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In this article we discuss basic aspects of single junci®@iGe:Hp—i—n solar cells by coupling
computer simulations with experimental characteristics. We are able to fit the dark illuminated
current—voltage characteristics and the spectral response cureeSiGe:Hp—i—n structures in

the initial state, modeling the density of dangling bonds in each device layer by using either uniform
density profiles or the defect pool model. Although we can fit these experimental curves with any
of these two electrical models, band gap profiling in #®&iGe:H intrinsic layer leads to
improvement of the solar cell performance only when the defect pool model is implemented in our
simulations. A U-shaped band gap profile is tailored in our samples by a staircase band gap profile
composed of(i) several front band gap graded stefig), one lowest band gap region, afid)

several back band gap graded steps. Only by using the defect pool model are we able to predict an
optimum thickness for the front band gap graded steps and for a buffer layer locatedpdt the
interface. Furthermore, using the defect pool model, the simulation predicts that higher efficiencies
in single junctiona-SiGe:H p—i—n solar cells can be achieved by depositing nonuniform graded
steps, i.e., thicker band gap graded layers besides the lowest badSi@p:H layer and thinner

band gap graded layers besides ptieandi/n interfaces. ©2002 American Institute of Physics.
[DOI: 10.1063/1.143541]6

I. INTRODUCTION tral responsdSR) with respect to the position of the band
gap minimum in V-shaped profiles were studied experimen-
Hydrogenated amorphous silicon germani@8iGe:H  tally and numerically. Alternative designs were also pro-
has proved to be a suitable low band gap material for thgosed in the literature for the intrins&SiGe:H band gap in
intrinsic Iayer in the bottom subcell of a tandem solar Cellorder to Optimize the solar cell performance |ike, for in-
structure! The main advantage @-SiGe:H is that by con- stance, double U-shaped and W-shaped prdfiBand gap
trolled incorporation of germanium the optical band can beprofiles are obtained, in practice, by depositing several thin
tuned within a wide energy range to values lower than thosgayers of different optical gaps and material properties that
found in hydrogenated amorphous silicéaSi:H). How- 4o not change with deptfin this article we will call these
ever, lower optical band gaps are accompanied by significaqéyers band gap graded laygrén our samples this is the
d(.eteriorat.ion of the electronic propgrties. Alloying a&Si:H case in which the U-shaped band gap profile is implemented
with Ge increases the Urbach tail and the dangling bongyy 5 stajrcase type band gap profile. Charged defects present
density. In order to reduce the impact of these undesireg hese band gap graded layers screen the electric field cre-
properties ofa-SiGe:H based solar cells a profiled band gap,eq by jonized impurities of both doped layers, and strongly

is utilized in the intrinsic Iaye%: The art of designing the g ence the extraction of photogenerated carriers. Because
optimum profile for the conduction and for the valence band ¢ - complexity of thea-SiGe:H p—i—n structure it is
edges is usually known as band gap engineering. It wa% '

h i the literature that the band file impl ; uite attractive to use computer simulations to gain more
shown in the literature that the band gap protiie implemente sight into the electrical transport taking place inside the
in the intrinsic layer ofa-SiGe:H p—i—n solar cells has a

¢ infl th ircuit voltaod q fill cell and to explore alternative band gap grading techniques
fsaz:ct)gg(;rll) gel?gjalclm anea;prﬁgectlrriigl L\J/oo?g\]/ ;gaag d dlistri for further optimization of the solar cell performance. This
' y Y X effort has to be accompanied by the use of self-consistent

bution is implemented in these cells for the band gap of itsin ut parameters and undated device modeling. avoiding an
intrinsic layer. In other words, the band gap of the whole putp P 9 g any

intrinsic layer or part of it is linearly graded and the band gapm'sﬁa?rll?g :rrt]if:\:\(/aer-we will show that fom-SiGe:H single

minimum is placed closer to th&i interface than to the/n . . . " .
junction solar cells in the annealed state, fitting of experi-

interface. The dependence of current—voltagie\() charac- . ‘
teristics under dark and illumination conditions and the specmental data can be performed by adop_tmg two _d|fferent den-
sity of dangling bond(DB) representations: uniforncon-

stan} density of the DB in every device layer and the defect
aCorresponding author; electronic mail: j.k.rath@phys.uu.nl pool model. However these two alternative DB representa-

0021-8979/2002/91(4)/2409/8/$19.00 2409 © 2002 American Institute of Physics

Downloaded 17 Apr 2007 to 200.9.237.254. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



2410 J. Appl. Phys., Vol. 91, No. 4, 15 February 2002 Rubinelli et al.

tions could lead to quite dissimilar computer modeling pre-
dictions. We will show that when the density of DBs is as-
sumed to be constant in each device layer our computer
program is not able to help us in designing the optimum band
gap profile for thea-SiGe:H intrinsic layer. On the other
hand, when the defect pool model is implemented in our
code we are able to justify the presence of band gap profiles
in the intrinsic layer and our predictions are in agreement
with experimental evidence. In this study we will focus our
attention on the application @ SiGe:Hp—i—n structures as
bottom cells ofa-SiGe:H/a-SiGe:H tandem solar cells. 0 30 60 90 120 150

Position (nm)

Band Diagram (eV)

II. EXPERIMENTS
. . . . . . . FIG. 1. Computer generated band diagram of &i8iGe:H p—i—n solar

Single junctionp—i—n solar cells witha-SiGe:Hi layer  cell at short circuit conditions. The light source is AM1.5. The quasi-Fermi
were grown by plasma enhanced chemical vapor depositiovels for electrons&,) and holes Eg;,) are shown by the dotted lines.
(PECVD) in an ultrahigh vacuum multichamber system
(PASTA). Cells were deposited onto SpCoated glass
(Asahi U type in the superstrate configuration,
SnO,/p-a-SiC:H/i-a-SiGe:H U-shapei-a-Si:H/Ag. Thin  electrical approachesa) The uniform density mod€lUDM)
buffer layers ofa-Si:H were included between the and  Of gap states in each device layer afil the defect pool
n-doped layers and the intrinsic layer. A linear asymmetricamodel(DPM) proposed by Powell and Deah&The density
U-shape band gap profile was implemented inagiGe:H  of states in the UDM model is described by three different
intrinsic layer by varying the Ge content in the film. In the Gaussian distribution® ~, D°, andD*. The peak energies
particular solar cell under analysis in this article a staircas®f these Gaussians are located in the lower half of the band
profile of four steps between buffer layers and the lowesgap @), close to the Fermi level of the intrinsic material
band gap layer E,~1.53 eV) was implemented. The ab- (D°), and in the upper half of the band gap {), respec-
sorption coefficient and refractive indices of each individualtively. The ratio of charged to neutral defects adopted was
a-SiGe:H layer were determined by reflection/transmissiord:1 in the a-Si:H buffer and doped layers6:1 in the
(RIT) measurements. The total density of the dangling bond-SiGe:H lowest band gap intrinsic layéand equal to ratios
and the Urbach tail were extracted with the constant photobetween 4:1 and 6:1 in band gap graded layers. The correla-
current method CPM) technique. The activation energy of tion energyU was assumed equal to 0.2 eV in every layer.
each single layer was obtained from the temperature depedhe peaks of the Gaussians were spaced 0.3 eV apart in
dence of the dark conductivity extracted with a Keithley 617energy along the entire device. The separation between the
electrometer(after annealing at 160°C for 1 h inside a nonoccupiedD ™ peak and the double occupidd™ peak,
vacuum chamber Single junctiona-SiGe:H p—i—n solar  usually known as\, was therefore adopted to equal 0.4 eV
cells were characterized by their dajkV characteristics, and was independent of the band gap. In the DPM approach
light J-V with AM1.5 illumination, and spectral response the total hydrogen concentration H was assumed to be 5
(SR measurements. X 101 cm™3, the correlation energy was fixed to 0.2 eV, and

To be specific, the solar cell that we investigate inthe freezing temperature was equal to 500 K. The most prob-
this article has the following structure: glass/SiO able energyEp in the distribution of available states was
p-a-SiC:H/buffer(a-Si:H, 1.80 eV, 6 nnvfour grading steps used as a “pseudofree” fitting input parameter and the pool
(2 nm each, 8 nm totgl-a-SiGe:H (1.53 eV, 80 nnyfour  width was appropriately selected to reproduce the same value
grading step$10 nm each, 40 nm totdbuffer (a-Si:H, 1.8 of A=0.4eV in each layer. Of the three different micro-
eV, 8 nm/n-a-Si:H/Ag. This structure presents a short cir- Scopic chemical reactions proposed by Powell and Deane we
cuit current () of 18.8 mA/cnf, an open circuit voltage Selected the reaction in which only one Si—H bond is broken
(Voo of 0.7V, afill factor of 0.58, and an efficiendy;) of and the hydrogen atom diffuses to the weak-bond site, break-

7.63% in the initial state. ing the weak bond® The other two alternative mechanisms
give rise to either too low or too high a density of DBS in the
Ill. MODELING materials under analysis.

In the a-SiGe:H p—i—n structure under study we will
call the buffer layers located at th®i andi/n interfaces

Our simulations were performed with the computer codefront buffer (FB) and back buffe(BB) layers, respectively.
D-AMPS where D-AMPS stands for AMPS’ cordanalysis of  The four grading steps or layers that define the staircase band
microelectronic and photonic devices developed at Theyap profile between the bufféFB and BB layers and the
Pennsylvania State University, University Park,’PAlus  lowest band gap laydtBL) will be termed the front and the
some new developments. These new developments refer mck band gap graded layéfGL and BGL, respectively
the inclusion inamps of amphoteric statesthe defect pool  Finally, LBL will represent the region where the U-shaped
model/® and scattering at rough surfacem this article we  band gap o&-SiGe:H bears its minimum. Figure 1 illustrates
model the density of dangling bonds using two differentour nomenclature, showing the band diagram ofghé—n

A. General considerations and input parameters
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FIG. 2. Measuredsquare symbojsand simulated dark current-voltage riG. 3. Measuredsquare symbojsand simulated illuminated current—
characteristics of the singkeSiGe:Hp—i—n solar cell. UDM(dotted line$ voltage characteristics of the singeSiGe:Hp—i—n solar cell. UDM(dot-

and DPM(solid lines. ted line and DPM(solid lines.
a-SiGe:H at short circuit conditions predicted DAMPS UN- |imiteq range regularly used in the literature or they do not
der AML.5 illumination. affect our results. Dangling bond cross sections and band

~ The activation energies of both doped layers were deggtsets are the only little known parameters that affect our
rived from dark conductivity measurements taking into ac-gjylatedJ—V and SR curves. However in this article we
count the Fermi level shifts when we move from 0 K to room iy giscuss general trends that are independent of the values
temperature. Our resulting values were 0.47 and 0.24 eV foédopted for these parameters.
p-a-SiC:H andn-aSi:H layers, respectively. The electrical We can see in Figs. 2—4 that it is possible to fit fhev
parameters that cannot be directly measured were adopted 254 the SR characteristics of thee-i—n structure in the
equal to standard values found in the literature or those from i1 state using either the UDM or the DPM approach.
the_bes.t fits of our experimental curves. For instance, in thg,cent for the dangling bond densities all the electrical and
a-SiGe:H anda-Si:H Iaye(rgs the electron and hole mobilities 4| parameters were assumed to be identical in both mod-
adopted were 20 and 2 cfit's, respectively, and these val- o5 Taple | gives the total DB densities used in the UDM
ues were lower by a factor of 2 &SiC:H. In all the device ., 4a| and the most probable energigs used in the DPM
layers, the eﬁectlgzeo derlsgltles of statds andN, were as- qqe| |dentical parameters were adopted for the front and
sum?cliSto be X1 7l§mmz and the cross sections were 5 o ffer layergFB and BB. The same applies for each
%107 and 5<10 " cnr for charged and neutral states, o yhe front and back band gap graded layers having the same
respectively, in both the tails and midgap states. Since therg, 4 gapFGL and BGL. Interestingly, for fitting purposes,
is not yet a clear picture available of the distribution of en-yho 1 ost appropriate enerdip of the DPM model tends to
ergy offsets at each interface of the various layers present ify, patween the peak energies of the single and double occu-
this cell structure, we decided to split the band gap offset?)ied D~ Gaussians of the UDM model. It is important to
equally between the conduction and the valence bands. Thg,int oyt the values of the DB used in the fitting with the
total density of dangling bonds and the slope of the valencg)py Experimental studies show that the density of the DB
band tail in the LBLa-SiGe:H layer were determined from ;. good qualitya-Si:H materials is around %10 cm~2 and

H 6 —3 .
CPM experiments as>610'° cm™® and 47.6 meV, respec- good qualitya-SiGe:H with optical gaps near 1.55 eV is
tively. The slope of the valence band tail @Si:H buffer
layers and in ther-doped layer was adopted as equal to 50
meV. The conduction band tail slope was assumed to be 30 T T T . T T
meV in the above two layers and 23 meV in the LBL
a-SiGe:H layer, while it was freely chosen in all the band
gap graded layers to our convenience for fitting purposes.

B. Results

In Figs. 2—4, the measured and simulated cell character-
istics of oura-SiGe:H p—i—n solar cells are depicted. The
dark J-V characteristics, illuminatedAM1.5 light) J-V

characteristics, and the SR curves at short circuit conditions 0.0 b—= - : : s
under AM1.5 bias light are shown in Figs. 2—4, respectively. 400 500 600 700 800 900
As we mentioned above, the optical parameters, band gaps, Wavelength (nm)

activation energies, total densities of the dangling bonds, and .

. . IG. 4. Measuredsquare symbo)sand simulated spectral response charac-
valence band s_lopes were provided b_y experiments. _M(_)St Qkristics at short circuit conditions under AML.5 bias light of the single
the other electrical parameters were either adopted within th@SiGe:Hp-i-n solar cell. UDM(dotted lineg and DPM(solid lines.

Downloaded 17 Apr 2007 to 200.9.237.254. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Rubinelli et al.

2412 J. Appl. Phys., Vol. 91, No. 4, 15 February 2002

TABLE I. Total DB densities used in the UDM model and most probable dangling bond energies used in the
DPM model for fitting purposes. The band gap graded laye@Ls and BGL§ are shown as 1, 2, 3, and 4
going from buffer layers towards thea-SiGe:H bulk.

p-a-SiC:H FB and FGL and FGL and FGL and FGL and LBL
Layer n-a-Si:H BB buffer  BGL (1) BGL (2) BGL (3) BGL(4) i-a-SiGe:H
DB (cm®  5.0x10® 25x107 1.75x107 1.25x10Y7 9.33x10'® 7.0x10%  4.7x10%
(UDM) 5.0 1018
D™ (eV) 1.30 1.27 1.24 1.22 1.20 1.16 1.10
(UDM) 1.20
Er (eV) 1.30 1.20 1.17 1.14 1.1 1.05 1.00
(DPM) 1.20

around 5<10'® cm 3. In a UDM model, the density of the FGL and BGL layers and to lower the electric field inside the
DB of the various layers of the cell should correspond to the-BL layer with respect to the UDM modébee Fig. 6. The
density of the DB of individual layerénaterialg determined DPM model tends to generate more positive trapped charges
by experiment. In such a case, if we choose a DB density oPn the left-hand side of the LBL and in FGL layers and more
5x 10" cm™ 2 in our buffer layers and increase this density hegative trapped charges on the right-hand side of the LBL

to 5x 10 cm™23 going from our buffer layers towards the
LBL a-SiGe:H layer(as it should be following the properties
of the individual layers from the experimeptsvith D-AMPS
we obtain a very optimistic FF (EF0.7) that is quite far
from the experimental FF0.58. However, in order to fit the
experimental data, the density of the DB should decréase
the opposite directionfrom doped and buffer layers towards
the intrinsic a-SiGe:H LBL bulk (as shown Table)l This

layer and in BGL layers than the UDM model. This can be
clearly seen in the front region of the device in Fig. 5. In the
back region of the device we have to keep in mind that only
between 2/5 and 3/7 of the total density of DBs is effective in
generating negative charge in the UDM model. Higher
trapped charge concentrations nearglieandn/i interfaces

weaken the electric field in the LBL region. Recombination
losses are more pronounced in the LBL layer for the DPM

result gives more support to the defect pool model where th&odel and in the FGL and BGL for the UDM model. We

density of DBs increases from bulk pdi andn/i interfaces.

have to keep in mind that in lower band gap materiike,

Figure 5 compares, for the equilibrium state, the densityfor instance, ina-SiGe:H midgap states take control of trap-
of DBs generated by the defect pool model with the densityping and recombination processes over tail states. The sce-
of DBs used in the uniform density of states model in ordemario is quite different ina-Si:H where tails and midgap
to fit the J-V and SR experimental curves. We can clearlystates compete with each other to define the total trapped
see that for the UDM case, in order to make fittings possiblegharge and the recombination losses.

in the LBL, FGL, and BGL layers the density of the DB

increases when we move towards the doped layers. Anoth&r. Computer predictions using the UDM and the DPM
interesting feature is that the DPM tends to generate morgodels

DBs near thep/i interface than near thién interface, due to

In order to optimize the performance of the single junc-

the dependence of the DB with the position of the Fermiton _j_n aSiGe:H solar cell we studied the dependence
level. The comparison of the_electrlc field profll_es _|nd|<_:atesof the efficiency with respect to device layer thickness using
that the DPM model tends to increase the electric field in thgp,o input parameters extracted from our fittings. Although we

-5.0x10*
i S ox10°f
S 107 - £
% 3 -1.5x10°k
T S s
° Defect Pool 3 -2.0x10° ')
2 7k
25x10°f 1
1015 1 1 1 1 1 1 L ) 1 " 1
20 40 .60 80 100 120 140 160 0 30 60 90 120 150

Position (nm)

Position (nm)

FIG. 6. Change in the electric field profile under short circuit conditions

FIG. 5. Comparison of the dangling bond densities generated by the defeegthen the front buffer layer is removed. Solid lines correspond to the solar
pool model(solid line) and those used in the uniform density of states modelcell with the FB layer and dotted lines correspond to the same solar cell

(dashed lingto fit J-V and quantum efficiency QE experimental curves.

without the buffer layer. The light source is TFAM1.5 red bias light.
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FIG. 7. Dependence of the solar cell efficiency under TFAM1.5 red biasFIG. 8. Dependence of the solar cell efficiency under TFAM1.5 red bias
light with respect to the front and back band gap graded layer thicknesse$§ght with respect to the front and back band gap graded layer thicknesses.
The density of the dangling bond is modeled with the defect pool model.The density of the dangling bond is modeled with the uniform density of
LBL thickness:(A) 80, (B) 40, (C) 20, (D) 10 nm. (BGL Total thickness  states model. LBL thicknes$A) 80, (B) 40, (C) 20, (D) 10 nm.(BGL Total
=BGL thickness-LBL thickness. thickness=BGL thickness-LBL thickness.

thickness are adopted. The same is applied to the back grad-
were able to reproduce three experimental curves adoptinigg. During gross tuning, we varied the FGL and BGL for
either the UDM or the DPM model, the dependences of thesvery thickness of the LBLas can be seen in Figs. 7 and 8
solar cell efficiencies with respect to layer thickness prekeeping the thickness of the buffers unchanged. The DPM
dicted byp-AmPs are entirely different when we choose one predicts improvement of the efficiency with the following
model over the other. thicknesses: FB6 nm), FGL (9X4=36 nm), LBL (10 nm),

As we are specifically interested in the application of BGL (22.5X4=90 nm), and BB8 nm). With these changes
a-SiGe:H p—i—n structures for use as bottom subcells of we are able to obtain improvement in our efficiency under
a-Si:H/a-SiGe:H tandem solar cells, we will do our simula- TFAM1.5 light from 3.76% (efficiency of our sampleto
tions using the light source that results from filtering AM1.5 4.359%. These new thicknesses define our new baseline solar
light through a thina-Si:H layer that has the same thicknesscell structure. Using the UDM we instead reach the conclu-
as the intrinsic layer used in the top subcell of oursion that FGL layers should be removeste Fig. 8.
a-Si:H/a-SiGe:H tandem cells. Experimentally these tan-  We have chosen the best profile predicted by the DPM
dem cells showed an efficiency of 9.14%. This light spec-and a profile with 16 nm of FGL and 10 nm of LBL from the
trum that results after the absorption of the AM1.5 light by
one pass through tha-Si:H thin film is termed TFAM1.5

light.

The sample used to fit the bottom of this tandem struc- FGLayers (nm)
ture (Figs. 2—4 has a total thicknes@xcluding both doped 4.39 %0 3.8 3.6 3.4 3.2 3.0 2-8 2-6
layers of 142 nm. As the first step in optimizing the perfor- 96 94 92 90 88 86 84 8
mance of the single-SiGe:H solar cell, the simulations pre- 4.38 ¢ ‘\\ BGLayers (nm) ]
dict improvement in the annealed state by elongating the 437

back grading. Taking in advance the possible future degrada-

%

tion for too thick samples, we have fixed the total thickness W
of thei layer at 150 nm. This thickness excluded both doped S 435l i
layers and guarantees the presence of a strong enough electic =

field inside of the intrinsic layer to protect the cell from the 434
Staebler—WronskiSW) effect. Having decided to fix the to-
tal thickness at 150 nm, the second step is gross tuning of the
thickness of the layers. We begin by varying all devices layer 432l o
thickness in an attempt to seek higher efficiencies. By de- 0 2 4 6 . 8 10 12
creasing the LBL thicknes&his layer introduces significant Buffer thickness (nm)
recomb'_nat'on loss¢sand by changing the. FGL and BGL FIG. 9. Dependence of the solar cell efficiency under TFAM1.5 red bias
layer thicknesses we move from a LBL thickness of 80 nmiight with respect to the front and back buffer layer thicknesses in the DPM
[curve A, Figs. 7 and Bto a thickness of 10 nricurve (D), model. The LBL layer thickness is fixed at 10 nm. In the boaxis we show

: : g .~ the FB(BB) layer thickness and in the topaxis we show the total FGL
Figs. 7 and $ Flggre / represents the _prgdlctlon made. USInE{BGL) layers thicknessgboth in nm. The FGL(BGL) layers thickness is in
the DPM while Fig. 8 shows th(‘_:‘ predictions made with thegne 1o one correspondence with the FEB) layer thickness onlyto keep
UDM. The four layers that constituted front grading of equalthe total thickness constant

—m— FB (BB fixed to 8nm) \
—4&— BB (FB fixed to 6nm) E

A 4

14 16
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around thep/i interface and weakens the electric field in the
intrinsic layer’s bulk. In the UDM approach, when the FB or
FGLayers (nm) FGL | . .
6 8 10 12 14 16 18 20 ayers are made thinner or when they are directly re-

4.4 — T T T T T T T T i I i i I I I
198 196 194 132 110 108 106 104 movgd, the electric field becomes remforced in the |ntr|n§|c
' ' " BGLaver T T ' i-a-SiGe:H bulk where recombination losses are more sig-
421 m ayers (nm) _ o - ) )
nificant due to the lower mobility gap and the higher density
- of DBs present in the LBL layer. At the same time the elec-
401 a 1 P - ; ; .
\Ak._\A\A | tric field is weakened at the front region of tha-SiGe:H
X a3gl \ i layer near thep/i interface where recombination losses are
s less importantsee Fig. 6. This redistribution of the electric
36| : i field when FBs of FGLs are removed produces a net reduc-
tion of the global recombination loss present in the solar cell
34| —®—FB (BB fixed to 8nm) . and gives rise to improvement of its overall performafeze
—A— BB (FB fixed to 6nm) Fig. 10.
32 1 n i L 1 L 1 1 1 A L . H
0 2 4 5 8 10 12 14 DPM model: In Fig. 5 we can see that the DPM model

introduces a significant density of DBs at the left-hand side
of the LBL i-a-SiGe:H layer. These dangling bonds are
" : o o
FIG. 10. Dependence of the solar cell efficiency under TFAM1.5 red biasmOStIyD _States and provide positive trapped Cha}rge. Simi-
light with respect to the front and back buffer layer thicknesses in the upmlarly DBs introduced by the DPM model at the right-hand
model. The density of the dangling bond is modeled assuming constargide of the LBLi-a-SiGe:H |a_yer are mostljb* states and

values inside each device layer. The LBL layer thickness is fixed at 10 nm ; ; -
; ) > ; rovide negative trapped charge. These efira and D
In the lowx axis we show the FBBB) layer thickness and in the topaxis P 9 PP 9

we show the total FGL(BGL) layers thicknessboth in nm. The FGL  States generated by the DPM tailor in a significant proportion
(BGL) layers thickness is in one to one correspondence with thé5EB the electric field profile inside the LBL layer. Hence, when
layer thickness onlyto keep the total thickness constant the FBs or FGLs are made thinner or are removed, the elec-
tric field in the intrinsic layer bulk is much less affected in
prediction of the UDM. With theses two profiles we have the DPM model than in the UDM model. The DB profile
performed fine-tuning, changing the thickness of the buffersgenerated by the DPM model inside the LBL layer already
In Figs. 9 and 10 we increagdecreasgthe FB (BB) layer  defines the electric field profile to a great extent. The second
thickness, decreasinincreasing simultaneously the FGL important point is that when the DPM model is invoked the
(BGL) layer thicknesses and keeping intrinsic layer totalremoval of front layers in thea-SiGe:H single junction
thickness(W) constant. In Figs. 9 and 10 the LBL layer p—i—n solar cells still produces a redistribution on the elec-
thickness was fixed at 10 nm. In the lonaxis we have the tric field that is quite different to the one found in the UDM
FB (BB) layer thickness and in the topaxis we have the model. When front layers are made thinner or are removed
four layer FGL(BGL) thicknesses added up. Figures 7 and 8the Fermi level in equilibrium moves closer to the valence
correspond to what we call gross tuning of our solar cellband edge in the front region of the intrinsic layer which
performance and Figs. 9 and 10 correspond to fine-tuning dbrces the DPM model to generate a higher concentration of
our efficiency. Let us discuss first the predictions obtained ™ states near thp/i interface. These addition@ ™ states
for the front layer FB and FGL. reinforce the electric field over the FB and over the FGL
FB and FGL layers: The first important difference found layers and in the back region of the LBL layer and weaken
in our computer predictions is that an optimum thickness foithe electric field over the front part of the LBL regidsee
the front buffer layefFB) is recommended byp-amPs when  Fig. 6). This redistribution of the electric field is quite differ-
the DPM model is invoked but entire removal of the FB ent to the one observed in the UDM model. The third point
layer is advised by-AMPS when the UDM model is imple- to make is that these addition8l™ states created by the
mented. Another striking difference between the prediction®©PM model not only strengthen the electric field but also
of our code for these two different DB representations is thaincrease recombination losses near fiie interface. This
an optimum thickness is found for the front band gap gradedrend is never observed in the UDM model where an increase
layers within the DPM model but the highest efficiency is (decreasgof the electric field is usually accompanied by a
achieved when these four FGLs are removed in the UDMlecreasdincrease of recombination losses. As a result of
model. Both predictions ob-AMPS when the UDM is used this there is a trade-off between too thin and too thick FB or
are in contrast with experimental experience, while those oFGL layers. Very thin FB or FGL layers have the negative
D-AMPS when the DPM model is used are in agreement witheffect of weakening the electric fields in the front region of
experimental practice. In order to understand the origin othe LBL layer where DBs are mainlp * states and recom-
such different predictions we inspected the computer genebination losses are significant. Very thick FB or FGL layers
ated electric field, trapped carrier concentration, and recomhave the negative effect of weakening the electric field in the
bination rate profiles. back region of the LBL layer where DBs are mairly~
UDM model: It is known that the presence of front lay- states and recombination losses are also impoftigs. 7
ers (FBs or FGL$ introduces redistribution of the electric and 9. In the UDM model the physics are simpler: Thinner
field in the solar cell. The positive charge trapped in thesd-B or FGL layers just enhance the electric field in the entire
layers (D" states predominategnhances the electric field LBL region, decreasing the overall recombination losses, and

Buffer thickness (nm)
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thicker FBs or FGLs produce the opposite effect. prove its performance. On the contrary, using the defect pool
BB and BGL layergUDM and DPM models When BB model in our computer simulations we are able to demon-

or BGL layers are made thinner we also observe redistribustrate the benefits of U-shape band gap profiles for the intrin-

tion of the electrical field in the intrinsia-SiGe:H layer. In  sica-SiGe:H layer, in agreement with the experimental work

UDM model the electrical field becomes weaker at the baclof Guhaet all?

region and stronger at the front region of the intrinsic layer.

Hence recombination losses become stronger and weaker @t Behind higher efficiencies

the back and at the front sides of the intrinsic region, respec-

tively. The most significant changes in recombination losses _Ha_lvmg learned that_ the DPM IS approprlate_ to generate
take place in the back region of the intrinsic layer Whichreahstlc computer predictions, in agreement with observed

makesD-AMPS predict higher efficiencies for thicker BGLs faxperim_eljt_al trer_1d_s, we investigafce the pogsibility ofincreas-
(see Fig. 8. In the DPM model the field becomes stronger at"9 tgf 'Ir?ltI?rlleegl'?fI:rTa% g zlr“?r;iﬁee'sigs_lo;g Sroir .C:(il but
the back region of the intrinsic layer and weaker at the fron Zev 'nyl t%e tota: th'cknes));/e Ial t0 150 nm UVe s;”d'edu

region of the intrinsic layer. However recombination losses ping ! qu ' udi

. . . o with D-AMPS the singlea-SiGe:H p—i—n solar cells under
also increase in the back region of the intrinsic layer for . o ' .
) . . o2 TFAML.5 illumination. The LBL layer was fixed at 10 nm in
thinner BB or BGL layers. The Fermi level in equilibrium is

. . ._order to maximize the solar cell efficien¢gee Figs. 7 and
placed closer to the conduction band edge in the back reg|o§5_ In both structures we found that the solar cell perfor-

of the intrinsic layer which forces the DPM model to gener- . ce can be improved by adopting nonequal thicknesses

ate more DBs(D~ state$, enhancing simultaneously the
electric field and the recombination losses. As a result of thisfor the four FGL and BGL band gap graded layers. Our

both models predict similar trends but different thicknesse%:rizﬁgirtllggi g]r:j(;cgtgl_tlr;ate:ts Iﬁe;nrotrhee (I:_OBnlj/ ?;'2?;;% i?ﬁg:;t
for the BGL layers, as can be seen in Figs. 7 and 8. Y y

layers near the buffer layers. The increase of FGL and BGL

. The solar cell efficiency is more sensitive to changes Ir\ayer thicknesses near the LBL layer enhances the optical
thickness performed on front layers than on the back layers

" . 7~ "generation of free carriers inside the intrinsic layer and
The boundary condltlop_of keeping the total _so!ar cell th'Ck'inghtIy reinforces the electric field within band gap graded
nessW constant conditions our results. It is important to

I . This alt ti ign for t iGe:H intrinsi
notice that both the UDM and the DPM models suggest th?:yers s alternative design for theSiGe:H intrinsic

A yer significantly enhancesls, and introduces minor

removal of the BB Iayer. However we have to keep in mlndChanges in the FF and, in both the single junctiop—i—n

that when t_he BB Iaye_r 'S m‘.”‘de th'”‘.‘er the BGIT layers are %tructure and in the tandem solar cell. We observed a relative
the same t|me becom_mg thicker which results in bet_te_r OIOtI"lmprovement of solar cell efficiency higher than 4%. It is
C_al absprptmn. By using the PPM model for.o.ur E"ﬁc'c'encyimportant to say that equal thicknesses for all the FGL and
fine-tuning we were able to improve the efficiency of ourpgs layers is synonymous to band gap linear grading be-
baseline case, first, from 4.359% to 4.363% by redefining th%ause in each step of our FGL and BGL layers the mobility
FB thickness to 8 nm and, second, to 4.381% by removing,,n4 gan was reduced by equal amounts. Our predictions
the BB layer(see Fig. 9. -In our bg;ellne case we were al- imply that other band gap profile shapes, different from the
ready very near the maximum efficien@ye total thickness ; o'y shape or linear band gap grading, are more appropri-

is kept equal to 150 nim » ate for better performance. This optimum band gap shape
We also studied the dependence of the efficiency of thggems 1o be either exponential or parabolic and we are cur-

a-SiGe:Hp~i—n solar cell with respect to each layer thick- ronqy investigating its analytical expression. Our initial

ness under AM1.5 bias light. Although different optimum a-SiGe:Hp—i—n solar cells deposited with band gap graded

layer thicknesses were obtained for these two light sourcegyers of nonequal thicknesses have confirmed these simula-
similar trends were predicted liyAmps under either AM1.5 o predictions.

or TFAML1.5 illumination.
We also made simulations changing, one by one, th
buffer, the band gap graded and the low band gap layer thiclj—v' CONCLUSIONS
ness but without keeping the total solar cell thickn&gs We studied the single junctioa-SiGe:H p—i—n solar
equal to 150 nm. We found that when we use the UDMcell in the initial state with computer simulations. We were
model D-aMPS predicts the highest efficiency for the entire able to fit the dark and the illuminated current voltage char-
removal of FB, BB, and FGL layers. On the other hand,acteristics and the spectral response curve under short circuit
when we use the DPM modea-AmMPs predicts optimum  conditions. These fittings were performed using either a uni-
thicknesses of 6 nm for the FB layer, 4 nm for each FGLform density of states in each layer or the defect pool model.
layer, 10 nm for the LBL layer, 40 nm for each BGL layer, When we model each layer @fSiGe:H p—i—n solar cells
and 12 nm for the BB layer. For this configuration the effi- with a uniform density of states we are not able to justify the
ciency achieved under TFAML.5 illumination is 4.59% andadvantages of introducing a U-shaped band gap profile into
the total thickness is 204 nm. the a-SiGe:H intrinsic layer. On the other hand, by imple-
Summarizing, we can say that using the uniform densitymenting the defect pool model in our computer code we are
of state model we cannot justify with-AMPS the implemen-  able to predict an optimum thickness for the front buffer
tation of U- or V-shape band gap profiles in the intrinsic layer and for the front band gap graded layers. We conclude
layer of single junctionp—i—n aSiGe:H solar cells to im- that to properly design the band gap profilei®iGe:H solar
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solar cells in general it is necessary to include the defect Solids97&98, 1455(1987).
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