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rescarch  Analysis of Light Scattering in
Amorphous Si:H Solar Cells by
a One-Dimensional
Semi-coherent Optical Model
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A one-dimensional semi-coherent optical model for thin-film solar cells is presented.
The optical circumstances at flat interfaces are addressed and the situation at rough
interfaces in the model is described for the case of direct (coherent) incident and scat-
tered (incoherent) incident light. After the model has been experimentally verified,
analysis of the light scattering process in hydrogenated amorphous silicon (a-
Si:H) p—i—n solar cells is carried out. The influence of the interface root-mean-square
roughness and the effect of different angular distribution functions of diffused light
on quantum efficiency and short-circuit current are investigated by the optical model.
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I. INTRODUCTION

tures of the solar cells. One of the most commonly used light trapping techniques is scattering of inci-

dent light at rough internal interfaces. The roughness of the interfaces is usually achieved by using
rough substrates on which the solar cells are deposited. Multi-directional spreading of scattered light in the solar
cell increases the optical paths of light propagation in the thin layers, leading to higher absorption. Moreover,
higher reflection of scattered light at internal interfaces due to non-perpendicular incidence of the beams at the
interfaces assures more efficient light trapping in the solar cells.

The description of light scattering at the rough interfaces of thin-film solar cells presents a comprehensive
problem, since the morphology of the interfaces is usually random and their root-mean-square roughness o, is
of the same order as the wavelength of incident light in the layers. Additionally, the interference pattern which
can be observed in the wavelength-dependent characteristics of the solar cells (e.g., quantum efficiency QE)
indicates that, besides the scattered light, there still exists a significant amount of direct non-scattered light that
propagates coherently throughout the structure.’

To analyse and optimise the complex optical process, optical modelling is required. To carry out realistic
optical simulations, a model that incorporates both light scattering and coherent propagation of direct light
should be used. In order to describe the scattering process in the model: (i) the amount of scattered light at each
rough interface; and (ii) how the light is scattered in different directions in reflection and in transmission, have
to be determined. Previous publicationsy1 indicate that the amount of scattered light (i) at a rough interface can

T o enhance light absorption in thin-film solar cells, light trapping is implemented in the multi-layer struc-
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16 J. KRC, F. SMOLE AND M. TOPIC

be approximately determined by means of scalar scattering theory>~’ that defines the ratio between diffused
(scattered) and total (diffused + specular) light, known as the haze parameter. To describe how the light is scattered
in different directions (ii) angular distribution functions of diffused light ADFs, are introduced and determined.
Haze and ADFs are scattering parameters that fully characterise scattering process at a rough interface.

Some optical models for thin-film solar cells with rough interfaces have already been reported.**~' In this
paper we present a recently developed one-dimensional semi-coherent optical model. In the model the direct
(non-scattered) light is analysed coherently over the entire structure, which is not the case in some of the pre-
viously developed optical models.”'*'? Thus, the interference pattern in QE of the solar cells can be accurately
reproduced in the simulations. For each interface the o,,,,s value, which determine the haze parameter, and angular
distribution functions in reflection and in transmission, can be determined separately. These scattering parameters
are input parameters of the model and can be determined (measured) externally for the rough substrate used. Thus,
the model can be used for thin-film solar cells deposited on any type of substrate with known (measured) scatter-
ing parameters. Describing the light scattering by the scattering parameters involves analysis of enormous
amount of data describing the random morphology of rough interfaces in microscopic detail as in some other
models.' Instead of iterative calculation of direct electromagnetic waves,* which are exposed to multiple reflec-
tions and transmissions, the distribution of direct light is calculated in one iteration, starting at back and finishing
at front side of the structure. All these features enable the simulations to be performed in a few seconds or a few
minutes (depending on the structure) without using powerful computers as in case of first principle models, requir-
ing exact description of the interface morphology.'® In the simulation with the model presented here, not only
light scattering at front TCO/p and back n/metal interfaces is taken into account as in,” but scattering at all internal
rough interfaces is considered. At a rough interface the interference part of direct light (interaction between for-
ward and backward waves), which may reach 10% of total light intensity,” is also considered in the calculation of
diffused components at the interface, which neglected is in other reported models. Moreover, additional scattering
of already scattered light falling on a rough interface is included and described with different, usually broader
angular distribution functions, as in the case of direct incident light. Besides the standard optical quantities
(e.g., reflectance R, transmittance 7, absorbance A) the model also enables the calculation of carrier generation
rate profile in the semiconductor layers which can be incorporated in any standard electrical simulator. In this
paper we will restrict our results to absorbance in the layers (enabling calculation of QE and optical losses), total
reflectance and short-circuit current, Jsc, for the case of a single-junction solar cell structure.

The paper is organised as follows. Optical circumstances at flat interfaces are addressed, and the situation at a
rough interface is described for direct incident light in Section II.A and scattered incident light in Section IL.B.
The simulations carried out using the model are verified with the measured QE of a thin-film hydrogenated
amorphous silicon (a-Si:H) p—i—n solar cell in Section III. The light scattering in the a-Si:H p—i—n solar cell
is analysed. By modelling, the variation of scattering parameters is performed and effects on QE and optical
losses investigated. The amount of scattered light (haze parameter) is varied by changing o, in simulations
and the influence on QE and on Jy. are demonstrated in Section IV.A. The role of the ADF parameters for direct
and scattered incident light is investigated in Section IV.B, C.

I1. SEMI-COHERENT OPTICAL MODEL

In an one-dimensional semi-coherent optical model the direct light is treated coherently, in terms of electro-
magnetic waves, whereas the scattered light is analysed incoherently, owing to its multi-directional spreading.
The direct electromagnetic waves are assumed to be harmonic and transversal (TEM)."* Therefore, it is suffi-
cient to describe them by only one component, i.e., electric field strength E, which is represented by complex
number. From the spatial distribution of forward, E™, and backward waves, E_, the corresponding light inten-
sities I, I, K and the total intensity / for a given wavelength A, and at a given position in the structure x are
calculated from Equation (1).

I(\x) = %Yo [n(A)¢E+(A,x)|2 — n(W)[E~(\x)[* = 2k(A\)Im [E‘(A,x)E“(A,x)]]
— " (%) — (A, x) — K(A\, ) (1)
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OPTICAL MODEL FOR LIGHT SCATTERING 17

The intensity K represents the interference contribution (interactions between forward and backward waves),
which has either a forward or backward direction, according to the sign of K. In Equation (1) the symbols n(\)
and k() represent the real and the imaginary part of layer’s complex refractive index N(A) = n(\) — jk(A).
Y, is the optical admittance of free space (Y, =2-6544 x 107> S). The asterisk denotes a complex conjugate
value, and Im is the imaginary part of the complex number.

Since the scattered light is assumed to be inconherent in the model, its discrete light beams can be represented
directly by intensities I, I~ and directions (angles) ¢ of their propagation. At a rough interface, the angular
dependence of diffused light is determined by the angular distribution functions ADF, in the case of direct
incident light, and ADF, in the case of scattered incident light. In the model, optical circumstances for direct
incident and scattered incident light have to be defined at both flat and rough interfaces over the entire structure.
Moreover, owing to multiple reflections at internal interfaces, it has to be considered that the light falls on the
interfaces from both left (front) and right (back) directions in general.

At a flat interface, the reflection and transmission of the direct coherent light waves are determined by Fresnel
coeficients.'* By incidence of scattered light at a flat interface each incoherent discrete beam is analysed sepa-
rately. In this case, the angular-dependent reflectance and transmittance for each incident beam are calculated.
The directions of the reflected and transmitted light beams are determined by geometrical optics.'*

II.A Incidence of direct light at a rough interface

The first situation discussed is the incidence of direct light at a rough interface. A part of direct incident light is
scattered into diffused components (dif) in reflection and in transmission, whereas the rest of light does not
scatter, and is assigned to the specular components (spec). If the direct incident light is also coherent, the spec-
ular component in reflection and in transmission have to preserve the coherence. In the following we analyse the
incidence of incoherent light at a rough interface first, since it presents a basis for the analysis of coherent light
incidence in our model. If the direct light is incoherent the specular intensity of reflected and transmitted light at
rough interfaces in the solar cells can be determined approximately from the equations of scalar scattering the-
ory.” Assuming illumination from the left-hand side of the interface, the specular reflectance Ry spec and spec-
ular transmittance T gspec are defined by Equations (2 and 3):

dromscen (A)) 2

Rispec = Ro exp— (%”) o)
4rommscnL(\) — nr(A 3

TLRspec =Ty exp —< tl L; ) R( )|) (3)

The first index of transmittance T indicates the incident medium (left), whereas the second one is the
transmitted medium (right). The subscript ‘spec’ denotes the specular part. Ry and T are total (spec + dif)
reflectance and transmittance, and are assumed to be the same as the reflectance and transmittance at a flat inter-
face. Coefficients ¢, and c, are correction factors, which can be adjusted for a particular substrate morphology by
means of total integrated scattering measurements on the substrates.'> In our case we assume ¢, =c,= 1 in the
simulations.”

The corresponding diffused reflectance Ry 4;r and diffused transmittance 77 rgir can be easily determined by
Equations (4 and 5).

Rygir = Ro — RLspec (4)
Tirdit = To — TLRspec (5)

The haze parameter of a rough interface in reflection and transmission can be defined by H,.q = Rry qi/Ro and
Hians = T rait/ To- From Equations (2-5) it can be found out that H,.q and H,,,s depend on o, wavelength and
optical constants of the layers forming the interface. On increasing o, haze parameters increase.

For right-side illumination, the indices ‘L’ and ‘R’ have to be exchanged consistently in Equations (2-5).
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Figure 1. Optical situation at a rough interface on illumination with direct coherent light from both sides of the interface

Since in the model the direct light is treated coherently, Equations (2 and 3) cannot be used directly to cal-
culate the coherent specular intensities. In the following we will briefly describe the approach used in our opti-
cal model. A detailed description of the problem is given elsewhere.'® In Figure 1 a general case of illumination
with direct coherent light is applied from both left (L) and right (R) side of the interface. Since in the model the
calculation procedure of direct light distribution starts at the right (back) side of the structure at each interface
the right-side components, E} (consisting of reflected and transmitted wave) and Ej (incident wave), are
known, whereas the specular components at the left side, EL+ (incident wave) and E; (reflected and transmitted
wave), have to be calculated. First the intensities I;spec, Iz and Ky at the interface are determined by means of
Equation (1). Then the interference component Ky is added either to I}{SPCC or I, according to its direction (sign)
of propagation. Thus, the interference part is considered in further analysis at a rough interface. With only two
resulting light intensities, /g and Iz (not shown in Figure 1), we can calculate the specular light intensities, /;'x
and /[, incorporating the interference part K;, on the left side by Equations (6 and 7). Reflectances and trans-
mittances in Equations (6 and 7) are calculated by means of Equations (2 and 3), as in the case of incoherent
light:

1 RRspec

+ + —
ILK - T IRK T IRK (6)
LRspec LRspec
_ RLspec + RRspecRLspec - TRLspec TLRspec —
I = I — i (7)
LK T RK T RK
LRspec LRspec

To establish E{” and E; from the known /[y and I, we first have to determine the sign of K;. From the
general definition of K in Equation (1) (in this case labelled with index L), it can be shown that for the deter-
mination of its sign it is sufficient to know only the phases, ¥; and 9; , of the complex values of the electric field
strengths E;” = |E{"|¢"* and E[ = |E{ |¢/’F~. Simulations indicated that these phases have significant influ-
ence on the position of the interference pattern in the wavelength-dependent QE of the solar cells. On the basis
of similar interference patterns of structures with smooth and moderately rough interfaces we made an assump-
tion that, at a rough interface, one can apply the same phases of electric field strengths as in the case of smooth
interfaces. After calculating 9, and ¥, we can also determine the absolute values |E;| and |E| | from ;¢ and
Ik at a rough interface. Thus, the specular parts at the left side are defined. Afterwards, the intensities of the
diffused components, I}, ¢, I ie> Inaie and Ig, ;¢ (Figure 1) are calculated from I} and Iy using diffused reflec-
tances Ry gif, Rrair and diffused transmittances Tgryqif and Ty rgir (Equations 4 and 5).
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Figure 2. Optical situation at a rough interface on illumination with scattered incoherent light from the left side of the
interface

In the case of direct incident light, the angular distribution of the diffused parts in reflection and transmission
is described by ADF,.q = ADF.ns = ADF;. The ADF; is an input parameter of our optical model. For a par-
ticular substrate this function can be experimentally determined by means of angular resolved scattering mea-
surements' and incorporated in the model. In our case we simulate solar cells deposited on Asahi U-type (glass/
Sn0O,) substrate. For this type of substrate a normalised cos> function was reported to be a fair approximation to
the real angular distribution function.’

1I.B Incidence of scattered light at a rough interface

The second optical situation which has to be defined at a rough interface is the incidence of scattered light. The
situation is symbolically illustrated in Figure 2. In this case both scattered incident components /; and I are
known at the interface in the model. The analysis of left- and right-side illumination can be carried out inde-
pendently. For this reason, in Figure 2 only the light components referring to left-side illumination are shown.
At the interface for each scattered beam the specular reflectance and transmittance are defined. In this case the
angular dependency of incident ¢y, reflected, ¢, = . and transmitted light beams g, have to be taken
into account. Following the scalar scattering theory, the angular-dependent Ry spec and 7Tj gspec are defined by
Equations (8 and 9).

A0 msCenL (A)cos 2

Rispec (1, ori) = Ro(pL, Pre) €xp —( )L\( ) QPL> (8)
4o msct|nL (A)cospr, — nr(A)cos 3

TLRspec(QOL, <,0Rt) _ To(tpL,sﬁRt) exp _( t| L( ) ;\DL R( ) ¢R1|) (9)

The directions (angles) of reflected and transmitted specular beams ¢, and g, are calculated by geometric
optics, as in the case of a flat interface.

For diffused light an average reflectance Ry 4 and transmittance T’ g;r are defined by Equations (10 and 11),
respectively, where the ADF;,. represents the angular distribution function of the incident scattered light ;.
The ADF;, is determined by light beams that approach the interface.

RLdif = Z ADFinc(SOL) [RO((PLv SORt) - RLspec (SOLa @Rt)} (10)
Pr

Traif = ZADFinc(SOL) [To(L, ert) — Tirspee (L, PR (11)
PL
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The angular distribution function of the diffused parts in the case of scattered incident light, ADF,, has to be
broader than ADF; since the incident light is already scattered in different directions. In our simulations we
approximate the ADF;,.q = ADF,.ns = ADF, with half-circular distribution, as indicated in Figure 2.

In the analysis of right-side illumination, the same Equations (8—11) can be used, subject to consistent ‘L.’ and
‘R’ index exchange. The procedure of calculation in entire multi-layer structures can be found elsewhere.'®

111. VERIFICATION OF THE MODEL

With our optical model, we carried out the simulation of a single junction a-Si:H p—i—n solar cell structure,
deposited on commercially available Asahi U-type substrate, consisting of glass and rough SnO, transparent
conductive oxide (TCO) layer. The TCO thickness was 650 nm. Its surface roughness o,,,; was measured as
40 nm. The solar cells were made in a superstrate glass/TCO/p—i—n/Ag configuration. The thicknesses of the
p(a-SiC:H)—i(a-Si:H)-n(a-Si:H) layers are 10-300-20 nm. The surface roughness of the substrate is transferred
to all internal interfaces of the thin-film solar cell structure. The same o, =40 nm of all rough interfaces is
assumed in the simulation.

The measured (circles) and simulated (thick full line) QE of a representative solar cell are given in Figure 3.
The experimental data of the QE, optical constants of the layers and the value of the o, of the TCO surface
were provided by the Delft University of Technology.” In calculations of the QE, a simplified, but justified,
electrical analysis was applied, assuming the ideal extraction of charge carriers from the active i-layer and
neglecting the contribution of the p- and n-layers.” To include optical losses at real n/Ag interface in the ana-
lysis, a 1-5-nm-thick buffer layer with optical properties of Al was introduced between the n-layer and Ag
layer.'” In the simulation, the normalised cos’y function was used for ADF; and the half-circular distribution
for ADF,. Also in the figure also the simulated optical losses represented by absorbance, A, in TCO, p-, n- and
Ag* (buffer + Ag) layer are shown by thin lines. Additionally, the amount of reflected light from the solar cell is
indicated by the 1 — R curve.
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Figure 3. Measured (circles) and simulated (thick full line) quantum efficiency of the a-Si:H p—i—n solar cell. The calculated
absorbances in TCO, p-, n- and Ag* (buffer + Ag) layers and the 1—R curve are included
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Table I. Measured and simulated J,. determined from QE for the a-Si:H p—i-n solar cell under
AM1-5 illumination

Orms (NM) ADF, ADF, Joe (mA/cm?)*
Measurement 40 14-31
Simulation (a) 10 12-13
40 cos® 1:1 14-48
80 1577
Simulation (b) 5:1 13-10
40 1:1 1:1 14-58
1:5 14-40
Simulation (c) 5:1 13-62
40 cos® 1:1 14-48
1:5 1534

*Determined from QE.

From the measured and simulated QE, short-circuit current of the solar cell J, under AMI1-5 illumination
was calculated (Table I). The simulated QE in Figure 3 and the calculated J. are in good agreement with the
experimental data. In particular, the position and intensity of the interference pattern of the QE, which cannot be
obtained with incoherent optical models, matches well with the measured one. The fringes of the pattern are
only moderately pronounced in the short-wavelength region, since the roughness of the solar cell substrate is
relatively high.

The advantages of the semi-coherent optical model become more evident if a substrate with a lower rough-
ness is used (o.,s <40nm), as shown in Section IV, or in the case of a structure with a lower number of rough
interfaces (e.g., cells with flat substrate and textured back reflector).

The model was also verified on other types of a-Si:H structures (e.g., multi-terminal colour detectors'®).
Recently, it has been applied also to different a-Si:H solar cell structures (different thicknesses of i-layer'®)
and deposited on a different substrate of different roughnesses (glass/Zn0:Al'%). Good agreement was obtained
in all the cases, indicating the validity and credibility of the presented optical model.

IV. ANALYSIS OF LIGHT SCATTERING IN AN A-SI:H
SOLAR CELL WITH THE OPTICAL MODEL

On the basis of the good agreement between simulated and measured QE and J,. we use the semi-coherent
model for further optical investigation. To analyse the effect of light scattering on QE and J,. we change the
amount of scattered light by changing o, (haze) of the substrate and internal interfaces. Additionally, the influ-
ence of angular distribution of scattered light (ADF; and ADF,) is investigated.

IV.A analysis of o, variation

A separate analysis of o, variation is carried out. In Figure 4 we present the simulated QE of the a-Si:H solar
cell in the same configuration as previously, only one parameter of the rough interface, 0., is varied. Changing
the o, the haze parameters of the substrate and of the internal interfaces are varied. The simulations for three
different roughnesses, o,,s = 10 nm (short-dashed line), o, =40 nm (full line) and o,,s = 80 nm (long-dashed
line) are shown in the figure. Two effects can be observed: (i) increasing o, the QE increases at longer
wavelengths (A >500nm); and (ii) the interference pattern becomes less pronounced. Both effects are a
consequence of the enhanced amount of scattered light (increased haze) in the structure, and can also be
observed experimentally.

Increasing o, the Jg. also increases as shown in Table I(a). Simulations indicate that at higher roughnesses
(0rms > 60nm) the J. of the analysed solar cell starts to saturate (not investigated here). For a realistic
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Figure 4. Simulated QE of the a-Si:H p—i—n solar cell with different o,,,,; using the semi-coherent model. For o,,,, = 10 nm
one simulated QE based on the incoherent model is given for comparison

investigation of saturation effects it has to be considered that, on changing the o,,,; of the substrate, the ADFs
may also change, affecting the saturation.

To demonstrate the advantages of the semi-coherent optical model, the simulation of QE obtained with an
incoherent optical model'? for o, = 10 nm is also given in Figure 4. No interference pattern can be observed,
leading to evident deviations between the simulations with the two models. The discrepancy of the incoherent
model decreases with increasing oy;.

1V.B Analysis of ADF variation

In Figure 5 we present the results of analysis of ADF; variation. In this case we separately investigate the role of
angular-dependent scattering properties of the substrate and other rough interfaces on the solar cell perfor-
mances. The a-Si:H solar cell with o, =40 nm was used and the ADF, was set to a half-circular distribution
in all cases. We apply elliptical distributions with different ratios of horizontal to vertical radius (5:1, 1:1 and
1:5) in order to vary ADF;. The results of simulations are shown in Figure 5 and Table I(b). For comparison the
simulation with a normalised cos” function is added. Broadening of the ADF; (changing the elliptic ratio from
5:1 to 1:5) results in enhanced QE at longer wavelengths (A > 550 nm) and reduced QE at shorter wavelengths.
Simulations show that the decrease in QE at shorter wavelengths is mostly a consequence of increased absorp-
tion in the thin p-layer, Ap (Figure 5), especially, leading to optical losses. The Ap is increased by broad-angle
scattering at the first interface, TCO/p, especially, where the intensity of direct incident light is relatively large,
and is pronounced at shorter wavelengths where the absorption coefficients of the a-Si:H layers are high. In
contrast to the short-wavelength light, most of the long-wavelength light with broader angular distribution func-
tion penetrates through the p-layer, scatters further at the p—i interface and spreads across the active i-layer.
Multiple reflections and scattering processes at the back and front interfaces of the structure additionally
increase the absorption of the broadly scattered long-wavelength light in the i-layer, and decrease the reflection,
as indicated by 1—R curve in Figure 5. Optical losses in the metal contact and in the TCO layer are also
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Figure 5. Effects of ADF, variation on QE and absorptances in TCO, p- and Ag* layer. The reflected light is indicated by
1-R curves

enhanced. Among the ADF, distributions analysed, the simulation with normalised cos” function gives the best
agreement with the experimental data, as also indicated by the ADF measurements reported elsewhere.’

The increase in Jg, shown in Table I(b), as a consequence of changing the ellipsis ratio from 5:1 to 1:1 can be
explained by enhanced QE at longer wavelengths, whereas the decrease in J,. on changing the ratio from 1:1 to
1:5 is a consequence of reduced QE at shorter wavelengths.

1V.C Analysis of ADF, variation

The results of ADF, variation are presented in Figure 6. By changing the ADF, we vary the scattering properties
of rough interfaces for the case of scattered incident light and investigate the effects on solar cell performance.
Half-elliptical distributions with different ratios of horizontal to vertical radius were applied to the ADF,. For
ADF,, a normalised cos” distribution and, for the interface roughness, o, =40 nm are used in all the cases. In
the figure the simulations of the QE and absorbances in the layers corresponding the elliptic ratios 5:1, 1:1 and
1:5 are plotted. The results show that broadening of ADF, (changing the ratio from 5:1 to 1:5) increases the QE,
especially at longer wavelengths, and decreases the reflection, as shown in the figure. Optical losses in other
layers are slightly increased. Long-wavelength light is not absorbed as efficiently in the a-Si:H layers as short-
wavelength light, therefore its multi-scattering with broad ADF, contributes beneficially to a higher absorption
in the active i-layer (higher QE). The benefits are also reflected in the Jg. values in Table I(c).

V. DISCUSSION

In reality, the parameters o,,s, and angular distribution functions ADF; and ADF, are coupled and determined
by the morphology of a rough interface. To relate haze parameter with the morphology of the rough interfaces
the equations of scalar scattering theory can be used. For the substrates with random morphology the relation
between angular distribution functions and vertical and lateral parameters of the morphology is still under
investigation. Despite not knowing the exact analytical relation between rough interface morphology and its
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Figure 6. Effects of ADF, variation on QE and absorptances in TCO, p- and Ag* layer. The reflected light is indicated by
1-R curves

scattering parameters it is crucial to know the separate effects of changing the scattering parameters (haze o
and angular distribution functions) on the solar cell performances in the search for a substrate with optimal
scattering properties. Only optical modelling provides the means to investigate the influence of each parameter
separately and to reveal their influence and importance.

The simulation results of the a-Si:H solar cell analysed indicate that increasing the o, of the interfaces from
10 to 80 nm and keeping the ADF; and ADF, constant improves the QE and enhances the J. of the solar cell.
Since the increase in o, leads to a higher amount of scattered light and consequently to a higher light absorp-
tion in the a-Si:H i-layer, its thickness can be decreased, assuring a better stability of the a-Si:H solar cells and
lower material costs.”

Broadening the ADF, of the rough interfaces reveals a trade-off between optical losses for short-wavelength
light and the enhancement in QE at longer wavelengths. Accordingly, it has to be pointed out that the substrate
with a broad angular distribution function does not necessarily assure better optical performance of solar cells.
For a certain substrate with o, and a given solar cell configuration the analysis of ADF; has to be performed
first to predict the possible optical benefits. Further, the presented simulations of ADF, variation reveal that the
ADF, should be as broad as possible since it increases the absorption of long-wavelength light in the i-layer,
leading to a higher QE and J. of the solar cell analysed.

All these results show that the haze parameter (determined by o,,s), which is usually used to describe scat-
tering properties of the rough interfaces is not sufficient to judge the scattering characteristics of the substrate
and other rough interfaces. The angular distribution functions ADF; and ADF, are also of importance, as indi-
cated by simulations.

Incorporating the measured scattering parameters, the model can be used for accurate simulations of different
solar cell structures deposited on different types of textured substrates. With the model realistic limits in
improving light trapping and other optical properties (e.g., optical losses) of solar cells and other types of
thin-film structures may be estimated in the future. Further work on the analytical relation between optimised
scattering parameters and interface morphology is required to judge between better and worse substrate
morphologies.
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VI. CONCLUSIONS

For investigation of the light scattering process in a-Si:H solar cells a recently developed one-dimensional semi-
coherent optical model was utilised. The optical situation at flat interfaces was addressed and optical circum-
stances at rough interfaces in the model presented. At rough interfaces two angular distribution functions were
used to describe the distribution of diffused light at incidence of direct light (ADF;) and scattered incident light
(ADF,) at a rough interface. The model was verified and used to analyse the influence of scattering parameters,
oms (haze), ADF; and ADF,, on QE and J,. of the a-Si:H solar cell. The increase of o, enhances QE and J..
Broadening of ADF, in simulations reveals a trade-off between increased optical losses in the p-layer at shorter
wavelengths and enhanced absorption of long-wavelength light in the i-layer. Broadening of ADF, beneficially
increases the absorption in the i-layer, especially at longer wavelengths. The optical model can be used for the
analysis of other types of thin-film solar cells with different scattering properties.
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