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Microcrystalline  n-i-p tunnel junction in  a-Si:H/a-Si:H tandem cells
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The kinetics controlling the electrical transport inside flae-Si tunnel-recombination junction
(TRJ) of a-Si:H/a-Si:H tandem solar cells was studied in detail with computer simulations. Trap
assisted recombination tunneling and Poole—Frenkel mechanisms were included in our analysis.
Three differentwc-Si tunnel junctions were investigate@) n-p, (b) n-oxide-p and(c) n-i-p. The
highest theoretical efficiencies axSi:H/a-Si:H tandem cells were achieved with the-p tunnel
junction structure. The impact of thec-Si effective masses, mobility gap, and mobilities in the
tandem solar cell efficiency is also studied in this article. Sexetai:H/a-Si:H tandem solar cells
were made with theuwc-Si tunnel configurations of type®) and(c). In all of these samples one
extra oxide layer was needed at tha-Si:H/n-uc-Si interface. Both tunnel junctions lead us to
comparable experimental tandem solar cell efficiencies. When-tqgestructure is implemented as
TRJ in thea- Si:H/a- Si:H tandem solar cell, efficiencies sensitively depend upon the tunnel junction
intrinsic layer thickness. The optimization of this thickness provides a more controlled way of
maximizing the tandem solar cell efficiency. llluminatdd-V and QE characteristics were
successfully fitted using computer modeling. Z001 American Institute of Physics.
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I. INTRODUCTION properties ofuc-Si acted as a driving force to implement
entire uc-Si tunnel junctiond® In this article, using com-

Hydrogenated amorphous silicon a-Si:H/a-Si:H)  puter modeling, we study im-Si:H/a-Si:H tandem solar

stacked tandem solar cells have received considerable attege|ls the kinetics controlling the electrical transport in their

tion in the last few years because they are more robust t9RJ. We adopt as a baseline structure the following solar

light soaking than singla-Si:H p-i-n heterojunctions. Us- ¢g||: SnG:F/p-a-SiC:H/i-a- Si:H/n- uc-Si:H/p- wc-SiH/

ing controlled deposition conditions tize Si:H mobility gap  j-a-Si:H/n-a-Si:H/Ag. The record efficiency achieved at

can be conveniently tailored at the top and bottom cells taJtrecht University with this structure was 9.89%n order

use the sunlight spectrum more efficiently. Brensl' stud- (o reach these efficiencies interface oxidation treatments

ied the current matching af-Si:H stacked cells by measur- were needed at two interface®) i-a-Si:H/n- uc-Si:H and

ing the spectral respon$®E) under different bias lights and (b) n-uc-Si:H/p-uc-Si:H. The oxide layer at the

voltages. In their simulations they add an interface region-a-Si:H/n-uc-Si:H interface improves the crystallinity of

between the doped-a-Si:H andp-a-Si:H layers where the  the n-uc-Si:H layer. In this article we show that the oxide

mobility gap is only 0.62 eV in order to obtain realistic spec-|ayer at then-uc-Si:H/p-uc-Si:H interface enhances re-

tral responses. Wiedeat al? madea-Si:H/a-Si:H stacked  combination. We present experimental results for two differ-

tandem solar cells using several substrate tempera®@s ent TRJ structuresn- u.c-Si/oxidef-uc-Si and n-uc-Si/

190°Q and hydrogen dilutiong1-20. They reported an i-uc-Si/p-uc-Si. In the last structure, the oxide layer was

efficiency of 9.2% in the annealed state with a relative deremoved at the interfacé) but not at the interfacéa). In

crease of 8% in the efficiency after 900 h of light soaking.our simulations we include trap assisted multistep tunneling

Von der Lindenet al2 found in a-Si:H/a-Si:H modules an  recombinatiof and the Poole-Frenkel effedt.

optimal thickness ratio of 1:6 between the top and bottom

thicknesses depending on the total solar cell thickness. They

determined the best thicknesses from light soaking experii, TANDEM SOLAR CELL MODELING

ments and measured less than a 10% relative decrease in ttA1e

solar cell efficiency after 1000 h of light soaking. In these General considerations

articlesa-Si:H or combinations o&-Si:H and microcrystal- In this article we use the computer codempPs, where
line silicon (uc-Si) layers were used to build the tunnel D-amPs stands for analysis of microelectronic and photonic
recombination junctiofTRJ). devices(AMPS) core plus new developments. The computer

Microcrystalline silicon fuc-Si) is a very interesting code AMPs, described elsewhefewas developed at The
material to be used in tandem TRJ because its low mobilitfPennsylvania State University. The new developments refer
gap strongly favors recombination and its low optical ab-to new physics that were recently incorporated into AMPS
sorption minimizes optical losses. These optoelectricaby the first author of this manuscript. In tandem solar
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cells we have to distinguish between “good” recombinationteristic. His studies indicated that the increase of the defect
taking place between electrons and holes photogenerated density of states and capture cross sections and the decrease
the first and second cell, respectively, and “bad” recombi-of tunneling effective masses were not enough to success-
nation occurring between electrons and holes photogeneratédlly fit their experimental data. Although in the TAT ap-
in the same cell. Each electron—hole pair annihilated by googroach the good recombination is significantly enhanced by a
recombination contributes to the photocurrent. On the othehigher amount of free carriers available for recombination,
hand, bad recombination occurring [ini, andn layers re-  electrons and holes still have to move to the physical posi-
duces the total photocurrent leading to electrical losses. Badkon where the good recombination is taking place. A large
diffusion of electrons and holes at the front and back contacfgradient in the quasi-Fermi levels is still necessary to move
respectively, are not significant loss mechanisms in tanderthese carriers or, in other words, a driving force for carrier
cells. If the tunnel or contact junctioffRJ) cannot provide transport must also be present. Haial,'' Bae and
enough good recombination, more carriers will recombineFonasht? and Brunset all implemented this driving force
through bad recombination and the solar cell performancéy grading the mobility gap. Willeman instead invoked to
will deteriorate. Other undesired effects would be the crethe exponential increase of the drift mobility.« at electric
ation of a light induced dipole due to the accumulation offield (E) intensities higher than 2&//cm and showed that
trapped electrons and trapped holes what would weaken thenly when the TAT and the enhanced mobility models are
electric field in the top cell, bottom cell, and in the TRJ simultaneously applied will the predicted tandem solar cell
intrinsic layers. J-V curves by ASA(the computer code developed at Delft
University, Netherlandsmatch the measurel-V character-
istics.

B. Previous work

In the last few years we can find several articles where . . .
a-Si:H based tandeym or multijunction solar cells were mod-C+ @-SiH tandem solar cells having TRJ of - pc-Si
eled using computer codes where the Poisson’s equation and The lower mobility gap ofuc-Si naturally provides
the continuity equations were solved simultaneously with numore good recombination thaa Si:H, making less stringent
merical techniques. The TRJ junctions of thas8i:H based the requirements on the electrical parameters of the tandem
tandem cells were mostly made with-Si:H. Research TRJ. We used three different modelstmmps to model our
groups modeling these structures were forced to rely on comiFRJ: (@) the standard SRH recombinatioiin) TAT recom-
plex and sophisticated approaches due to the high sensitivityination as proposed by Hurket al,” and (c) the Poole—
of the tandem solar cell open circuit voltag¥,) to the  Frenkel(PF) effecf acting in conjunction with trap assisted
mobility gap of the semiconductor used in the TRJ. Detailedunneling(PFT) recombination. In the TAT approach, in re-
studies demonstrate that standard electrical parameters gions where there is a high electric field, traps locatedat
a-Si:H give rise to a good recombination of around 13—15can capture or emit free carriers from or to other locations
orders of magnitude lower than the one needed to reach thdifferent from X by tunneling. Tunneling transmission co-
experimentally observe®,..'° Reasonable values of,, efficients limiting transitions from extended to localized gap
cannot be achieved by only increasing the gap state densistates are reduced by the presence of intense electric fields.
and capture cross sections. Hatal'l and Bae and This causes capture cross sections to become a function of
Fonash? showed enhancement of the good recombination irthe absolute value of the electric field by phonon-assisted
a-Si:H TRJ by adding a low mobility gagLMG) and a  tunneling’ The expressions of Hurket al,” which depend
highly defective layer between the-a-Si:H andp-a-Si:H  only on local variables, can be expressed with analytical
doped layers. On top of that they also graded the conductiofunctions and add only two new electrical parameters: the
band edge in tha layer and the valence band edge in the electron and the hole effective mas§he equations derived
layer toward the low mobility gap region. The LMG layer by Hurkx et al.” are strictly valid in regions where the elec-
created the appropriate scenario to have a strong good réric field is constant. This assumption has to be fulfilled only
combination and the grading of both doped layers providedn regions where tunneling currents are significant. The PF
the diffusion gradient necessary to drive holes toward theffect consists of a lowering in the potential barrier surround-
LMG layer. Brunset al! used a slightly different approach, ing a localized state where a significant external electric field
since they graded both mobility edges in each doped layeis present. The PF theory also predicts an enhancement in the
They used mobility gaps as low as 0.52—1 eV in their LMGemissions probabilities and in the capture cross sections of
layers. Coulomb centers due to the so-called field-induced barrier

Willeman®® incorporated trap assisted tunneliGAT)  lowering®*The electric field in tandem TRJ could approach
recombination in tandem solar cell modeling. He imple-values near 10v/cm that would give rise to a significant
mented the model developed by Hurkxkal,” which is an  barrier lowering. The PF effect occurs only in processes
extension of the conventional Schockley—Read—K@RH)  where the trap is neutral when it is occupied by a carrier and
model. Hurkxet al. defined electric field dependent factors charged when the carrier is emitted. For donor- or acceptor-
that enhance the capture cross sections and the emission die traps the PF effect is only active in processes of capture
efficients. Willeman found that the TAT approach increasedand emission of electrons in donor-like states and capture
the tandem solar cel/,. but the predicted tandemd—-V ~ and emission of holes in acceptor-like states\ similar
curves were still considerably far from the measured characstatement can be made for amphoteric states.
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In order to get started we will assume in this article that 1.6
the TRJuc-Si layers have uniform electrical properties and (a) [
afterward we will briefly discuss the impact of the nonuni- % 08l /——
formity of wc-Si in the solar cell efficiency. Thgc-Si mo- ~ -uc-Si |
bility gap is assumed to be 1.2 eV. Thec-Si density of g 0.0f LR g —
mid-gap stategDMS) is modeled using three amphoteric- > -
like Gaussians@®*, D° andD ™) which were centered at a | ml_,
energies spaced by 0.3 eV and the correlation engrimas g -0.87 e .
been assumed to h¢=0.2 eV. TheD® Gaussian is located 3
at U/2 below midgap. The electron and hole mobilities _1'06 L ‘ . L
adopted are 40 and 4 éx s L .13 0.14 0.15 0.16 0.17 0.18
In a TRJ having the simpla- uc-Si/p-uc-Si structure Position (um)

the “good” recombination between electrons and holes pho-
togenerated in the first and second cells, respectively, takes

] GOf)D R (b)

solar cell can be established by inspecting the electron and
hole current density profiles. Figure 1 shows the band dia-
gram, the recombination rate, and the electron and hole cur-
rent densities for this TRJ structure under short circuit con-
ditions. In Fig. 1b) we also plot the generation rate for
comparison purposes. For this particular case the SRH for-
malism was adopted because the TAT model cannot be ap-
plied in regions where the electric field is highly nonuniform.

place in a very narrow regio~30—40 A located near the 1024

n/p interface and mainly inside thp-uc-Si layer. In the 10225 /\

rest of theuc-Si layers we have “bad” recombination. The \ a

region where good recombination takes place in a tandem F B N—7"
1020 fG(x) BAD Ifa BAD R
1018

—

=)
©%
—
)

0.14 0.15 0.16 0.17 0.18
Position (um)

Recombination Rate (cm-3eV-1)

Our results show that the position of the good recombination - GOOD R

peak is not dictated by the asymmetry existing between the 0 l

electron and hole mobility. This peak is instead sensitive to 5 ,, (x=0)=0.076 mA/cr (C)
the asymmetry existing in the activation energies of the E "“[J (x=L)=0.021 mA/cm?

n-uc-Si andp- pc-Si layers. These activation energies were g F

measured from temperature dependence of dark conductivity 3 -4r

and found to be 26 and 50 meV far uc-Si andp- uc-Si, a

respectively. When tha- uc-Si and thep- uc-Si activation - -6t J J

energies are exchanged iramps the position of the good 5 BADR Ny ¢ BAD R
recombination peak shifts from thelayer into then layer. 8 , .

The good recombination peak is approximately located at the 013 0.14 0.15 0.16 0.17 0.18

position where the Fermi level at thermodynamic equilib-
rium crosses midgap. The higher activation energy of the
p-uc-Si layer causes the Fermi level to reach midgap inside:G. 1. (a) Band diagram(b) recombination rate, an@) electron and hole
of this region_ The TRJ electric field and band diagram atcurrent densities of ac-Si n-p tunnel recombination junction at short cir-
thermodynamic equilibrium of a good designed tandem solaguit conditions.G(x) is_ the_ generation profile. Electrdrly(x=0)] and
cell are not significantly modified by the presence of light c_)r[;\%ig'Jgfgzl';L]iﬁgfcﬁfe'gf’s'on losses at the front and back contact, respec-
when a voltage bias is applied. The concentration of majority
carriers at equilibrium present in both doped layers is already
very high to be significantly perturbed by electrons and hole®us article$® we modeled the presence of this oxide by add-
photogenerated in the cells and injected into the TRJ. Wéng a thin, undoped, and highly defective layer having the
also observed very little dependence\gf, with respect to  wc-Si mobility gap. This highly defective and low band-gap
n-uc-Si andp-wc-Si thicknessesWy andWp) as long as  region enhanced the good recombination by shifting and pin-
Wy andWp are equal to or higher than 20 nm. This resultning the Fermi level near midgap inside this region. The
can be explained by looking at Figgbl and Xc) where we good recombination peak moves toward thp interface
see that most of the recombination taking placeuic-Si  where the high DMS also favors good recombination. In
layers leads to electrical losses. principle, the same effect could be introduced by adding an
In order to enhance the good recombination, a thin oxidéntrinsic uc-Si layer inbetween the dopectc-Si layers. This
layer is usually grown at the-uc-Si/p-uc-Si interface. intrinsic layer will force the Fermi level to cross midgap
This oxide layer is normally around 20—-40 A thick. Our within this layer, but a low DMS could mitigate the good
working hypothesis is that this oxide layer increases the derecombination rate and hurt the performance of the tandem
fect density near the oxidet- Si interfaces and can be easily solar cell. Figure 2 shows the band diagram, the recombina-
tunneled through by both electrons and holes. In our prevition (and generationrate, and the electron and hole current

Position (um)
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FIG. 3. (a) Dependence of the tandem solar cell efficiency with respect to
GOOD R the wc-Si n-i-p intrinsic layer thickness(b) electron potential energy at
Or—— E equilibrium (squared symbo)sand under AM1.5 light and 1.0 V forward
Yy, (%=0)= 0.102 mA/em (C) bias voltagg(solid lineg for a tandem solar cell hawina 5 nm thicku.c-Si
N ) W, (x=L)= 0.020 mA/ecm?2 intrinsic layer. The different models used are: the standard Schockley-Read-
g Hall recombination(SRH), trap assisted tunnelingTAT) recombination,
2 and the Poole—FrenkéPF) effect in conjunction with trap assisted tunnel-
= -4t . ing recombinationPFT). The density of states in theuc-Si layer is 1.5
~ x10®cm 3,
= -6
> BAD R "\“ / P BADR
i s both dopeduc-Si layers has been adopted equal to 5.0
. . L 8 ~m-3 i i-
014 0.16 018 0.20 X 10"¥cm™3. Figure 3a) shows the tandem solar cell effi

ciency versus thé- uc-Si layer thickness. The DMS in the
i-uc-Si layer has been adopted equal toX B cm2 in
FIG. 2. (a) Band diagram(b) recombination rate, an@) electron and hole order FO fit So_me experimental results with the TAT _approaqh
current densities of ac-Si n-i-p tunnel recombination junction at short that will be discussed below. We have to keep in mind that in
circuit conditions. The intrinsic layer is 20 nm thioB(x) is the generation  y.c-Si:H tunnel junctions the recombination rate is entirely
profile. Electron[Jy(x=0)] and hoIg[Jp(x=L)] baf:k _diffusion losses at  ~gntrolled by midgap states because tailsgin-Si:H are
the front and back contact, respectively, are also indicated. . e . .
very steep ang.c- Si:H has a low mobility gap. At this point
in our article we are only interested in capturing the main
densities under short circuit condition ofua-Si n-i-pTRJ featur_es predu_:ted by the three_ mod(éﬁ_H, TAT, and PFT i
having a 20 nm thick intrinsic layer. Figuregb? and 2¢) used in our simulations and just making general compari-
indicate that inn-uc-Sifi-uc-Si/p-uc-Si structures the SONS: Figure @ shows that the standard SRH treatment
good recombination spreads over most of the intrinsic layeP!VeS rise to thickness dependent efficiencies. Very thin
instead of taking place only inside of a narrow region as inl-mc-Si layers cannot entirely hold good recombination that

Figs. 1b) and Xc). in n-i-p tunnel junctions spreads over a big portion of the
intrinsic layer. Very thicki- wc-Si layers favor bad recom-
bination. We see that the SRH model foic-Si intrinsic
layers thinner than 10 nm predicts that entirely removing the
In order to gain insight into the electrical transport tak- intrinsic layer is the best choice. The region where good
ing place in then-i-p wc-Si tunnel junction we have stud- recombination takes place moves inside the doped layers
ied the dependence of the tandem cell efficiency with respeathere there are more dangling bonds cooperating in the an-
to thei-uc-Si layer thickness and its DMS. The DMS in nihilation of electron—hole pairs. In order to show this effect

Position (um)

IIl. RESULTS AND DISCUSSION
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TABLE I. Power loss(mWi/cn?) occurring in the recombination junction 1.85F .
for differenti-,u_c-Si layer thicknessegm) at maximL_Jm power conditions. - ﬁl.’.. (a)
The lost power is show_n for the three mc_)dels used in this paper: Sc_hockley— 1.80 o '. .,
Read—Hall recombinatio(SRH), trap assisted tunnelin@AT) recombina- A LI PET
tion, and Poole-Frenkel effect in conjunction with trap assisted tunneling 1.75F ™ - S . i N
(PFT) recombination. < 1.70 P o= " '.l",AT * o
> . = " = = =n B
Thickness(nm) 2 5 10 20 30 g 1.65 _o SRH . A A A
SRH (mW/cnr?) 2025 2114 2144 1985  1.858 > ..' . Ah as
TAT (mWi/cnd) 1.964 1067 0.826 1212  1.413 1.60} A
PFT(mW/cn) 1220 0.294  0.366 0527  0.746 ’ SSM
0 20 40 60 80 100
the DMS in uc-Si doped layers was intentionally adopted uc-Si Thickness (nm)
slightly higher than in the intrinsig.c-Si layer. Figure 8)
demonstrates that the TAT approach significantly enhances b
the predicted performance of the tandem cell. The inclusion 0.70 :o ( )
of TAT shifts the highest solar cell efficiency to cells having 0.69 ’-”0. ?RHA ....... A
much thinneri-uc-Si layers. Thinneri-uc-Si layers in- : '.‘ A‘_.--‘-“"-|-,o\-[-
crease the electric field intensity, which enhances the tunnel- i '. ' av "/.PF.T ----- LR
ing probabilities. The maximum efficiency is obtained for  L- 0.68 W"A .,.iI"'" e e
i-wc-Silayer thickness within the range 6—10 nm depending 067k " el .'
upon the DMS adopted in this intrinsic layer. On the other ) e " ._Ao-“'
hand, thickeri- wc-Si layers weaken the electric field, mak- 0.66L " .,,.A.o»"’
ing tunneling less effective. For very thiékuc-Si layers, ) " . . .
the TAT and the SRH models predict the same efficiencies 0 20 40 60 80 100

because we lose the electric field. Interestingly the inclusion
of the PF effect in conjunction with trap assisted tunneling
causes D-AMPS to predict the best solar cell efficiency at
even thinneri-,uc-Si |ayers_ Figure G)) illustrates the en- EIG. 4, Dependence of the tandem_sol'ar c'(eu.:open circ_uitvoltage antb)
. : . fill factor with respect to thewc-Si n-i-p intrinsic layer thickness. The three

ergy potential profile of the tandem solar cell at equilibrium " 4 are SRH, TAT, and PFT.
and under AM1.5 light and 1.0 V applied forward bias volt-
age of a tandem solar cell having a 5 nat-Si layer for the
three different models used. Figurébg clearly shows the
presence of a superior transport in the recombination juncec-Si doped layers in the regions near thé andi/p in-
tion when either the TAT or the PFT model is invoked. Outterfaces. As a result of that the electric fields inside the
of equilibrium we can see in Fig.(B) a considerably higher i-a-Si:H andi-uc-Si layers become strengthened, which
potential drop in the recombination junction that guaranteegavors even more good recombination inside thgc-Si
stronger electric fields in the collecting intrinsic layers. Inlayer and mitigates the effects of bad recombination in
Table | we list the power losémW/cnt) occurring in the i-a-Si:H layers. This effect is minor at short circuit condi-
recombination junction for different-uc-Si layer thick-  tions but becomes quite significant at forward voltages lead-
nessesnm) at maximum power point conditions. This power ing to a dramatic improvement in the tandem solar &g|l
loss indicates the potential gain in efficiency that can be fur{Fig. 4(a)].
ther achieved in our tandem solar cell. We can see that the The results of this section indicate that when PF and
TAT and specially the PFT model minimize this undesiredtunneling effects are included in our computer simulations,
power loss in agreement with our results of Fig. 3. very thini-uc-Si layers can be used in our TRJ to match the

Figure 4 illustrates th&/,. and fill factor (FF) depen- efficiencies experimentally observed. For low mobility gap
dence with respect to thie uc-Si layer thickness. We can materials, likewc-Si, computer modeling could guide us in
see the dramatic enhancemendf when TAT is included selecting the most appropriate combination of DMS and
in our modeling. The impact in the FF is much less impres-thickness for the intrinsic layer. As we have already men-
sive. The short circuit currenlg, not shown here is only tioned, then-oxidep is the most conventional TRJ configu-
slightly improved using the TAT and PFT modd®er in- ration used ina-Si:H based tandem solar cells. We already
stances, for a-uc-Si layer 5 nm thick the values af,;in  mentioned that the inclusion of the oxide induces the forma-
mA/cn? are: 7.62(SRH), 7.65(TAT), and 7.67(PFT)]. In tion of a highly defective layefHDL) that enhances good
the simulations shown in Fig. 3 we use theSi:H intrinsic  recombination. However, using threoxidep configuration,
layer thicknesses of the solar cells grown at our lab. In otheit is quite difficult to control the oxide thickness and the
words, in Fig. 3a-Si:H intrinsic layer thicknesses were not highly defective layer DMS and thickness. A very thick ox-
adjusted to obtain the maximum of value hf. A detailed ide could prevent free electrons and holes from tunneling
model indicates that an enhancement in good recombinatiotirough and very thick and defective HDL could also be
tends to reduce trapped and free carrier densities in thdetrimental. On the other hand, in thei-p configuration in

i-uc-Si Thickness (nm)
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the TRJ we are able to have better control of the electrical a-Si:H(1.88 eV)/a-Si:H(1.78 eV) oxide
parameters of thé-wc-Si layer, in particular on its DMS o V =17V

and thickness. This fact and the computer predictions shown q o

in Figs. 3 and 4 encouraged us to fabricatSi:H based 6t J =7-86 mA/cm?2
tandem solar cells where tmeoxidep TRJ is replaced by a FF=0.684

n-i-p uc-Si TRJ. Eff=9.14

s intrinsic pc-Si
dd4|lv =168V
o ocC

E J =7.8 mA/cm2
sC

A. Experimental results

N

a-Si:H/a-Si:H tandem solar cells were made by plasma
enhanced chemical vapor deposition in an ultrahigh vacuum 1
multichamber system, PASTA. Cells were grown on Asahi : : ' .4 JFF=0.688
U-type SnQ coated glass in the initial superstrate configu- 0.0 04 08 12 16 Eft-9.01

yp Q g p g
ration  SNQ/p-a-SiC:Hfi-a-Si:H/n- c-Si:H/p- wc-Si:H/ Voltage (V)
i-a-Si:H/n-a-Si:H/Ag. Our tandem solar cells were charac- fig, 5. comparison of the experimental lightV curves of two tandem
terized with lightJ—V and spectral response measurementsolar cells having the following.c-Si TRJ structuresn-oxide-p and n-i-p.
at AM 1.5 illumination. The error in these measurements isThe uc-Si intrinsic layer is 5 nm thick.
within 3%.

An amorphous silicon tandem solar cell incorporating
microcrystalline tunnel junction n-uc-Si:H/p-uc-Si:H  a sharp peak, careful thickness variation has to be made to
yielded 10% efficiency in the annealed stafelhe structural ~ obtain precise optimum thickness.
property of this microcrystalline junction was verified by the
XTEM micrograph, which confirmed that these layers are
highly crystalline> The junction requires interface treatment
(oxidation treatmentat two interfaces, namely before the In order to use reliable parameters, we fitted the experi-
n-uc layer and between the microcrystalline layers. Elastiomental lightJ—V and the bias light QE response of tandem
recoil detection analysis confirmed the presence of oxygesolar cells having the-oxide{ or then-i-p tunnel junction
peaks at these two interfaeand showed that bonded oxy- configuration. In Figs. 6 and 7 we show our fittings of the
gen at these sites is not etched away due to the hydrogdight J—V and short circuit QE for a tandem solar cell having
plasma of the overlying deposition. We assume that thignn-i-p TRJ with a 5 nmthick intrinsic layer. These fit-
bonded oxyger(suboxidé in the microcrystalline layefat  tings were achieved with the PFT model and the resulting
the junction interfaceincreases the density of defects. Oxy- DMS in thei-uc-Si layer was 1.8 10" cm 3. In order to
gen induced defect creation has been reported in theeach the same fittings we need a DMS of > ®'8cm 3
literature™ Oxide treatment was done by G@lasma at a when the TAT model is usefsee Fig. 8a)] and a DMS of
low power (4 W) to avoid damage or even etching of the 1.3x10"cm 2 when the SRH model is used. For a tandem
layer. solar cell having am-oxidep TRJ the same fittings are

Having discussed the role of the oxide layer with com-achieved for a DMS of 2.810'®cm™2 assuming that the
puter modeling a-Si:H(1.88 e\j/a-Si:H(1.78 eV} tandem HDL is 2 nm thick(this numbers stands for the PFT model
cells were also made by using thin intrinsic microcrystallineTaking a careful look at Fig. 6 we note that the slopes near
silicon as the interface layer in the tunnel junction in theJscandV,are slightly lower in our computer simulated light
configuration n-uc-Si(20 nm)A-uc-Si(5 nm)/p-uc-Si J=V curve than in the experimental-V characteristic.
(20 nm). The characteristics of this cell were compared withThese computer predicted slopes can be made steeper run-
an a-Si:H(1.88 e\j/a-Si:H(1.78 e\j tandem cell using oxi-
dation treatment at the junctiom-uc-Si(20 nm/oxide/
p-xc-Si(20 nm. The oxide treatment before timew.c layer a-Si:H(1.88 ev)/a_Si:H“Jg eV)
was made in both tandem structures. Figure 5 shows the light
J-V curves of both tandem solar cells. It is clear from this
figure that for the two cases tlde-V characteristics are very
similar, with practically identicalV,., Js., FF, and effi-
ciency. The spectral respongest shown hergare also very
similar for both structures. These results give a direct confir-
mation to our previous modeling results and an indirect con-
firmation to the assumptions made in modeling the presence
of an oxide layer. Thickness and deposition time of the in-
trinsic uc-Si layers can be carefully controlled to achieve
consistent results. At present we do not have complete thick-
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B. Fittings and parameter sensitivity studies

squares -> experimental datas
circles --> computer generated J-V

[oo]
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4
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ness variation of the intrinsic layer in TRJ. However prelimi- Voltage (V)
nary studies on three thicknessgss, 5, and 10 nmre-
vealed t_hat '_[he efficiency pe_ak_ed at 5 nm and tl’.lls. IS Mspar cell has quc-Si n-i-p TRJ structure and thec-Si intrinsic layer is 5
conformity with the trend predictions of Fig(8. As thisis  nm thick.

FIG. 6. Fitting of the tandem experimental lightV characteristic. The
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FIG. 7. Fitting of the tandem experimental spectral respd@e charac-
teristic. QE was measured at short circuit conditions. The solar cell has &IG. 9. Dependence of the tandem solar cell efficiency with respect to the
uc-Si n-i-p TRJ structure and thg.c-Si intrinsic layer is 5 nm thick. wnc-Sin-i-p intrinsic layer electron effective mas$gEM) and hole effective
mass(HEM). In this figure the PFT model is used.

ning computer simulations with- xc-Si mobility gaps be- .. . .
low 1.2 eV but by doing that our predicted FF also becomeﬁﬂeld can be better guaranteed for very thiiayers or fori

slightly off ayers having a much lower DMS than the doping densities
Using D-AMPS it is interesting to take a look at the de- used in theuc-Si:H doped layers.

endence of the tandem solar cell efficiency with respect t Figure 9 shows the dependence of the solar cell effi-
pent . . y Wi P %iency upon the electron and the hole effective masses. In
thei-uc-Si DMS, free carrier mobilities, effective masses,

and mobility aap. From now on we will use onlv the PET our previous simulations the electron and hole effective
ity gap.. o y masses of-uc-Si have been assumed to be equal to the
model. Figure 8 illustrates the sensitivity of the solar cell

efficiency to thei-c-Si DMS. We can see that the effi- effective masses o€-Si (0.33 and 0.55 respectivelyAs

expected, the tandem solar cell efficiency is a strong function

clency QOes nqt necessarily keep improving upon an INCTEAsSt the electron effective mass but curiously the same effi-
of the i-uc-Si DMS. In the extreme case of very high

i : : ciency is a weak function of the hole effective mass within
DMS (>1.0x10cm™3) the defects could first distort and S . g
even cause the electric field to collapse inside | S| the range explored in Fig. 9. This result is originated by the

o S lower activation ener resent imuc-Si in comparison
layer bulk, which in turn would reduce the transmission tun- 9y p K P

) . ) with the activation energy op-uc-Si. Inside thei-uc-Si
neling probabilities and the effectiveness of the PF effect el .
We found that, as a rule of thumb, the product DMS andlayer the good recombination peak is located closer to the

thickness at which the efficiency reaches its maximum _1/p interface than to tha/i interface, which causes the bar-
! whi - etliciency °S | XIMUM 1S40+ 16 be tunneled by electrons to be thicker than the barrier
almost constant. For instance, the optimum efficiency

'So be tunneled by holes. This means that recombination in
achieved for a DMS of 5810 cm 2 when thei-uc-Si ° 2y NO'es.
layer is 20 nm thick, for a DMS of 1:010%cm™2 when the midgap states is limited by the electron supply. When we

. : . : exchange the activation energies of thege Si doped layers
i-uc-Silayer is 10 nm thick, and so on. For the parameter e - :
used in Figs. 6 and 7 the electric field inside iAg.c-Si ve note that witro-AmPs the solar cell efficiency is a strong

. o ; . ._function of the hole effective mass and a weak function of
0,
layer is constant within 2.5%. The uniformity of the electric the electron effective mass.
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FIG. 8. Dependence of the tandem solar cell efficiency with respect to théIG. 10. Dependence of the tandem solar cell efficiency with respect to the
pc-Sin-i-p intrinsic layer density of midgap statd8MS). In this figure the  wc-Si n-i-p intrinsic layer electrofUN) and hole(UP) mobility. Here the
PFT model is used. PFT model is used.

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



J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Rubinelli, Rath, and Schropp 4017

TABLE Il. Tandem solar celV,., FF and efficiencies for differenic-Si mobility gaps assuming a DMS of
1.0x 10" cm™3. Last row corresponds to the density of mid-gap stéi@dS) needed to achieve an efficiency
of 9.02% for the differenj.c-Si mobility gaps.

Gap (eV) 1.20 1.25 1.30 1.35 1.40 1.45 1.50
Ve (V) 1.690 1.652 1.632 1.603 1.574 1.538 1.496
FF 0.689 0.686 0.681 0.674 0.666 0.657 0.648
Efficiency 9.021 8.775 8.604 8.367 8.117 7.824 7.505

DMS (cm )  1.0x10Y 2.5x10Y 50x107 1.75<10® 5.0x10%® — —

@The achieved efficiency for this gap was 8.99%.

The tandem solar cell efficiency shows a minor depenthe y.c-Si mobility is assumed constant. TAT and PFT mod-
dence upon the free carrier mobilitiesiefuc-Si. In Fig. 10 els also predict that the highest tandem solar cell efficiencies
we illustrate this dependence keeping an electron—hole mare achieved for intrinsig.c- Si layers of a few nanometers.

bility ratio of 10 except for the highest mobility shown in This issue will be discussed in detail in a future publication.
this figure, which corresponds to typicelSi free carrier

mobilitie_s. Hig_her mobilities on bot_h_ dopq@c-Si layers in |/ cONCLUSIONS

conjunction with higher mobilities im-wc-Si do not result

in better solar cell performances. Tandem solar cells in the superstrate configuration
The mobility gap ofuc-Si is lower than the mobility SnGy:F/p-a-SiC:H/i-a-Si:H/tunnel junctioni-a- Si:H/n-a-

gap ofa-Si:H and its value is not very well known. This Si:H/Ag were modeled and made by using two different tun-

novel material raises an interesting question in tandem soldtel junction structuresn-uc-Si:H/oxidep-uc-Si:H and

cell modeling: “which is the highest mobility gap that we N-uc-Si:H/i-uc-Si:H/p-uc-Si:H. Both modeling predic-

can use inuc-Si TRJ and still fit our experimental results?” tions and experimental findings confirmed that physical

In order to answer this question we used the PFT approaciproperties of the oxidized microcrystalline interface are simi-

which is our most developed model. In Table Il we list the lar to the ones of a highly defective intrinsic silicon layer and

i-uc-Si DMS needed to fit the lighf—V of our tandem that comparable efficiencies can be reached by using either

solar cell having the-i-p TRJ configuration where the in- one or the other tunnel junction. This study also shows an

trinsic layer is 5 nm thick. The.c-Si mobility gap in doped alternative and more reproducible method to make a tunnel

and intrinsic layers is adopted equally. recombination junction, namely by using an intrinsic silicon
This table shows that the experimental lightV cannot  interface layer. The experimental tandem solar cell efficiency

be successfully matched withhamMPs when theuc-Si mo-  depends strongly on the intrinsicc-Si:H layer thickness in

bility gap is higher than 1.4 eV. The constant increase ofgreement with the predictions of our modeling when trap

DMS does not lead us to higher efficiencies. We alreadyassisted multistep tunneling recombination is included to de-

have problems reaching an efficiency of 9.02% when thécribe transport inside the tunnel junction. Even by taking

wuc-Si mobility gap is only 1.4 eV. A DMS of 5810  into account Poole—Frenkel the experimental tandem illumi-

gives rise to an efficiency of 8.99% and higher values offatedJ—V characteristics cannot be successfully fitted for

DMS give rise to lower solar cell efficiencies due to a drop inxC-Si:H mobility gap values higher than 1.4 eV.

FF. Within the range explored in Table 0, does not show

significant changes upon the increaseuaf Si mobility gap.  ACKNOWLEDGMENTS
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