value that is merely reduced proportionally

to its reduced optical bandgap.
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THE TANDEM CELL DESIGN FOR OPTIMUM 11E <+ 26mA
STABILIZED OUTPUT POWER = F oli’y 3
>, 3 5mA
The numerical modeling presented above is based og 106 iy M A
choosing a top cell current corresponding to the optica‘é 3 ‘, E
gap and thickness of the t(%?q cell i-layer; the bottom cel 9t ¢ maxima —:
current is taken as 26 mA/eém ltop. Due to the obvious 2 iy 3mA
difficulty to obtain current matching with ‘g gf. =l /2 3
"conventional" amorphous top cells, all cells fabricated top ‘totall ¢
by us so far were more or less top-limited. However, it 10 12 1421 16
has been shown that the current matching has an Itop [mA/cm*]

influence on the stabilized efficiency of a-Si:H/a-SitH_ 5 . ~4iculated efficiencies in function of
stacked cells [4,0]. We therefore modeled the case o top cell current for different total cell

top cell with a constant ¢ and FF, but a currentyrents, Fill factor and ¥ of the top cell
varying over a wide range. Fig.5. shows the calculai@gesos and 0.89 V respectively, the bottom
efficiency of the micromorph tandem cell in the&ll is the same as used above (0.49 V, 63 %
degraded state as a function of the top cell currentHex Arrowed lines indicate the points of
different total cell currentgdptIbottom The efficiency current matching as well as the points of

is maximum for top cell currents slightly higher thameximum efficiency of the tandem cell.



ltotal2, i.e. for bottom-limited conditions. Note that the situation is different for micromorph
cells than for a-Si:H/a-Si:H stacked cells where we found a maximum after degradation f
slightly top-limited conditions [5]. This is due to a pronounced difference in the two situations
in the case of amorphous stacked cells, power generation is comparable in both component ¢
due to comparable ¢¢ values. Both cells are subject to degradation. In the case of the
micromorph tandem cell, only the top a-Si:H cell is subject to degradation and at the same til
it provides 2/3 of the output power due to itsdMvhich is about twice as high as that of the
bottompuc-Si:H cell. Thus, in order to further increase the stabilized efficiency of micromorph
tandem cells, it seems to be important to carefully adjust the current equilibrium between bc
the component cells. However, in order to be able to reach in practice the specially interesti
bottom-limited conditions, the development of low gap amorphous material as described abc
is required.

CONCLUSIONS

The optimization problem of the top cell for a micromorph tandem cell is very different fromr
the optimization of a single-junction or of an a-Si:H/a-Si:H stacked cell. Experimental result
clearly show that the optimum thickness for an efficient micromorph top cell is larger than th:
for a single-junction cell. This is due to the reduced effect of FF degradation on the tandem c
performance as well as due to the importance of obtaining sufficient current for maximizin
micromorph cell efficiency. Optimization should here rather be done in such a way as to obtair
higher current than in such a way as to enhance glageT"he above work has furthermore shown
that the cell having the highest degraded efficiency as a single-junction cell is not the same
the cell which results in a micromorph tandem with the highest stabilized efficiency.

Semi-empirical modeling confirms the experimental results. A further optimization of the
amorphous top cell has to go into the direction of a lowering of the bandgap of the i-layt
material in order to generate more current in the top cell. For a total cell current of 26 4nA/cin
the top cell should have a gap of abogyE 1.8 eV, i.e. remarkably lower than the "standard®
material obtained today. We have furthermore shown that the stabilized efficiency
micromorph tandem cell is maximum for slightly bottom-limited conditions.
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