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Abstract: Optical model for thin film sofar cells with rough interfaces is presented. In contrast to previous optical models, the presented model considers
the coherent nature of direct (non-scattered) light, which is treated as electromagnetic waves, all over the structure. Therefore, the model accounts also
for the interference pattern, which appears in the measured wavelength-dependent characteristics of the solar cells with rough interfaces. The model
includes scattering of direct and alfready scattered incident light at all rough interfaces. In the paper, optical circumstances at flat and rough interfaces are
described in detail. Coherent propagation of non-scattered and incoherent spreading of scattered light is defined and the calculation procedure in the
model is addressed. The optical model is verified for a single junction hydrogenated amorphous silicon p-i-n solar cell deposited on Asahi U - type
substrate. A good agreement, also in the interference pattern, verifies the applicability of the developed optical model.

Eno-dimenzionalni delno-koherentni optiéni model
tankoplastnih sonénih celic s hrapavimi spoji

Kljuéne besede: polprevodniki, a-Si:H silicij amorfni hidrogeniziran, celice sonéne tankoplastne, modeliranje opti¢no, modeli opticni delno-koherentni
eno-dimenzionalni, ploskve mejne hrapave, ploskve mejne gladke, razpréevanje svetlobe, svetioba koherentna, svetloba razpréena, vpijanje svetlobe, QE
udinkovitost kvantna, ujetje svetiobe, TCO oksidi transparentni prevodni, rezultati eksperimentalni

Izvleéek: Predstavijen je nov optiéni model tankoplastnih sonénih celic s hrapavimi spoji. Poglavitna prednost modela je, da uposteva koherentni znaCaj
usmerjenega dela svetlobe, ki je obravnavan kot elekiromagnetno valovanje preko celotne strukture. Zaradi tega model zajema tudi interferencne pojave
svetlobe v strukturi, katerih posledica so interferenéne oscilacije v valovno odvisnem kvantnem izkoristku sonéne celice. Model vkljucuje tako razpréevan-
je usmerjene kot tudi e razpréene vpadne svetlobe na hrapavih spojih. V ¢lanku so podrobno opisane optiéne razmere na gladkih in hrapavih spojih.
Predstavljen je opis dirjenja koherentne usmerjene in nekoherentne razpréene svetlobe. Naveden je potek izraduna svetiobne intenzitete v modelu po
celotni strukturi sonéne celice. Model je verificiran na podlagi izmerjenega poteka kvantnega izkoristka amorfnosilicijeve sonéne celice, ki je bila izdelana
na standardnemu “Asahi U" hrapavem substratu. Dobro ujemanje simulacije z meritvijo, tudi v poteku interferencnih oscilacij, potrjuje uporabnost razvitega
optiénega modela.

be observed in the wavelength-dependent characteristics
of the solar cells (e.g. quantum efficiency, QE) indicates

l. Introduction

To enhance light absorption in thin film solar cells, light
trapping should be implemented in the multi-layer struc-
ture of the solar cell. One of the most commonly used light
trapping technique is scattering of incident light at rough
internal interfaces, which is usually introduced in the solar
cell structure by using rough substrates. Multi-directional
spreading of scattered light increases the effective path of
light propagation in the thin layers resulting in higher ab-
sorption. Additionally, higher reflection of scattered light at
internal interfaces, originating from non-perpendicular in-
cidence of scattered light beams at the interfaces, assures
more efficient light trapping in the solar celi.

The description of light scattering at rough interfaces in
thin film solar cells presents a comprehensive problem,
since the morphology of the interfaces is usually random
and the root-mean-square roughness, Gms, Of the inter-
faces is in the same order as the wavelength of incident
light, A. This complicates analytical description of the prob-
lem /1/. Additionally, the interference pattern, which can

6

that besides the scattered light there still exists a signifi-
cant amount of direct non-scattered light that propagates
coherently throughout the structure.

To analyse and optimise the complex optical process an
optical modelling is required. In the simulations an optical
model that incorporates both, light scattering and coher-
ent propagation of direct light, should be used. In orderto
describe the scattering process in the model, it has to be
determined the amount of scattered light at each rough
interface and how the light is scattered in reflection and in
transmission at the interface. Previous publications /2-7/
indicated that the amount of scattered light at a rough in-
terface can be approximately determined by means of sca-
lar scattering theory /7-9/ which defines the ratio between
diffused (scattered) and total (diffused + specular) amount
of light. To describe how the light is scattered, an angular
distribution function of scattered light, f(¢), has to be de-
termined.
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Some one-dimensional optical models for thin-film solar
cells with rough interfaces have already been developed
/2-6/. In most of the models the direct light is not taken
coherently, thus the simulated QEs can not reproduce the
interference pattern observed in measurements. In this pa-
per we present a new one-dimensional semi-coherent op-
tical model that includes light scattering at all rough inter-
faces in the solar cell and considers the coherent propa-
gation of direct light all over the structure. The optical situ-
ation at flat and rough interface is described in detail for
direct and scattered light. In case of scattered light falling
at a rough interface additional scattering in reflection and
in transmission is taken into account. The analysis of co-
herent propagation of direct and incoherent spreading of
scattered light is described. The model is verified with the
measured QE of a thin film hydrogenated amorphous sili-
con (a-Si:H) p-i-n solar cell.

Il.  Optical model

In the developed one-dimensional semi-coherent optical
model we assume perpendicular input ilumination with di-
rect coherent light (Fig. 1). All the interfaces in the multi-
layer structure are assumed to be parallel. This situation
can be considered as a good approximation of usual cir-
cumstances in real thin film solar cells. Because of multi-
ple reflections and transmissions at the interfaces, the di-
rect light (dir) and scattered light (scatt), which is formed at
rough interfaces (vertical arrows in the figure), is propagat-
ing in forward (+) and backward (-) direction. in the figure
the direct light is presented by wavy arrows, indicating its
coherent nature, whereas the dispersed nature of scat-
tered light is shown by a sheaf of straight arrows. In case
of direct light where forward-going and backward-going
waves are represented by i (1,x) and lai(1,x) , there exists
also an interference component K{/,x), which has either
forward or backward direction. The symbol / and x stands
for wavelength~ and position- dependency of the light in-
tensities, respectively. The components of scattered light,
Iscatt (,j,x) and lscatt{/,j,X), are also angular (j} dependent in
order to indicate their directions of spreading. Since in
numerical analysis the angle j is discretised, scattered light
can be represented by a sheaf of light beams spreading in
discrete directions j;.

direct
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Fig. 1: Propagation of direct coherent light and
spreading of scattered incoherent light in a thin
film solar cell structure with smooth and rough
interfaces.

The analysis of direct coherent light is based on the theory
of electromagnetic waves. In general, the electromagnet-
ic waves are presented by complex values of electric and
magnetic field strengths distributed in the space. In the
model all the waves of direct light are assumed to be pla-
nar and transversal (TEM) /10/, therefore they can be pre-
sented by electric field strengths £7(4,x) and £7(A,x) for for-
ward-going and backward-going waves only. From E*(4,x)
and E(A4,x) the individual components of direct light,
Tair (A1), I (A,),x) and K(A,x), and the total intensity, /air(4,X)
= Iair (A,J,X) - Lair (A,7.%) - K(4,X), can be determined by Eq. 1.
The symbols n(A) and k(A) present the real and the imagi-
nary part of layer's complex refractive index N(A) = n(A) -
jk(A). Yo is the optical admittance of free space (Yo =
2.6544-102 8). The superscript * denotes a conjugated
complex number whereas “Im” stands for imaginary part
of the complex number.

Ly (A x) = %YO [n(/%)[Ewi,x)]z — n(W|E (0|
—2k(/1)Im[E_(/1,x)E+*(/1,x)ﬂ

= Idir+(ﬂ"x)-l h(/l,_X)-K(ﬂ,,x) (1)

dir
The scattered light is analysed incoherently in the model,
therefore it can be presented by the intensities lscat (A, @,
x) and Iscatt (A, @, x) directly and not by electric field strengths
of the electromagnetic waves.

In the model the optical circumstances at flat and rough
interfaces are specified for direct coherent and scattered
incoherent light. In sections I1.A - 11.D all four combinations
(flat interface - direct light, flat interface - scattered light,
rough interface - direct light and rough interface - scat-
tered light) are described in detail. In section II.E the prop-
agation of direct light and spreading of scattered light across
the structure are determined. To simplify the indexing of
light intensities, the subscripts “dir’ and “scatt” are left out
in further analysis. At the interfaces also positional depend-
ency (x) is left out from the denotations of light intensities.

LA Incidence of direct coherent light at

a flat interface
Since the electromagnetic waves of direct light are trans-
versal and since they propagate perpendicularly to the in-
terfaces, all the components of electric field strengths are
parallel to the interfaces, as depicted in Fig. 2.
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Fig. 2: Electromagnetic waves of direct coherent light
at a flat interface.

Therefore, in the model the electric field strengths on the
left (L) side, EL"(A) and E_(A), can be calculated from the
known values of electric field strengths on the right (R) side
of the interface, ER*(A) and Eg(A), by Eq. 2 and Eq. 3,
respectively. The symbols N(A) and Nr(A) correspond to
complex refractive indexes of the left and right layer form-
ing the interface.
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Inthe figure EL*(A) and Ex'(A) are the electric field strengths
of the incident light which falls to the interface from left
and right side, respectively, whereas E(A) and Er*(A)
present the combined components of reflected and trans-
mitted direct light. The corresponding light intensities at
left side, IL*(A), IC(A) and Ki(A), and right side, Ir*(A), I
(A) and Kr(A), of the interface can be calculated by means
of Eq. 1.

II.B Incidence of scattered light at a flat
interface

In Fig. 3, the situation at a flat interface illuminated with
scattered light from left side, /IL"(4, ¢U, and right side,
IR(A, @r), is symbolically illustrated. In this case the angu-
lar dependent intensities of reflected (1) light, (A, @)
and Irc (A, @rr), and transmitted (t) ligh I (A, @) and fge (4,
@rt), are shown separately in the figure. At the interface,
for each discrete beam of incident light the intensity and
direction (angle) of reflected and transmitted components
has to be determined. Due to superposition of the intensi-
ties, which can be assumed for incoherent scattered light,
the situation can be analysed for left and right side illumi-
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nation independently. Next we focus on left side illumina-
tion only.

L
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Fig. 3: Intensities of scattered light at a flat interface.

reflected

Ifthe intensity of the left side illumination, /" (A, @), is known
the reflected, (A, L), and transmitted, /s (A, @rt), com-
ponents can be calculated by Eq. 4 and Eq. 5, respective-
ly. The angles ¢, ¢urand @re correspond to the directions
of incident, reflected and transmitted light beams, respec-
tively. The Ruv L(A, @L, @rJand Tav (A, @L, @ry) are reflect-
ance and transmittance at a flat interface and will be ex-
plained in following.

L, A, ) =Ry (A@,, 001, (Ao,) @

L, (A0,) =Ty (A0, 0:) 1, (A,0,) (5)

Since the light beams of scattered light do not fall perpen-
dicularly on the interface, in general the reflectance and
transmittance should be defined for horizontally, (H) and
vertically, (V) polarized light /10/. The reflectance of hori-
zontal polarisation, Rui(4,@L, @ay), and vertical polarisation,
RyviL(A,@L, ¢ri), are defined by Eq. 6 and Eq. 7, respectively,

2
N - N,(A):
R, (Ao,.0,)= L(A)-cosg, (A)-cos,
N (A)-cos@, + Ny(A)-cos g,
(6)

_‘ NL(/?,)-COSQ)R,— NR(ﬂ)'COSQQ 2
_’Nz,(ﬁ)'COS(DR, + Np(A)-cosq,
(7)

R, (4.9, 0)

Since the light polarisation in the multi-layer structures with
rough interfaces can not be exactly determined, we use in
the model an average reflectance Ruv L(A, @L, @rt), which
was chosen as amean value of Rui(A, @, ¢rd and Rvi(A, @,
¢ry). The corresponding average transmittance Thvir(A, @1,
¢rt) for the scattered light beams is simply calculated from
the Ruv L(A, @, ori) using Eq. 8.

Tyv 1z (ﬂ’wpwm) =1-Ry, L(/L(pL’gom) (8)
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By means of Ravi(A, @, grvand Thvir(A, ¢u, @rY the amount
of reflected and transmitted light can be determined. To
define the directions (angles) of the reflected and trans-
mitted beams the Fresnell refractive law is used /10/. Thus,
the angle in reflection, @, is determined as a negative
value of the corresponding incident angle, ¢L, whereas
the angle in transmission, ¢r, is calculated using Eq. 9
where ni(A) and nr(A) are the real parts of refractive in-
dexes of the layers forming the interface.

A2} (1) sin

(D)

@y, = arcsin( ®,) 9)

s

I.C Incidence of direct light at a rough
interface

At a rough interface the amount of scattered light and its
angular distribution function have to be determined. The
scalar scattering theory can be used as an approximation
to define the amount of scattered (diffused) and non-scat-
tered (specular) light in reflection and in transmission. If
the direct incident light were taken incoherently and the
illumination were applied from left side of the interface only,
the specular and diffused parts of light could be determined
by specular and diffuse reflectances, RispecfA) (Eq. 10)
and Rugi(A) (Eq. 11), and specular and diffused transmit-
tances, TiprspeefA) (EQ. 12) and Tira(A) (Eq. 13).

_ w)z
RLS]mc </1) = RO (/1) © € g (10)
Ry (W)= Ry(A) = Riypee(A) (1)

RLC ne (A)-ng (ﬂ)l)3

Tirpee A =T(A) e i (12)

T, ray (D =T,(A) - T Rypec (4) (13)

The parameters ¢, (Eqg. 10) and ¢t (Eqg. 12) are the correc-
tion factors for specular reflectance and transmittance
which can vary between 0 and 1 /7/. Ro(A) and To(A) are
total (specular + diffused) reflectance and transmitance
which are assumed to be the same as in the case of a flat
interface and can be defined by Eg. 14 and Eqg. 15, re-
spectively

N -NDf
IN,(A)+ N, (D)

Ry(A) (14

T,(A)=1-R,(A) (15)

In the model, the direct light is treated coherently, but the
Egs. 10-15 are still assumed to be valid for the light inten-
sities. In the case it is necessary to start the analysis on

electric field strengths of the specular components. Fur-
ther explanation will be based on Fig. 4, where a rough
interface is illuminated with direct coherent light from both
sides, as in the case of flat interface in Sec. ILA.
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Fig. 4: Incidence of direct coherent light at a rough
interface.

At the rough interface, the electric field strengths of co-
herent light on the right side, Er*(A) and Er(A), are firstly
transformed to the correspending intensities lrspec' (4), IR
(A) and Kr(A) using Eq. 1. Then, the value of Kr(A) is add-
ed either to frspec (A) 0Or to Ir'(A4), according to its direction
(sign), resulting in two components, lrk'(4) and rk(A)
defined by Eq. 16 and Eq. 17, respectively.

Lispee A=K (D)3 Kf(A) <0

I, (D)=
w "(A) s Kp(A)=20

{(16)

R spec

I, (A) ; Ko (A)<0

o (A)=
I, A+ K (A); K (A)=0

(17)

From Irx’(A) and Ir K'(A) the components /L (A) and ILk
() of specular light on the left side of the interface can be
determined, using Eq. 18 and Eq. 19, respectively.

. 1 . R ()
I (ﬂ,):—.] (/1) _ T Rspec 1.~
- TLR spec (ﬂ’) RE TLR spec (ﬂ) kK
(18)
R A
e =By vy -
LR spec (/1)
RR spec (/1) ) RL :pec,I(w/l) - ?;f‘)spec (A)TLR spec (2) -IR K_ (ﬂ)
LR spec (1 9)

In the equations the reflectance Rr spec(A) and transmit-
tance TRL spec(A) correspond to the case of right side illu-
mination. They can be determined by Eq. 10 and Eqg. 12
where all indexes "L’ should be substituted with “R” and
vice versa.
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From the calculated intensities /i x*(A) and ILk'(A) the ab-
solute values of electric field strengths of coherent light,
|EL'(A)} and |ELC(A}], on the left side can be obtained if
the direction (sign) of Ki.(A) is known. The sign of Ku(A)
can be determined if the phases, J.*(4) and J_(A), of the
electric field strengths (EL*(A)=|EL*(A)| €™ and EL
(A)=1EC(A) €7 are known. Simulations indicated that
these phases have significant influence on the position of
the interference pattern in the wavelength dependent QE
of the solar cells. Moreover, from measured QEs of the
solar cells can be observed that the position of the inter-
ference pattern is in general not affected by the Gims. The
value of the oyms influences only the intensity of the inter-
ference pattern. These findings lead us to the assumption
that in case of a rough interface the phases of electric field
strengths can be deduced from the case of flat interface.
Thus, to determine 9" (A} and §.(A), first the electric field
strengths, £ *(A) and EL’ "(A), of the corresponding flat
interface are calculated by means of Eq. 2 and Eq. 3. Then,
the phases 9.7 ()= 9 "(A) and 9. (A)=9 (A) can be de-
termined by Eqg. 20 where “+” and "-" signs correspond to
the electric field strength of forward-going and backward-
going waves, respectively.

arctgg:f; l‘: /:E;B ; Re[EZ"(/I)]ZO
5 (= o
+/ =
arctg/I\Rrrel'Zi L /_g;‘ +7 Re[E;/"(/l)]<O

(20)

From the relation KL(A) = Yok(A)ImIE (L) E* (1)}, which orig-
inates from Eq. 1, it can be found out that the sign of Ki.(A)
can be indicated by Eq. 21.

sin(% (1) =9 (A) >0 = K, (1) >0

else K,(A)<0 21)
In further analysis we use Eqgs. 16-17 and substituting in-
dex “R” with index “L’, since the left side of the interface is
under scope. According to the sign of Ki(A) appropriate
relations for IL k" (A) and Lk (A) can be chosen from Egs.
16-17. Based on Eq. 1, lLspec’ (A), luspec (A) and Ki(A) can
be written in terms of EL*(A) and EL"(A), where EL'(A) and
EL(A) can be represented by their absolute values and
phases. Since the phases are already known the two ab-
solute values of electric field strengths, |EL"(A)} and |EL
(A)], can be easily obtained. In the case of negative K.(A)
the |EL(A)| is determined by Eq. 22 whereas the | EL(A)]
is implicitly given by Eq. 23.

10

E; (A)]= (22)

%YOnL ) [E; | = Yok, ()| E; ()] sin(; (A) -

5 () [Ef (D] -1, (D=0 (23)

If KL(A) is positive, the role of |EL(A}] and |EL"(A)] in Eq.
22-23 exchanges.

Knowing |EC(A) L, |ELT (A1, JUT(A) and JU(A), the complex
electric field strengths of the specular coherent light on
the left side of the rough interface are determined and the
corresponding specular intensities Lspes (A), ILspec (A) and
KL(A) can be calculated.

The diffused components in reflection, I gif (A, @), Iar
gift' (A, @), and in transmission, I dif (A, @), Iredit (A, @), can be
calculated from /" (A) and Ir ' (A) which presents the illu-
mination from left and right side of the interface, respec-
tively. By determining the incoherent diffused parts of light,
the superposition of left and right side illumination is as-
sumed. Therefore, we will determine only the components
Iraif (A, @), and Ireait (A, @) which correspond to the left side
fllumination. The diffused component in reflection, /i aif”
(A, @), and in transmission, /at gt (A, @), can be calculated
by Eqs. 24-25. R difA) and Tir ailA) were defined by Eq.
11 and Eq. 13, respectively. The angular distribution func-
tion for the case of direct incident light, f1(¢), was chosen
to be a normalised cos?(¢@) function /7/ in our simulations.
However, (@) is an input parameter of our optical model,
thus an arbitrary selection of f(¢) can be made.

[erzf_(/?“’qo) = f(@) RL([if (A)- ILKJF(/D (24)
IR[(Iier(;t’(D):f((p)'TLR([,‘f(ﬂ)'ILKJr(i) (25)

II.LD incidence of scattered light at a rough
interface

For scattered incident light it is assumed that a part of it is
additionally dispersed at a rough interface (diffused part)
while the restis spread as in the case of flat interface (spec-
ular part). A general situation, where the scattered light
falls on a rough interface from left and right side is symbol-
ically illustrated in Fig. 5.
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Fig. 5. Incidence of scattered incoherent light at a rough
interface.

Due to the superposition we describe the analysis for the
case of left side illumination only. To determine specular
reflectance and transmittance for the case of scattered in-
cident light, we have to introduce the angular dependency
on the angle of incident light, ¢, and the angles of trans-
mitted light, @rt, as shown in Eq. 26-27.

(a1 (P05, 3
A

RLspec “, P Pro) =Ry, “, P Pr) - €

(26)
TLRS/)ec 4, P Or) =Tyy 11 4, DrsPri)
1 |1 ()05 (A)<os
e A (27)

For diffused reflectance and transmittance, which depend
on angular distribution functions of incident scattered light

fne{@) In our model, the average values ELW (A) and

Ty ray (A) defined by Eq. 28-29 are used

EL dif (A= mec (@) [RHV L spec (A, ®)—R, spec (4, @ )J

(28)

’f[, dif (ﬂ’> = Zfz"nc ((01> ’ |:THV LR spec (ﬂ” 601) _—TI_R.&pec (ﬂ” q)t)]
(29)

The angular distribution function of reflected and transmit-
ted diffused light for scattered incident light, f2(¢), is expect-
ed to be broader than finc(@) since additional scattering at a
rough interface takes place. In our model, we assume equal
scattering in all directions resulting in half-circular f2(¢), in
reflection and transmission, as shown in Fig. 5.

LLE Propagation of direct and scattered
light

For direct coherent light, the propagation of forward-going
and backward-going waves is defined on basis of electric
field strengths as given by Eq. 30. The symbol x¢ presents
the starting point of propagation whereas the N(A) is the
complex refractive index of the layer in which the waves
are propagated. The superscripts (+/-) stand for forward-
going/backward-going waves of direct light.

B 27N (A)

EV(Ax)=E" (A4x)e *
0

(x—x¢)

(30)

The spreading of scattered light is in general a three-di-
mensional problem. Assuming the conical symimetry of light
scattering in the real solar cells we can describe the spread-
ing in one-dimensional model as follows. For a discrete
beam of scattered light, which is propagating in the direc-
tion ¢, we can determine the effective path of propagation
given by (x-xo)/cos@;, as shown in Fig. 6.

Fig. 6: Spreading of scattered light.

Considering the effective path, the propagation of the in-
coherent beam is defined by Eq. 31, where o{A) presents
the absorption coefficient of the layer. The superscripts
denote forward direction (left side of the slash) and back-
ward direction (right side of the slash) of the beam.

/+a(i)

I, = 1" (A, p)-e

(x—2xy)

(31)

in the equation, the factor 1/cosg is applied to c(A), which
can be interpreted as the propagation in the perpendicular
direction (¢ = 0), but in the layer with enhanced absorption
coefficient by factor 1/cos@. By this method the propaga-
tion of all scattered beams can be determined in the model.

ll.  Calculation procedure in the model

For each monochromatic component A of illumination spec-
trum the distribution of direct coherent light throughout the
entire structure is calculated first. The calculation starts at
the back (most right) side of the structure, where only for-

11
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ward-going wave is present, since the solar cell is illumi-
nated from front (most left) side only. In the same step of
simulation, the diffused parts of direct incident light at each
rough interface are determined. Further spreading of the
scattered light is calculated iteratively by iterative two-step
procedure. In the first step, only the propagation of for-
ward-going components of scattered light is determined.
In the second step, the same calculation is performed for
backward-going scattered light. The steps are then repeat-
ed iteratively. Because of light absorption in the layers and
transmittances through the interfaces, the intensities of scat-
tered light are decreasing by iterating the calculation. The
iterative procedure is terminated, when the last contribution
of scattered light is reasonably small, comparing to the sum
of contributions from previous iterations. After the light dis-
tribution of entire spectrum is determined, the final results
of optical simulations - wavelength-dependent reflectanc-
es, absorptances in the individual layers and carrier genera-
tion profiles in the active layers - can be calculated.

IV. Verification of the model

With the developed optical model, we carried out the sim-
ulation of a single junction a-Si:H PIN solar cell structure
deposited on standard Asahi U - type substrate, consist-
ing of glass and rough Transparent Conductive Oxide (TCO)
layer. The ovms of the TCO surface was measured to be 40
nm. A schematic view of the superstrate structure of the
analysed solar cells and the thicknesses of individual lay-
ers are given in Fig. 7.
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Fig. 7: A schematic view of a-Si:H solar cell structure
with rough interfaces.

Since the deposited a-Si:H layers are relatively thin com-
paring the roughness of the TCO layer, all the subsequent
layers of the structure are rough and have almost the same
Oms as glass/TCO substrate.

The measured (symbols) and simulated (lines) QE(A) of the
solar cell are given in Fig. 8. The experimental data of the
QE and the value of the oms of the TCO surface were pro-
vided by Delft University of Technology /7/. The curve in
Fig. 8 corresponds to the simulation with the developed semi-
coherent optical model. In calculations of the QE(A), a sim-
plified but justified electrical analysis was applied, assuming
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the ideal extraction of charge carriers from the active Hayer
and neglecting the contribution of the p- and n-layer /7/. In
the model, the cos?¢ function was used for the angular dis-
tribution function of the diffuse light in case of direct inci-
dent light, while in the case of scattered incident light the
diffused light had half-circular distribution function.
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Fig. 8: Measured (symbols) and simulated (lines)
quantum efficiency of the a-Si:H solar cell.

Fig. 8 reveals a good agreement between experimental
data and simulation. In particular, the position and intensi-
ty of the interference pattern, which could not be obtained
with previous incoherent optical models, is matched well
with the measured one. The fringes of the pattern are only
moderately pronounced in the case of analysed solar cell,
since the roughness of standard Asahi U -type substrate is
relatively high. We expect that further verification on sam-
ples with lower interface roughness, which exhibit en-
hanced interference fringes in the QE(A), will reveal the
benefits of semi-coherent model even more evidently.

V. Conclusions

One-dimensional semi-coherent optical model for thin-film
solar cells with rough interfaces was presented. In con-
trast to existing incoherent optical models, the direct (non-
scattered) part of light is taken coherently all over the struc-
ture in our model. Thus, the simulations account also for
the interference effects of direct light leading to the inter-
ference pattern in QE. Optical circumstances for direct co-
herent and scattered incoherent light at flat and rough in-
terfaces were described and propagation of both types of
light defined. At rough interfaces the scalar scattering the-
ory was used in order to determine the specular and dif-
fused part of light in reflection and in transmission. A pre-
liminary verification of the model using a single junction a-
Si:H solar cell with rough interfaces was carried out. A good
agreement with experimental QE was obtained, indicating
the applicability of the semi-coherent optical model.
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