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Abstract : Detailed computer modeling to optimize the performance and design of semiconductor devices in general and of solaticellrin par
has become extremely popular over the last two decades. This is because, experimentally, such optimization involves a&ho§érialsnb
whereas the number of trials needed to optimize the performance of such semiconductor devices, can be decimated, usmgasingutenich

is nowadays therefore widely recognized as a tool for faster progress of such research. A detailed computer model, asopplesadaiytical
models, is where the Poisson’s equation and the electron- and hole-continuity equations are all solved from the first withoiieesorting to

any simplifying assumptions. It is therefore, only such detailed models that are capable of giving an insight into dewemperfBuch models
become very complicated in the case of disordered semiconductors, where we also have to take into account the trappihinatidmdéoetics
through the gap states. Moreover, in order to model both the electrical and optical properties of opto-electronic devicesdamaisedductors in
their entirety, we also need to combine the electrical model with a suitable optical model, capable of calculating noalusdyptien in each
portion of the device, but also the losses suffered by reflection or absorption in the non-active layers of the device. diftusedeeflectance,
transmittance and absorption when the device is deposited on a textured or rough surface also need to be taken intoalsrwei;dar
interference effects when the interfaces are flat. In this review, we will discuss a detailed electrical-optical modelphbleiof modeling the
performance of a genenalayer device based on crystalline, amorphous, poly-, micro- or nano-crystalline semiconductor, with particular reference
to the modeling of opto-electronic devices, such as solar cells and color sensors.

Keywords : Detailed computer modeling, amorphous and disordered semiconductors, solar cells, electrical model, optical model, gap-state
model.
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1. Introduction important step in modeling is accurate calibration of

In the past two decades, computer modeling of solar c8kodel parameters.e. assignment of proper values to the
structures has become an increasingly popular tool fpout parameters. The calibration procedure is based on
analyzing the performance of solar cells and for optimizingPMmparison of the simulated external properties with
the design of crystalline, polycrystalline and amorphou®XpPerimental data. If the calibrated computer model
semiconductor devices. There is no doubt that the role @Produces a broad range of experimental results, then
device modeling will increase further in future. But,omy can one be confident about the correctness of the
setting up these models is not easy, especially where tR@del and the fact that the values used for the input
semiconductor material is a disordered one, with marg,arameters correctly represent the device being modeled.
defect states in the forbidden energy gap. Detailddn€ can then use these parameters to optimize the solar
computer modeling is very complicated, requiring°e|| or detector structuregtc, as the case may be, for

knowledge of a large number of input parameterdh® best performance. This procedure of model

Moreover, the results produced by such a model aflevelopment, model calibration, prediction, and derivation

obtained in a tabular form, or in the form of graphs?f the model from experiments, contribute to a better
which makes it quite difficult to grasp the controlingknowledge of the material properties and the physics
physics. Simple analytical models on the other hand, &@ntrolling the device operation.
not require all the parameters and the results can be Most of the simulation programs were initially
captured in simple analytical expressions. In spite of tiesigned for crystalline semiconductor devices [1,2]. These
above-mentioned difficulties in detailed computeprograms were based on the solution of semiconductor
modeling, the emphasis on the latter is due to the fa@guations, and on the physical models that describe the
that we aim to get solar cells of the highest efficiencypge€miconductor material properties. This approach can also
To achieve this, it becomes essential to gain a fude used in modeling a-Si:H based devices. However, in
understanding of the device physics and explore fully tiBe case of a-Si:H, special attention has to be paid to
solar cell structures. When we are trying to understarﬁﬂOdG' the continuous distribution of localized states in
every detail of solar cell performance and squeeze dii¢ band gap and the recombination-generation (R-G)
every bit of efficiency possible, all the parameters th&tatistics of these states.
detailed computer-modeling need as input must be Since, Swartz [3] introduced detailedb initio
considered. In the analytical models simplifyinghumerical device modeling in 1982 to study hydrogenated
assumptions to the transport equations are used to avaidorphous silicon solar cells, device simulators are being
numerical integration of the Poisson’s and continuitysed in the a-Si:H photovoltaic research community. In
equations. Such analytical models, therefore, are only th® course of time, various simulation programs have
good as these approximations and in order to get a fbken developed especially for a-Si:H solar cells. Different
insight into device performance, there is no alternative todependent variables (quasi-Fermi levels, carrier
detailed computer modeling. Our definition of the lattepopulation) are chosen in the different models. Different
is the approach where Poisson’s equation and tipeograms use different solution techniques. One of the
continuity equations are all solved rigorously without anynost important intrinsic properties of a-Si:H is the density
simplifying assumptions, using numerical techniques. of localized states in the gap. Charge carriers in these
Detailed computer models deliver as output : (iftates do not take part in drift and diffusion currents, but

external properties of a device that are measuradfe®y significantly influence recombination of light-
quantities, (ii) internal properties of a device that cann@€nerated carriers and also affect the space-charge
be measured directly, or cannot be measured at all. §istribution, which, in turn, modifies the magnitude and
the case of solar cells, the dark and the illuminatddstribution of the built-in electric field inside the muilti-
current density-voltage J¢V) characteristics and the layered a-Si:H solar cell structure. To describe these
quantum efficiency (QE) are the external properties. THgcalizeéd gap states, different density of states (DOS)
electric field, the concentration of free and trapped charg&0d€ls have been used in the different programs. Contact
carriers, the space charge, the electron and hole currBfiAtments also differ in different models.

densities and the recombination rate as a function of the In order to simulate the performance of the present
position in the solar cell, are its internal properties. Afay state-of-the-art solar cell in its entirety, both the
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electrical and the optical properties have to be investigated. In the next two years, a sort of combined analytical-

Thus, two aspects of computer modeling of a-Si:H basedimerical approach was used by some investigators. This
solar cells have become important : one deals with tligpe of approach uses various approximations to the
electrical transport of the charges, their recombinatiotransport equations to permit closed-form solutions and
trapping, mobilityetc, while the other aspect deals withto avoid numerical integration of the continuity and

the optical generation of electron-hole pairs, theiPoisson’s equations. However, numerical techniques were
absorption, reflection and transmission in the differethen often used in solving the resulting algebraic

layers. In the following, a historical background of botlequations. Crandall [8], Okamotet al [9], Sichanugrist

the electrical and optical models is discussed separatelyal [10,11] and Faughnaet al [12,13] have used this

in brief. approach to solve the transport equations. Some of the
simplifying assumptions used by this group are constant
2. Electrical model minority carrier lifetimes in amorphous semiconductors,

As already stated, in detailed initio computer modeling, invariant drift mobilities and they implied that the field
the Poisson’s equation and the two carrier continuityrofile and charge distribution were entirely controlled
equations are simultaneously solved using rigoroud the intrinsic layer. Crandall [8] also assumed a constant
numerical techniques under non-thermodynamiglectric field over the-layer. The doped regions as well
equilibrium steady-state conditions.e( under light or as the contact to these regions were not considered
voltage bias or both). Swartz [3] of RCA laboratoriegroperly. Thus, for the above reasons, analytical models
developed the first comprehensive computer model of &tie only as good as their assumptions. They may be
amorphous silicorPIN solar cell in 1982. In this work, utilized to give a patch up explanation to experiments.
he used Scharfetter- Gummel trial functions [4]. HeBut they cannot introduce any new concept to improve
however, assumed for simplicity a single level Shockleythe efficiency or help refine our understanding of the
Read-Hall (SRH) recombination model [5,6] (a-Si:H haghysics of solar cells.

a complicated DOS with a number of levels inside the From 1985, we find a spurt of activities in tlad
band gap participating in the recombination process) aiitio detailed modeling sector. lkegaket al [14]
ignored trapped charges in the intringidéyer. The latter developed a computer model similar to reference [7]. It
assumption is also incorrect because trapped chai@® allowed for a single recombination level. However,
dominates the space charge in amorphous semicondugt@ther than assuming ohmic contacts, they used
materials. Also the model did not address transport @gcombination velocities at the/l and N/I interfaces as
electrostatics in the doped regions; instead assumipgundary conditions. Thus, they too did not consider the
boundary conditions at thB/l and N/l interfaces. transport kinetics in the doped layers.

At about the same time, Chen and Lee [7] also |t was Hack and Shur [15] who published the first
developed a model that used a numerical solution schea&ailed computer model of solar cells that allowed a
based on the integral technique to solve the Poissomore complete DOS picture in the band gap, and for the
equation and the continuity equations. Here, the equatiofi$t time, took into account both recombination and
were solved using an iterative relaxation technique. Liksharge storage (trapping) in these states. The model used
Swartz's model, this model also assumed a single lew@lo exponential acceptor-like tails emerging from the
SRH model to compute recombination. Hence this modebnduction band and two exponential donor-like tails
also did not account for recombination properly. Howevesmerging from the valence band. The occupancy in these
they introduced band tails in their DOS picture. Thesgtates were also calculated using the Taylor-Simmons’
tails were only allowed to trap charges; howevesapproximation T = 0°K occupation function) [16]. In
recombination through these states was not considergddition, the Hack and Shur model [15] took into account
But they did use Fermi statistics to calculate the spagge transport kinetics in the doped layers; although the
charge density in the tail states. In their model, thgoundary conditions used were still ideal ohmic contacts.
electron and hole concentration at the front and bagk about the same time, Schwartz [17] developed a
contacts were fixed at their thermodynamic equilibriurgimilar model independently that allowed for an even
values, which means that they considered ideal ohmigore general DOS picture. In its more developed form
contacts. this model introduced amphoteric dangling bond states in

the gap where occupancy was determined by the statistics
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developed by Sah [18]. The model initially assumedistribution functions. This model also allows for direct
ideal ohmic contacts only but this restriction was removetble tunneling at the front contact [27]. The same group
with subsequent work. Pawlikiewiczt al [19] developed in 1991 first formulated the strategy to simulate the
a model on the lines of Hack and Shur [15] with a tweontact region between two subcells of a multi-junction
donor-two acceptor tail states. However, the band relatgttucture. The junction was modelled by a thin, highly
properties were allowed to vary with position. But, thesg@efective, recombination layer with a reduced mobility
authors assumed ideal ohmic contacts at the boundaggp. The potential barriers for carriers moving towards
Tasaki et al [20] developed a model which tried tothis region were reduced by band gap grading.
address the physics in a-Si:H bad®iN hetero junction itiga et al [28] developed a simplified model which
solar cells for the first time. Besides tail states, i jitatively explains the complete simulation results to
considered the distribution of deep dangling bond statgﬁjdy the darkJ-V characteristics ofPIN a-Si:H solar
via two delta functions. However, the contacts were stillg|js. They used the Gaussian distribution model of one
considered to be ideally ohmic and the Taylor-Simmonglectron states for the gap states. This gap state distribution
(0°K) approximation [16] was used to compute trappegoyld not completely account for correlation effects but
charge and recombination through the localized gap stat@gs found to be a good approximation always in
Another significant model to explain the performanceomputing the recombination and trapped charges. They
of a-Si:H based solar cells was developed by Misiakd®wever chose equal carrier band microscopic mobilities
and Lindholm [21] at the same time. Like that of Hackor electrons and holes, which is unphysical. Ohmic
and Shur, this model used exponential distribution farontacts were used by them at the boundaries. Also, at
acceptor and donor states in the bandgap. Taylor-Simmot¥ same time, another device model for amorphous
approximation was also used here to compute ttsdicon based tandem solar cells was developed for direct
recombination and the trapped charges in the defemulation of the characteristics of the tandem structure
states. The boundary conditions for the minority carriefg9]. The model was implemented in the developed one-
were surface recombination speeds that characterigignensional device simulator called AMO1 where the
minority carrier flow across the contacts. However, th&hockley-Read-Hall statistics was used to calculate the
majority carrier concentrations were assumed to be tgéectron occupancy of the states. Both ohmic contacts at

same in thermodynamic equilibrium and under differerthe electrode-semiconductor interface and Schottky barrier
voltage bias and illumination conditions. contact boundary conditions at theP junction between

The computer model AMPS developed by FonasRIN sub-cells in a multi-junction structure were used.

et al [22-24] requires to be mentioned next. It Wa;randem cells have been modeled by RN cells in

revised later by Howt al [25] and Rubinelliet al [26]. series and thus proper consideration of the physics of

Trapping and recombination in the AMPS model wasarer transport.at the Juncthn of the two sub-cells h:'is
not been taken into account in this model. The potential

determined using the Shockley-Read-Hall formalism, ) i i
. . Iat the tandem interface between the cells is consistently
taking proper account of the ambient temperature. In . .
. o ... set at the position of the half the applied voltage to
other words, the Taylor-Simmons’ (0°K) approximation . . -
. . Mmaintain the current continuity.
was not employed. AMPS takes into account the effective

force-fields caused by drift, diffusion, bandgap and affinity '" 1992, another model was developed by Chatterjee
variations. The material properties were allowed to va&f the Indian Association for the Cultivation of Science,
with positon and the gap state properties with botﬁo!kata, India, that is_similar to the AMPS _model [30].
position and energy. The boundary conditions were aldd'S Program aiso introduced a donor-like and an

general, requiring the electrostatic energy of the vacuu?r?ceptor'“ke Gaussmp Q|str|but|on function to S|mulgte
level (for the Poisson's equation) and the hole artPP™NY and recombination through the deep dangling

electron recombination speeds of the transpareR?nd states, independently in 1992. The exponential band-

conducting oxide (TCOR and N/metal contacts (for the tails were also, of course, present. Recombination and

two continuity equations) to be specified. It takes intgh,arge trapping in the defect states were considered

account both charge storage and recombination thro using the Shockley-Read-Hall statistics. This electrical

u :
the band tail states and the dangling bond states. In &8del has been used to simulate the/ and Q-E

final form [26], the latter is modeled by Gaussianc aracteristics of single [31, 32] and double junction [33]
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cells. It has also been applied to study the properties of ElO

a-Si:H based temperature sensors [34] and investigate the t = lJext.eXpH—D (1)
origin of current gain in amorphous silicdN-I-P-I-N 05 O

structures (colour sensors) [35]. This program, which ighere the electric fieldsE| are the thermal equilibrium
very similar to the AMPS program, has been used for alblues andu.; stands for the effective mobility. With the
calculations in this study. It will be described in detaiparameter valud, = 2 x 1¢ V/cm, they obtained good
later. Smoleet al [36] developed the ASPIN model. results.

Shockley-Read statistics [5,6] was used to calculate the The model ASCA was developed by Marties al

recombination and charge trapping. In addition to tails ?35]_ This model is able to describe both the transient
donor-like and acceptor-like states, three Fermi-energy,y sieady-state behavior of solar cell devices. It can be
dependent defect states densities D°, D*, described 54 to simulate the time-degradation dependence ascribed
by Gaussian distribution functionsijth their correlated changes in DOS. The ‘standard’ gap state model was
states according to the defect pool model were also usgdeq. However, the majority carrier density at the front
Smole et al [37] also included in their device modelingang pack contacts was chosen to be equal to its value in
program, the transparent conducting oxide (TCO) layefye thermal equilibrium. A numerical modeling programme
In the meantime, another model (ASA) was developedlas also developed by Kreisel [46] to study the
by Zemanet al [38-41]. This model has the advantage oflegradation in amorphous silicon based thin film solar
simulating quasi steady-state capacitance-volta@eV)( cells.
characteristics, in addition to the steady-state
characteristics. There is provision here to either use tfle Review of optical model and integrated electrical-
‘standard’ model (exponential tail states and deep danglifgtical model
bond states simulated by a donor-like and acceptor-like most of the above models, the optical generation term
Gaussian distribution function) or the defect pool modefz, in the continuity equations was calculated using a
where a amphoteric three-states model is used to calculfggnula based on the simple exponential law of absorption.
recombination and charge trapping. ASA is also equippeédere,G = Z%@ d¥  and represents the photo-
with the trap-assisted tunneling recombination model of
Hurkx et al [42], which models the field-dependentgeneraﬁon due to light of an arbitrary spectrum where
recombination in high-field regions of the device such %o

the junction region between two subcells of a multi- ] ) o ]
junction structure. This trap assisted tunneling modgparactenzed by an absorption coefiicient @f in the

yields a much higher recombination in the space chargéate”al’ is ¢, Constant values were chosen for the

. . . . .Teflections at the front and the back surfaces. This simple
regions by taking into account an increased -carrier , X

X L . formula is not able to calculate correctly the absorption
concentration at a recombination centre, resulting from . .
. . . ... .. Inside the device because several aspects have been
tunneling from nearby locations and gives a modification

neglected. The wavelength dependent reflection at the
of the well known Shockley-Read-Hall formula for X X
o -7 . front transparent conducting oxide (TCO), and from the
recom_bmatlon. But, the application Of_ Fhe trap ?SS'Stetgack contact metal and absorption in these two end
tnneling model_ glone was not sufficient to SImUIat?ayers, need to be properly considered. Also light trapping
the J-V characteristics of the tandem cells due to the fagﬁects due to textured TCO surfaces and specular
that the tunneling model does not account for th@erference effects when the TCO is flat, should be
tunneling transport towards the recombination sites. {fvan into consideration. A good optical design is one of
was found by Willemenet al [41] that this could be the key attributes for achieving high-efficiency silicon
accomplished by increasing the extended state mobilis|ar cells. Thus it is important to design a structure in
in high field regions and they have used a consta@tich the absorption of incident light in the active parts
increased mobility in high field regions. Based orof the cell is a maximum. In case of a-Si:H solar cells,
experimental evidence, that room-temperature drift mobilityeveral light trapping techniques have been implemented
increases exponentially in fields above® Mjcm [43,44], to achieve this aim. These include the introduction of
they applied the following formula to the usual extendetéxtured (rough) surfaces and the use of special reflector
state mobilities [, . layers to keep light inside the active part of the cell.

incident flux of each component wavelengih
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With the implementation of various light trappingphase coherence between the diffused light at a rough
techniques the cells become very complicated systemnmterface and the incident light is assumed to be lost, so
and, it becomes essential to replace the above simple dhdt diffused light effectively behaves as a new source of
straightforward exponential absorption law by sophisticatdijht; which again is partly diffused and partly specularly
optical models. In this approach the solar cell is regardé@nsmitted or reflected at a rough interface. The method
as a multi-layer thin-film optical system and the opticals to calculate the total Poynting vector flux (due to the
behavior of this system, which has to take into accoudirect incident, specularly reflected and diffused light) at
reflection and transmission at all interfaces and absorptitime entrance and exit points of each layer; thus obtaining
in all layers of the system, is solved using numericdhe amount of light absorbed in each. Moreover, the
techniques. The general treatment of optical properties mithematical treatment of the optical model permits one
thin films can be found in several referenoeg, Heavens to consider normal or oblique incidence of the impinging
[47]. This treatment uses the complex refractive indicdght. The model yields the amount of light absorbed in
of the media and the effective Fresnel's coefficients. Theach layer of a stacked structure (including the TCO and
texture causes scattering of incident light at the interfatike metal contacts) and estimates the percentage of light
and in general, the amount and the angular distributioeflected from the front surface of the device (optical
of scattered light depend on the refractive indices of theflection loss).

media, the texture of the interface, and the incident apother approach to integrated optical and electrical
angle. If the exact morphology of the rough interfaces Pﬁodeling was taken by Rubinellet al [55]. For
known, one can apply several approaches such gsterojunctions having textured TCO as the front contact,
geometrical optics, physical optics or electromagnetige generation rate profile was calculated by a light ray
theory to study the scattering of light at these interfacegacking optical modeling, accounting for light scattering
As the texture introduces spatial variations in all threg; rough interfaces. A light beam in a medium,
dimensions of device structure, the precise opticghopagating into the next medium was split at the interface
modeling of the solar cells on textured substrates shoyllg a transmitted and a reflected ray. The complex
be carried out using at least two-dimensional (2-Disflected and transmitted waves were given by the standard
modeling. But, this rigorous treatment requires enormoySesnel's equations. These two rays were tracked by the
computation facilities and so a semi-empirical approacthmputer until the next interface was reached and this
is usually chosen. Different groups have addressed thjgcedure was repeated till the ray amplitude became
problem by more or less sophisticated semi-empiricegligible. This process is performed on all other rays
models. Among them, the scientists who attempted thigtil tracking of new rays no longer alters the calculated
first, were Yablonovitch [48] and Cody [49]. This groupaverage absorbance.

was followed by Deckmaret al [50] and Shade and Chatterjeeet al [56] integrated the optical model of

Smith [51]. Leblancet al [54] described above into a global electrical-
An original semi empirical optical model for simulatingoptical model, capable of simulating the properties of the
the optical properties of solar cells had been developgfesent day state-of-the-art solar cell or any other opto-
at the Laboratoire de Physique des Interfaces et dg@ctronic device in its entirety. The model takes into
Couches Minces (LPICM), Ecole Polytechnique, Franc@ccount both specular interference effects and diffused
by Leblanc et al [52-54]. In this model diffuse reflectance and transmittance due to a rough textured
reflectances and transmittances due to interface roughngggtace. In amorphous semiconductor devices, the electric
are derived from angular-resolved photometrigge|d is highly non-uniform on account of carrier trapping
measurements, and are used as input parameters to jfhehe large number of gap states, especially under
numerical program. The electromagnetic field's speculgfumination. Hence calculation of the total light absorbed
reflection and transmission coefficients are assumed to peeach layer of the cell is not enough to study in detail
proportional to the classical Fresnel coefficients, thge transport properties as a function of position in the
proportionality factor depending on the amount of totadevice. Thus, in order to calculate accurately both the
diffused light. Consequently specular light coherence gn-uniform light absorption and the extremely non-
kept and specular interferential effects, which may bgniform field inside an amorphous device, in this model,
observed experimentally with a flat or even a moderatelyhy semiconductor device structure is subdivided into a
rough TCO substrate, are taken into account. Howevesyge numbers of (typically 400 to 1000) grid points. The
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light absorbed in each layer (as well as the reflectidior hydrogenated amorphous silicon (a-Si:A)N solar
loss from the device) is obtained by taking the differenceells made use of quantum efficiency (QE) experiments,
of the Poynting’s vector flux from the top and bottonwhere the current generated by a monochromatic light
interface of each layer as already stated. A maximum whpinging on the cell, under a given bias light and bias
two rough interfaces have been considered in the modetltage, is measured. This method involves calculating
This electrical-optical model will be described in detaithe inner collection efficiency at a certain depthviz,
later. DICE(x), j = 1, 2 ...m, in aPIN solar cell, using the

Several other semi-empirical 1-D optical models baséfeasured normalized external collection efficiengE;),
on thin-film optics have been developed [57,58]. Thede= 1, 2 ...n,whereE is the incident photon or electron
models use the average scattering data of the rou@fergy. through a rectangular matrgxof elementsg; =
interfaces in a-Si:H solar cells which can be determinéfEi. %) as :
experimentally. The model developed by Tab al n = gDICE . @)
computes reflection and transmission at each interface of
a multi-layer structure by using the Fresnel's coefficient§olving this equation for DICE, requires in principle
that is only specular reflection or transmission is takenversion of the matrixg (therefore, for the matrixg to
into account. Only normal incidences of the light can bee invertible) and form to be equal ton. However,
modeled and scattering at the surfaces is not taken igpproximate solutions can be found for the over-
account. This model was later improved [59] to take intdetermined casen < n as also for the underdetermined
account scattering due to textured substrates and in ¢&sem > n, using the Singular Value Decomposition
final form is similar in approach to the model of LeblandSVD — Takahameet al [62]) technique. In a typical
et al [54], with the added advantage that any number sblar cell however, DICE should be calculated at a large
rough interfaces may be considered. This model has alsomber of points rf) in the device because under
been integrated into a combined electrical-optical modeperating illumination conditions, the electric field is
[60]. An excellent review of electrical modeling, opticalstrongly position dependent. Since in QE experiments,
modeling and the electrical-optical modeling approach &ppreciable response from an a-Si:H based solar cell is
given by Schropp and Zeman [61] obtained only over a wavelength range spanning from

0.35 um to 0.75um, m is in fact much larger tham.

4. Dynamic inner collection efficiency in a-Si:H based Thus the solution attempteda the SVD technique, has
PIN solar cells resulted in oscillatory and unstable solutions [63,64].

In order to improve the conversion efficiency of To improve the resolution in the standard DICE
amorphous silicon based solar cells, various analyses agiproach in the back and middle of théayer, Fischer

the solar cell photovoltaic characteristics have been carriggB] introduced the ‘bifacial DICE analysis’, where the
out. One important analysis that is necessary to improgembined quantum efficiency measured from Ehside

the device design is to calculate the depth profile of tland that measured from théside are used to generate
photo-generated carrier collection efficiency in the soldhe I-layer DICE profile. This analysis requires the solar
cell. We will then be in a position t®IN-point in cell to be contacted with a transparent conducting oxide
exactly which region of the device.¢. P/l interface,l- back contact, so that light can also be made to enter the
layer, N/I interface,etc) the photo-generated carriers aredevice from the back. The drawback is that this is not
mainly being lost. Takahamat al [62] first developed the case in a solar cell for optimized performance, so
such an analysis for the calculation of the dynamic innépat the DICE calculated by this method, does not
collection efficiency (DICE) in amorphous silicon solarePresent the DICE of a solar cell under optimal operating
cells. This quantity is defined as the probability that afonditions.

electron-hole pair generated at a certain deptimside Electron beams too can be used as probe instead of
the solar cell is collected, in other words, that i& probe monochromatic light, and the electron beam
contributes to the external solar cell current. DIJE( induced current (EBIC) technique at variable electron

therefore represents the depth profile of the carri®€am energy, has also been used to calculate the inner
collection efficiency within the solar cell. collec