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The implementation of trap-assisted tunneling of charge carriers into numerical simwakoxs
andDb-AMPS is briefly described. Important modeling details are highlighted and compared. In spite
of the considerable differences in both approaches, the problems encountered and their solutions
are surprisingly similar. Simulation results obtained for several tunneling recombination junctions
made of amorphous silicofa-Si), amorphous silicon carbid@-SiC), or microcrystalline silicon

(uc-Si) are analyzed. Identical conclusions can be drawn using either of the simulators. Realistic
performances of-Si/a-Si tandem solar cells can be reproduced with simulation programs by
assuming that extended-state mobility increases exponentially with the electric field. The same
field-enhanced mobilities are needed in single tunneling recombination junctions in order to achieve
measured current levels. Temperature dependence of the current-voltage characteristics indicates
that the activation energy of enhanced mobilities should be determined. Apparent discrepancies
between simulation results and measurements are explained and eliminated making use of Gill's
law. For application in tandem and triple solar cell structures, tunneling recombination junctions
made of(uc-Si) are the most promising of all examined structures2@4 American Institute of
Physics [DOI: 10.1063/1.1811375

I. INTRODUCTION talline structureswere applied, high currents measured in
n-p or in n-p*-p junctions4 could not be explainea?3 Tun-
Computer-aided desigiCAD) of optoelectronic devices neling of charge carriers via localized energy levels within
is an important tool for testing theories obtained throughthe semiconductor mobility gap—previously not included in
extensive material research. Simulation programs provide imyumerical simulators—was believed to be the main contribu-
sights into a device’s internal and external properties, angon to the total current. In addition to the well known Poole-
give a profound understanding of the relations between relgrenkel effect, three important theories were derived from
evant device and material parameters. The main advantage @fe same basis by Vinceat al.® Hurkx et al.? and Furlant®
CAD is the negligible cost of the evaluation of different de- tey were successfully integrated into several existing nu-
signs in comparison to pilot production of real devices. HOW-rarical simulator@ 112 However, we will show, in agree-
ever, there is a major drawback—domains, where the asgeny with the results obtained by Willenférthat in most
sumptions aqcounted for in the bwlt—m- .models may NOTRjs it is not possible to reproduce the current levels found
longer be valid due to some other prevailing physical phe'experimentally, even when these transport mechanisms are

nomena, are sometimes vaguely defined or not known i onsidered.
This paper is organized as follows: in the following sec-

advance. Thus, revalidation of models by reproduction o
, we briefly describe the numerical simulatesrin and

different measured characteristics remains an essential Preon
D-AMPS with emphasis on the trap-assisted tunneling algo-

cedure in numerical modeling.
In this paper, the physics controlling the electric trans- . . .
rithms implemented in each of the computer codes. In Sec.

port in amorphous and microcrystalline structures regularlyIII W mpar ¢ computer oredictions with the result
used as tunneling recombination junctiondRJ9 of , WE compare our computer predictions € resufts

. 4 - ..
a-Si-based tandem solar cells are explored with two indepenF—)l“'b“Sh‘ad by .I—.|egedu§t al.” Five .TR‘] structures c.c.)mbmmg
dently developed simulation toolsAsPIN (Ref. 1) and amorphous silicoria-Si) layers with amorphous silicon car-
b-AMPS.23 When standard numerical procedutell estab- bide (a-SiC) and microcrystalline silicoriuc-Si) layers are

lished in the device modeling of amorphous and microcrys—StUd'ed in parallel. In _Sec. _IV, we discuss the sensitivity of
the performance o&-Si/a-Si tandem solar cells to the se-
2 _ lected TRJ structure. Finally, in Sec. V, we examine how
Author to whom correspondence should be addressed; electronic mal{: infl d d | I f
miso.vukadinovic@fe.uni-lj.si emperature influences TRJ and tandem solar cell perfor-

PElectronic mail: pancho@intec.unl.edu.ar mances. Apparently unacceptable discrepancies between ex-
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perimental and simulated results are explained and elimi-
nated by applying Gill’s law.

p-type a-Si

_S'
Il. ASPIN AND D-AMPS IN PARALLEL SR? Or HemSt
A. Brief description of ASPIN's and D-AMPS’ computer electrons
codes tunneling 3=3= DOS

Simulation programs require many input parameters—
measured and/or conceptual—in order to produce plausible
output results that comply with the presupposed physical
laws. Material parameters describe individual lay@eayer SRH
thickness, energy gap, density of states,)ettthe structure
under study; external parameters determine the working con-
ditions(temperature, illumination, et¢c.while system param-
eters control the execution of the numerical algorittsimu-
lation type, order of subroutines, precision, etcThe FIG. 1. Schematic representation of the trap-assisted tunneling mechanism
complex set of semiconductor nonlinear differential equa_(combination of SRH—Shockley-Read-Hall mechanism and tunneling
tions can be reduced to the modified continuity equations anff°ces
Poisson’s equatiofthree unknowns per discretization point
have to be Ca'cu|ated'3’13 Many other equationS, such as thin barriers preViOUSly implemented iD-AMPS involves
generation-recombination process-related expressions, al§@nsitions at constant energy and does not considerably in-
have to be included. The entire system has to be selfluence the performance of the structures presented in this
consistently solved in accordance with the given boundaryaper. It differs remarkably from the trap-assisted tunneling
conditions by an iterative algorithm. of electrons and holes, which is closely linked to the genera-

The numerical algorithm oAspPIN (Ref. 1) is based on tion and recombination procegenergy exchangeas de-
finite differences. The system of semiconductor equations i§cribed in the following section.
solved with a customized block nonlinear iterative algorithm
based on Gummel's methdd Modifications of the original . .

. . . B. Trap-assisted tunneling models
Gummel algorithm were introduced in order to reduce ex-
ecution time while keeping the same precision and to im-  To describe tunneling via localized states in #&Si
prove robustness, i.e., to improve convergence. It is beyonthobility gap (Fig. 1), the trap-assisted tunneling theory
the scope of this paper to give more details on these modifiTAT) developed by Furldf was integrated intospIN.'?
cations. Some information, e.g., usage of Bernoulli func-TAT is an extension of the SRH model and includes the
tions, first suggested by Scharfetter and Gummel, can bBoole-Frenkel effeaiowering of the potential barrier caused
found in Refs. 13 and 14. ThespiN's algorithm calculates by the electric fielgl Similar in essence, however, a com-
free-carrier concentrations of holgs and electrongn), and  pletely different numerical model of trap-assisted tunneling
the electrostatic potentialvV). The implementation of the based on Hurkx's recombination moae(IRM) was inte-
generation-recombination process follows the Shockleygrated intob-AMPS. D-AMPS also accounts for emission en-
Read-Hall (SRH) and Sah-Shockley statistics for continu- hancement caused by the Poole-Frenkel efq‘E’EiE),7'8 not
ously distributed density of stat¢é®OS). Traps(allowed en-  originally included in RM, and allows for two different op-
ergy levels that form DOEBinside the mobility gap can be tions: either to work with RM and PFE decoupled but oper-
described by the standa¢dredefined distributionor “defect  ating simultaneously on the device or to include PFE in elec-
pool” models, as uncorrelated and/or amphoteric stateson and hole trap-assisted tunneling models by appropriately
(Gaussiansand exponential tails. Optical properties are cal-modifying Hurkx’s algorithms.
culated with an advanced optoelectronic simulator  Both theories are based on analytical functions that, due
Sunshin&® embedded inASPIN. Originally, ASPIN was de- to suitable approximations, depend on local variables only
signed for the simulation of singkeSi pin solar cells where (values of variables valid at some other location are ex-
the consideration of trap-assisted tunneling was not necegressed with local values; using nonlocal values is known to
sary, and therefore no such models were initially developedcause problems with convergence of numerical algorijhms

D-AMPS (Ref. 2 is an updated version of the simulation Only one additional independent parameter, the effective tun-
program AMPS Like AsPIN, it is based on the method of neling masgmy,,), is introduced. Calculated field-dependent
finite differences. The D stands for developments introducedactors enlarge the capture cross sections and the emission
in the last decade: tunneling through thin barriers, amphoteoefficients of trap states for more intense fields, and the
eric states, light scattering on rough surfaces, defect poohodels converge to the SRH equations when the electric
model, etc. D-AMPS uses the Newton-Raphson iteration field approaches zero.
method to solve the Poisson and continuity equations. Both A straightforward comparison of Hurkx’'s and Furlan’s
quasi-Fermi levelgEg, and Er,) and the electron potential approach is given in Ref. 10. Let us point out that the former
(V) were chosen as the three unknowns to be calculatedises Airy functions to estimate the tunneling contribution,
Describing DOS is similar as iasPIN. Tunneling through  while the latter relies on the WKB approximation. Either

tunneling

holes
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FIG. 3. Net recombination rates at 0.1 V of an-p uc-Si single TRJ
incorporating a defective 4 nm thick intrinsic layer. Standard material pa-
rameters independently established from other similar simulations and ex-
periments were used.

v

recombination process. The comparison is focused on the
forward voltage regime, which corresponds to the working
FIG. 2. Estimation of the local electric field and the correspondixactor ~ regime of the junction when it is used as a part of a tandem
averaged barrier. Inp-amps (a), exact local values are taken, whereas in solar cell. S||ght discrepancies between the net recombina-
AsPIN (b), the local value of the electric field is taken; however, the barrier ist. t h in Fia. 3 tv d to diff .
averaged for the WKB approximation. Ion rates shown In FIg. are mostly aue to airrerences In

models implemented in our simulatqisurkx vs Furlan, dif-

way, an estimation of the locakxact or averagecelectric ferent barrier est?mationsPredictedJ—V chqrqcter_isticSEig.
field and the corresponding barrighe conduction band for 4 reveal a negligible, up to 4 mV, deviation in estimated
electrons and the valence band for hpissequiredp-amps ~ Voltage drop over the-i-p TRJ at the same current level.
uses exact local values. On the contraryaspIN only the ~ Such a small difference has no influence on the complete
local value of electric field is taken, while the barrier is av- multijunction solar cell simulation result.

eraged for the WKB approximatiofirig. 2). This difference TAT and RM +PFE models were proved to be equivalent
primarily affects the location of the peak and the spread ofrom the simulation point of view. Simulation results re-
the tunneling contribution to the generation—recombinationported in this paper can be obtained by eithaPIN or
process. Recombination ratéerward regimg calculated by p_avps, and most probably by any other computer program

D-AMPS are usually a bit higher and limited .to a smaller' ar€ainat would incorporate similar models. To make our work
when compared tasPINs output. The described approxima- completely transparent and consistent, we strictly chose to

ggzzifjélrrg,bl\;vKB) were chosen to reduce calculation times plot only results obtained with one of the progransamps)
' and tried to keep our discussions as general as possible.

X1 X2 X3 X4 X5

C. ASPIN vs D-AMPS on a n-i-p mc-Si TRJ

In this section we briefly demonstrate that in an actual 20 | — IJ_V (ASLIN) /’:
n-i-p (uc-Si/ue-Sil uc-Si) TRI caserspIN andD-AMPS give ~ ——- voaws) | 2]
almost identical or at least highly comparable simulation re- E15¢p //
sults, in spite of all the differences in the applied models and E s J
algorithms. The complete simulation modg€BAT + FTM = 10 | 4
and RM + PFE + FTM discussed and developed throughout s | /
the rest of this paper were applied. A heavily defective in- 3 o 7
trinsic layer was chosen to amplify the role of traps and the g E
trap-assisted tunneling contribution. Standard material pa- 3 0r
rameters, independently established from other similar simu-
lations and experiments, were usédimulated net recom- ST T T
bination rates and-V characteristics of thig-i-p TRJ are 002 000 002 004 006 008
compared in Figs. 3 and 4, respectively. This is the only time Voltage (V)

a J-V plot is shown in a linear scalgater on, we use semi- _ _ o _
logarithmic plots instead FIG. 4. A comparison of simulated#V characteristicg¢on a linear scaleof

. . . . . an n-i-p uc-Si single TRJ incorporating a defective 4 nm thick intrinsic
The total CU”’enF in theuc-Si n-i-p JunCt'On is almost  |ayer. Standard material parameters independently established from other
completely determined by the trap-assisted tunnelsimilar simulations and experiments were used.
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IIl. COMPUTER SIMULATION OF TRJ STRUCTURES ues(1.7—-2.0 eV for thea-Si mobility gap of the TRJ layers,
which will be discussed in the following sections.

When recombination plus trap-assisted tunne{ingich

In the last decade, simulation programs were extensivelys also a recombination procgssersus charge trapping is
used for the design and optimization of tandem and tripleaddressed, different ways of modeling of material properties
a-Si solar cells. Simulated open circuit voltagé,c) was  can influence simulated device characteristics considerably
(initially) always substantially lower than thé, of actual  more in comparison with devices where the standard SRH
devices, and many of the computer-generakdcurves un-  model is accurate enough. As will be described later, we used
der illumination showed a “tail” when the applied voltage two contrasting descriptions qic-Si DOS and activation
approachedVpc, " ° reflecting the behavior of bad triple energies ofa-SiC to highlight reasons for different device
junction solar cells. performances, which should also be considered during de-

Under thermodynamic equilibrium, electro@i®les are  vice design and optimization. Wide tails and low dangling
the majority carriers on the letight) side of eacm-p TRJ  bond(DB) density, for example, can lead to higher recombi-
in multiple cells. There is a crossover of free-carrier concennation rates than the opposite case of steep tails and high DB
trations at a specific poind, located in the doped layer with density, because charge carriers that are already far from
the higher activation enerd37/.The AML.5 light source gives their corresponding bands are more likely to recombine than
rise to a large amount of built-up charge and to the excesto be reemittede.g., an electron trapped in a donorlike tail
free carriers inside the TRJ: electrons on th&ide and holes state near the valence band edge is more likely to be recom-
on the p side. Free carriers that are photogenerated in théined with a hole from the valence band then to be reemitted
active intrinsic layers and subsequently trapped in TRJ layer® the conduction bandthe trapped charge balance is also
introduce light-induced dipoles. Consequently, if the rates othanged. Of course, there are a number of parameters that
“good” recombinationnamely, between electrons and holesare important in this evaluation, such as individual trap cap-
photogenerated in the top and bottgori-n cell, respec- ture and emission cross sections, charged vs neutral cross
tively) are not sufficient, the effective field and the electronsection ratio, etc.
barrier of TRJ junctions are lowered. These light-induced
dipoles also weaken the electric field inside then intrin-
sic layers, causing a lot of “bad” recombinatigbetween B. Mechanisms controlling the total current in TRJs
electrons and holes photogenerated in the spma cell), In a power generating tandem solar cgbi-n-p-i-n,
which reduces the total current. p-i-n-i-p-i-n), the TRJ is amn-p or n-i-p forward biased

The classical SRH recombination model is not able tOstrycture. For a well designed TRJ the voltage drop over the
provide enough good recombination in the TRJ structures tQ,nction (V;z,) has to be very small. Our simulations show
favor recombination over trappin@e., electrons and holes that in a-Si/a-Si tandem solar cells with efficiencies over
pile up and form light-induced dipolgswhich leads to @ 109, Vg, is not higher than 0.05 V. Ii/sg, of 0.3 V is
substantial voltage drop in TRJ junctions. Consequently, th@ssumedbad TRJ, for instance, not more than 8% effi-
current levels at voltages ne¥f, (maximum power point  ciency can be achieved. Electrofimle injected into then
are Significantly lowered. The increase in the denSity Oflayer (p |aye|) move by diffusion against the field. As they
states in the TRJs would strengthen these light-induced diannot surmount the high built-in potential present in TRJ,
pole effects even more. Within the SRH formalism, the re-they have to recombinghe high built-in potential must exist
duction of light-induced dipoles could be accomplished byand is essential for obtaining higfpc, Which is the sum of
adopting very large capture cross sections, more than tejoltages over bottp-i-n subcelly. The recombination rate

A. Recombination vs charge trapping

orders larger than normally assuntéd. profile shows a sharp peak in TRJ around the position where
Hou found an alternative solution in decreasing thethe Fermi level crosses the midgap.
simulateda-Si mobility band gap arounx, to values as low Recombination rates limit the total current in low-

as 1.1 eVA® To further ease the recombination between elecforward biasedh-p or n-i-p junctions when the recombina-
trons and holes in this region, they also graded the condugion process is described by the SRH formaliShif stan-

tion band of then layer and the valence band of thdayer.  dard electrical parameters are assumed for TRJ structures
Although this approach accounts for the effects of the spacgegularly used ira-Si multiple junction cells, our simulation
charge on the band bending in TRJ, it is difficult to properlyprograms predict current levels in the range from 2
model the distribution of localized states and their influencex 107 mA/cm? to 5x 10 mA/cn? at a forward voltage of

on device behavior. At the same time, there is no experimers.05 V. A typical current level ira-Si tandem solar cells is
tal evidence supporting a band gap lowering inside a TRJabout 8 mA/cr, and Hegedust al’ reported experimental
Band gap grading is not needed in TRJs where all layers argV curves of several TRJs produced as single junction de-
of uc-Si if its mobility band gap is assumed to be equal tovices with currents ranging from 1 mA/cénio 3 mA/cnt at

the band gap of monocrystalline silicdn-Si).}’ Applying 0.05 V. This means that calculated current levels have to be
Hurkx’'s RM and the PFE model simultaneously, the experi-increased by seven orders of magnitdg applying proper
mentalVoc of a-Si/a-Si tandem solar cells witlue-Si TR physical models As pointed out before, we would need to
could be reproduced with-AMPS for uc-Si mobility gaps up  enlarge the capture cross sections within the SRH formalism
to 1.4 eV}"*8Furthermore, Willemeet al® successfully fit-  to unreasonably large values to match the experimentally ob-
ted Vo of a-Si-based tandem solar cells using standard valserved currents. Moreover, computer generdtdtcurves of
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n-p and n-i-p structures are rectifying, while the measured 10° T et AT FoE oty ]
J-V curves published by Hegedes al. show similar current b PR ° 1
levels for reverse and forward voltages. These facts clearly o 10 E . _ FeeF, = sx109 2
indicate that we have to include an extra transport mecha- § , [ ==+ SRH.FCE (F,>5110°) 72
nism in order to enhance recombination. E 10% ¢ é// E
The physics controlling the charge transport in isolated % 10° 1
(produced as single junction devigéiRJ structures and the S ‘\ /// ]
physics of TRJs being part of multiple junction solar cells are § 104 e /j'// ]
similar, but some differences can be pointed out. In both 2 o - /,/ E
cases, there is injection of electrons and holes from the con- 3 4gs o ~— 7 4
tacts into then-layer, andp-layer, respectively, diffusion to o~
higher potential energies, and finally recombination. In 108
single TRJ junctions the dark current supply can be limited 0.4 02 Voltgge W) 0.2 0.4

by doped layer conductivities or by bad contacts. In multiple

junctions the current supply, i.e., the injected current, coultkiG. 5. DarkJ-V characteristics of an-p*-p (a-Si/a-Si/a-SiC) TRJ ob-

additionally be limited by recombination losses taking placetained using different models that enhance capture cross sections and emis-

in the intrinsic layers of thg-i-n subcells. In isolated TRJ Sion coefficients: SRH, FCE in V/cm), PFE, RM+PFEm,,=0.01m,

there is also a charge build-up caused by current injectiorﬁ”l_20 Cd"zms’ 1p=2 et/ V). TAT model is approximately equivalent to
alance +PFE.

We could identify this charge trapped in doped layers by the

name “injection-induced dipole.” However, this dipole does

not seriously affect the-p or the n-i-p effective built-in  charged traps, but also neutral cross sections are enlarged by

potential barrier, because the barrier is controlled by the ache same factoEH.lO Both possibilities were considered in

tivation energies of doped layers or by contacts when dopedur analysis.

layers are not heavily dopgand, of course, by the applied The FCE model is based on conclusions similar to

voltage. Under normal working conditions the current levels the predictions of Gu and Schitf. Simulation results, as

in multiple junction solar cells under illumination are higher well as the RM and TAT formalisms, lead to the conclusion

than in a single TRJ for the same applied voltage. that the attempt-to-escape frequency is field dependent in

To simplify the discussion, isolated TRJ structures will the form of v=v, exp(F/Fy). However, in spite of the rea-
be studied first. In this paper, five different TRJs combiningsoning of Gu and Schiff and following the idea of RM and
a-Si, a-SiC, anduc-Si layers are examined. Next, the fol- TAT, we implemented field-dependent cross sections as
lowing structure is discussed in detaikp*-p (a-Si/a-Sila  o(F)=0, exp(F/Fy), WhereF, is an input parametgi/cm).
-SiC; 25 nm/5 nm/25 nm Finally, darkJ-V curves of all  Instead, the effective density of state at the mobility edge
proposed TRJ structures are compared and discussed. (N, Ny) was kept independent of electric field strength.

Dark J-V curves obtained for the different models just
described are plotted in Fig. 5.

As the SRH formalism in our computer codes predicts ~ Pushing simulation parameters to their limiesther by
very low current levels for the working regime voltages, welowering effective tunneling masses, making PFE affect
had to include additional mechanisms to enhance the recong¢harged and neutral capture and emission cross sections, or
bination. We explored several alternativéalready dis- lowering values ofF, in FCE) increases the forward and
cussegt RM,? with and without PFE;® TAT,® as well as a reverse currents only to a certain extent. Th¥ curves
model predicting field-dependent capture and emission ratgg€main rectifying, which contradicts measurement results.
(FCE) discussed below. For instance, with FCE we were able to enhance the total

RM and TAT define analytical derivations that introduce current in an n-p*-p (a-Si/a-Si/a-SiC) TRJ up to
field-dependent factors enlarging the capture cross sectiodsx 10°* mA/cn¥ at a forward voltage of 0.05 V. We ob-
and the emission coefficients of trap states. Strong electrigerved that the current cannot be increased any further by
fields (F>10* V/cm) increase the transparency of potential decreasing=o below 5x 10* V/cm.
barriers opposing the tunneling of free carriers from ex-  In order to reach the measured current levels, we need to
tended states toward gap states. Expressions converge to tfigestion the charge transport mechanisms. Whichever model
SRH equations when the electric field approaches zero. This chosenTAT, RM, PFE, FCB, the effective cross sections
formalism of RM and TAT is sometimes referred to as re-become strongly field dependent, and they are significantly
combination tunneling, since tunneling is taken into accounenhanced with respect to the values used in the original SRH
by enhancing the recombination. formalism. In all of these models, we are really working on a

In the PFE model the effective cross sections of chargsingle grid point, and there is no real connection in the sense
defects become field dependent. They are enhanced by tloé lateral charge movement between the regions where the
factor E,=expAE,/kT), where AE, is given by AE, recombination is maximal and the regions where free-carrier
=q(gF/ me)Y? resembling the well-known equation of image concentrations are higfthe origins of tunneling Although
lowering. The symboF stands for the electric field strength the described models enhance recombination for increasing
in the device at the grid point under consideratidocal  electric fields, electrons and holes still have to move to the
valug). Some authors argue that not only cross sections gbhysical position where recombination takes place.

1. Enhancing recombination in TRJs
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FIG. 6. Recombination raté®) in ann-p (a-Si/a-SiC, 25 nm/25 npTRJ ~ FIG. 7. Dark J-V characteristics of am-p™-p (a-Si/a-Si/a-SiC) TRJ
at different forward biases. Vicinity of the metallurgic junction is shown; calculated assuming that both mobilities follow the expression
R<102cm3 st elsewhere. w=po eXHF(V,X) IFol, u=1luo(X),F(V,X),T,Fl, i.e., the FTM model.

/An increase of free-carrier mobilities helps diffusion of 15 5 factor of 16. In order to reach experimentally observed
majority free carriers against the electric figlda Einstein's ¢ rrent levels, mobilities have to be scaled up by at least a

relation to the region where they actually recombine. Wille- factor of 1¢ all over the device. The original extended state
men Plas already suggested this possibility in his Ph.Dyectron and hole mobilities were assumed to be 20 and
thesis.” We checked that the front and the back contacts ang cn¢/v s, respectively.

the n-layer andp-layer conductivities are not limiting the There is experimental evidence suggesting that conduc-

total current. It is in_teresting that the same conclu_sions Wergyity and drift mobility in a-Si increase exponentially with
drawn ford-AMPS using Hurkx’'s RM and forspINusing the  the electric fieldF.22?? In spite of the fact that transport in

TAT model based on Furlan’s theory. Models compensatingrr is by diffusion(mobilities and diffusion coefficients are
for the lack of sufficient charge flow by enhancing the ex-connected through Einstein’s relatioand that experimental

tended state mobility were successfully tested. results published in the literature are related to the transport
. ) of electrons by drift, Willemen assuntet that both ex-

2. I;;v?;?]act of using high mobilities on charge transport tended state electron and hole mobilities are exponentially

in TRJs

dependent on the electric field, according to the expression
In order to locate areas where the total current is limitedu(F) = o exp(F/Fy), whereFg is a parameter determining
by diffusion, we increased mobilities for both electrons andthe magnitude of the dependence on electric field strength. In
holes by the same factor in different regions of the simplesWillemen’s original model, mobilities were recalculated only
TRJ structure studied by Heged‘hskhe n-p (a-Si/a-SiC) once, with the values obtained from the simulation results
junction. We found that the total current did not change wherunder thermal equilibrium conditions, so we should rewrite
we increased the mobilities in thetype (a-Si) and p-type  the expression above as(F)=u, exp(Fre/Fg). The tem-
(a-SiC) layers near the front and back contacts only. Theperature dependence of the model was never addressed. With
total current started to rise when we increased the mobilitiesuch an approach, the quality of a TRJ can easily be overes-
in the region where the recombination rate reachéd d0its  timated. In badly designed TRJs, the electric field can vary
peak value. The recombination peak is located close to theonsiderably with the working conditior{goltage, tempera-
n-p interface and coincides with the crossover between théure, etc) and these dependencies should also be modeled.
electron and hole free-carrier concentrations. Only when To make the simulations coherent, we implemented a
both mobilities are increased by the same facfq) over  similar model (FTM—field and temperature dependent
entire structure do we see a parallel displacement in the cumobility) but recalculated mobilities in each iteration of
rent level(J) by this factor(f,) in the voltage range of in- the simulation, making mobility field and position
terest(-0.3 V, +0.3 V). Corresponding recombination rates dependent: w=puo exgdF(V,x) /Fy], more precisely u
at different applied forward voltages under dark conditions=f[u(x),F(V,X),T,Fy]. Expressions involving mobilities
are shown in Fig. 6. Increasing both mobilities with higherwere integrated into the preexisting equation set so that the
and higher values of,, we observe a parallel displacement entire system of semiconductor equations could be self-
of the entireJ-V curve as long as,fdoes not exceed 20  consistently solved by the iterative algorithm. The feedback
Surpassing this value, contacts or doped layer conductivitiesffect of the FTM model on other device properties was
start to limit the total current. If we continue with the simu- therefore not neglected.
lation experiment and set the barriers at both contacts to only Returning now to the more complex structunep*-p
0.01 eV and if keep increasing the doping levels up to(a-Si/a-Si/a-SiC), Fig. 7 shows the darkl-V curves of
10?t cm™3 (both semiconductors become degenerated; théhe n-p*-p structure obtained for different values &%,.
Fermi level is around 0.1 eV inside banda/ie can observe In order to reach the currents measured by Hegedual.
that J-V curves scale up perfectly for higher mobilities—up (~3 mA/cn? at V=0.05 \), the value of the parameté,
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TABLE I. Simulation parameters of the five TRJ structures. Two different sets of paran®gsand WT,)
have been used fgic-Si.

n (a-Si) p* (a-Si) p (a-SiC) n (uc-Si) i (uc-Si) p (uc-Si)

Thickness(nm) 25 10 25 20 5 20
Activation energy(eV) 0.27 0.2 0.47 0.026 0.73 0.059
Mobility gap (eV) 1.76 1.72 1.98 154 1.54 1.54
5x10%®  15x10®  5x10'®

H —3 X 8 X 8 X 8

DB density(cm™) 5x 10 6 10 5x 10 55 1016 5 1015 55 1016
. 10/10 10/10 10/10
Tail slopeE,/Ey (meV) 30/50 40/60 45/80 20/30 20/30 20/30
~ 2x10%° 2x 107 2% 10%°

Gyo Gao (cM™2 eV 107 107 107 1R 1 1
Mobilities (cn?/V s) 20/2 20/2 20/2 40/4 40/4 40/4

“Results of simulations following more faithfully the parameter values and thicknesses as reported by Hegedus
et al. (Ref. 4 were already presented in Ref. 12.
PDevices with a more optimistic activation energy of 0.33 eV will be discussed as well.

had to be kept below 8 10* V/cm. Interestingly, we see in the built-in potential present at the left and at the right inter-
the same figure that the predicted dark curve is almost faces. These figures correspond to the energy difference be-
Ohmic (at R,=8%x10* V/cm), as was experimentally ob- tween Fermi levels of individual layers before each junction
served. is made. Positive values are used when the energy of the
Fermi level corresponding to the semiconductor located at
the left-hand side of the interface is higher than the energy of
the Fermi level of the semiconductor located at the right-
The following five devices will be examined in this sec- hand side of the interface.
tion: (1) n-p*-p (a-Si/a-Si/a-SiC), (2) n-p (a-Si/a-SiC), (3) The first two structures have the same total built-in po-
n-p*-p (uc-Si/a-Si/a-SiC), (4) n-i-p (uc-Si/uc-Si/ uc-Si) tential. Nevertheless, the electric field profiles reveal impor-
and(5) n-p (uc-Si/uc-Si). Thicknesses, activation energies, tant differencegFig. 8). In the first structure the-p* and the
mobility gaps, baseline mobilitigg.,), and DOS of different  p*-p interfaces give rise to electric fields of opposite direc-
materials utilized in our simulations are listed in Table |. Astions. The electric field is reinforced at thep® interface,
there is uncertainty in the literature about the electrical paand it is weakened at thg'-p interface(see Table ). How-
rameters ofuc-Si, we decided to model this material with ever, differences between the electric field profiles of struc-
two different sets of inputs: the $7 set corresponds to a tures(1) and(2) are minor in comparison to the electric field
high dangling bond(DB) density and steep tails and the profiles of the other three structures where built-in potentials
WT . set to a low DB density and wide tails semiconductor.are higher. The electric field at the left interface in structure
Band offsets in heterojunctions were split half and half(3) is considerably higher than its counterpart in structdje
between the conduction and valence bands. The value of th&ig. 8). Field profiles are quite important in our discussion
tunneling effective mass was defined as &Qiwherem, is  because the mobility is assumed to be exponentially depen-
the free electron mass. dent on the electric field strength. Figure 9 shows the dark
Flat band conditions at both contacts were assumed]-V characteristics at room temperature fay=10° V/cm.
therefore, the overall built-in potential is obtained as the dif-Mobilities were recalculated according to the FTM model.
ference in energy between the bulk Fermi levels of the semi- The following mechanisms are acting in series when
conductor materials located at the front and at the back conFRJs are forward biased: electron injection through the front
tact. Overall built-in potential§Vg) and interface built-in  contact, diffusion of electrons against the field, tunneling of
potentials of the five structures are shown in Table Il. Two ofelectrons from extended to gap states, recombination of elec-
these structures contain one interface and three of them cotrons and holes in gap states, tunneling of holes from ex-
tain two interfaces. In the second case, Table Il also indicateended to gap states, diffusion of holes against the field, and

C. Comparison of different TRJ structures

TABLE II. Built-in potentials of simulated TRJs and potential barriers present at each interface of TRJ struc-
tures having more than one interface.

1 2 3 4 5
Structure n-p*-p n-p n-p*-p n-i-p n-p
Materials a-Si/a-Si/a-SiC a-Si/a-SiC uc-Sila-Sila-SiC uc-Si puc-Si
Overall Vg, (eV) 1.1 1.1 1.244 1.455 1.455
Left Vg, (eV) 1.29 1.424 0.77
Right Vg, (€V) -0.18 -0.18 0.685
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1.6x10° p——r on all other material parameters used in the simulatién
14105 b 2 SRR A x10*V/cm in the n-p*-p (a-Si/a-Si/a-SiC), 5.5
F B /\ X 10* V/cm in the n-p (a-Si/a-SiC), and 1x 10° V/cm in
z 12x10°F 3 Si \3 the n-p*-p (uc-Si/a-Si/a-SiC) cases.
L 1oxtee F £ : i\;‘l..:‘ \ We have assumed in our simulations that thaeSiC)
% 8.0x105 - “% i / \\ \ ; p-layer has an activation enerdg,) of 0.47 eV. This high
e - N activation energy can lead to a device where the depletion
;§ 6.0x10° E ' region would spread beyond the given location of the corre-
& 4.0x105 £ ’ sponding metal contact if it could be possible. The perfor-
: mance of such a TRJ can be improved by lowering the acti-
2.0x10° B2 ' vation energy of the-SiC layer. We observed a significant
0 izl L SN increaseone order, in the case &,=0.33 eVj in the total

-10 -5 0 5 10 15

B current of then-p (a-Si/a-SiC) and n-p*-p (uc-Si/a-Si/a-
Position (nm)

SiC) TRJ structures. Only a minor increase in the current
FIG. 8. Electric field profiles of different TRJs at a forward voltage of IS Obtained in then-p*-p (a-Si/a-Si/a-SiC) TRJ because
0.1 V. Structures are aligned to thelayer metallurgic junction position at the recombination peak is located well inside tfaeSi)
0 nm(see Table II; S DOS was assumed fquc-Si layers. n-layer, then-p junction is formed with thea-Si) p* layer,
and therefore thé€a-SiC) p layer contributes mostly to the

hole injection through the back contact. The total current isserial resistance of the device. Hegedus’ measurements
defined by the limiting mechanism. Interestingly, in all of can be matched with a simulation based on lower activation
these five different devices—for the parameters adopted argnergy (0.33 eV} without major changes in the parameter
assuming S layers—we find that the same mechanism isFo for all three TRJ devices: 810" V/cm in n-p™-p
limiting the total current: diffusion against the electric field, (a-Si/a-Si/a-SiC), 1x 10° V/cm in n-p (a-Si/a-SiC), and
i.e., free-carrier concentrations and low mobilities are thel X 10° V/cm in n-p*-p (uc-Si/a-Si/a-SiC).
simulated current bottlenecks. Although hole diffusion is  In the n-i-p (uc-Si/uc-Si/uc-Si) and n-p (uc-Si/uc-
more limiting than electron diffusion, both carriers play their Si) TRJ structuresgnot studied by Hegedyssimulations pre-
role in defining the total current. In addition, tunneling anddict significantly higher total currents due to a much larger
recombination(recombination inuc-Si layers is dominated supply of free holes provided by thewc-Si) p layer com-
by midgap states due to its low mobility gaplso play a pared to thea-Si) p layer. WT, layern-i-p andn-p devices
minor role in limiting the total current in devices made en-show even higher currents due to stronger electric fields
tirely of uc-Si. On the contrary, the total current in tme formed in these junctions. Thus, field-dependent mobilities
-p*-p (uc-Si/a-Si/a-SiC) TRJ is limited purely by diffusion, and consequently diffusion against the electric field increase
regardless of DOS distributioeither ST, or WT,¢) in the  significantly. A decrease in DB densities improves the elec-
uc-Si layer. tric field (and mobilities that are field dependgat the junc-

Observed simulation trends agree well with the experition by shielding(with trapped chargethe field originating
mental results published by Hegedus-V curves of differ-  from the charge of active dopants with less intensity. The
ent TRJs shown in Fig. 9 were calculated for the same valueemoval of the intrinsic layer helps in shaping the electric
of the parameteF, (10° V/cm). For lower or higher values field that otherwise spreads over the whole intrinsic layer.
of Fq, the experimental trend is still preserved. The quanti-This explains the results shown in Fig. 9, where higher cur-
tative reproduction of Hegedus’ results requires, on the othetients are calculated for devices with ){Tlayers(less DB
hand, certain dispersion i, for the three TRJ¢depending than devices with SJ; layers(more DB). This result also
confirms the fact that simulated total currents @rermally)

108 o not limited by recombination when TAT, RM, PFE, or FCE

105 see Table Il for TRJ description are applied. However, the value Bf could as well be un-
P~~~ =3 derestimated in the case of the V\Tsimulation parameter
& [ ~ - - Y . . . .
£ 10¢ e \\“WTuc - /....-/ set. We found no experimental evidence reported in the lit-
E 10° k \\\ 55T .~ erature that would confirm or overthrow either of the conclu-
; 102 , '.'4 STH/ , sions.
2 0 \ he // Simulations presented in this paper indicate that struc-
I S S S tures entirely made ofic-Si are the least current limiting of
5 100§ \'\E- “°//./ L the five analyzed structures when functioning as TRJs and
(5) ol 1 a-Si are therefore most promising for implementation in multi-

102} 2 a-Si junction solar cells.

10-3: P U E U S SR [ S ST S R SR T i

0.4 0.2 0.0 0.2 0.4

FIG. 9. DarkJ-V characteristics predicted for the five TRJs under s{ség
Table Il). For easier comparison FTM paramefég was always set to

10° V/em.

Voltage (V)

IV. COMPARISON OF DIFFERENT TRJ STRUCTURES
IN a-Si/ a-Si TANDEM CELLS

In this section we study the dependence of the perfor-
mance of ara-Si/a-Si tandem solar cell with respect to the
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TABLE IIl. Efficiency (%) of the a-Si/a-Si tandem solar cell for different TRJ structures and for different valueB,oin the last line, only the RM
+PFE contribution is considered, i.e., the physics of field-dependent mobilities described by the FTM model is removed. Batid\8T,. DOS parameter
sets foruc-Si layers are accounted for. The activation energy in(8a8iC) p layer is assumed to be either 0.33 &ME,) or 0.47 eV(HE,).

Tandem solar cell efficiencgb) with respect to the TRJ used

Fo(V/cm) n-p (ST,0)? n-p (WT 0 n-i-p (ST,0)? n-i-p (WT,0)? n-p*-p (LE,)"
8x 104 11.46 11.62 11.45 11.57 11.40
1x10° 11.45 11.62 11.43 11.57 11.32
5x 10° 9.52 9.87 9.25 9.70 8.59
1x10° 9.20 9.27 8.96 9.27 8.30
FTM off 8.87 8.74 8.68 8.87 8.04
Fo(V/cm) n-p*-p (HE,)" n-p*-p (HE,)* n-p*p (LE,)° n-p (HE)® n-p (LE)°
6x10* 9.98 8.05 9.40 5.58 8.33
8x 10 9.75 7.21 8.53 5.20 7.38
1x10° 9.17 6.93 8.10 5.03 6.96
5x 10° 7.31 6.03 6.86 4.61 6.03
1x10° 7.11 5.91 6.74 4.57 5.88
FTM off 6.95 5.80 6.63 4.52 5.86

°All layers made ofuc-Si (either ST, or WT,).
®n made ofuc-Si, p* of a-Si, p of a-SiC (either HE, or LE,).
‘n and p* made ofa-Si, p of a-SiC (either HE, or LE,).

TRJ structure selected to connect tpd-n subcells. We fo-  density of the intrinsicuc-Si layer for low values off,.
cus our discussion on thee Si/a-Si device having mobility From previous studies made arnSi tandem solar cells with
gaps of 1.88 eV and 1.78 eV that has been produced, cha&T,. n-i-p TRJ—looking at the experimental efficiencies
acterized, and previously modeled at Utrecht Univerlgi’fﬁ. achieved® and taking into account Fig. 10—we can only say
The experimental efficiency of these cells was slightly abovehat the value of the parametéy should be lower than 5
9%, independent of the TRJ structure usad:p (uc-Si/ X 10° V/cm. The dependence of the tandem solar cell effi-
uc-Siluc-Si) or n-ox-p (uc-Si/oxide/uc-Si); the simulated ciency onF, can be neglected only for very high values of
uc-Si mobility gap was assumed to be 1.2 eV, and for theF, (>10° V/cm). Highest solar cell efficiencies are then ob-
effective tunneling mass, the value of the extended state efained using thin TRJs, where electric fields are stronger and
fective mass ofc-Si was used’ By lowering the effective the electron barrier is therefore thinner. ifp and n-i-p
tunneling mass to 0.0d,, wherem, is the free electron mass, (uc-Si) TRJs are described with very low values Bf
tandem solar cell efficiencies up to 10% could be simulated(<10® V/cm), the same tandem solar cell efficiencies are

In the present discussion we assume, in accordance withbtained for both types of junctions; the top and bottom
the paper of llie and Equét that the effective tunneling p-i-n subcells start to limit the carrier supply, and TRJs no
massesTAT, RM) are lower than the extended state effectivelonger influence solar cell performance.
masses and are equal to M@1A higher, more pessimistic, In the n-p*-p (uc-Si/a-Si/a-SiC) TRJ structure, materi-
value of theuc-Si mobility gap was chosen: 1.54 el¢he  als of quite different electrical properties are combined. The
conditions for growing quality, thinc-Si layers ona-Si are
rarely mej. The parameters outside the TRJ structure were r
not altered, because they were already selected to fit experi- 115
mental results! However, the inclusion of the field- i
dependent mobility physics called for reoptimization of the
TRJ intrinsic layer thickness.

Table Il compares the performance of the tandem solar
cell with respect to parametét, for the five different TRJ [ A
structures analyzed in Sec. Ill C. Some interesting conclu- 10.0 | \
sions can be extracted from our results. First, the highest . \\\1\
efficiencies were obtained with TRJs made entirelyuof . Y
Si. The efficiency of those tandem solar cells saturates for i ‘ﬁ\\ ]
values ofF lower than 16 VV/cm. This can be visualized for 9.0 ¢ | T"e‘
the n-p (uc-Si) TRJ in Fig. 10. For low values df, free 105 108
carriers can easily diffuse to the region where they recom- FTM parameter F, (V/cm)
bine. Tandem solar cell efficiency is a functionkgf mainly o S _ S
through FF, becauselsc and Vo change very litle with {15, 10 Deperdence b s (St e e S )

respect .tOFO- The optimum intrinsic layer thickness is 0b- aqopted in then-p uc-Si TRJ structure. Simulation results are shown for
viously independent of the presence, absence, or defetRJs with WT, and ST, layers.

—— WT, TR
—o— ST, TRJ

-
-
o

10.5 |

Efficiency (%)

©
o
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—o— E,=033eV ] present in the TRJ structure; there is a clear correspondence

12 “’J*LI\ ] cell performance is even worse when pa-Si layers are
\\ —o— E, =047V J between higher forward dark currents in the TRJs and higher

1 ¢
efficiencies ofa-Si/a-Si tandem cells using these TRJs.

Our results indicate that only when at least one of the
] TRJ layers is made ofic-Si can we achieve the reported
A \ ] a-Si/a-Si tandem solar cell efficiencigabove 9% for real-

] istic values ofF, (around 18 V/cm). If lower mobility gaps

L] ] 0 y gap
M —— ] for a-Si anda-SiC are used in the simulation, then higher
\( 1 values ofF, are sufficient for obtaining realistic simulation
i U ] results. Howeverf-y should be associated with the tunneling
7 : H| ‘T ] current ascribed to the recombination term and is therefore
case related and not a fixed vaftfe.

-
o

V4
7

Efficiency (%)

o2}
4

105 108
FTM parameter F, (V/cm)
V. TEMPERATURE DEPENDENCE OF J-V TRJ

FIG. 11. Dependence @fSi/a-Si tandem solar cell efficiency on the value CHARACTERISTICS
of the parameteF,(V/cm) adopted in ther-p*-p (uc-Si/a-Si/a-SiC) TRJ. )
Simulation results are shown fprtype (a-SiC) layer activation energies of When the temperature dependence of the simulated

0.33 eV and 0.47 eV. curves in the range from 200 to 400 K is compared to ex-
perimental results, a significant discrepancy can be observed.
activation energy in dopegkc-Si is much lower than in Hegeduset al* published the temperature dependence of the
dopeda-SiC. The insertion of a highlp-dopeda-Si inter-  total current at a reverse voltage of —0.1 V. It was shown
mediate layer increases the amount of good recombinatiorihat in the 200—400 K temperature range the current changes
However, this TRJ does not perform as well as the fullyby less than one order of magnitude. Assuming that electron
uc-Si TRJ. The experimentally obtained activation energy ofand hole mobilities are field dependent, i.eu(F)
the (a-SiC) p layer of the topp-i-n subcell was 0.47 eV. =uqexp(F/Fg), we obtained in our simulations that for an
Using the sam@ layer in the bottonp-i-n led to quite poor external voltage of —0.1 V the current changes by more than
solar cell performance. We ran simulations assuming that theine orders of magnitude, since the total current is controlled
activation energy of the bottom subcelllayer was either by diffusion, and this mechanism is highly temperature de-
0.47 eV or 0.33 eV. Table Il and Fig. 11 show significant pendent. In order to reduce this dependence, we decided to
differences obtained in the solar cell efficiencies. All the pa-assume that the field-enhanced free-carrier mobilities are
rameters(Voc, FF, andJgo) are lower in the tandem solar also highly temperature dependent. Following the work pub-
cell having the higher activation energy in tipelayer of lished by Juskat al,>* we adopted the more general depen-
the bottomp-i-n subcell. The high activation energy of the dence of both mobilities with respect to the electric field and
a-SiC layer led to poor efficiencies of tt@Si tandem cells; to temperature asu(F)=uq exp(AF/kTg), whereA is an
moreover, we were not able to reach the 10% efficiency markiput parameter expressed in nanometer @ads given by
even for very low values of,. High activation energies can the expression: KT-=1/kT-1/kTcr. TcriS a second input
be tolerated in the top-i-n p layer because the front contact paramete(temperature expressed in KelyiiThe expression
can sustain the electric field in the intrinsic layer, and heavilyis known as Gill's law. It specifies an activation energy for
dopedp layers are more appropriate for the bottgxi-n the mobility and tends to decrease the dependence of the
cell. diffusion current with respect to temperature. The form
Table Il summarizes the conversion efficiency of exp(C/kT), where C=gAF, introduced above, counterbal-
a-Si/a-Si tandem solar cell with different TRJ structures andances the temperature dependence expressed by the form
leads to some additional observations: #8i tandem solar exp(-D/kT), whereD=E.-Er or D=E-E,, characteristic

TABLE IV. Efficiency of a-Si/a-Si tandem solar cells with regard to TRJ type and paran{&i€fqg) values
assume Gill's law was applied for the calculation of charge carrier mobilities. Refer to Table Il for the TRJ

description.
Tandem solar cell efficiencgb) with respect to the TRJ used

A(Mm)/Ter (K)  np(ST®  ni-p(ST®  np™-p(EE)"  n-p-p(LE)®  n-p(LE)°
11/450 - - - - 7.73
10/450 - - - 8.60 7.46
8/500 11.59 11.55 11.60 8.51 7.36
8/450 11.57 11.54 11.40 8.16 7.01
8/400 11.37 11.34 10.44 7.71 6.64

°All layers made of ST uc-Si.
Pn made ofuc-Si, p* of a-Si, p of LE, a-SiC.
°n andp* made ofa-Si, p of LE, a-SiC.
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of free-carrier concentrations. The computer-predicted temlaw, which can be readily implemented in numerical simula-
perature dependence of tdeV curves can be adjusted by tors, reduces simulated TRJ current temperature dependence,
changing the values of parametérsand Tcg. making it resemble experimental observations. A revised

Adequate values reduce temperature dependence of tlield-enhanced mobility model in conjunction with the trap-
total current within the 200—400 K range to only one order,assisted tunneling model enables reasonable predictions of
which agrees quite well with the temperature dependenca-Si/a-Si tandem solar cell efficiencies. Nevertheless, fur-
published by Hegedust al. The most appropriate parameter ther work is recommended to refine the expressions describ-
values were determined 3gz=450 K andA=11 nm in the  ing mobility with respect to temperature and to electric field
n-p (a-Si/a-SiC) TRJ, A=10nm in the n-p*-p (a-  strength.
Si/a-Si/a-SiC) TRJ, and A=8 nm in the n-p*-p (uc-
Si/a-Si/a-SiC) TRJ. Table IV shows how different values of
parametersA and Ty affect the performance dd-Si/a-Si
tandem solar cells. Jusket al* proposed values oA The financial supportContract No. “Solar Cells” ES/
=1.6 nm andTcg =430 K in order to fit the temperature PA/O0-EXI/04 of the Ministry of Education, Science and
dependence of the measured drift mobility. Alternative equaSport of the Republic of Slovenia and Secretaria de Ciencia,
tions proposed in Ref. 24 were also tested, but did not imTecnologia e Innovacion productiveg8eCyT) is gratefully
prove simulation results. acknowledged.

Table 1V does not include simulation results for values
of A higher than the ones which match the current Ievels;F. Smole, Ph. D. thesis, Ljubljana, 1989.
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Therefore, Gill's law can easily be implemented in numerical °P. J. McElheny, J. K. Arch, H. S. Lin, and S. J. Fonash, J. Appl. PB¥s.
simulators. It reduces the temperature dependence of thg-2°54(1988.
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