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Abstract—Current hydrogenated amorphous @-Si:H) and  conventional profiles, such as U and V type.

micro-crystalline (uc-Si:H) silicon solar cells use textured In this work we optimized the bottom cell &Si:H/a-SiGe:H
substrates for enhancing the light absorption and (graded) solar cells. Using a flexible profile design we optimized the
buffer layers in order to improve the overall performance of  bottom cell bandgap profile for the AM1.5 spectrum and the
the cells. The resulting solar cell structures are very com- AML1.5 spectrum cutof below 630 nm. Simulations have been
plex and for understanding the role of these layers and for carried out of tandem cells with these optimized bottom cells.
further optimization of the solar cell structures computer  To obtain current matching two methods were used, matching
modeling is a useful tool. In this article we demonstrate of photocurrent and using both optical and electrical simulations
the use of integrated electrical and optical modeling to op- to maximize the efficiency of the tandem cell. In both methods
timize hydrogenated amorphous silicon/silicon-germanium the top cell thickness was adapted. We investigated whether the
a-Si:H/a-SiGe:H tandem solar cells. In this article both the optimized component cell is also the optimal bottom cell struc-
bandgap grading profile of the a-SiGe:H bottom cell and ture for the complete tandem cell, we optimized the bottom cell

current matching are optimized - again as a part of the whole tandem structure.
Keywords—current matching, amorphous silicon germa-
nium, bandgap profile, solar cells, modeling [1. SIMULATION MODELS
I. INTRODUCTION A. The ASA program

One of the most severe limitations of a-Si:H solar cells is the 1"€ simulations were carried out with the Advanced Semi-
light induced degradation (Staebler-Wronsky effect [1]). OngOnductor AnalysisASA program, which has been developed
way of minimizing the degradation in @aSi:H solar cell is to at Delft University of Technology [7]. The main features of the
reduce the thickness of the intrinsic layer. This lead to the mulf:SAProgram include: (i) calculation of the light generation pro-
junction concept, by stacking several solar cells the thickness §§e: Which is based on the thin film optics assuming flat inter-
the component cells can be reduced. The efficiency of sucHaf€s in the device; (i) models describing a complete density of
multi-juction solar cell can be increased by applying differenttat€s distribution as functlpn of energy, which m_clude both the
bandgap materials for the absorber layers of the component c&jidended and localized (tail and defect) states with correspond-
as this allows for a better utillisation of the solar spectrum. FJR9 recombination-generation statistics; (iii) calculation of the

the low bandgap absorber laygns Si:H anda-SiGe:H are often defect-state distribution in a layer according to the defect-pool
used [2]. models (DPM) [8, 9]; (iv) a model for the tunnel-recombination

aIIowindunCtion that allows to simulate a multi-junction a-Si:H solar cell
s one structure. (v) The continuous change (grading) of all in-

ficiency of a-SiGe:H solar cells is limited due to deteriorationPUt Parameters as a function of position in the device can be

of the electronic properties @ SiGe:H with increasing Ge al- 9€fined. , _
loying and the introduction of large band offsets between the Recently new features were implemented into A&Apro-
a-SiGe:H intrinsic layer and tha-SiC:H p-layer anca-Si:H n-  9ram that enhance its capability of accurate modeling of hybrid

layer. To overcome some of these problems the bandgap profitiar cells that are based on crystalline silicon (c-Si)@®itH
ing of the intrinsic layer has been introduced [3]. Iayers: Models descr!t:_nng the_depgndgnce of njaterlal propertles
Experimental results show that the width of the profiled re2f ¢-Si such as mobility, doping, lifetime of minority carriers
gion of the intrinsica-SiGe:H layer next to the p-i interface (p-i gtc., asa funqtlon of doping, temperature and electric field were
grading) should be small and the profiled region next to the i-[iiPlemented in thé\SAprogram.
interface (i-n grading) should be large [5]. In previous work we
carried out simulations to further investigate and optimize the’
performance of solar cells introducing novel designs for profil- For the optical simulations the GENPRO2 program was used
ing the intrinsic layer [6]. Based on these simulations we prd410]. This program takes the scattering of the incoming light
posed the modified V type profile, which shows a strong reduet the rough interfaces into account and assumes an incoherent

tion in recombination losses in the intrinsic layer compared tiight propagation in the cell. The amount of light that is scattered

Alloying of a-Si:H with Ge reduces the bandgap,
its tuning by varying the germanium content. However, the e

Optical Simulations
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at an interface is described by the haze parameter. The hazéhis intrinsic material with a bandgap of 1.70 eV. For material

defined by the ratio between the diffuse fraction of the light andith a bandgap in between the value Bf, is linearly inter-

the total amount of light. Four haze values are used for ormlated. The defect density for all simulations was calculated

interface, the haze for reflection at the interface in the first anging the defect-pool model [9]. The other input parameters for

second medium and the haze for the transmission from the fithe simulations were obtained from [13, 14].

to the second and from the second to the first medium. The hazeln the optical simulations the linearly graded layers have been

for the reflection and transmission can be calculated from [11kubstituted with a stepwise profile, using steps of 0.05 eV. The
optical constants for these layers were determined experimen-

e Ry 1 ([ ATormsno 2 1 tally by measuring the wavelength dependent (complex) refrac-

R= TR~ ezp| Y ] 1) tive index of layers with a corresponding Tauc gap. The gener-
T, 470 rmsClno — 11 3 ation rate profile in the tandem solar cell was calculated using

Hp=—2=1—exp[— ( e > ] (2) the AML1.5 spectrum. The bottom cells were optimized fot both
T A AML.5 and AM1.5 cutof below 630 nm.

Here R; and T, are the diffuse reflectance and transmission, m
R, and T, are the total reflectance and transmission,, is

the root mean square roughnesg,andn; are the refractive
indices of the first and second med@.,is a constant and is A. Optimization of therSiGe:H bottom cell

the wavelength. Fof' an appropriate value for asahi TCOis 0.5 To optimize the bandgap profile of the intrinsia-

[12]. SiGe:Hlayer a series of simulations was conducted varying the

The angular distribution function for the scattered light depandgap at two positions of the intrinsic layer as illustrated in
fines the amount of diffuse light that is scattered in each diregsig. 22, The efficiencies as a function of Bgl and Bg2 for
tion. In general this function will be wavelength dependent. foaMm1.5 and AM1.5 cutof below 630 nm are shown in Fig. 2. The
simplicity we will assume a normalizets>. optimal profile for the AM1.5 spectrum is the profile with Bgl

Scattering is taken into account at the TCO/p interface, the65 eV and Bg2 1.70 eV. The optimal profile for the AM1.5
p/i interfaces of the top and bottom cell, the i/n interfaces of thepectrum cutof below 630 nm has a Bgl and Bg2 of 1.70 eV.
top and bottom cell the n/p interface of the tunnel recombination

OPTIMIZATION OF THE a-SI:H/a-SIGE:H TANDEM
CELLS

junction and the n/Silver interface. It is assumed for simplicity » i n
that there is no scattering within the graded layers.
! ! i
C. Tandem Solar Cell structure V
The simulated tandem solar cells consist of p-i-n-p-i-n solar 0y il.SOeV B e A0ev | 17sev

cells on glass covered with a surface-textured transparent con-
ductive oxide (TCO). The p-layers are 10 nm th&eiC:H lay-

ers with a bandgap of 1.90 eV. The intrinsic layer of the top cell omm dbm | ddmm 2w
consists of ara-Si:H layer with a bandgap of 1.75 eV. The n- o

layers are 20 nm thick-Si:H layers with a bandgap of 1.75 eV. oo 0 o

The intrinsic layer of the bottom cell is a grada®iGe:H layer Fig. 1. Schematic profile design for optimization. Shown are
with a minimal bandgap of 1.50 eV and a maximal bandgafyvo bandgap profiles of the simulated combinations of Bg1 Bg2.

of 1.70 eV. The profiling of the p-i grading started with theg1 and Bg2 were varied independently between 1.5 eV and
bandgap of 1.70 eV and continued linearly towards the minimalgp eV in steps of 0.05 eV.

mobility gap. When a U type profile is used the p-i grading is
followed by an intrinsi@-SiGe:H layer with a constant bandgap  |n Table | the optimized grading profiles are compared to con-
of 1.50 eV. The i-n grading is profiled from 1.50 eV to 1.70 eVyentional U and V type profiles. In the tablenbdifiedV sy
In order to optimize the profiling of the intrinsic layer we used §g the optimal grading profile for the AM1.5 spectrum and
flexible profile design, in which the intrinsic layer was divided in o dified Vs, is the optimal bandgap grading profile for the
four individually graded parts. We have chosen two positions iApm1.5 spectrum cutof below 630 nm. The p-i grading of the V
the intrinsic layer at which we varied independently the mobilityype profile is 20 nm thick and starts from a bandgap of 1.70 ev
gap (Bgl and Bg2) from 1.70 eV and 1.5 eV in steps of 0.05 eYn( is continued linearly to 1.5. The i-n grading continues lin-
as iS i”ustrated in F|g’)’) The tOtal thiCkneSS Of the intrinSiC ear'y over a thickness Of 130 nmto a bandgap of 1.70 eV. The
layer was kept constant at 150 nm. A 300 nm thick aluminurp.i grading of the U type profile is again 20 nm thick and starts
layer is used as the back contact. For simulation of tandem cefigm a bandgap of 1.70 ev and is continued linearly to 1.5. The
the tunnel-recombination junction was included in the simulg:p, grading continues linearly over a thickness of 130 nm to a
tion so the tandem solar cell is simulated as one structure.  pandgap of 1.70 eV.The bandgap From this table it can be seen
that the efficiencies for the modified V type profiles are equal
and higher than the efficiencies for the U and V type profile. The
The characteristic energy of the valence band t&jjy§ for  profiling of the p-i grading started with the bandgap of 1.70 eV
material with a bandgap of 1.50 eV is 50 meV, and 45 meV foand continued linearly towards the minimal mobility gap over a

D. Input Parameters
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Figure 3 shows the efficiency as a function of top cell thick-
ness. In these simulations theodifiedV oy type profile and
the modifiedVg3q type profile were used as bottom cells. To
show how the top cell thickness relates to the matching of the
photocurrents, the photocurrent generated in the top and bottom
cells are shown. The figure shows that matching the photocur-
rent results in a thicker top cell, however, the efficiency is not
much reduced (0.2% for both profiling schemes). The max-
imal efficiency of a tandem cell with thewodifiedV o\ type
profile is 10.2% and the maximal efficiency of a solar cell with
themodified Vg3 type profile is 10.1%.
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0 eV Fig. 3. Efficiency as a function of top cell thickness. red: The

) . . efficiency of the tandem cell with theodifiedV o\ type profile
Fig. 2. Top: Efficiency of the bottom cell as a function of Bglyg 4 function of top cell thickness. black: The efficiency of the
and Bg2 under AM1.5_ illumination. Bottom: Efficiency pf th‘?tandem cell with thenodified V3, type profile as a function of
bottom cell as a function of Bgl and Bg2 under AML.5 illumi-yq cell thickness. dashed purple: photocurrent of the top cell
nation cutoff below 630 nm. for the tandem cell with thenodifiedV 5 \itype profile. dashed
TABLE | light-blue: photocurrent of the bottom cell for the tandem cell
SOLAR CELL PARAMETERS FOR VARIOUS GRADING with the modifiedV o mtype profile. da_lshed blule: photocurrent
PROFILES UNDER THEAM1.5 SPECTRUM of the top cell for the tandem cell with thaodifiedVg3ptype
profile. dashed green: photocurrent of the bottom cell for the

tandem cell with thenodifiedVgsotype profile.
| Voo[V] FF[-] eff{%] Joo[A/m?] odifiedVsotype p

modifiedV anm 0.65 0.69 8.4 187
modifiedViso 0.66 0.69 8.4 183 The optimal profile to use as a bottom cell in a tandem cell
v 0.62 0.64 79 197 structure can, however differ from this profile as the spectrum

for the bottom cell will not be the same as the spectra for which
U 0.58 0.54 6.2 197 the bottom cells were optimized. Therefore the same profiling
schemes were applied in simulations of a tandem structure.

distance of 20 nm.
B. Current Matching ire-Si:H/a-SiGe:H solar cells C. Optimization ofa-Si:H/a SiGe:Htandem cells

To obtain current matching the structure of the bottom cell Using optical and electrical simulations to match the current
was taken constant and the thickness of the intrinsic layer tfe tandem cell was optimized by Bgl and Bg2 in the bottom
the top cell was varied. Two methods were used, matching oéll. The results are shown in Fig. 4. According to these sim-
photocurrent and matching the top cell current to obtain maxidations Bgl and Bg2 should be 1.50 eV and 1.70 eV respec-
mal efficiency. For the first method it is enough to simulate thgvely for the best efficiency. For this profilenpdified Viandem
optical generation in the tandem structure to compare the totgpe profile) the efficiency was 10.7% which is 0.5% higher than
amount of charge generated in the intrinsic layers of the top atite maximal efficiency with thenodifiedV o\ type profile and
bottom cell. The other method requires both optical and elect®.6% higher than the maximal efficiency with thedified Vg3

cal simulations. type profile.
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Fig. 4. The efficiency of the tandem cell as a function of Bgl 409-414.
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IV. CONCLUSIONS

Simulations of various bandgap grading profiles f@r
SiGe:Hsolar cells have been carried out. Optimized grad-
ing profiles have been found which for the AM1.5 spectrum
(modifiedV o\ type profile) and the AM1.5 spectrum cutof be-
low 630 nm {nodifiedVg3 type profile). The optimized pro-
files have a higher efficiency than conventional U and V type
profiles.

In order to optimizea-Si:H/a-SiGe:Htandem solar cells
simulations have been carried out of tandem cells with the
modifiedVan type and themodifiedVgsp type profile. Two
methods for current matching were investigated, matching of the
photo current and using both optical and electrical simulation to
find the top cell thickness that gives the highest efficiency. It
was fount that matching the photocurrent results in thicker top
cells than using both optical and electrical simulations, however,
the efficiency was not much affected by the current matching
method.

Simulations ofa-Si:H/a-SiGe:Htandem cells showed that the

optimal bottom cell grading profile differs from the seperately
optimized component cells.
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