Indian J. Phys80 (1), 11-35 (2006) %View
L

oveend [V

|V lllrl:lll i

B r‘d“ll.ﬂ

Detailed computer modeling of semiconductor devices

N Palit, U Dutta and P Chatterjee*
Energy Research Unit, Indian Association for the Cultivation of Science, Jadavpur, Kolkata-700 032, India

E-mail : parsathi_chatterjee@yahoo.co.in

Received 8 September 2005, accepted 23 November 2005

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. collection efficiency in a-Si:H based devices [65]. In this

The first calculation of DICE by Takahanea al [62] method, electron-hole pair generation in the material
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takes place under the influence of an electron beam @ferall operation of the device. It also plays an important
energyE, and beam currert. The EBIC technique also role in providing valuable feedback for device

relies on matrix inversion (inversion of eq. (2) above)ptimization. By helping to provide the necessary
However, its advantage over the photo-current generatiditections, it also cuts down on the time spent on costly
method lies in the fact that this generation functioand time-consuming experiments.

exhibits a maximum, the position of which increases s electrical model has been integrated [32] with an
with E. It can be shown, that this leads to an easigfyica| model [54] which takes into account both specular
numerical inversion. However, a weakness of this methqo terential effects and diffused reflection and

[65] is the uncertainty in the value of the eleCtron'hm?ransmission due to a rough interface. The latter is very

pair generation function. important when a solar cell is deposited on a rough
These techniques belong to the ‘inverse problefigxtured transparent conducting oxide (TCO) to enhance

solving’ approach, in the sense that one tries to calculajght trapping in the device. Besides solar cells, the

DICE from the external collection efficienayia a matrix model has also been successfully applied to semiconductor

inversion. It was shown for the first time by Chatterjee’getector structures [67], temperature sensors [34] and
group [66], that DICE or the position-dependent innegojor sensors [35].

carrier collection efficiency or PDICE, as the quantity

has been named hereafter, can also be calculated usire;la Electrical modet:

detailed electrical-optical model. This involves extractingn the electrical part of the model, three coupled
the parameters characterizing a given solar cell, jfferential equations : the Poisson’s equation and the
simulating its experimentally measurettV and QE two carrier continuity equations. are solved simultaneously
characteristics under various conditions using a detailethider non-equilibrium steady state conditions. (under
electrical-optical model based on the solution of ththe effect of voltage or light bias, or both), directly from
Poisson’s and the continuity equations. These paramet#s first principles. The equations used are :

can then be usediia the ‘direct problem solving’ Poisson’s equation :

approach, that will be described in Section 5.3, to calculate

the PDICE profile under given bias illumination and aztp(x) _p(x)

voltage conditions. 2 g (3)
0x
5. Description of such a typical detailed one- Hole continuity equation :
dimensional electrical-optical model (ASDMP) 83
10J,(%

0=G(¥) - R(AY, (¥~

The model that will be described in detail is the one q ox 4)
deve_loped by Chatterjee_and named ‘Amorphouglectron continuity equation :

Semiconductor Device Modeling Program (ASDMP)’ [30,

31,56]. It is a versatile model, capable of simulating both ¢ = G (x) - R( o %, )))+163n(x) )
the electrical and optical properties of a solar cell; in ox

brief the functioning of a solar cell in its entirety. Thewhere p (x) = net charge density

electrical part consists of a detail@th initio computer
model capable of simulating the dark and the illuminated AP -3+ p(3- n( X+ N.§ 6)
current density-voltage J§V) characteristics and the and the electric field

guantum efficiency of the devices, in the process analyzing

the electric field, carrier transport, recombination and E=

trapping in the gap states as a function of position in the
device. The program used here is applicable to a gendi§re: € is the dielectric constank the electrostatic field,

n-layer device where the material properties vary with (X) represents the position in energy of the local vacuum
position and the gap state properties with both positidavel: X the position in the devicey andn the valence-
and energy. The different layers may be amorphou@?”d hole density and the conduction band electron
microcrystalline or polycrystalline. The model helps tglensity respectively,q the electronic chargeR the
analyze the role of the defects and their impact on tf@combination rate,pr and nr the trapped hole and

0¥ (x) _ 7
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electron population density respectivly, the net x = 0 andx = L. These constraints force the mathematics
doping density, if anyG the electron-hole pair generationto acknowledge the fact that the currents must cross at
rate, J, and J, the hole and electron current density= O andx = L (the contact positions) by either therm-
respectively an&Fp andEg, the hole and electron quasi-ionic emission or interface recombination. Expressed
Fermi levels. In our calculations, the three state variabl&¥athematically, we obtain the followings :

that completely define the state of a device have been

taken to be the local vacuum leval, and the quasi- In(0)=aS0 B0)~ B (05 ()
Fermi levels Er, and E,. Once these three dependent =_ -

variables are r;<nown ;s a function of all other J5(0)=~aS,0 HAO)~ R(O), (9b)
information about the system can be determined as J,(L)=-q9§, B84 D- g( D5 (10a)
functions of position. In thermodynamic equilibrium, the

Fermi level is a constant as a function of position, and Jp(L) =aS,. B D - B( DE, (10b)

hence the three eqs. (3)—(5) essentially reduce to OQ/W\ereS

i > the Pol i This | nO,SpO are surface recombination velocities for
one equation.viz, the Poisson’s equation. is is a : :
q q electrons and holes respectively at the= 0 interface,

Zecon((jj order .nc;r:-hn;ear Idlfferentlal I equation, dW'th O"%nd the quantitieS,, . S,. are the corresponding velocities
ependent variable, local vacuum levgi(x) and one at thex = L interface. The largest value they can have

independent variablexy. This gquation must be SOIVedis ~10 cm/sec dictated by thermo-ionic emission. Here

subject to the boundary conditions n(0)p(O)are the electron (hole) density at = O,
w(0)=0-x(L)-9, +¢_ +X(0) (8a) n(L)p(L)are the same at = L.n(0)p,(0), my(L)py(L)

are the electron (hole) density in the thermodynamic

equilibrium atx = 0 andx = L respectively. The quantities
Y(L)=0 (8D)  gro, do, Son S0 SL and S, are the six boundary

in thermodynamic equilibrium. Oncg = ¥(X) is obtained, conditions that determine the quality of the contacts to

the band edges, fields, free carrier populations and trappee solar cell or the semiconductor device under study.

charges present at thermodynamic equilibrium are foungy varying these one can change the degree of ohmicity
In the non-thermodynamic equilibrium steady-state, @f the contacts. With the help of the boundary conditions

system of three coupled non-linear second ordé&tated above, the three equations (3) to (5) can be solved

differential equations in the three unknoy#isE . Ec | ~ simultaneously for ¢ =¢(x), B, =E;, (¥  and

are obtained. In order to solve these equations for ofir, = Erp(¥. For this, the different terms in the

state variables l,U,EFn,EFp , we need six boundary equations are to be calculated first. This is discussed

conditions, two for each dependent variable. The twoelow.

boundary conditions used in non—thermodynamigllll_ Calculation of the net charge density :

equilibrium are modified versions of (8a) and (8b)

¢’(0):0‘X(|-)‘¢BL+(PBO+X(0)‘V (8¢) g;e. net charge density(x) can be represented by eq.

p(x)=aBp(R -3+ p(¥— n( X+ NE
where p(x) is the number of valence band holes per unit
electron affinities ak = 0 andx = L respectively andis volume, n(x) is the number of conduction band electrons

the externally applied voltagéy and ¢s. are the distances pe_r unit volumng(x) = number of ”aPped holes per
in energy from the Fermi level to the conduction band iHnt volume arising from continuous localized statgéx)

thermodynamic equilibrium. It should also be mentioned number.of trapped glectrons pf-zr unit volume gnsmg
here thaty = » (X) = 0 is chosen to be the position infrom continuous localized stateg,, = net effective

energy of the vacuum level at the boundary paint L. discrete localized state density, which may be the impurity

. , trapped charge in the case of doped semiconductors.
The four other boundary conditions are obtained from

imposing constraints on the currents at the boundariest Free carrier population model :

and

and

Y(L)=0, (8d)
where L is the length of the devicey(0), ¥(L) are the



20 N Palit, U Dutta and P Chatterjee

Calculation of free charges in thermodynamiGree holes and the free electrons take the following forms
equilibrium : :

The models for then and p terms of eq. (6) are

developed assuming the very general band structure seen

in Figure 1. Hergy = (X) gives the value of the vacuum

<+ P-layer
le> Ve I-layer  y(x)=Ew (x) N-layer \
jlaycr l-lay . ! L,
< ayer W(x)=Ey (x) N layer 5 N metal L~
TCOAN © | e
b ﬁ' TCO! ) Qn*t 1
Py w=y(x=L)=0 X Ec(x) cta
duo E/\ Fe(x) PN %
E, 3 doL
F‘r0 EFO
I~
A
Eu(x
0 w(x) L

Figure 1.Band diagram of RIN junction cell in thermodynamic equilibrium. Figure 2.Band diagram of RIN junction cell under voltage and illumination

bias.
levelE, at some poinix.
The free-hole density at thermodynamic equilibrium  P(X) = ’\L(X)GXPE‘{ B, (- Fv(>¢}/ kE (16)
po() = N.(RexpFH{ B - £ (3§ / K 1y and
From the definitions, (X = Nc(x)epo-{ 00 K, M}/ k-E’ (7)
EFO =y(L)-x(L)-@, wherep andn are the hole and electron densities in non-

thermodynamic equilibrium steady state.
or

B. Discrete localized state model :
E. =0-x(L)- i ) . .
o X~ (12) Discrete localized states include states arising from an
Also intentional introduction of impurities (doping) or from

unintentional discrete impurity or defect states. In any

E(X=¢(-x(¥- {3 (13) case, the charge arising from these discrete states can be
From egs. (12) and (13), (11) becomes expressed as
B (% = N,(HexpE{ 0~ x (L)~ b ~¥ (¥ Noee = N = N, (18)
where N}, the number of charged donor-like states per
+x(X) + Eg(X)}/kTH (14) Vvolume in a particular layer andN,, the number of
charged acceptor — like states per volume in the same
Similarly, free electron density, layer, are determined by the discrete state concentrations
and ionization energies. Two options may be used here
no(X)=|\L(>9eXp5'{5(X)- EO}/ kE- (15) () full ionization and (i) partial ionization. If full

s i () o (39 e th e oS B 2 D e s 2

for the free hole and electron densities in thermodynamic | B
o thatN] =N, and N, =N,.
equilibrium.
At present, only fully ionized discrete states exist in
Free charges at non-thermodynamic equilibrium steadsur non-equilibrium model. ThereforeN*, is simply

net

state : Np —N,, whereNp and N, are the donor and acceptor

: : . . impurity concentrations, respectively.
Here, the Fermi level splits up into two quasi-Fermi purity P y

levels Eq,and E.,. Therefore, the expressions for the
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Goi 1 donor-like acceplor—like¥GA0 5 donor-like  acceptor-like| gDT(E) = GDO eXp[— E/ ED]’ E measured fronE,.
«——» G (19) The Urbach tail of acceptor-like states coming out
of the conduction band are modeled by :
S A N 1 S gAT(E')=GA0exp[—E/EA]; E' measured fromE,
(20) whereg is the density of states (DOS) per cc per
. @ . & eV and G,,(G,,)are the exponential prefactors (€m

eVY) of the respective Urbach tailE€p, Ex are the
Figure 3. Typical gap-state distributions used in program ASDMP : h teristi f th | d ducti band
(a) U-shaped model, where a constant distribution of midgap s&tgsg Charactensiic energy o e valence and conduction ban

assumed and (b) where the midgap states are modeled using two Gaudsiis respectively.
distribution functions. In both cases, donor-like and acceptor-like tail states

with exponential prefactor&po and Gao are present. The dotted line (b) Mid-gap states(dangling bond defecksdistribution:
represents the typical net DOS in (b). The bar indicates a possible discrete

localized state DOE.is the energy at which the states change from a donoy [ : .
like to an acceptor-like nature. [J shaped distribution :

Here, the density of midgap states is equal to a constant
C. Continuous localized state model : value, G, (as seen in Figure 3a). MeasuriBgpositively

Continuous localized states are those localized states tHawn fromE., we note that this flat region extends from
form a continuum throughout the bandgap. Thes& =E, to E=E -, , whereE,, andEy, are positive
continuum gap states are to be distinguished from tfgimbers defined as

d|§crete Iocel!zed stgtes,_ discussed above, which only E,, = E,IN(Gy/ Gyy) . (1)
exist at specific energies in the energy gap. In amorphous
or disordered semiconductors, for which class of materials E,, = E,.In(G,,/ G,,). (22)

this model has been primarily set up, such a quasll-he quantity E

. S ;. up IS measured positively down fror,
continuum of states exists in the mobility gap.

and the quantityE,, is measured positively up froif,.
These midgap states are assumed to be acceptor-like
(D) for ((E-E)<E,), and donor-like D) for

The symbolp; (X) denotes the total number of continuum,(E-E,) > E,). For this reasonEy, is called the
donor-like gap states per volume that are ionized ats@itchover energy, and is measured positively down from
point x. These unwanted donor-like continuum states atee conduction band edgg. This flat region is then
usually concentrated in the lower half of the bandgap #dded to the exponential region, thus completing the
amorphous materials and they generally lose their electrorshaped model.

to the valence band, henge represents the trapped ) o ]
. . . : Gaussian distribution of midgap states :
holes per unit volume. Similarly, acceptor-like continuum

states are concentrated in the upper half for a-Si:H badd@re, the midgap states have been modelled using two
materials. These gain their electrons from the conductiép@ussian distribution functions. In the case of

band and hencay is the number of trapped electrons pehydrogenated amorphous silicon (a-Si:H), the separation
unit volume in these states. Before computmgand nr, between peaks of Gaussian distribution functions has
the model used for distribution of the gap states reen assumed to be 0.5 eV. The reason for choosing 0.5
described. Figure 3 gives the two different types of gdfV @S the correlation energy, is to have a trough in the

state distribution incorporated in our modeling progranfl€t DOS between the Gaussian peaks. This has been
observed by subgap absorption [68] and photoconductivity

(a) Tail state distribution : [69] experiments. The upper Gaussian is composed of
acceptor-like D) states (densityNag cnr3), while the
lower one, consists of donor-likeD{%) states (density
Npe cnm3). The expressions for the DOS in the two cases

. . . , are given by :
This consists of: the Urbach tail of donor-like states

coming out of the valence band are modeled by :

(i) Distribution :

In both models, we have donor-like stat€’{) coming
out of the valence band and acceptor-like stai2<’)(
coming out of the conduction band.
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classic paper, which defined the modern defect-pool model

O Ne O H(E-E)?H . _

U, (E") = =2 EBXDD-( o zAG) (23) [76]. He cglculated the density of states in undoped and

D\/Z_"O'AGD | Orc Q doped a-Si:H and produced the key result that for a
sufficiently wide pool, negatively charged defectsNn

2 type material were lower in energy than positively charged
(E"-Ex) H . . .

(24) defects in P-type material, even when the correlation

energy is positive. This surprising result, found in many

experiments [68,77,78] could not be explained on the

basis of fixed Gaussian distribution functions representing

O ()= - os— o (5~ 5o)
N2moos0 '@ 296 g
whereN,;(Nyg) is the total DOS per cc in the accepto
(donor) GaussiarE,;(E;) is the position in eV of the
peak of the acceptor (donor) Gaussian measured from {i19ling bond defects.
conduction (valence) band edgeg(o,;) is the Powell and Deane [79,80] have presented a modified
respective standard deviation of the Gaussian and tefect-pool model, where they have shown that the energy
energiesE" and E™ are measured respectively from thespectrum of the density of states does depend on the
peak Eng) of the acceptor-like Gaussian distribution ansghumber of Si-H bonds mediating the weak bond breaking
the peak [Epg) of the donor-like Gaussian distribution. Inreaction, and that on this basis it is possible to calculate,
the region of overlap between the Gaussian distributi@malytically, the density-of-states distribution. They have
functions, both donor-like and acceptor-like states existoncluded that the best agreement with experimental
However, the amphoteric nature of the deep danglimgsults is obtained for a rather wide defect pool and for
bond states has not been taken into account. a model where two Si-H bonds mediate the weak-bond
breaking reaction. Using data from a wide range of
Midgap state distribution calculated on the basis of the
experiments, they have calculated a density-of-states
defect pool model :

. _ distribution for intrinsic a-Si:H with approximately four
Since the energy of the dangling-bond states can takeides as many charged defects as neutral ones.
range of values, due to the inherent disorder of the

amorphous network, then proper consideration of th ) , -
. S . angling bond defects in hydrogenated amorphous silicon,
chemical equilibrium model leads to an energy shift o
has not yet been incorporated into ASDMP.

the peak of the formed defects, due to the minimization
of free energy. Furthermore, this energy shift is differe !
for defects formed in the different charge states (+, 0, —

This is the so-called defect-pool model [70-72]. Thif\s already mentioned, in amorphous semiconductors, a
model allows for the probability of a dangling bondguasi-continuum of states exists in the mobility gap.
being formed in each of the three charged states (+, 0, Heir distributions, as assumed in this model, has been
, thus taking into account the amphoteric nature of @escribed in the previous section. Here, therefore the
dangling bond defect. total number of trapped holes per cpr)( must be

The genesis of the defect-pool model lies in the workomputed by integrating the trapped charges in all the
of Bar-Yam and Joannopoulos [73] who first pointed oudonor-like states. Likewisey, the total number of trapped
that the formation energy of a defect depends on igdectrons per cc, is computed by integrating the trapped
charge state and that the difference in the formatigtharges in all the acceptor-like states. It may be pointed

energies depends on the Fermi energy and the energyodt here, that we have assumed all states to be singly
the defect itself. charged states. In other words, a donor-like state is

Stutzmann [74] introduced the weak-bond dangllngdefmed as one having a single positive charge when

bond conversion model and Smith and Wagner Wﬁmpty, and is neutral (has zero charge) when filled with

identified the weak-bond energies with the valence-bang" electron. An acceptor-ike state has a single negative

tail states, which are exponentially distributed in energ)?,harge when occupied by an electron, and is neutral

giving a further distribution of formation energies. when empty. In order to calculate the valuespefand
ny in both thermodynamic equilibrium and in the non-

tﬁermodynamic equilibrium steady state, we need first to

The defect-pool model for calculating the density of

|)Probab|I|ty of occupation function :

Winer brought together these different aspects in
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consider the probability of occupation function. - f.)
a,=n-——>20,%, (h = n in thermodynamic
Thermodynamic equilibrium probability of occupation fo
function : equilibrium).
The usual Fermi-Dirac distribution function : =g\V,n; n= NCeXp[—(EC— E)/ k'I]‘_ (29)
= 1 Similarly usingf = f; and e, = c,, we obtain from egs.
1+expHE - E., )/KTH (25)  (26c) and (26d)

represents the probability of electron occupation of a _ . of 0O

state. The probability of hole occupation is given by %~ pomgﬁp\/m, (P = po in thermodynamic
(d-f,). In the above equatiok; is the position on the
energy scale of a defect level in the mobility g, is
the thermodynamic equilibrium Fermi level afd the =0, V,0; B = Nexp[-(E- E)/ k. (30)
ambient temperature.

equilibrium).

In the aboveny(py) is the free electron (hole) population

Non-thermodynamic equilibrium steady state probabilitin thermodynamic equilibrium and\(N,) the effective

of occupation function : DOS in the conduction (valence) band. Substituting the
In order to arrive at the expression of this probabilitfXPression ofa, (eq. (29)) andg, (eq. (30)) in eq. (26),
function, we have made use of the Shockley-Read-Hae obtain, using the law of detailed balance (eq. (27)),
model and considered the following four processdfe expression for the probability of occupation function
responsible for populating and depopulating a particulérin the steady state condition under voltage or light bias
defect state\, in the mobility gap : (a) electron emissionas

€, (b) electron capture, (c) hole emissiore, and (d)

hole capturec, t=(on+o,p)/ @, (n+n)+o,(p+ R (31)
where where n(p) are the free electron (hole) population in the
e=afN, (26a) non-equilibrium steady state. In calculating the above

expression for the occupation function, we have correctly
¢, == DN, ,, (26b)  accounted for the temperature effece. the Taylor-
e, =al- f)N, (26¢) Simmons [16] approximationT(= O°K) has not been
used in the present analysis.
Cp = prtap\/th! (26d)

where g, (o) is the capture cross-sections of electrong”) Charge in localized states :

(holes) in the state®; cnt3, v is the thermal velocity We obtain pr and ny, the trapped hole and electron

and a, and a, are constants to be determined using theéensities in the localized gap states by integrating the

law of detailed balance in thermodynamic equilibrium, product of the localized gap state density and the

is the probability of occupation function. For any steadyccupation function across the mobility gap. We do this

state condition, the following equation holds : by dividing the energy gap into a large number of
c,-6=c-6=R 27) intervals, assuming the density of states per en&gio

be constant in each tiny energy interveh, [Ey]. G; is

the value of the DOS at the midpoint of the energy

In thermodynamic equilibriumR = 0 and we have interval, calculated using the various distributions,

where R is the recombination rate in cfrsec™.

c,-€=¢-g=0. (28) described in part (i) of the present Section ‘Continuous
localized state model’.
In thermodynamic equilibrium, using= f, (eq. (25)) and
e, = ¢, we obtain from egs. (26a) and (26b) Thermodynamic equilibrium trapped charges :

For a band of donor states in the energy regBn ;]
with constant DOS per enerdy, = Gp the trapped hole
population is given by :
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p 0 - O
P = GDl(l_ f,(E)) dE, (32) R(cm®se¢' Fo,0,v, NG np- 17 O
. (n+n)+o,(p+ p)g
wheref, in the thermodynamic equilibrium probability of (37)
occupation function, given in eq. (25). where n;, the intrinsic carrier density is given by
Similarly, for a band of acceptor states in the energy ~ FE, O
region Ei, E;] with constant DOS per energ9, = G, n=JNN, eXp%D,
the trapped electron population is given by : .
. [E, =E-El (38)
n =GAEI’ f,dE. (33) For a band of statedN{ cnt) in the energy regiongj,
1 E;] with a constant DOS per enerdy;, the expression
Trapped charges at the steady state under voltage andféf recombination becomes :
:Lght bias-: f e - N, qEZE np- I EdE
ere again, for a band of donor states in the energy R=0,0,\, . 39
interval. p !:Ej”(r” nl)+ap( P H)E )

Here again, for a band of donor states in the energy, 5 Expressions for
interval [E;, E,] with constant DOS per enerdy; = Gp, o "

N

the trapped hole population is given by : Current density termg,, J, appear in the continuity egs.
(4) and (5). From transport theory, these have been
E, .
p = GD!’(l— f) dE, (34) expressed as :
' 3, (¥)= a0, (40)
where f is the probability of occupation function in the
non-equilibrium steady state given by eq. (31). 3, (%) = anu, OE; . (41)
Likewise,

Herep, (up) are the electron (hole) band microscopic
E,

n :GAl fdE, (35)  mobility, EFn(EFp)— the quasi-Fermi level for electron

) ] ] (hole) andqg — the electronic charge.
where G, is the constant density of acceptor-like states )
in the energy intervalE, E]. The equation ford, and J, can be expressed as

5.1.2. Recombination through localized states : I =qr¥1nD(ll/—X)+ qRH - anD(In N)' (42)

The recombination ternR appearg in the continuity .eqs.. 3, = qpu,0 (ll/ —x- Eg)— qD,0 p+ qpDy] (In N),

(4) and (5). To develop the equation for the recombination 43
traffic through the gap states we use the Shockley-Read- _ _ (_ .)
Hall model using the expression (27) for thavhere y is the vacuum levely is the electron affinity,

recombinationR we obtain Dn(Dp,) — the electron(hole) diffusion constant, and
N(N,) — the effective DOS in the conduction (valence)

R=6G-§ _(9)_ %) band. Here, term 1 is the drift due to the ‘effective field’
R=c-e :(%_ %), (36 on the electrons (holes), which in a hetero-

. . _ ) junction(Ox #0) includes besides the usual electrostatic
where f is the probability of occupation function underﬁeld’ also a contribution due to the gradient in the

non-equilibrium steady state conditions, and is given béﬁectron affinity. In other words, term 1 includes the

eg. (31). The above expression is obtained by SUbStitUtiBPadient of the conduction (valence) band edg¢E,).

the value ofa, in eq._(29) in the exprgssion fer (eq. For a homo-junctio]y =0 and hence, the first term

(26a)). a.nd also using the expressml'"n (2_6@ tr reduces toy only. Term 2 is the usual diffusion term

Subsﬁtutmg forf from eq. (31) and simplifying, we due to the carrier concentration gradient, while the last

obtain term determines the diffusion due to the gradient (if any)
in the number of available stat®é&(N,) per cn? in the
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conduction (valence) band. enhanced by the factor

5.2. Calculation of dark reverse bias current taking into exp(BE”2 /kT), (46)
account high field emission under reverse bias )

conditions wherek is the Boltzmann’s constant afdd— the absolute

temperature. This is the Poole-Frenkel effect that enhances

In any type of detector structure, the dark reverse biﬂ?‘e thermal generation in the presence of an electric
current is detrimental to device performance. That is Whya14. |t was only after this modification in the program
it is very important to have the minimum possible valug,,s made. that we could correctly reproduce the
for the dark reverse bias leakage current. The poss@?perimentally measured reverse bias currents fRIN

origins of this leakage current are bulk thermal generatiogigdes having standard hydrogenated amorphous silicon
contact injection and edge leakage. It has beeghd polymorphous silicor-layers.

demonstrated that for PIN structures with doped layers

that provide good blocking contacts, the contact injectio'i_’r3- Calculation of the position-dependent inner carrier
currents are negligible; hence the dark reverse bias leak&giection efficiency (PDICE) in solar cells :

currents are controlled by thermal generation of electroROsition dependent inner carrier collection efficiency
hole pairs through the bulk defect states. It waBDICE() has been calculated as follows: TREN cell
demonstrated [81,82] that the reverse bias current ifs divided into a large number of segments (typically
strongly influenced by the high electrical field existing iP00), SO that the calculated PDICE may be sensitive to
a diode under reverse bias. These authors suggested Hgt/ntermal electric field, under a given bias light (BL)
field-enhanced thermal generation takes place und®pd voltage V. BL is assumed to enter through fhe
reverse bias conditions, and introduced this effect in thdfyer, and the start of this _Iayer is designateck & 0.
simulation model AMPSria a Poole-Frenkel mechanism.F?r the purpose of calculating PDIC_E Xt we p_roduce
Similar modifications have been introduced in the modc‘e’Y'th the help of our m‘?‘?'e" generation _Of BL in all the
ASDMP of P Chatterjee, who demonstrated that the600 segments, and additiori@(x) generation in only the

. . segment atx. Similarly for calculatingPDICE(x.,) we
reverse bias dark current is enhanced by nearly threeg X y g B2

roduce additionalG(x.. eneration in segmernt, .
orders of magnitude in the case of a thin ~600 n 1) 9 . . g nx. !
(x) may be produced by any light signal, but it must

du_ndg. The high field enhancement (HFE) effect _V\_Iaﬁave a delta function position dependence, being non-
originally suggested by Poole [83,84] and later mod|f|egero only in the required segmert where PDICE is

by Frenkel [85]. It basically enhances the population cgeing calculated. The normalized collectio,

a band in the presence of an electric field. Let Y&(x),BL,V) of holes atx = 0, due toG(x) at x is
consider a donor-like localized gap state, which i§efined as -

characterized by a long-range Coulombic attraction for
electrons. Then in the presence of an electric figldhe
superposition of the Coulomb potential of the donor-like
site and the potential of the electric field results in the
lowering of the ionisation energy of the donor-like site [Abg J, {( BL+ @ J), V) - Abs J{ BLN/ q(47)
by an amountg,. If the donor-like sites are far enough G(x) '

apart that their Coulomb potentials do not overlap, as we
assume to be the case here, then [86,87] where the subscript ‘0’ of the hole curreht represents
its value atx = 0 andq is the electronic charge. This

@, = &2 (44)  collection depends on the applied BL and V. We can
similarly define the normalized collectidd, o (G(x),BL,V)
of electrons atx = 0, due toG(x) at x. Then :

p=mi ()", (45)  PDICE(¥, BLV)= Go(d ), BL V)

where ¢ is the material permittivity and- the electronic =C,0(G(%), BL V). (48)
charge. The conductivity of the conduction band is thef,o gifference in the numerator of eq. (4d),p, is in

general, the sum of :

Cpo(G(X), BL V) =

In this equation,
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A3, =3, ,(G(%)) 5.4. Generatiofoptical model :
In our present integrated electrical-optical modeling

0J,,(BLV) rogram, there are two options for calculating the
Y e G0 26CO) (a9) "9 o opt viating
0¢,(G(x))
The first term of eq. (49) is the hole currentxat 0 R4(6)

due to the generatiors(x) atx. The second term is the

extra BL hole current ax = 0 (if any) due to the now Zincident
well-known ‘photogating effect’ [88,89,35], wheré Eincidcmo'
represents different parameters, a change of which may

give rise to this effect, such as the electric field)
potential barrier,etc. But for PDICEK) to be calculated
from eq. (48), the numerator @&, (G(x),BL,V) should

be the first term of eq. (49) alone. To minimize the
effect of the second term of the eq. (48)x) is chosen

to be two orders of magnitude lower than the intensity of
BL at x;. Under these conditions, the second term in eq. Ty(©) Tpecutar

(49) is often negligible, buwhen it is not, PDICE has Figure 5. Schematic illustration of the assumptions of the model for the

. .. . . specular and diffused transmission and reflection of the TE mode. The same
to be renamed a ‘position-dependent carrier coIIecuoassumptionsare made for the TM mode, whereplace<.
response’ instead of ‘efficiency’. Also then, PDICE) (

becomes a function of the intensity 6f (x). We would  goneration term in the continuity equations: (i) the
like to emphasize however, that in all experiments on Qfaneration model using the exponential absorption law
and calculations of PDICE [62,63], the modificationgng (jiy the generation model which besides calculating
described by the second term of eq. (49) actually eXighe apsorptionvia the exponential absorption law, also
and when non-negligible, can give rise t0 QE or PDICRyes into account specular interferential effects as well
higher than unity. The valuef PDICE (x) calculated by 4 jight trapping due to rough interfaces. It is this latter
eq. (48) is identical to its value from : optical model that has been used for all calculations in

PDICE(x,BLV)= G, (Q X, BL this article.

=1

R

specular
©
Y7E 18 Eincident

rough interface

Y1e tre Eincident
®

-C, . (G(x), BLV), (50) (i) Generation model using the exponential absorption

where C,(G(x),BL,V) and C,.(G(x),BL,\\) are the 'aW:
normalized collection of electrons and holes respectiveljitially in this program the optical generation ra&
at x = L (the N-layer/metal back contact junction), duewhich appears in the continuity egs. (4) and (5), was

to the generatiorG(x) at . calculated using a formula based on the simple exponential
law of absorption. Here,
diffused G= Z a,Q, e(_an) (51)
A reflection

: and represents the photogeneration due to light of an
y arbitrary spectrum where the incident flux of each

¥ + Specular reflection
i
|

m=la , component, characterized by an absorption coefficient of
If:?o ~ oy in the material, isp;. This exponential absorption law
Tyase may be used for the calculation of the generation term.
_ \ But, this method has several drawbacksy the optical
iﬁ';,}; losses suffered by reflection or in the transparent
Metal — Tocal non-local conducting oxide at the front contact and in the back

rapping trapping metal contact are not considered properly. Furthermore,

Figure 4. Propagation of light in IN device deposited on a rough surfacespecmar interferential effects or light trapping by diffused
: local and non-local trapping.
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reflection and transmission due to scattering at rougiolarization mode, the field’s amplitude reflection and
surfaces were not taken into account at all. Hence, mnsmission coefficients, and tTE:LZ(rTMlZ and tTM12)
alternative method was incorporated in the program @it the interface between two layers 1 and 2 depend on
calculate the optical generation in the device correctlthe electromagnetic wave’s angle of incidenkg.is the
This is described below. component ok lying in the interface planry. According

] to the Descartes-Snell's law,, remains constant at the

) i _ into Iaccount specu""‘?eflection and refraction at each interface, and therefore
interferential effects and light trapping due to r°u9hs an invariant variable when specular light propagates

interfaces : through the entire stack. Thué’-,rElZ, tTElz,rTMlz and
The generation term in the continuity equations has bedalr@,|12 are given as functions dé, by :

calculated using an original semi-empirical model [52,

(i) Generation model taking

54], that has been integrated into the modeling program. L= k, ~k,, t = 2k, 52

Figure 4 shows the propagation of light inPEN device Tk otk Tk tk, (52)
which is deposited on a textured TCO coated glass

substrate. A part of the light is specularly reflected and k, _kzz 2k11

transmitted, while the other part undergoes diffused g & _ g 53

reflection and transmission. This is shown in more details ., ‘W’ ™ k, k' (53)
in Figure 5. Due to the roughness of the TCO and jumps gz + gl ?+ c

in the refractive indices between the different materials ! 2 ! ’

shown, two types of optical confinement take placeyhere

which may be distinguished in terms of their relative 32

distance : K = ﬂﬁgm_kzx 0 (m=1 2 (54)
(a) Local trapping in the thin layers, due to reflection at " A H y@ ' ’

different interfaces. This, as shown in the figure, is on a

microscopic scale and takes place in the layers of ﬂaﬁe tok [k :D27Tﬁﬁ2 :DZITETS (55)
solar cell itself. The blue wavelengths are strongly mEmTHAH AR

absorbed in a-SiH, and hence local trapping  for SuQ/vhhere n,and g, are the complex refractive index and

wavelengths is unimportant. However for the Weakl¥jielectric permittivity of the mediumm, and A the

absorbed red wavelengths > 6000 A, such trapping is .
. . L . wavelength in vacuum.
very important. The index of refraction is the highest for

intrinsic a-Si:H 6 ~ 3.7 for 6000 A) and decreases The total electromagnetic field at each interface of
progressively as one passes through Eakyer (| ~ the entire stack is the sum of the components coming
3.4), the TCO1f ~ 1.9), glassn(~ 1.5) and airr( = 1). from multiple reflection and refraction. This total
Thus on account of total internal reflection, a considerabfectromagnetic field may directly be derived by using
part of the energy reflected by the metal electrode t§e powerful matrix method of Abeles [90,91]. At a
trapped in the active absorber a-Si:H layer. given interface between two media andm + 1, in the
(b) Non-local trapping, due to total internal reflection of@se of TE mode (for the TM mode, the magnetic field
the energy diffused by the structure at the glass/@fmplitude H replaces the electric field amplitude),
interface, and shown in Figure 4. fields propagating in both directions,. and Ey_ in the
We now come to a brief description of the opticr:ﬁnec“umm are correlated to the fieldBm.,. and Em.-
model. According to the classical thin film theory, théaropag{;lting in the medium + 1 by the interface matrix
propagation of an electromagnetic plane wave incidehwm given by
upon a stack of thin layers separated by ideally flat L 01 ; 0
interfaces, can be solved from the classical Maxwell | = H TE‘I"“ H (56)
TEmm

m/ m+l
equations. For general non-normal incidence, the incident e e
light |§ divided into two polarized modes - the transvers&eld propagation through layem is described by a
electric (TE) and the transverse magnetic (TM) — which. . . .
. . . . . iagonal propagation matrif,, given by
are linearly polarized perpendicular to the direction o

propagation,i.e. to the wave vectok. For the TE (TM)
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rexpik | ) 0 0 where ¢ is the dielectric permittivity of the medium.

P e (57) : .
o o exptHk,l.) The absorbance in each laygy, of the solar cell is

obtained by taking the difference of the power flux

v.vhert.e Im is the layer t.hlckr?ess anif :—1..The tot.al through the top and bottom interface of the layer :
field is related to the field in the surrounding media by

multiplying the |, .. and theP, matrices. In the case 2 mtop ™ 2 zmbotiom

of an N-layer stack surrounded by two semi-infinite N 5 incident ' (63)
media 0 andN + 1, the boundary conditionsE(,, =0
and E e = Eo,) allow the calculation of the field in
each layer, as a function dt

This classical thin-film method takes into account light
coherence and applies to flat interface. When using this
incident* method for a-Si:HPIN solar cells, interference peaks are
The Poynting’s vectorX' correlates the total pagicted in the-layer absorptance and reflectance AR
electromagnetic field with the electromagnetic energy,es These predicted interference peaks are clearly
transport through the stack. It's flux through an unit aregycapnved in the experimental quantum efficiency AE(

of interface surface is the power flux passing through ﬂ}%d R@) curves of PIN cells deposited on smooth or
surface.2’is given by : moderately rough TCO.

= ERe(E x H D) (58) Reflection and refraction at a rough interface : Treatment
2 of specular and diffused components :
From Maxwell-Faraday’s equation. : At a rough interface, the incident light is divided into
two specular and two diffused components (Figure 5).
H :ikxE_ (59) The transverse electric (magnetic) specularly reflected
w and transmitted fields’ amplitude coefficients, andt;.
Therefore, (rryand t;,) are assumed to be proportional to the
respective Fresnel's coefficients (eqs. (52) and (53)) with
a constant of proportionalit
- 1 Re%x(kXE)*D (60) prop Wre (Vim )
20U B '

e = yTErTE(r 'TM =Vor TM)! (643)
Here, E and H are the complex electric and magnetic
fields, respectively, Re (Im) refers to the real (imaginary) te = VTEtTE(t'TM =Vt TM)- (64b)
part of such a complex vector, and "’ to the conjugatiorhe factor y;¢ (Vry ) depends on the diffused reflectance
operator. At the interface between the two media, th®, and diffused transmittancely at the interface, is
electric field amplitude propagating in both directidhs derived by equalizing the power flux, before and after
and E., is known from the calculations given abovethe interface.R; and Ty are calculated from angular-
Hence, the fluj , of 3 through anyxy section can be resolved photometric measurements and used as input
calculated. For the transverse electric (TE) mode : parameters to the numerical program. It is tderandt’
(r;y and t;,,), which are to be used in eqg. (56) to
>, = (1 2wp) a?e(kz)o E.[° —|E_|2)+ 2in(k) In{ E E_)g determine the interface matriX,, ., when the interface
is rough. Thereafter, the incident light's specular
(61) propagation is determined by the matrix formalism of
where the permeability. equals the permeabilityy of  Apeles [91] as already stated. The specularly reflected
the vacuum for a non-magnetic media agdis the z  and transmitted light's coherence has been kept; and
component of the wave-vector. For the transverse magneiisnce specular interferential effects (when the TCO is
(TM) mode we have : flat or even moderately rough) may be obtained from
s =(]/2w) calculations based on this model as already stated.
In order to analyze the diffused flux, each half-space
X surrounding the interface is sampled in several directions
xgxe(kz/e) (|H+|2—|H_|2)+ 2Im(k,/€) |m( H, H)E (typically 40) corresponding to an incrementation of the
62) in-plane componerk,, of the wave vectok. k,, is given
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by : non-uniform nature of the field inside an amorphous
device, resulting from carrier trapping in the large number

:M (65) of gap states, specially under illumination.

sy p
The angular diffused reflectance (transmittancey->- Solution technique :
R,(6)(T.(6))is defined as the reflected (transmitted), 5 ; Thermodynamic equilibrium :
power around the directiof per unit solid angle and is
related to the experimentally measured quan®y(T,).
The diffused reflected flux in the directior®,
corresponding tdk, is given by

2nR, (0)sin(6) do= (66)

Zr+

k

In thermodynamic equilibrium, as already mentioned in
Section 5.1, there is only the Poisson’s equation (eq. (3))
to be solved. This is a second order non-linear differential
equation with one dependent variabley) (and one
independent variablex), This equation must be solved
whereZ) . is the Poynting’s vector in the positive subject to the boundary conditions (egs. (8a) and (8b))
direction corresponding to the specular field which igmentioned in Section 5.1)

known. A similar expression can be derived win(6). We gety =(x) by turning Poisson’s equation into a

The angular variation &%, (6) at the TCO/p interface set of second-order finite difference equations and using
is assumed to be Lambertiare. it obeys the cd® law, the Scarfetter and Gummel [4] method in conjunction
while that for T, (6)is assumed to obey a é6slaw. A with the Newton-Raphson technique for solving the
Lambertian angular distribution law has also been assumsiehultaneous, non-linear equations. These latter techniques
for bothR, (6) andT,(8) at theN/aluminium or theN/  are described towards the end of this section. Qnde
silver interface. The spectroscopic distribution of thesgbtained, the band diagram, electric field, trapped and
quantities, based on experimental measurements, are takee carrier populations can be calculated.
from Leblanc [52].

In the model, with the support of experimental result$-5-2. Non-thermodynamic equlibrium steady state :

it is assumed [52], that phase coherence between diffudddre, the electron potential energy of the vacuum level,
light and incident light is lost at the rough interfacey and the quasi Fermi levéls, andEr, are used as

Hence this diffused light (eq. (66)) and a similathe dependent variables with one independent variable
expression witfl, (6) is similar to a ‘new source’ (x) in which the set of semiconductor equations : the
emitting within the stack. The power flux due to thiSDOiSSOI"I’S equation (eq (3)) and the hole and electron
‘new source’ is again calculated at the top interface a’&‘éntinuity equations (egs. (4), (5)) are to be solved. The
the bottom interface of each layer. Thus in each layer thems in these governing equations are non-linear. The
absorption coming from this diffusion and calculatedrent density derivative term in the continuity equations
along thek,, direction is derived, as are also the NeWny the vacuum level derivative term in the Poisson’s
incident fluxes at rough interfaces. This procedure ig, aiions are represented by finite central differences
continued via gn elegant matrix method [54’5?]’ t,othat couple every position in the device to the adjacent
compute then times diffused flux and the absorption mPosition. The three equations (egs. (3), (4) and (5)) are

each layer every time. The total absorbance is finale/ . . .
. . I upled non-linear equations, which are to be solved
calculated by successively adding the contribution ofo_

each step. This is the value for the generation Brin using the six boundary conditions (egs. (8c), (8d), (9a),
.p. . g (9b), (10a) and (10b)). The egs. (4) and (5) contain the
the continuity egs. (4) and (5). . ; , ,
] i ) ) _ current densities which are given by the current density
_When use_d in conjunction with the electrical mOdele_quations (egs. (40) and (41)), the recombination ®ym
this method is used to calculate the energy absorbedgwlen by eq. (39) and the generation te@n calculated
each of the (typically) 600 segments into which the SOI%rn the basis of one or the other of the optical models
cell is divided, besides the part of the incident light IOSc§escribed in Section 5.4. However, with the expressions
by absorption in the TCO, the back contact metal; ar[qO) and (41) for the current densities, numerical methods

the reflection loss from the dewice. It is necessary Show difficulty in convergence. Scharfetter and Gummel

divide the cells into such a large nu.mber of segmer?ts E_l have derived a trial function for the current densities
take proper account of the non-uniformity of the ligh

oo hat is more convenient for obtaining numerical solutions.
absorbed in different layers, as well as the extremelp/hiS method basically splits the device into two
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interpenetrating lattices. On one set of grid points, weith their partial derivatives (as required in eq. (68)) to
solve for the unknowns, E;, and Er,, while the solve for the (NPTS-1) unknowns. The three egs. ((3)-
current densities (containing the derivatives of the quage)) at thei-th point with the derivative terms expressed

Fermi levels — egs. (40) and (41)) are solved at the othgf central differences and the right hand side set equal to
set of grid points. It then uses a direct banded matrpero may be written respectively as :

solution technigue to solve the linearised set of equations
resulting from applying the Newton-Raphson technique F :M_ﬂ@ -n+p-n+ N,E=0
E )

to the system of non linear, coupled finite difference ax?
equations. lterative solutions are then obtained for the (69)
three coupled differential equations using the Newton- 1
Raphson technique. F,=(G-R)-=
q
Newton-Raphson method :
This method finds the root of a functidix) iteratively, < DJB p,i+l/2_‘Jp,i-1/25:@:0 at steady state,
or roots of a set of functions, if given an adequate initial g Ax g ot
guess for the roots. Here, the functibfx) is expanded (70)
in Taylor's series about some initial guess:
100,012 = Jnj-120
: X=%)° . Fys =(G -R)+=g— —q
109= 100)+(x= %) FOop+ 0 (g : all ax
(67) :% =0 at steady state, (71)

Considering only the first two terms of the above equation,
this technique finds the root of(x), i.e. f(X) = 0. \whereAx is the grid spacing, assumed to be the same for

Solving for x yields ultimately, both the interpenetrating lattices.
K= =0 =~ f (%) The partial derivatives ofF;, F,,andF, are taken
f'(%) (68)  with respect to every unknown non-dimensional variable

(e.9 ¢, /KT, E /KT, E.i / kT at thei-th grid point).

The difference be.tween the mmal, gyes&) (and the The following specific matrix equation. is then solved for
actual root X), 9, is added to the initial guesgy) for the matrix X -

a better estimate to the root for the next iteration. The
method requires good initial guess values for the three [A]]IX]=[H§], (72)

?n_d_ependent Yanablesyx, Er, . andg;, as mput._ If the \here the matrixA is the Jacobian matrix of partial
initial guess is close enough to the root, this methodjerivatives of the three functiofs, F

. . 5, and F, (egs.
converges extremely rapidly to the desired root. Th&g)_(n)) w.rt. each of the above-mentioned non-

iterative procedure is StOPped when t_he differgnces dimensionalised variable corresponding to the matriX
less than some predetermined error critertonThe one- is constructed as

dimensional device here is divided into NPTS slabs
(typically 400 to 600 slabs for single junction structures 0
and 1000 or greater for multi-junction dHPIN type of %] 0
devices, where there is a rapid variation of one or all the O

dependent variableg)(, Es, , Er,) over small distances oy, kT B
(), which lead to (NPTS+1) equidistant grid points in 05 /KD,
the device where the three sets of unknowhsEx,, Er, %E _ /kTB
are calculated. Since there are 6 boundary conditions, O For! O
two for each unknown, at the two ends of the device, B

there are (NPTS-1) points in the device where the three .
governing equations must be solved simultaneousl"i'/’.nd the matrixB constructed as :
Therefore, there will be (NPTS-1) x 3 equations along
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Table 1.Parameters extracted using ASDMP to simulate the experimentally measured characteristics of a standard a-Si:H base¢idsinthesjolac cell.

Parameter P-a-SiC:H I-a-SiC:H (buffer) 1-a-Si:H (IL?) I-a-Si :H N-a-Si:H
Layer thickness (nm) 8 3 10 990 20
Electron affinity (eV) 3.89 3.88 4.00 4.00 4.00
Mobility gap (eV) 2.00 2.00 1.86 1.86 1.80
Activation energy (eV) 0.46 0.46 0.87 0.87 0.21
Effective DOS in valence and conduction bands¢tm 2.0 x 1@° 2.0 x 1@° 2.0 x 1@° 2.0 x 1@° 2.0x16°
Characteristic energy (VB tail) (eV) 0.120 0.110 0.050 0.050 0.050
Characteristic energy (CB tail) (eV) 0.070 0.055 0.030 0.030 0.030
Exponential tail prefactorSpg, Ga (3 eV-?) 4.0x 16* 4.0x 16 4.0 x 161 4.0 x 161 4.0x 16*
Electron mobility (crd/V s) 20 20 30 30 30

Hole mobility (cn#/V s) 2 4 5 5 5

DOS (cnmd) (annealed state) 8 x 10 5x 107 2 x 107 5x 10° 9 x 108
DOS (cnd) (stabilized state) 8x 19 5x 107 2 x 107 1x107 9 x 108
Neutral o® (tails) (cn¥?) 1015 1015 1017 1017 1017
Chargedo® (tails) (cn¥) 2 x 1071 2 x 101 1016 5x 107 1016
Neutral o® (midgap) (crf) 1015 1015 5 x 1016 1016 107
Chargedo® (midgap) (crd) (annealed) 2 x 1 2 x 1015 5x 1014 5 x 1015 1016
Chargeds® (midgap) (cr) (stabilized) 2 x 16° 2 x 101 5x 104 1014 1016

3L stands for ‘intermediate layer’, defined in the text.

bais the capture cross section of a given defect state.

Table 2.Calculated values of the dark current density from them®IN  phe equal to 16 in the non-thermodynamic equilibrium

cell at a reverse applied voltage of 2 volts and a forward applied voltage Ogileady state and 0in thermodynamic equilibrium for
volt, for different values of the dangling bond (DB) density in the intrinsic

absorber. all the non-dimensionalized unknowns.
Applied Dark current (mA cr) . . . . .
, _ , 6. Typical results for a single junction a-Si:H based
voltage Low DB density High DB density .
solar cell : calculations based on ASDMP

(volts) HFE* no HFE* HFE* no HFE*

20 083x10 229x16° 317x10° 507 x 16° Typical results obtained for a standard single junction a-

10 178 0.44 Si:H basedPIN structure solar cell using the above

model are described in this section. The cell chosen is an
~1.0 um standardPIN cell of structure :P-a-SiC:Hi-a-
SiC:H(buffer)l-a-Si:N-a-Si:H. In addition, the first 10

*HFE stands for high field enhancement at reverse bias.

I B nm of the intrinsic layer is assumed to have a dangling

H:l,i O bond density intermediate between the DOS in the buffer
_a:z,ig and that in the main-layer. This layer will be referred

B:S"B to as the ‘intermediate layer’ (IL).

A 8 The input parameters as extracted by modeling the

measured dark and illuminated current density-voltdge (
The matrices are set up in this manner so that thg as well as the quantum efficiency (QE) characteristics
Jacobian matrixA is a banded matrix. This minimizesof this cell in the annealed and light-stabilized states are
the amount of computer time necessary to invert trven in Tables 1 and 2. The front and back contact
matrix A to solve for the matrixX. After each iteration, barrier heights are taken to be 1.34 eV and 0.21 eV,
the matrix X is added to the latest guess until théespectively.
smallest value contained within the matdxis less than ~ The calculated values of the dark current at a reverse
some predetermined error criteribn Here, h is taken to bias of 2 volts, both with and without the high field
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Figure 6. Different characteristics of thetdn PIN cell having a standard a- g . ‘5
Si:H I-layer in the annealed statee(, when the dangling bond (DB) DOS is & 10 '

0 02 04 06 08 1 12
Position (microns)

low) and in the light-stabilized state (high DB density with increased charged
capture cross section) : (a) the da¥ characteristics — the current at reverse
bias has been calculated both by taking into account high field enhancemEigure 8. (a) The free electron and the hole densities, (b) the electron and
(HFE)via the Poole-Frenkel effect, and when this effect is absent (no HFE)ple current densities and (c) the recombination in the device in the annealed
(b) the lightJ-V characteristics, (c) the QE characteristics at 0 volts and (q)ow DB) and light-stabilized (high DB) states under illumination and 0 voltage
the PDICE at 0 volts. All quantities in (b), (c) and (d) have been calculatgsgias.

under AM 1.5 light.

(Fig. 6(b)) of the cell yield a short-circuit current density
of Jsc= 15.73 mA/cri, open-circuit voltageV,= 0.806

Thermodyn.equil = Thermodyn.equil
""" Light, 0 volt,low DB ""'Ligh'so"n",lqo,w DB volts, fill-factor FF = 0.601, and efficiency; = 7.629%
—— Light, 0 volt, high DB —— Light, 0 volt, high DB i
2 z 0 B in the annealed state. In the same graph, the lOgtit
o1 § ) characteristic in the degraded condition of the cell is also
0 z, 10° shown. Except for the open-circuit voltage, all the other
51 % solar cell output parameters are found to deteriorate
E considerably. The model yields the following values under
X = 4 . .
“0 02 04 06 08 1 12 =410 0 02 04 06 08 1 12 this condition 1Jse = 13.97 mA/crﬁ, Vo = 0.798 volts,

Position (microns) Position (microns) FF = 0.487,7 = 5.44%. Figure 6(c) shows the quantum
Figure 7.(a) The band diagrams of theufin PIN cell having a standard a- efficiency (QE) under AM1.5 illumination at O volts, in
Si:HI-layer in the annealed statee(, when the dangling bond (DB) DOS is the gnnealed and light-soaked states of the given cell, as

low) under thermodynamic equilibrium and under AM1.5 illumination at O alculated on the basis of our model. As expected. the
volts and of the same cell after prolonged light- soaking (high DB densi{: ’ p !

with increased charged capture cross section) under AM 1.5 light, 0 voéE after prolonged light-soaking deteriorates over the
and (b) the electric field within the device under the same three conditionliddle and long wavelength regions of the solar spectrum,
due to increased recombination in the intrinsic layer on

enhancement (HFE) effect, taken into accouia the account of the increase of the mid-gap defect density and

Poole-Frenkel mechanism in the model ASDMP, are givetll?e charged capture cross section of these states in the

in Table 2 in the annealed (low dangling bond (DBjntrinsic layer (Table 1). The short wavelength QE

density) and light-stabilized (high DB density) states(..SWQE) however, remai.ns un.affected. This'is becguse
Dark current densities at a forward bias of 1 volt argght of this wavelength is mainly absorbed in the first

. . 100 nm of the device and in part of this regiéhldyer,
also given under these two conditions.
buffer, IL), the DOS ando are unchanged (Table 1).

Fig'ure 6(a) gives the ‘?'a”l'V characteristics of the qer that part of thd-layer, immediately adjoining the
1.0 micronsPIN cell considered, as calculated on thql_, the dangling bond (DB) DOS of course does increase;

basis of model ASDMP, in the annealed and lighthoyever the higher DOS also leads to increased hole
stabilized states. The calculated lightv characteristics trapping and hence a higher electric field over a narrow
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front region (Figure 7(b)), than that which existed hermay be responsible for the possible under-performance of
in the annealed state. This stronger field annuls to soraedevice, and in general, suggest ways of optimizing the
extent the negative effect of the increased DB densitlevice performance. These extracted parameters can also
over the first ~ 100 nm; hence the SWQE in the lightte used to calculate the electric field, the recombination,
soaked state does not fall relative to that in the annealkég free and trapped charge densities, and the electron
state (Figure 6(c)). Figure 6(d) shows the positiorand hole current densities as a function of position inside
dependent inner collection efficiency in the annealed afie device-quantities that cannot be determined
light-soaked states. Carrier collection is seen to deteriors@¥perimentally. Such insight and suggestions from
in the middle and back of the device (Figure 6(d)) witfinodeling calculations help experimentalists improve device
an increase of the dangling bond density and their chargegrformance, with a minimum of trial runs. We have in

capture cross-section, in the light-stabilized state. this review, described one such typical model -
‘Amorphous Semiconductor Device Modeling Program

However PDICE in the front remains unaltered due t . . .
ASDMP)' — capable of simulating both the electrical

the same reason as mentioned above for the case of h% . . . . .
SWQE and optical properties of semiconducting opto-electronic

devices.
The band diagrams at thermodynamic equilibrium in

the annealed condition, and at the steady state ungerFuture outlook

illumination both in the annealed (low DB) and light-The future of computer modeling of semiconductor devices
soaked (high DB) states, are compared in Figure 7(aes in predicting novel designs and new combinations
We find that the bands under illumination become flattefor improved device performance. A case in point is the
than those obtained under thermodynamic equilibriunconcept of band gap profiling introduced by Guha’s
When the dangling bond density is high, eg after group [92], which brought into focus the hugely successful
light- soaking, the bands become flatter still. This i@nd relatively high efficiency amorphous silicon/amorphous
because, under illumination, due to excess hole trappifijcon-germanium tandem solar cells. As semiconductor
near theP/l interface a stronger field develops over thid€sign becomes more and more complicated, it becomes
region, relative to that at thermodynamic equilibriurﬁextremEIy time-consuming and expensive to optimize

(Figure 7(b)); and this in turn leads to a collapse of th%ewce d_eS|gn. '_A‘S already stated, such efforts_ on the part
S . o of experimentalists can be vastly reduced with the help

bulk electric field. The dangling bond density increases . . .

. . . ; . . of detailed computer modeling. We may site the example

on light-soaking (high DB case in the Figure), leading to . . o . .

further hole-trapping at theP/l interface and of the amorphous silicon/crystalline silicon heterojunction

progressively lower field in the bulk. This is seen ierith Intrinsic Thin layer (HIT) cells, discovered by the
Figure 7(b), where the electric field within the device i2Panese group — Sawaelaal [93]. These cells combine

plotted at thermodynamic equilibrium and undefhe high efficiency of crystalline silicon solar cells and

illumination in the annealed and light-soaked states. THaE low cost of amorphous silicon cells. In fact conversion
free electron and hole density @nd p) profiles, the efficiencies as high as 20.7% have been achieved by the

electron and hole current densities and recombination §NYO group [94]. In such cells there are several interfaces
the device for the two cases (annealed and light-soakédyd the design is extremely complex, so that detailed
are shown in Figures 8(a-c) respectively under illuminatioplectrical and optical modeling, using a model such as

and O voltage bias. ASDMP described here, is indispensable for their
optimization.

7. Summary
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