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The performance of the standard hydrogenated amorphous silicon carbon—crystalline silicon solar
cell is extensively compared with the performance of a hybrid structure subjected to a
high-temperature annealing processing. Our analysis indicates that high-temperature-annealed
heterojunctions show more robustness in the presence of energy offsets and defective
amorphous-crystalline interfaces. Annealed hybrid cells are also less vulnerable to the negative
impact of amorphous silicon carbon doped layers with poor electrical properties. Furthermore,
annealed structures have the potential to generate higher efficiencies than conventional
heterojunctions regardless of the wafer quality. The presence of boron at the amorphous-crystalline
interface and in the wafer front region plays an important role in annealed hybrid structures that are
made with low-quality wafers or where there is a highly defective amorphous-crystalline interface.
In this scenario, a linear boron profile in the wafer front region is more appropriate, for which there
is an optimum thickness. For low defect amorphous-crystalline interfaces and high-quality wafers,
a boron exponential profile is more appropriate when boron creates additional defects in the front
region of the wafer. The shape of the boron profile becomes less relevant when the boron does not
add additional defects to the front region of high-quality wafers and when the amorphous-crystalline
interface is low defect or defect-free. @05 American Institute of Physics
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I. INTRODUCTION The main drawbacks dd-c heterojunctions are thah)

the defect density at theec interface can be high because of
gamage caused by polishing and by residual impurities re-
maining after the wafer has been cleaned &bd offsets
introduced by materials of different band gaps can impose

and a low-temperature processhis practice has the poten- serious limitations on photocarrier collection. An interesting

tial to become a cost-effective alternative for present da)yvaty to ove:ct(r)]me thtetse negat'uve febattures ogggtero(;uggggrg
crystalline silicon(c-Si) and poly-Si solar cell technology. IS 10 ahnéal them at temperatures between an )

The p-n junction is formed by plasma-enhanced chemicaI-At these high temperatures, the amorphous layer becomes a

vapor depositionfPECVD) at temperatures below 300 °C. mixed—phase me_lterial that consists o%sﬁl:bmicron-size crystal-
The low-temperature process enables the use of cheapS émbedded in an amorphous matrixThe presence of a

lower-quality substrates. Back surface or passivating layerfaction of microcrystalline phase in the amorphous matrix
can also be added by deposition. increases the electrical conductivity and decreases the optical

In general, amorphous-crystallin@-c) silicon hetero- Pand gag. Under appropriate temperature and annealing
junctions consist of a thiff<50 nm highly doped amor- conditions, impurity atoms from the deposited layer can dif-
phous silicon carbide window layer deposited on a crystalfuse into the substrate and move v junction away from
line silicon wafer. The window layer should have a highthe metallurgical interface. Reference 9 discusses the effects
transparency to maximize the light absorptionci$i and a that annealing can have on the electrical characteristics of
high conductivity to minimize the series resistance lossesp-type a-SiC on n-type crystalline silicon heterojunctions.
The band gap and the activation energy of the amorphoushis structure is called an annealee heterojunction and it
silicon layer can be easily tailored by PECVD deposition.will be recognized in this paper as tipep-n heterojunction
This flexibility has led to many applications of hybrid het- by the presence of an “extra layer” created in the first
erojunctions as solar celfstransistors X-ray detectord, nanometers of the-Si wafer by diffusion of boron from the
photoreceiver§,and light-emitting diode§. p-a-SiC layer.

The aim of this paper is to explore the possible advan-

3Author to whom correspondence should be addressed; electronic mait.a-_geS Of_ thep-p-_n de\_/ice ovgr its coun_terpart, the single
pancho@ceride.gov.ar SiC/c-Si heterojunction. Using a detailed computer model-

Amorphous silicon/crystalline silicon heterojunction so-
lar cells began to attract considerable attention once it ha
been demonstrated that high efficienci€dl%) can be
achieved on CzochralskCz) silicon with a simple structure
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ing, we compare the efficiencies of both types of devices forTABLE I. Experimental parameters used in our simulationgof and p-
differenta-SiC band gapsa-c offsets, diffused layer widths ~P- hybrid solar cells.
in the c-Si wafer, etc. First, and assuming that the electrical

Device A Device B(annealey

and optical parameters in theSi wafer are identical, we p-a-SiC/n-c-Si p-a-SiC/p-c-Si/n-c-Si
study the different scenarios in which the anneateg-n

heterojunction performs better than the conventiopai ~ &SIC gap(eV) 19 14
structure. We also discuss the real wafer status of both stru@SIC activation energyeV) 04 0.05

V\?'Sic minority-carrier lifetime(s) o 104
a-SiC thicknesgnm) 50 50
Wafer minority-carrier lifetimeg(s) 103 2.5X10,

tures. Finally, we use computer simulations to explore ho
different boron profiles at the front region of the wafer affect
the solar cell efficiency.

Wafer thicknesgum) 300 300

Wafer doping densitycm ) 7x10% 7Xx10%

p-c-Si (PDL) layer-thicknesgnm) 360
Il. GENERAL INFORMATION PDL layer-boron concentration at 5% 10

the a-c interface(cm ™)

A. Modeling

Simulations were performed with the computer code
D-AMPS, the AMPS' code (analysis of microelectronic and
photonic devices developed at The Pennsylvania State Uni- Table | lists the experimentally known electrical param-
versity, USA% plus some new developments. These neweters used in our simulations. High-temperature annealing
developments are the inclusion of amphoteric stdtebe processing800—-900 °Q in hybrid structures gives rise to
defect pool modet? and scattering at rough surfacés. boron diffusion from thep-a-SiC layer into the wafer, which

We represent the density of statesariC films with  increases the emitter width. The resulting boron depth profile
three different Gaussian distributior®”, D% andD*. The  shows an exponential profile that reaches regions further
peak energy of these Gaussians are located in the lower hatbm the a-c interface at higher temperaturéghe doping
of the band gapD"), close to the Fermi level of the intrinsic density ina-SiC is adjusted to match the experimental dark
material (D°), and in the upper half of the band g&p*), conductivity. The stoichiometry of this film is approximately
respectively. The ratio of charged-to-neutral defects was 4:4-Si; ¢C »: H and the dark conductivity is around 32cm ™.
and the correlation energy was assumed to be equal to The trap density and cross sectionsci8i are tailored to
0.2 eV. The peaks of the Gaussians were spaced 0.3 eV apagproduce the wafer minority-carrier lifetime. Using the elec-
in energy and the density of states enclosed by each Gaussitiital and optical material parameters listed in Table | as
is in agreement with the figures proposed by the defect podhput data inb-aMPs we checked our ability to fit available
model? The separation between the nonoccupidpeak  experimental darkl-V-T and light J-V curves in fewp-a-
and the double occupidd™ peak, usually known a4, was  SiC/n-c-Si (A) and p-a-SiC/p-c-Si/n-c-Si (B) samples. In
therefore equal to 0.4 eV and independent ofdh®iC band annealed structures, the study of the transport mechanisms
gap. that control the dark current-voltage at different tempera-

Neutral boundary conditions were adopted at the frontures indicates that the diode is nearly ideal and has quite a
and back contacts. The doping density, trap density, antbw series resistance that will not limit the fill factor in solar
cross sections in-Si were selected to describe a high-quality cells®
c-Si wafer. In the annealed junction, the boron profile is rep-
resented by a function decaying exponentially from d&he
interface towards the-Si bulk in agreement with experimen- lll. RESULTS AND DISCUSSION
tal findings? Finally, we will assume that back-surface field

(BSH is present at the back contact in order to gain insight In Sec. Il A, we quantify the effect'on. th? solar gell
into the full electrical potential of these structures. performance of several energy offset distributions, various

Three different structures are compared in this paper: th efective _Iayers_at '_[he amorphous-crystz_illine interface, and
singlep-a-SiC/n-c-Si heterojunction that we will call device ow and high activation energies at thea-SiC layer. In Se_c.
A or p-n; the double emittep-a-SiC/PDL/n-c-Si hetero- Il B, we explore th_e dependeqce of the.solar cell efficiency
junction that we will call device B op-p-n and where PDL 2" the boron profile present in thiec-Si wafer. We also

stands for the region of the wafer where boron has diffuse&tUdy the possible deteriorgtion of the dgvice effjciency
from the p-a-SiC layer by annealing; and finally, the-a caused by boron atoms diffusing from thes-SiC layer into
-SiC/n-c-Si structure or device C, which is the result of the PDL layer.

removing the PDL layer in device B. The first and the second

solar cells(A and B) are real devices while the third solar
cell (C) is included here only for purposes of comparison.
This triple comparison allows us to analyze the separate im-  First, we will explore the advantages of the double-
pacts of lower offsets at tha-c interface and of the PDL emitter configuration of structure B over the single-emitter
layer on the solar cell efficiency. We pay particular attentionconfiguration of devices A and C. Below we will discuss how
to understanding the role played by the PDL layer in improv-annealing processing affects the difference in lifetimes be-
ing the solar cell efficiency. tween devices A and Bsee Table)l

B. Experimental knowledge

A. Basic features of hybrid solar cells
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17- TABLE Il. p-a-SiC/n-c-Si built-in potentials for differen&-SiC band gaps
and band alignments; CB, HH, and VB correspond to an offset entirely in
the conduction band, half in the conduction band and half in the valence

161 band, and entirely in the valence band, respectively.

X
o;_ Offsets/gap CB HH A%, Ex (p-layen
151 (ev) (ev) (ev) (ev) (ev)
1.4 0.84 0.98 1.12 0.05
15 0.77 0.96 1.15 0.12
14 12 15 16 17 18 19 1.6 0.7 0.94 1.18 0.19
) E' -é-SiC e'v ’ 1.7 0.63 0.92 1.21 0.26
G P ) (V) 1.8 0.56 0.9 1.24 0.33
FIG. 1. Efficiency of thep-n hybrid solar cell with respect to the-a-SiC L9 0.49 0.88 L2 0.40
band gap(devices A and € The density of DB at the-c interface is
assumed to be ¥bcm™. CB, HH, and VB correspond to an offset that is
entirely in the conduction band, half in the conduction band and half in the . .
valence band, and entirely in the valence band, respectively. not 'nC!UdEd the PDL layer. Hence we are only looking
at devices C and A forEg=1.4eV and Eg=1.9 eV,
respectively.

1. Offsets .
When we assumed that offsets were equally split be-

Rigorous modeling ofa-SiC/c-Si heterojunctions re- tween the conduction and the valence band we adopted two
quires special consideration to be given to the relative disgifferent approaches. First, we moved the activation energy
placement of the conduction and valence bands apthe in the p-aSiC layer between 0.05 eVEg=1.4 e\) and
interface. Experimental work still has not unambiguously esq 4 ev (E;=1.9 eV) by adjusting the acceptor doping den-
tablished the relative conduction- and valence-band displac%—ity_ The activation energy varied linearly from
ment as thep-a-SiC band gap is widened or narrowed. Wheng o5 1 0.4 eV in conjunction with the band gap. This as-
the band offset is entirely located at the conduction-bandmption of a linear variation varied the built-in potential
edge, the resulting potential barrier at #re interface miti- (V,,) with respect to th@-SiC band gap for any band align-
gates electron back diffusion, thus reducing recombinatiorhent_ Secondly, we assumed that the built-in potentjal
losses in thep-a-SIC layer and undesired electron flows t0- . o kept constant for differematSiC band gaps. For the first
pushed by a lower electric field to exit but there is no poten%cenario’ Table 1l shows the offsets and activation energy
tial barrier that hinders collection. When the band offset isia;dgstiend;%r elach individugra-SiC band gap. Nomenclature
entirely located at the valence-band edge, the increased en- Figure '1 éhows that for higlp-a-SiC band gaps the

r ifferen ween Fermi levels aSiC andc-Si in- . . .
ergy difference between Fe evels aaSIC andc-S transport of holes at the-c interface is entirely blocked

creases the electric-field intensity around tie interface ) . .
y when the offset is completely in the valence band. For high

and also reduces electron back diffusion. Holes drift with™ > . .
more intensity towards the front contact but they have toa'SIC band gaps the performance of fBa-SiC/(n)c-Si

surmount a higher barrier at thec interface, which can heterojunction can become very sensitive to band alignment,
increase recombination losses at the defective layer. SCMething that cannot be controlled experimentally.
Hence, by changing the band alignments, we activate two N OUr previous simulations differemea-SiC band gaps

competing effects and the final outcome has to be establishdgnd therefore different offsets at thec interfacg had given
in each particular case. rise to different electric-field profiles inside the depletion re-

Figure 1 shows the impact of different offset alignmentsdion. In order to quantify the impact of different offsets on
on the solar cell efficiency for different-layer band gaps. the solar cell performance without masking our results with
The energy offset distribution nomenclature is as follows:theé changes made to the electric-field profile in Fig. 1, we
CB stands for an offset entirely in the conduction band, HHalso show(dotted lineg the heterojunction efficiency for dif-
stands for an offset that is half in the conduction band anderenta-SiC but constant built-in potentialy,; (shown only
half in the valence band, and VB stands for an offset entirelyor HH alignments. For different band gaps the acceptor
in the valence band. We cover the band-gap energy rangdoping density in thep layer is adjusted so that the built-in
going from high-temperature-annealedSiC (Eg=1.4 eV}  potentialVy; is equal to 0.88 eV anég(p-a-SiC)=1.9 eV.
(Ref. 7) to the standard material grown by PECUE; As was observed when the electric field was allowed to vary
=1.9 e\). For simplicity we have not included multiple step with the p-a-SiC band gap, high band gaps make free-carrier
tunneling mechanisms in these simulations. Detailed discugransport more difficult and has a negative impact on the
sions on the role played by tunneling currents at ¢he  solar cell efficiency. The solid and the dotted lingsH
interface and their impact on the solar cell performance camlignmenj clearly show the separate impacts on the solar
be found in previous publicatiort8. Tail slopes, the total cell performance of lower offsets and higher electric fields.
dangling-bond densityDBD), and the acceptor doping den- Figure 1 shows that the heterojunction is less sensitive to
sity (N,) were changed in accordance with theSiC band  offsets at thea-c interface for lower offsets and for more
gap by reproducing the activation energies of 0.05 eV foiintense electric fields in the depletion regidrigher values
Eg=1.4 eV and of 0.4 eV foEg=1.9 eV. In Fig. 1 we have of V).
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FIG. 2. Efficiency of hybrid solar cells with respect to théayer activation  F|G_ 3. Efficiency of hybrid solar cells with respect to the surface density of
energy. The density of defect states ataheinterface is equal to 2 cm™2, defects at the-c interface. The defectiva-c interface layer is assumed to
be 10 nm thick and the boron density at the interface is 5< 103 cm-2
in device B.
2. Activation energy at the (p)-a-SiC layer

Another benefit of the annealgutp-n structure is the shielded from thea-c interface. Hence, th@-a-SiC layer
robustness introduced by the PDL layer in devices with scould be as thin as 8 nm so that the front contact is kept
poor-quality a-SiC layer. Highly defective and/or noneffi- €electrostatically isolated from thg-c-Si layer. Hence, thin-
ciently doped(N,) p-a-SiC layers reduce the solar cell effi- nerp-a-SiC layers are not recommended because any undes-
ciency in p-p-n structures to a lesser extent. The single ired band bending effect at the front contact could seriously
a-SiC/n-c-Si heterojunction, on the other hand, is quite sen-harm the electrical field inside the PDL layer.
sitive to these adverse characteristics of the amorphous layer.

Figure 2 compares the efficiency of the three structure. pefective layer at the amorphous-crystalline
for differenta-SiC activation energieéE,y). In a singlea-  interface

¢ heterojunction it is well known that the built-in potential Figure 3 illustrates the sensitivity of the different hybrid

Vai IS \1ery scla:r_13|t|ve2tol thel acrt]watlotr;] egergy t(')f (tjhe amorgirctures to the presence of a defective interface layer at the
phous layer. Figure = clearly Snows the dramalic decrease i . ;ierface. This defective layer is assumed to be 10 nm
the efficiency of device A for highep-a-SiC activation en-

s A e dopi o0 s below thiick and to have the-Si band gapg® We can see that the
Ergies. As soon as.t € doping cpncentratlon IS below t %fficiency of thep-n structure(device A initiates its decline
dangling bond densityDBD) the efficiency of thep-n solar for a surface defect density higher than jus? £672 and its
cell collapses. In the annealed heterojunction, on the oth

o o . eﬁerformance already shows a significant deterioration for a
hand, th?hefflmengy 'Sf stllrllaicepigbli for IM/DB; rtz;\]tlos surface defect density of>310' cmi 2. On the other hand,
(or, in other words, for high activation energie €S€  the annealeg-p-n structure(device B is much more robust

simulgtions, we haye assumed that the doping profile in _th?n the presence of such defective layers. A surface defect
p-¢-Si (PDL) layer is not changed when the doping denSItydensity of 18! cm™2 does not harm its performance, which

.(or_ t?e actt_|vatlon el;lert?]yr; me a?orphous:a}[{]er is varied. It remains at around 17%. Furthermore, the efficiency is still
1S |nterets 'n% o hote Ia de € |C|encytc;]. he alnneepqnj well above 14% even foma-c interfaces as defective as
-C structure(device B also decreases at high valuest - 1q3s pgjen, The theoreticalp-n device C shows greater

(E'a'S'C)' rl1n or<|jer o reacg ch.arge} neutrall;[y, thg bal? ds d'nsensitivity to the presence of amc defective layer than
the amorphous layer near taec interface are forced to ben structure B for interface defective layers of more than

downwards wherE, (p-a-SiC) is poor, which creates a 102 DB/cn?
higher barrier for holes flowing towards ttec interface. '
This barrier hinders hole transport and favors recombination, . \sities at the-c interface. In this scenario. the recombi-

Ioss_es . at . . the nation loss and the shielding effect on the electric field of the
a-c interface in the PDL layer and the depletion region of thedepletion region introduced by thec interface are negli-

n-c—?l' W‘;:er' Hower\l/er, tlhe re(éomblnatlonh!oisesbmc:.reafs(%ible_ Similar performances of devices B and C indicate that
hmc|>s mtthe ar_nc:rpf ous layer ecausle a llag er farrlelr he PDL layer is not responsible for the fact that the efficien-
oles at tha-c Intertace also means a [ower barrier for €1€C- iqas iy gevice B are higher than those in device A. Table Il

tron back diffusion at_tha—c interface. : .__lists the performances predicted lyamps for the three
The solar cell efficiency cannot be improved by using

v.vafer.s with higher dopmg Ievels'. Higher doping C(.)ncentra_TABLE IIl. Predicted performances for structures without a defective layer
tions increase the built-in potential but also deteriorate the; ica.c interface.

electrical properties of the wafer. Thinngra-SiC layers

help to improvelsc and consequently the efficiency because Device A Device B Device C

they reduce losses in the front region, mainly at blue wave= N on? 28.20 2017 2018
lengths. Our code predicts a relative increase of almost 119%¢ (MA/c™) ' : '

. - . . Ve (V) 0.784 0.765 0.753
in the efficiency when we use a 10-nm-thipka-SiC layer Fr 0.733 0.779 0.787
instead of a 50-nm-thick layer. For the parameters used iiciency (o) 16.20 17.40 17.30

our analysis, at 4-nm the electric field in tpec-Si layer is

First, we will discuss our results for very low defect
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structures when the presence of the defective layer can TABLE IV. Predicted performances for structures with arc defective
be neglected layer with 102 DB/cm2.

Recombination losses are higher in device A than in de-

. . . " Device A Device B Device C
vices B and C. In short circuit conditions, losses come
mainly from recombination in thp-a-SiC layer(highest loss  Jsc (mA/cn?) 28.05 27.66 29.09
in structure A and from electron back diffusion at the front Voc (V) 0.458 0.630 0.467
contact(highest loss in structures B and.@Recombination FF 0.486 0.825 0.678
Efficiency (%) 6.24 14.39 9.23

losses in the wafer become dominant n€grand they con-
trol its value. In devices A and B, losses at the front contact
and in thep layer do not significantly increase with voltage.

AT ; . Lo We observe in our simulations that at short circuit con-
The scenario is different in device C where recombination,.,. . . e
) . . ditions the main loss mechanisms are electron back diffusion
losses in thep layer rise considerably for forward voltages

nearV,, due to the absence of the PDL layer. The higherat the front contact in device A and recombination in the

c . . layer in device C, similar to what we found for high-quality
back diffusion of electrons to thp layer is responsible for . . S .
. . interfaces. In device B, recombination losses at the interface
the lower values oV, predicted by our code for device C.

In device A the lower effective built-in potentiathe defective layer are comparable to the electron back diffusion

L . : loss at the front contact and of the same order. In any case,
acuvano_n energy is 0.4 eV mstead_ of 0.05)ee_|/nd t_he ac  the presence of a highly defective interface does not harm
cumulation of free holes near tlgec interface give rise to a

. . T . . Jscmuch. When a forward voltage is applied, recombination
thinner depletion region io-Si and to a less intense electric ; 5¢ g PP

o L . losses at the interface defective layer quickly increase at
field in the wafer bulk. The weaker electric field in device A igher voltages in devices A and C. Table IV shows that FF
allows higher concentrations of free electrons and holes an

binati hich leads t Gl £ IS quite poor and/, is lower in these devices. On the other
rl_r|10re recorr: 'n? 'OnAWh N eah.s h%ataoorzr " ac(1§F). d hand, the PDL layer in device B prevents electron back dif-
OWEVEr, structure A Shows a nigne, than devices b and - q,qi5 of photogenerated electrons from the wafer towards
C. Visual inspection of lightJ-V curves indicates that the

IV ch istic of Ah i\ for f 4 vol the interface. This result clearly shows the important role
-V characteristic of structure A has a tail for forward volt- played by thep-c-Si (PDL) layer in achieving goo,. and
ages when the forward voltage approachgs This phe-

: X ) FF in hybrid structures with highly defectivec interfaces
nomenon is connected to the trapping and detrapping pro;. jowa-SiC band gapsl.4 eV). Device C still performs
cesses of holes at thg layer. The huge piling up of iree better than device A because of its higher effective built-in

holes at thea-c interface on the-Si side restricts the trapped ) sontia| which prevents some of the photogenerated elec-
carrier distribution in thep-a-SiC layer by the charge neu- y,ns of the wafer from reaching the defective interface
trality condition. Holes are released from gap states to the ore they can recombine

valence band inside the layer and preferentially near the  pe three figures already shown indicate that the an-
a-c interface, which magnifies the net negative charge in thig,gg1eq structure is more robust in the presence of offsets and
region. This scenario is connected to the creation of a lightyefective layers at tha-c interface than the singlp-n hy-
induced dipole that introduces a voltage drop aroundahe g heterojunction(A). In addition, Fig. 3 shows that for

-c interface, the sign of which is opposite to that of the pighyy defectivea-c interfaces the robustness of tipep-n
applied force. When the forward voltage increases, the thicksicture comes mainly from the PDL layer and not from the
ness of the depletion region in the wafer decreases, whiclyyer offsets at the-c interface. The PDL layer allows the
allows more electrons to recombine with free holes accumuapnealed heterojunction not only to sustain an acceptable
lated near thea-c interface. The reduction of the free hole pijt-in potential for ap-amorphous layer with poor electri-

concentration at the-c interface induces the trapping of ¢4 propertiegFig. 2) but also to host quite defective layers
back diffusing free holes inside the layer, which subse- 4t thea-c interface while maintaining a quite reasonable ef-
quently reinforces the electric field in the depletion regionficiency. Highp-SiC activation energies can considerably de-
and the wafer. The strengthening of the electric field in-eriorate the depletion region electric field in singten hy-
creases the solar céll,. because a higher voltage is neededpyig cells, which can significantly enhance the recombination
to achieve a total recombination loss equal to the photocursf photogenerated carriers at the defective layer, in the deple-
rent. This scenario also leads to a significant deterioratioggp, region and in the wafer. On the other hand, the annealed
in FF. ) o ) ) structure is more stable at low valuesMf or high densities

_ The effective built-in poter}tlal_s of devices B and C are 4t pg in the p-a-SiC layer because the PDL layer is able to
higher because of the low activation energy of the annealedstain a reasonable intensity of the electric field inside the

a-SiC layer. Higher built-in potentials lead to devices with yepletion region even in these adverse scenarios.
better FF andsc. BetterJsc and FF are connected to a lower

electron back diffusion in the-a-SiC layer and at the front B B diffusion into th for: | t on th |

contact. A more intense electric field in the depletion region”" oron diftusion Into the waier. Impact on the sofar
. - cell efficiency

makes it easier to push electrons towards the wafer bulk.

Let us now discuss devices with a defectare interface In this section, we will study the dependence of the solar
layer. Table 1V shows the performance predictedooamps  cell performance on the boron doping profile in the PDL
for the three structures studied in this paper when they haviayer or wafer front region and the possible negative effects
an a-c defective layer with a surface density of'$@m 2. of boron diffusion in the wafer.
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17J Y-SR I-0: lower than losses at thelayer and front contagimaking the

/ v L . . -
w ! 2 ‘e solar cell efficiency almost insensitive to the boron profile.
164 N=6x10"cm \. A p-n junction located near tha-c interface efficiently
151 N= 5x10" em? extracts photogenerateq holes a}nd drifts electrons towards
X 141 y-vy the wafer where they diffuse until they reach the back con-
\; v = tact. In thick PDL layers, the linear distribution tends to build
13- '/V’ -_./'/. the p-n junction closer to the right edge of the PDL layer
12] \ A while steep exponential distributions tend to build the same
J ‘.,-/' .‘/.,o p-n junction closer to the left edge of the PDL layer. As a
11f b e r result of this, the linear distribution gives rise tgan junc-
10' 10° 10° 10* tion located further from the-c interface and to an ex-
PDL Thickness (nm) tremely thick effectivep layer in the wafer. Because of its

. _ low electric field, this region does not efficiently push elec-
FIG. 4. Efficiency of the annealgatp-n solar cell with respect to the PDL trons towards the wafer and it gives rise to a high population
thickness for different boron profileg¥) linear distribution,(l) exponen- . . . . .
tial distribution with F,=6%, and(®) exponential distribution wittF,,  Of free holes, which significantly increases the recombination
=0.5%. The surface density of defects at #e interface is assumed to be losses at the PDL layer. This scenario leads to high recom-

moderate(6x 10 cm™?) and very high(5x 10 cm™). bination losses and poor efficiencies. On the other hand, very
steep exponential distributions efficiently expel minority car-
1. Boron profile in the diffused  (p)-c-Si (PDL) layer riers far from the defectiva-c interface and holes towards

o ) o the front contact. Thick PDL with a linear distribution gives
It is interesting to explore how the efficiency of the an- yise tg pettenv,, than thin PDL layers with exponential dis-
nealedp-p-n structure depends on the boron doping profileyiptions but they introduce a severe deterioratiodsafFor
in the PDL layer. In our _S|mulat|o_ns, the boron profile is j,stances comparing cells with a linen and with a 0.5%
represented by the following equation: exponential0.5E) profile for a 1000-nm-thick PDL layer we
obtain the following figuresV,. (V)=0.724 (L) and 0.709
(0.5E), FF=0.778(L) and 0.803(0.5E), and J.. (MA/cn?)

whereN(0) is the boron concentration at trec interface  =20.52(L) and 29.14(0.5€). On the contrary, our simula-
(5% 10 cr3) andx is the position with respect to theec t|9ns mdpate that for highly defectiva-c mtgrfaces(see
interface(x=0). The parameteXy (nanometeris given by ~ Fig- 4 linear .boron or nonsteep 'exponentlaI. profiles are
the expressioXy=CyWec WhereWpe (nanometer is the ~ More appropriate. In general, a highly defectre layer
PDL layer thickness estimated to be 360 nm from ourSignificantly reduceS/oc._For a surface d_efect density of 5
secondary-ion-mass spectroscaByMS) profiles® Cyy (non- < 10'° cm and assuming a 200-nm-thick PDL layer, we
dimensional reflects how steep the boron exponential profileh@veVec (V)=0.636(L) and 0.5130.5), FF=0.825(L) and
is. In order to reproduce the experimental boron profile. Thé-805 (0.56), and Jg (mA/cmZ):26.61 (L) and 27.29
most appropriate value for the parame@igf was found to be  (0-55). In these device¥, is mostly determined by recom-
0.086. bination losses in these highly defectigec interfaces and,
The various exponential boron distributions are given by!® & much lesser extent, by recombination losses in the PDL
the figureF,,=Cy, % 100%. In the particular case of the ex- Iayer where the electr!c flelq has been Wegkened or partially
perimental boron profileF,,=6% and we can identify this s_hlelded by the defective-c mterface._ Thg linear boron pro-
distribution as the 6% exponential. Figure 4 shows the defilé prevents better electron back diffusion towards e
pendence of the solar cell efficiency W for two different ~ interface where they can easily recombine. _
boron exponential profileg=,,=0.5% andF,=6%) and for The.detrlmental effect qf defective layers at @e in-
a linear boron profile. In this figure, we include results for t€rface inp-p-n solar cells is more pronounced when the
devices that have a moderate and quite a high density dioncentration of boron is lower at treec interfaceN(0).
defects at the-c interface. In the first case, we assume theFigure 5 illustrates this point and shows the dependence of
presence of a surface defect density of onby B0L° cmi2. the solar cell efficiency oiN(0) for different a-c interface
We observe that different boron concentration profiles do nofiualities. The concentration &f,(0) also determines the bo-
give rise to significant differences in the solar cell perfor-ron profile inside the PDL layer. A higher density of defects
mance for PDL layers thinner than 1000 nm. Although itat the a-c interface and/or lower values df(0) tend to
cannot be clearly seen in Fig. 4, efficiency is maximum at deduceVe. The weaker electric field at the PDL layer pre-
given optimum PDL thicknes€OPDLy): 17.127% at 10 nm vents in lesser extent back diffusion of electrons toward the
in the linear profile, 17.122 at 60 nm in the 6% exponential,&-C interface and increases the recombination losses at the
and 17.094 at 200 nm in the 0.5% exponential. PDL layerdntérface and inside the PDL layer.
thinner than OPDJ, enhance the FF but deteriorate the open o ]
circuit voltage (V). The reverse is true for PDL layers 2- Boron profiles in low-quality wafers
thicker than OPDl,. The current]sc is quite a weak func- In our simulations, we adopted a wafer minority-carrier
tion of the PDL thickness. We find that for very thin PDL lifetime of 2.5x 107* s (see Table ). Annealed hybrid cells
layers, recombination losses inside the PDL layer are negliwere also fabricated with wafers of lower quality and a
gible in comparison to losses at taec defective layegand — minority-carrier lifetime of 4< 107° s. It is interesting to un-

Na(0)e ™, D
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FIG. 5. Efficiency of the annealqutp-n solar cell with respect to the boron 15 7. Hyprid solar cell efficiency with respect to the surface density of

concentration at the-c interface. Curves are plotted for a defect-filé€  yefects at tha-c interface. The defectiva-c interface layer is assumed to
interface and for three different qualities of defectare interfaces. Results 1,5 10 nm thick and the boron density at the interface is 5< 1013 cni 2 in

are shown for a 6% exponential boron distribution in the PDL layer. device B.

dertake a similar study with-amps in hybrid devices made are also lower with the exponential profile but the opposite
with these poor-quality wafers. Figure 6 illustrates the de-effect is observed in the PDL layer near tie-Si wafer and
pendence of the efficiency on the PDL thickness for differentn the wafer. When the PDL layer is thicker, the exponential
boron profiles. Lower minority-carrier lifetimes make the distribution helps to keegs. near the current generated by
collection of photocarriers more sensitive to the PDLthe solar cell without the PDL laygmaximumJg). We ob-
electric -field distribution. When the PDL layer is too thick, serve that the linear boron distribution leads instead to better
the exponential doping profile spreads the electric -field ove¥,, and FF. The exponential distribution gives risesvig

a large region of the wafer, weakening its intensity and envalues in the range 0.517—-0.53while for the linear distri-
hancing the recombination losses. On the other hand, whesution V, values are in the range 0.53-0.582 V for PDL
the PDL layer is too thin, the boron profile distributes thelayer thicknesses between 4 and 1000 nm. These trends are
electric fields over a very localized region near ¢he inter-  similar to the ones found in devices made with high-quality
face and the free-carrier drift is not very efficient. Hence, thewafers. Independently of the boron distribution, the PDL
electric-field profile is optimum for intermediate thicknesseslayer tends to reducé,, and to enhanc¥,, and FF.

of the PDL layer.

Figure 6 also shows how the efficiency varies for differ-
ent boron profiles. It shows our results for three valueg, pf
in exponential doping distribution$,,=0.5%, F,,=6%, and
F.,=5%) and in a linear doping profile. Interestingly, the One important issue is the possible damage that boron
performance is best for more gradual exponential boron prodiffusion can cause to the wafer. In the simulations described
files and the linear distribution turns out to be the optimumabove we have made an important assumption: boron enter-
choice. In this case, thin PDL layers enhadgeand deterio- ing the n-type wafer does not create any additional defects.
rateV,., and thickp-c-Si layers produce the opposite effect. Figure 7 compares the efficiencies of the anneglgen cell
FF results in a weak function of the PDL thickness. for two different scenarios: boron does and does(kraj. 3)

Under short circuit conditions, annealed solar cells withincrease the density of defects inside the PDL layer. In our
exponential doping profiles block electron back diffusionsimulations, we not only assume that the boron concentration
into the p-a-SiC more efficiently than those with linear dop- decays exponentiall§F,,=6 %) according to Eq(1) but also
ing profiles by reducing recombination losses. Recombinathat the mobilities, defect cross sections, and densities of
tion losses near tha-c interface in the diffuseg-c-Si layers  dangling bonds follow a similar dependence. The mobilities
at thea-c defective layer are adopted from tabulated values
available for highly boron-doped c-Si  [Na(0)=5
M2y | near xxx:lx\ X 10'° cm3]. Cross sections are assumed to be two orders

3. Undesired effects: Wafer damage in high-quality
wafers

10.8- /x/ ,/qfsfo%Expone higher at thea-c interface than in the wafer bulk in order to
~i0a] X _a—mt reduce the minority-carrier lifetime by the same amount. The
0 104{ p=—e¢—e-00-¢ : . . .

g e dangling-bond density at tha-c interface varies between

~ F = 0.5 % Exponential
= 10.01"w 10'% and 16 cm 3. The PDL layer where mobilities, cross
F,.= 6 % Exponential : Y ’

9.6- sections, and dangling-bond densities exponentially graded

9.2] will be called “damaged” PDL in order to make a distinction
o T o with respect to regular PDL I_ayers _vvhere only boron is as-
PDL Thickness (nm) sumed to follow an exponential or linear curve.

Our simulations indicate that the gradigigwering) of
FIG. 6. Efficiency of the annealep-p-n solar cell with respect to the p-  the free-carrier mobilities in the PDL layer has no impact on
c-Si thickness for different boron profileg¥) linear distribution,(A) ex- s ;
ponential distribution with~,,=50%, (M) exponential distribution withr, the solar gell efficiency. On the. .Other hand’ the gr.adlng of
=6%, and(®) exponential distribution witf,,=0.5%. The minority-carrier  Cr0SS sections and defect densities seriously deteriorates the

lifetime in the wafer is 4107 s. solar cell performance. Figure 7 indicates that the annealed
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TABLE V. Predicted performances for annealpg-n (B) structures with ~ TABLE VI. Predicted performances of annealeg-n (device B structures
damaged and nondamaged PDL layers and defective layers aictirer- with a damaged 1000-nm-thick PDL layer and a defective layer attbe
face of 16! and 16° DB/cn?. interface with a surface density of defects ok 80'° DB/cn?. The linear
and the 0.5% exponential boron distributions are compared.

Damaged PDL Defect-free PDL
Ny (cm?)=6x 101
Na.c (em™) 0" 10t W=100 nm Linear profile 0.5% exponential
Jsc (MA/cm?) 26.87 29.13
Voo (V) 0.547 0.728 Jsc (MA/cn) 24.08 29.20
FF 0.808 0.797 Voe (V) 0.653 0.726
Efficiency (%) 11.84 16.91 FF 0.820 0.799
Efficiency (%) 12.89 16.93
N, (cm™?) 1018 104
Jsc (MA/cm?) 29.02 27.66
\F/OFC V) %‘68512 2'683;; nential distribution assuming that the density of defects, de-
Efficiency (%) 1157 14.39 fect cross sections, and boron concentration show an expo-

nential distribution inside the PDL layer. For purposes of
comparison we include the same curve for a device B that
has a defect-free PDL layer. We can see that our predictions
p-p-n structure(device B still performs better than the-n i annealed solar cells with damaged PDL layers are differ-
structure (device A even when boron damages the PDL ent. We observe that there is no optimum PDL thickness for
layer. As expected, there is a noticeable drop in the efficiency |inear boron profile and that exponential rather than linear
when the density of defects is higher tha\(0)=5  poron profiles give rise to higher efficiencies. This result
X 10" cm%. For dangling-bond densities at thec interface  differs from our previous findings for thin PDL layers jn
higher than 5<10' cm3, the anneale@-p-n has no advan- p.n devices with high- and low-quality wafe(see Figs. 4
tages over the conventiongdn structure. The damaged PDL and 6, respectively On the other hand, our results in Fig. 8
layer has a negative impact on all the solar cell parametershow some similarities with the ones in Fig. 4 for thick PDL
but particularly onV,.. Table V compares the solar cell pa- |ayers. We also see that for devices with thick PDL layers the
rameters of both B structures for a density of defects at thgnear boron profile in damaged PDL layers is more detri-
a-c interface of 16" and 16° cn?. Comparing B structures mental to the solar cell performance than the exponential
with damaged and with defect-free PDL layers, we see tharofiles, especially for thick PDL layers. We have to keep in
additional recombination losses in the defective PDL layemmind that in these simulations not only is the boron concen-
are responsible for the lowaf,. tration set to vary linearly with position but also the defect
Figure 7 shows that the efficiency of device(the no-  distribution. Hence, by choosing the linear boron profile, we
nannealedp-n junction) improves when a real minority- include more defects in the PDL layer than with any expo-
carrier lifetime of 10° s is adopted in the wafd@see Table nential distribution. The linear boron distribution signifi-
). This does not change the conclusions drawn above; i.egantly magnifies the recombination losses in the PDL region,
the p-p-n annealed structure still performs significantly bet- damagingJs. and V,.. At the same time the linear profile
ter than the conventiongd-n heterojunction, although the strengthens the electric field in the depletion region and
annealing processes slightly reduce the wafer minoritysjightly improves the FF. Table VI compares the output pa-

lifetime. rameters of solar cells with a linear and with a 0.5% expo-
Finally, Figure 8 illustrates the dependence of fRg-  npential boron distribution for a 1000-nm-thick PDL region.
n structure(device B on the PDL thickness for a 6% expo- Figures 4 and 8 indicate that the efficiency of annealed
p-p-n devices is highest at a particular PDL thickness for the
18- F,»= 6% PDL defact free e;pcr)]pehntial ftf)'oron proffiles. Hol\évggver, our results in((jjicatg rt]hat
J— the higher efficiency of annealgdp-n structures made wit
:Z:'mgv;:ﬁ'k'%u‘ high-quality wafers and which have a low density of defects

at the a-c interface comes mainly from the lowegrlayer

activation energy and from the lower offsets at e inter-

= 144 '\ face. The PDL layer plays an important role in annegled
131 \ p-n solar cells with highly defectiva-c interfaces.

124 N,= 6x10" cm® \ .

11

—

151 F .= 6% damaged

(%

Y] 2 3 T4 IV. CONCLUSIONS
10 10°_ 10 10
PDL Layer Thickness (nm) Using numerical computer simulations, we investigate

FIG. 8. Efficiency of the annealgatp-n solar cell with respect to the PDL the advantages of a hlgh-temperature-annealed hybpd
thickness for different boron profile¢¥) linear distribution, (M) exponen- N amorphous-crystalline silicon solar cell over the conven-
tial distribution with F\,=6%, and(®) exponential distribution withF,y tional p-n amorphous-crysta”ine silicon solar cell. H|gh-
=0.5%. The surface density of defects at the interface is assumed to be temperature-annealed heterojunctions are more robust to the
6 10% cm 2. The density of dangling bonds, cross sections, and mobilities .
are graded inside the PDL layer. For the sake of comparison, we also includaf€ésence of band offsets and defective states at the

the exponential distribution correspondingfig=6% for a defect-free PDL. amorphous-crystallinéa-c) interface. Lower offsets facili-
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