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Optical modeling of a-Si:H solar cells with rough interfaces:
Effect of back contact and interface roughness
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An approach to study the optical behavior of hydrogenated amorphous silicon solar cells with rough
interfaces using computer modeling is presented. In this approach the descriptive haze parameters
of a light scattering interface are related to the root mean square roughness of the interface. Using
this approach we investigated the effect of front window contact roughness and back contact
material on the optical properties of a single junctiona-Si:H superstrate solar cell. The simulation
results fora-Si:H solar cells with SnO2:F as a front contact and ideal Ag, ZnO/Ag, and Al/Ag as
a back contact are shown. For cells with an absorber layer thickness of 150–600 nm the simulations
demonstrate that the gain in photogenerated current density due to the use of a textured superstrate
is around 2.3 mA cm22 in comparison to solar cells with flat interfaces. The effect of the front and
back contact roughness on the external quantum efficiency~QE! of the solar cell for different parts
of the light spectrum was determined. The choice of the back contact strongly influences the QE and
the absorption in the nonactive layers for the wavelengths above 650 nm. A practical Ag back
contact can be successfully simulated by introducing a thin buffer layer between then-typea-Si:H
and Ag back contact, which has optical properties similar to Al, indicating that the actual reflection
at then-typea-Si:H/Ag interface is smaller than what is expected from the respective bulk optical
parameters. In comparison to the practical Ag contact the QE of the cell can be strongly improved
by using a ZnO layer at the Ag back contact or anideal Ag contact. The photogenerated current
densities for a solar cell with a 450 nm thick intrinsica-Si:H layer with ZnO/Ag and ideal Ag are
16.7 and 17.3 mA cm22, respectively, compared to 14.4 mA cm22 for the practical Ag back contact.
The effect of increasing the roughness of the contact interfaces was investigated for both superstrate
and substrate types of solar cells. Increasing the roughness of the carrier electrode, i.e., the rough
electrode on which the silicon cell structure is deposited, up to 35 nm leads to a strong increase in
the photogenerated current density; for higher values of the interface roughness the photogenerated
current density tends to saturate. ©2000 American Institute of Physics.@S0021-8979~00!07724-0#
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I. INTRODUCTION

Light trapping has become a standard technique to
crease absorption of the incident light in the active layers
hydrogenated amorphous silicon (a-Si:H) based solar cells
In highly efficienta-Si:H solar cells this technique is base
mainly on the use of textured substrates and highly reflec
back contacts. The idea of light absorption enhancemen
employing a textured substrate, which introduces rough
terfaces in the solar cell, is to take advantage of light sc
tering at a rough interface. Part of the light that reache
rough interface will be scattered in various directions inste
of propagating in the specular direction. In this way the a
erage length of the light path in a layer is increased and
light absorption enhanced. Scattering at rough interfaces
only leads to enhancement of the absorption in the ac
intrinsic a-Si:H layer of the cell but also influences the a

a!Author to whom correspondence should be addressed; electronic
m.zeman@its.tudelft.nl
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sorption in all other layers. For an optimal optical design
a-Si:H solar cells it is important to know the light absorptio
profile in the whole solar cell. Since it is not easy to det
mine this profile experimentally,1 computer modeling has
proved to be a useful tool to study the absorption ina-Si:H
solar cells. The use of modeling for optical design has, ho
ever, urged the development of optical models, which c
accurately calculate the optical behavior ofa-Si:H solar cells
taking into account scattering at the rough interfaces.2–10

The numerical optical programs that take scattering i
account require input data, which describe the scattering
light at a rough interface. The haze parameter, which is
ratio between the diffused part of the reflected~transmitted!
light to the total reflected~transmitted! light, and the angular
distribution of the diffuse light are of major importance. S
far little is known about these descriptive scattering para
eters of rough interfaces ina-Si:H solar cells and only a
small amount of experimentally determined scattering dat
available.6,11–13 In addition, the general use of the availab
experimental data is limited, because they depend on
il:
6 © 2000 American Institute of Physics
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6437J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Zeman et al.
morphology of a particular rough interface and on the opti
properties of the two media that form the interface. Furth
more, in the above-mentioned experimental work no link
tween the scattering data and the roughness of the inter
has been made.

In this article we investigate the optical behavior
a-Si:H solar cells as a function of interface roughne
Therefore we introduce a novel approach, in which we re
the required input haze parameters to the geometrical ro
ness of a rough interface. This relationship between the h
parameters and the interface roughness is important bec
the roughness parameters vary for the different interface
a-Si:H solar cells, as deposition ofa-Si:H on a textured
substrate smoothens the rough surface.14

This article is organized as follows. In Sec. II we d
scribe the experimental details of preparation and charac
ization of the individual layers and complete solar cells t
have been used in this work. For the simulations of the
tical behavior ofa-Si:H solar cells we use theGENPRO2op-
tical program.4 After a short description of theGENPRO2op-
tical program in Sec. III, we present the relations between
diffuse part of the reflected and the transmitted light, and
interface roughness in Sec. IV. The interface roughnes
characterized by the root mean square~rms! roughnesss r ,
obtained from atomic force microscopy~AFM! data. We ap-
ply these relations to calculate the diffuse light at all rou
interfaces in single junctiona-Si:H solar cells. In Sec. V we
check the validity of our approach first by simulating t
external quantum efficiency~QE! and compare it with the
measured QE for a series of four single junctiona-Si:H solar
cells with different thicknesses of the intrinsic layer. Aft
demonstrating the validity of our approach by obtaining
good match between the measured and simulated~QE! data
for all thicknesses using the same parameter set, we pre
simulation results, in which we vary thes r of the interfaces.
In particular, we investigate the effect of the front and ba
contacts r on the absorption in all individual layers of
single junctiona-Si:H solar cell. The effect of increasing th
roughness of the contact interfaces is investigated for b
the superstrate and substrate type cell. In addition, we
study the effect of back contact materials on the absorp
profile in the solar cell.

II. EXPERIMENT

A. Optical properties of a-Si:H based layers

TheGENPRO2program requires as input optical constan
~the refractive index and the extinction coefficient! of all
individual layers, which form the simulated structure. W
determined these quantities for eacha-Si:H based layer tha
is used in our single junctiona-Si:H solar cell. Thea-Si:H
layers were deposited on Corning glass substrate and m
sured by reflection and transmission spectroscopy, dual b
photoconductivity, and photothermal deflection spectr
copy. The refractive index and extinction coefficient as fun
tions of the wavelength for the layers used in the solar
are shown in Figs. 1~a! and 1~b!, respectively.
Downloaded 30 Apr 2013 to 150.203.45.193. This article is copyrighted as indicated in the abstract.
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B. Deposition and characterization of a-Si:H solar
cells

Four single junctiona-Si:H solar cells each with differ-
ent thicknesses of the intrinsic layer were deposited on As
U-type substrate, which is textured SnO2:F transparent con-
ductive oxide~TCO! deposited on glass. The solar cells ha
the following structure: Asahi U-type/p-type a-SiC:H ~9
nm!/ intrinsic a-Si:H ~150–600 nm!/ n-typea-Si:H ~20 nm!/
Ag ~300 nm!. The solar cells were characterized by illum
natedJ–V measurements and by spectral response meas
ments. The external parameters of the solar cells determ
from J–V characteristics under AM1.5 standard illuminatio
are presented in Table I.

III. GENPRO2 OPTICAL PROGRAM

The GENPRO2 is a semiempirical optical program tha
calculates optical properties such as the total reflection,
total transmission, and the generation profile of a multila
optical system with rough interfaces. TheGENPRO2program
is based on the multirough-interface optical model.14 The
main assumption of the multirough-interface model is tha
regards a rough interface as a flat interface with small d
turbances that cause the scattering of light. This assump
means that a rough interface reflects and transmits the s
amount of light as a flat interface and that for the calculat

FIG. 1. The refractive index~a! and extinction coefficient~b! as function of
the wavelength for the layers used in the simulated solar cell: (l) intrinsic
a-Si:H, (m) n-typea-Si:H, (s) p-typea-SiC:H, (j) SnO2:F, (h) ZnO,
~* ! Ag, 1 Al.

TABLE I. The short-circuit current densityJsc, the open-circuit voltage
Voc , the fill factor, and the efficiency of the solar cells determined fro
J–V characteristics under AM1.5 standard illumination. The cell area
0.1 cm2.

i -layer
thickness

~nm!
Jsc

~mA cm22!
Voc

~V! Fill factor
Efficiency

~%!

150 12.54 0.79 0.69 6.89
300 14.96 0.82 0.71 8.79
450 16.56 0.82 0.69 9.40
600 16.71 0.79 0.71 9.48
 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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of the reflectance and the transmittance of the interface
approach based on the theory of thin film optics using
Fresnel amplitude coefficients15 can be used. This approac
of using the Fresnel amplitude coefficients is in t
multirough-interface model extended to multilayer optic
systems, in which due to the scattering the individual lay
are assumed to be incoherent.

Further the multirough-interface model assumes that
total reflected~transmitted! light at a rough interface is the
sum of the specular and the diffuse fractions of the reflec
~transmitted! light. The relation between the diffuse part
the reflected~transmitted! light and the total reflected~trans-
mitted! light is as follows:

Rd~l,u in ,uout!5CR~l! f R~u in! f R~uout!R0~l!, ~1!

Td~l,u in ,uout!5CT~l! f T~u in! f T~uout!T0~l!, ~2!

whereRd (Td) is the diffused reflectance~transmittance!, R0

(T0) is the reflectance~transmittance! of a flat interface,CR

(CT) is the haze parameter for reflected~transmitted! light,
f R,T(u in) describes the angle dependence of the incid
light, and f R,T(uout) gives the angle dependence of the o
going diffused light. TheGENPRO2 program requires thes
descriptive scattering parameters of a rough interface as
put. When knowing the haze parameter and the angular
pendence of the diffuse light theGENPRO2program calculates
the contributions of the diffuse light to the generation in t
individual layers of an optical system taking the enhanc
optical path of the diffuse light into account. In general, t
descriptive scattering parameters of a rough interface are
tained experimentally and therefore theGENPRO2program is
a semiempirical program.

IV. CHARACTERIZATION OF THE ROUGH
INTERFACE

A rough interface is described by the rms roughness
the scattering data, which include the haze parameter an
angular distribution of diffuse light. In this article we sho
that the descriptive scattering parameters that are use
input for theGENPRO2program can be related to the interfa
rms roughness and we present the relevant relations.

Typical values ofs r of the TCO textured superstrate
that are used in the fabrication ofa-Si:H solar cells are in the
range of 30–50 nm. The wavelength region of interest
single junctiona-Si:H solar cells is between 400 and 80
nm. The wavelength that determines the amount of scatte
is the effective wavelength in the medium from which t
light reaches the rough interface. This effective wavelen
is given by

leff5lair /n0~l!. ~3!

Heren0 is the refractive index of the medium of incidenc
In the wavelength region of interest,leff is for the TCO
(n0'2) 200–400 nm and for thea-Si:H (n0'4) 100–200
nm. Theleff in these media is comparable to or larger th
the s r of the interface between these media ina-Si:H solar
cells. A modified scalar scattering theory that is explained
Sec. IV C can be applied to such rough surfaces to relate
specular reflectance of a rough interface to itss r .16,17
Downloaded 30 Apr 2013 to 150.203.45.193. This article is copyrighted as indicated in the abstract.
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A. Characterization of interface roughness in solar
cells

The value of the rms roughness of the Asahi U-ty
substrate is found to be dependent on the scanned area
sured with AFM and is higher for a larger scanned area. T
area dependence indicates that a thickness variatio
present in the substrate over distances larger than the r
of a typical AFM scan of several micrometers. Transmiss
electron microscopy measurement on this TCO substrate
vealed a thickness variation from 620 to 740 nm. Under
assumption that for light in the wavelength range of inter
~300–900 nm! only a local roughness over an area less th
1 mm2 is important we have useds r540 nm in our simula-
tions for the TCO/p interface. This value is an average fro
20 measurements carried out on 333 mm2 scanned areas.

Deposition of a 9 nmp-typea-SiC:H did not result in an
observable change of the surface roughness. Deposition
150 nm thick a-Si:H intrinsic layer resulted in a surfac
characterized bys r536 and 300 nm thick layer resulted in
further reduction of the rms roughness tos r533 nm. We
assumed that the deposition of the 20 nmn-type a-Si:H
layer on top of this did not further change the surface rou
ness significantly.

B. Diffuse reflectance as a function of the rms
roughness

For rough interfaces, which haves r comparable to or
smaller thanleff of the medium of incidence, the scalar sca
tering theory can be applied to determine the specular refl
tance of an interface. Bennett and Porteus16 demonstrated
that in the case of normal incidence the specular part of
total reflectanceRs is related tos r by

Rs5R0 exp@2~4ps r n0 /l!2#, ~4!

whereR0 is the reflectance of a flat surface. Under the
sumption that the sum of the specular and the diffuse refl
tance of a rough interface is equal to the reflectance o
perfectly smooth interface between the same materialsRs

1Rd5R0) the diffuse reflectance using Eq.~4! becomes

Rd5R0~12exp@2~4ps r n0 /l!2# !. ~5!

Figures 2~a! and 2~b! present the ratio ofRd to R0 as calcu-
lated from Eq.~5! for light incident at a rough interface
through Asahi U-type TCO andn-typea-Si:H, respectively,
for several values ofs r . It is important to note in Fig. 2~b!
that the back contact interface acts as a nearly perfect
fuser for the reflected light in the wavelength range of int
est whens r is larger than 30 nm.

C. Determination of diffuse transmittance

In a superstratea-Si:H solar cell light enters the sola
cell through the TCO layer. The TCO layer also introduc
the first rough interface into a solar cell at which light
scattered. In order to investigate the scattering propertie
the TCO rough surface we measured the total integra
transmission~TIT! of a simple optical system consisting o
glass/medium/Asahi U-type substrate where the medium
either air or water. We noticed a substantial difference
 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



th
fl

n-
he

ah
ar
he
.
-

d

ra

ar

od
. In
ion

gh

ng

g
ts of
r-

ia.
ula-

e
ling

as

cell
ed,
ns
ell
ex-

es

as
su
-
sh
.

of
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tween the measured TIT and the simulated results of
optical system in the short wavelength region assuming
interfaces~see Fig. 3!. This difference is caused by an e
hanced absorption of light within the TCO layer due to t
scattering at the rough interface.

We evaluated the scattering properties of the As
U-type TCO rough surface for transmitted light by comp
ing the measured TIT with the simulations, in which t
interface between the medium and the TCO was rough
the simulations we used Eq.~5! to calculate the diffuse re
flectance at the rough TCO/medium interface withs r

540 nm. For the diffuse transmittance we first assume
square dependence on (s r /leff) similar to the case of diffuse
reflectance and we used the following relationship:

Td>T0

3~12exp@2~2ps rCcorr~n0 cosu02n1 cosu1!/leff!
2# !.

~6!

HereTd is the diffuse transmittance,T0 is the transmittance
of a smooth interface between two media, which are cha
terized by refractive indicesn0 and n1 , u0 is the angle of
incidence, andu1 is the angle of refraction of the specul

FIG. 2. The ratio ofRd to R0 as a function of wavelength for several valu
of the rms roughness of the rough interface:~a! Asahi U-type TCO material
and ~b! n-type a-Si:H.

FIG. 3. The total integrated transmission as function of wavelength of gl
medium/Asahi U-type substrate optical system. The dots are the mea
data@medium: (j) water (d) air#, the full lines represent the fits of simu
lated total transmittance taking the rough interface into account, the da
lines represent the total transmittance of the system with flat interfaces
Downloaded 30 Apr 2013 to 150.203.45.193. This article is copyrighted as indicated in the abstract.
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beam. Notice that whenCcorr51, Eq.~6! reduces to the for-
mula, which was derived by Carniglia.18 Using the original
formula as derived by Carniglia we could not obtain a go
match between the measured and simulated TIT values
order to obtain a good match, we introduced a correct
factorCcorr. Even using the correction factorCcorr in Eq. ~6!
no good match was obtained.

In order to extract the diffuse transmittance of the rou
Asahi U-type TCO as a function ofl ands r we assumed a
function describing the diffuse transmittance of the followi
form:

Td5T0~12exp@2~C1s r /l!C2# !, ~7!

whereC1 andC2 are the fitting parameters. From the fittin
procedure, in which we have matched the measuremen
the TIT with the simulations, we extracted the following fo
mula:

Td5T0~12exp@2~4ps rC un02n1u/l!3# !. ~8!

In this formulaC is a factor that depends on the two med
Figure 3 shows the results of the measurements and sim
tions, in which Eq.~8! was used for calculating the diffus
transmittance, when air or water were used as the leve
medium. It is important to note thatl/un02n1u is used as the
effective wavelength instead of the effective wavelength
defined by Eq.~3!. We noticed that whenun02n1u increases
C approaches 1.

In our simulations we used Eq.~8! to calculate the dif-
fuse transmittance for all rough interfaces in thea-Si:H solar
cell. Figure 4 shows the ratio ofTd to T0 for the TCO/p and
p/ i interfaces forC51 and several values ofs r as calcu-
lated from Eq.~8!.

V. SIMULATIONS

A. Simulations of external quantum efficiency

From spectral response measurements of the solar
the absolute external quantum efficiency can be determin
which contains valuable information about the contributio
of both electronic and optical properties of the solar c
materials to the photovoltaic performance. The absolute

s/
red

ed

FIG. 4. The ratio ofTd to T0 as function of wavelength for several values
s r for: ~a! the TCO/p interface and~b! the p/ i interface.
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ternal quantum efficiency is defined as the number of cha
carriers collected~from all layers of the device! per incident
photon at each wavelengthl. This quantum efficiency is
defined as

QE~l!5 (
layers

QEop~l!hg~l!QEel~l!, ~9!

where QEop is the optical quantum efficiency, which is
measure for the probability of a photon being absorbed.
quantum efficiency for carrier generationhg represents the
number of electron–hole pairs generated by one abso
photon and can be assumed to be unity. The electrical q
tum efficiency QEel reflects the probability that a photoge
nerated carrier is collected. When using the term ‘‘quant
efficiency ~QE!’’ in this article we mean the above define
absolute external quantum efficiency.

By applying a sufficiently large reverse bias voltage d
ing the spectral response measurement all photogene
carriers are collected, which implies that QEel is unity. In
that case the measured QE represents the optical qua
efficiency, which can be simulated using theGENPRO2pro-
gram. The output ofGENPRO2is the generation profile in the
solar cell as a function of depth. Under the assumption
all photogenerated carriers are collected, the total genera
calculated per incident photon in the intrinsica-Si:H layer of
the solar cell represents the experimental QE of the solar
measured at a reverse bias.

In our simulations all rough interfaces in the solar c
(TCO/p, p/ i , i /n, andn/Ag) can contribute to the scatte
ing. The diffuse reflectance and transmittance, which are
quired input parameters for theGENPRO2program, were cal-
culated for all rough interfaces ina-Si:H solar cells using
Eqs. ~5! and ~8!, respectively, withC51 in Eq. ~8!. Based
on the AFM results we used the sames r for the TCO/p and
p/ i interfaces, and the same value ofs r for the i /n andn/Ag
interfaces. The angular distribution of the diffuse light w
described by the cos2 function. For the back metal interface
uniform angular distribution of the diffuse light was used

Using the experimentally determined values ofs r of the
rough interfaces in the four fabricateda-Si:H solar cells and
the above described approach to model the diffuse refl
tance and transmittance, we calculated the QE for each o
four solar cells. We obtain a good agreement between
simulated QE and the QE measured at21 V for all four cells
as shown in Fig. 5. Because the optical model, which
implemented in theGENPRO2program, is developed to simu
late structures withrough interfaces, the optical interferenc
is of minor importance. Therefore an incoherent simulat
is carried out in order to keep the model simple. This inc
herent simulation can, however, lead to small deviations
the QE characteristics for optical systems, in which there
significant contribution of specular fraction of light.

In order to obtain good agreement between the simula
and the measured QE a buffer layer was inserted betwee
n-type a-Si:H layer and the Ag back contact in our sim
lated solar cell structure. This buffer layer is realized in t
simulations by inserting a thin 1.5 nm layer having optic
properties similar to Al, as proposed by Stiebiget al.7 This
Downloaded 30 Apr 2013 to 150.203.45.193. This article is copyrighted as indicated in the abstract.
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buffer layer accounts for the lower reflectivity of the prac
cal Ag back contact, which may be due to intermixing of A
with silicon.19

Figure 5 illustrates the effect of the front and back co
tact texture on the QE assuming that:~i! all interfaces are
flat, ~ii ! only the front interfaces of the cell (TCO/p andp/ i )
are rough,~iii ! only the back interfaces (n/metal andi /n) are
rough, and~iv! all interfaces are rough. These simulatio
demonstrate the advantage of modeling, which enables u
investigate solar cell structures that are difficult to fabric
in practice or to evaluate the effect of particular model p
rameters separately. From the QE curves we calculated
photogenerated current densityJph using the standard AM1.5
spectrum in the wavelength range from 400 to 900 nm. T
values of theJph are also included in Fig. 5. The resul
clearly show that implementation of rough interfaces
a-Si:H solar cells leads to an enhanced absorption in
intrinsic layer. In the case of our superstrate solar cells
gain inJph is around 2.3 mA cm22. This gain is only slightly
dependent on the thickness of the intrinsic layer.

The simulation results of the QE reveal trends in t

FIG. 5. The measured (j points! and simulated~lines! QE of the four
single junctiona-Si:H solar cells each with a different thickness of th
intrinsic layer:~a! 150 nm,~b! 300 nm,~c! 450 nm, and~d! 600 nm. The
simulated QE curves:~i! all interfaces are flat~-h-!, ~ii ! only the front
interfaces~TCO/p and p/ i ) are rough~-n-!, ~iii ! only the back interfaces
( i /n and n/metal) are rough~-s-!, and ~iv! all interfaces are rough~full
line!. s f (sb) is the rms roughness of the front~back! interfaces of the cell.
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optical behavior ofa-Si:H solar cell when scattering is ap
plied at various interfaces in the solar cell. It is illustrative
discuss the influence of scattering for two wavelength
gions: the short wavelength region from 350 to 550 nm a
the long wavelength region from 550 to 900 nm. The ba
contact roughness has no effect on the QE in the short w
length region compared to solar cells with flat interfac
Below l5450 nm scattering at the front rough interfac
causes a slight decrease in the QE while abovel5450 nm
this scattering contributes to a large absorption enhancem
in the active layer of the cell. The major contribution of lig
scattering at the front interfaces to the QE is in the wa
length range between 450 and 650 nm. Abovel5650 nm
scattering at the back contact begins to play a dominant
in increasing the QE.

B. Simulations of absorption in individual layers of
a-Si:H p -i -n solar cell

The experimental QE is related to the absorption of lig
in the intrinsic a-Si:H layer and does not reveal the ind
vidual absorption losses in the other layers of the solar c
We used the simulations to study the influence of the in
face roughness on the absorption in all layers of the s
cell, which is very difficult to carry out experimentally. Fo
comparison the total absorption in the individual layers a
the total reflection of the solar cell is expressed in terms
the QE.

Figure 6 demonstrates trends in the optical behavior
superstratea-Si:H solar cell with a 450 nm thick intrinsic
layer simulated with the above mentioned thin buffer lay
of which the optical properties are similar to Al. Figure 6~a!
shows the results in the case where all interfaces in the
are flat and Fig. 6~b! in the case where all interfaces a
rough. In the latter case thes r of the front contact interface

FIG. 6. The total reflection of ana-Si:H solar cell with a 1.5 nm thick
buffer layer between then-type a-Si:H and Ag and the absorption in th
individual layers expressed in terms of QE:~a! solar cell with flat interfaces,
and ~b! solar cell with rough interfaces. The buffer layer has optical pro
erties similar to Al. The dots are the measured QE data of the experim
cell with a 450 nm thick intrinsic layer. The photogenerated current den
calculated from the simulated QE is included. The filled patterns corresp
to: (i ) intrinsic a-Si:H layer, (p) p-typea-SiC:H, (n) n-typea-Si:H layer,
~TCO! TCO layer, (B) buffer layer, (R) total reflection.
Downloaded 30 Apr 2013 to 150.203.45.193. This article is copyrighted as indicated in the abstract.
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is 40 nm and thes r of the back contact interfaces is equal
30 nm. These values ofs r are determined from the AFM
measurements on the actual superstrate and the experim
solar cell. We note that scattering at the front rough int
faces causes a decrease in the QE belowl5450 nm due to a
stronger absorption in the TCO andp layer. Scattering at the
back contact of the cell increases the QE in the long wa
length region but also causes an increased absorption in tn
layer and metal. The major loss in the long wavelength
gion due to scattering is the absorption in the metal con
layer including the thin buffer layer. This cell is difficult to
optimize because any improvement of then layer or the
TCO leads to a negligible enhancement of the QE in the lo
wavelength region. Therefore, a further enhancement of l
absorption in the intrinsic layer can be expected from
creasing the reflectivity of the back metal contact.

We have simulated a solar cell with anideal Ag contact,
which means that there is no intermixing between then-type
a-Si:H layer and the Ag. We also investigated the effect
introducing a ZnO layer between then-typea-Si:H layer and
Ag. The type of the back contact strongly influences t
absorption in the individual layers of the cell. The results
a 450 nm thick superstrate solar cell with an ideal Ag ba
contact or a ZnO/Ag back contact are shown in Fig. 7 us
the experimental values ofs r .

The difference in theJph between the cell with the thin
Al buffer layer and an ideal Ag contact is not large when t
interfaces are flat: 12.1 mA cm22 compared to
12.4 mA cm22, respectively. When rough interfaces are i
troduced in the cell with a textured superstrate, the differe
between theJph increases to 2.9 mA cm22 @see Figs. 6~b! and
7~a!#. In the case of an ideal Ag back contact the loss due
the absorption in the nonactive layers is distributed amo
the n layer, TCO, and metal. Therefore a further improv
ment in the QE of this cell can be expected by optimizing
quality and the thickness of then layer and/or the TCO. In
practice, a high reflectivity at the back contact is achieved

-
tal
y
d

FIG. 7. The total reflection of ana-Si:H solar cell and the absorption in th
individual layers expressed in terms of QE:~a! solar cell with an ideal Ag
contact,~b! solar cell with a ZnO/Ag back contact. The dots are the m
sured QE data of the experimental cell. The patterns have the same me
as in Fig. 6. The photogenerated current density calculated from the s
lated QE is included.
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introducing a TCO layer between then layer and Ag contact.
In the case where a ZnO/Ag back contact is applied theJph is
not as high as in the case of an ideal Ag back contact. N
ertheless, it is 2.3 mA cm22 higher, when compared to a ce
with a thin Al buffer layer @see Figs. 6~b! and 7~b!#. The
simulations show that the QE hardly changes when the th
ness of the ZnO layer is varied between 50 and 300 nm, a
observed experimentally.20 The change in theJph is less than
0.5%. However, reducing the thickness of then-type layer to
5 nm in the solar cell structure with a 100 nm ZnO layer
the back contact results in aJph of 17.3 mA cm22, compared
to 16.7 mA cm22 for a 20 nm thickn-type layer. This repre-
sents an increase of more than 3%. Notice that the valu
17.3 mA cm22 for the Jph obtained by reducing then-type
layer thickness is fortuitously the same as when using
ideal Ag back contact.

C. Effect of carrier electrode roughness

Deposition ofa-Si:H on a textured substrate smoothe
the rough surface. In the superstrate configuration, we
served a decrease of around 10 nm in thes r after deposition
of 450 nm thicka-Si:H film. We expect that in a substrat
type a-Si:H cell the roughness of the front contact interfa
is similarly influenced by the deposition of the intrins
layer. We have simulated the effect of increasing roughn
of the the carrier electrode on the gain in photogenera
current density for both superstrate and substratea-Si:H so-
lar cells. In the simulations we assume that when increas
the rms roughness of the carrier electrode up to 10 nm,
other contact electrode is flat. Above 10 nm the rms rou
ness of the carrier electrode is 10 nm higher than the o
contact interface. Figures 8~a! and 8~b! show the results for a
solar cell with a thin Al buffer layer and an ideal Ag contac
respectively. The results demonstrate that increasing the
roughness froms r50 to s r535 nm leads to a higher gain i
theJph in the substrate type solar cell compared to the sup
strate type cell, while fors r.35 nm the superstrate ce
shows a slightly higher gain in theJph. For s r.60 nm, the
Jph saturates for both superstrate and substrate type s

FIG. 8. The gain in the photocurrent density as a function of the car
electrode roughness calculated from the QE of the solar cell:~a! solar cell
with a thin Al buffer layer at the back contact,~b! solar cell with an ideal Ag
back contact.
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cell. TheJph of the solar cell with the thin Al buffer layer
saturates at 14.55 mA cm22. The current density of the cel
with the ideal Ag contact reaches its highest value
17.35 mA cm22 for s r of around 50 nm for the carrier elec
trode. The results point out that fors r,35 nm scattering at
the back contact of the solar cell is more efficient in enha
ing the absorption in the intrinsic layer than scattering at
front contact. When the intrinsic layer is thinner the diffe
ence between the rms roughnesses of the contact interf
becomes smaller and that narrows the difference in gain
the Jph between the superstrate and substrate solar cells

VI. CONCLUSIONS

Using computer modeling we investigated the effect
back contact and interface roughness on the optical pro
ties ofa-Si:H solar cells by varying the rms roughness of t
textured interfaces. The relations between the input par
eters, which describe the diffuse part of reflected and tra
mitted light at a rough interface, ands r of the interface are
presented. By matching the measurements of the total i
grated transmission we extracted the diffuse transmittanc
the rough Asahi U-type/air interface. The diffuse transm
tance is exponentially dependent on the third power of
ratio of s r andl, as described by Eq.~8!.

The s r of the Asahi U-type substrate surface is expe
mentally determined to be 40 nm. Deposition of a 9 nmthick
p-type a-SiC:H layer on the substrate does not change
surface roughness significantly. Thes r of the back interface
is found to be dependent on the intrinsic layer thickness
decreases by about 2.5 nm per 100 nm of the intrinsic la
Due to the high refractive index ofn-type a-Si:H the back
contact interface acts as a nearly perfect diffuser for the
flected light whens r is above 30 nm.

In the short wavelength region~below 550 nm! the back
contact roughness has almost no effect on the QE. Scatte
at the front rough interfaces causes a decrease in the
below 450 nm due to stronger absorption in the TCO anp
layer. Above 450 nm scattering at the front rough interfac
contributes to a large beneficial absorption enhancem
The major contribution to the QE from light scattered at t
front interfaces is in the wavelength range between 450
650 nm. Above 650 nm scattering at the back contact play
dominant role in the improvement of the QE. Therefore, te
ture is needed at both front and back interfaces in orde
achieve enhanced absorption in the complete wavelen
spectrum.

The choice of the back contact strongly influences
QE and the absorption in the nonactive layers of the so
cell for wavelengths above 650 nm. The practical Ag ba
contact can be successfully simulated by introducing a t
buffer layer between then-typea-Si:H and Ag back contact
which has optical properties similar to Al. The QE of the c
can be improved by using a ZnO buffer layer between
n-typea-Si:H and the Ag. Using a ZnO layer, the gain in th
photogenerated current density due to scattering at rough
terfaces in the solar cell is 4.2 mA cm22. In the case of an
ideal Ag back contact the gain in the photogenerated cur
density can amount to almost 5 mA cm22 compared to a so-

r
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lar cell with flat interfaces. Optimizing the quality and th
thickness of then-type layer and the TCO front electrode ca
further improve these values.

Increasings r of the carrier electrode from 0 to 35 nm
leads to a higher gain in the photogenerated current den
in a substrate type solar cell compared to a superstrate
cell, while for s r.35 nm the superstrate cell shows
slightly higher gain in the photogenerated current dens
Increasing the roughness of the carrier electrode above
nm leads to only a small gain in the photogenerated cur
density. Fors r.60 nm the photogenerated current dens
saturates for both superstrate and substrate solar cells.
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