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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 juncta®i:H superstrate solar cell. The simulation
results fora-Si:H solar cells with Sh@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 cm? in comparison to solar cells with flat interfaces. The effect of the front and
back contact roughness on the external quantum effici6QEy 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 betweertype a- Si:H

and Ag back contact, which has optical properties similar to Al, indicating that the actual reflection

at then-type a-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 orideal Ag contact. The photogenerated current
densities for a solar cell with a 450 nm thick intrinsieSi:H layer with ZnO/Ag and ideal Ag are

16.7 and 17.3 mA ci¥, respectively, compared to 14.4 mA cator 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. ZD00 American Institute of Physi¢&0021-897@0)07724-(

I. INTRODUCTION sorption in all other layers. For an optimal optical design of
a-Si:H solar cells it is important to know the light absorption
Light trapping has become a standard technique to inprofile in the whole solar cell. Since it is not easy to deter-
crease absorption of the incident light in the active layers ofnine this profile experimentally,computer modeling has
hydrogenated amorphous silicoa-8i:H) based solar cells. proved to be a useful tool to study the absorptiomisi:H
In highly efficienta-Si:H solar cells this technique is based solar cells. The use of modeling for optical design has, how-
mainly on the use of textured substrates and highly reflectivever, urged the development of optical models, which can
back contacts. The idea of light absorption enhancement byccurately calculate the optical behaviormeBi:H solar cells
employing a textured substrate, which introduces rough intaking into account scattering at the rough interfaces.
terfaces in the solar cell, is to take advantage of light scat-  The numerical optical programs that take scattering into
tering at a rough interface. Part of the light that reaches &ccount require input data, which describe the scattering of
rough interface will be scattered in various directions insteadight at a rough interface. The haze parameter, which is the
of propagating in the specular direction. In this way the avratio between the diffused part of the reflectésnsmitted
erage length of the light path in a layer is increased and th@ght to the total reflectedtransmitted light, and the angular
light absorption enhanced. Scattering at rough interfaces nefistribution of the diffuse light are of major importance. So
only leads to enhancement of the absorption in the activéar little is known about these descriptive scattering param-
intrinsic a-Si:H layer of the cell but also influences the ab- eters of rough interfaces ia-Si:H solar cells and only a
small amount of experimentally determined scattering data is
dAuthor to whom correspondence should be addressed; electronic maii':."va-”abIe(?'ll_l?’In addition, the general use of the available
m.zeman@its.tudelft.nl experimental data is limited, because they depend on the
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morphology of a particular rough interface and on the optical
properties of the two media that form the interface. Further-
more, in the above-mentioned experimental work no link be-
tween the scattering data and the roughness of the interfac
has been made.

In this article we investigate the optical behavior of
a-Si:H solar cells as a function of interface roughness.
Therefore we introduce a novel approach, in which we relate@
the required input haze parameters to the geometrical rough§
ness of a rough interface. This relationship between the haz
parameters and the interface roughness is important becaus
the roughness parameters vary for the different interfaces ir
a-Si:H solar cells, as deposition @&-Si:H on a textured

ive index
Extinction coefficient

R 10 +———
substrate smoothens the rough surfice. 350 450 550 650 750 B50 350 450 550 850 750 850
This article is organized as follows. In Sec. Il we de- Wavelength [nm] Wavelength [nm]

scribe the experimental details of preparation and character-
P prep FIG. 1. The refractive indeta) and extinction coefficientb) as function of

ization of the |nd|_v|du_al layers and complete §O|al’ cells thaty, wavelength for the layers used in the simulated solar cell: ntrinsic
have been used in this work. For the simulations of the opa-si:H, (A) n-typea-Si:H, (O) p-typea-SiC:H, (W) SnO,:F, () ZnO,
tical behavior ofa-Si:H solar cells we use theeENPRO20p-  (*) Ag, + Al

tical progrant: After a short description of theENPRO20p-

tical program in Sec. lll, we present the relations between th " — .

diffuse part of the reflected and the transmitted light, and th?' Deposition and characterization  of aSiH solar
. . . cells

interface roughness in Sec. IV. The interface roughness is
characterized by the root mean squams) roughnessr, , Four single junctiora-Si:H solar cells each with differ-
obtained from atomic force microsco#FM) data. We ap- ent thicknesses of the intrinsic layer were deposited on Asahi
ply these relations to calculate the diffuse light at all roughU-type substrate, which is textured SnP transparent con-
interfaces in single junction-Si:H solar cells. In Sec. V we ductive oxide(TCO) deposited on glass. The solar cells have
check the validity of our approach first by simulating the the following structure: Asahi U-typpftype a-SiC:H (9
external quantum efficiencyQE) and compare it with the nm)/ intrinsica-Si:H (150—600 nny n-typea-Si:H (20 nm)/
measured QE for a series of four single junct&i®i:H solar  Ag (300 nm). The solar cells were characterized by illumi-
cells with different thicknesses of the intrinsic layer. After natedJ—V measurements and by spectral response measure-
demonstrating the validity of our approach by obtaining aments. The external parameters of the solar cells determined
good match between the measured and simulé@d data  from J—V characteristics under AM1.5 standard illumination
for all thicknesses using the same parameter set, we presente presented in Table I.

simulation results, in which we vary the of the interfaces.

In particular, we investigate the effect of the front and backill. GENPRO2 OPTICAL PROGRAM

contacto, on the absorption in all individual layers of a
single junctiona- Si:H solar cell. The effect of increasing the lculat tical " h the total reflecti h
roughness of the contact interfaces is investigated for bot aclu aes optica proseLles such as the fpl a fre ec ||o_|n, €
the superstrate and substrate type cell. In addition, we alsé)ta transmlssmr_w, and t € generation profile of a multilayer
study the effect of back contact materials on the absorption ptical system with ro_ugh mt(_arfaces. TbENPROZpI’OgI’am
profile in the solar cell IS k_)ased on t.he mult|roughj|nterfa§:e optical mo’de]l?he _

' main assumption of the multirough-interface model is that it
regards a rough interface as a flat interface with small dis-
turbances that cause the scattering of light. This assumption
means that a rough interface reflects and transmits the same
Il. EXPERIMENT amount of light as a flat interface and that for the calculation

The GENPRO2is a semiempirical optical program that

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

The GENPRO2DrOGram r i inout ootical constant TABLE I._The short-circuit cur_r(—_:-nt density., the open-circuit yoltage
€ program requires as input optical consta SVOC, the fill factor, and the efficiency of the solar cells determined from

_(th? _refraCtive index_and the eXtin(_:tion coefficient all J-V characteristics under AM1.5 standard illumination. The cell area is
individual layers, which form the simulated structure. Weo.1 cn?.
determined these quantities for eaxtBi:H based layer that

is used in our single junctioa-Si:H solar cell. Thea-Si:H i-layer N
thickness J V Efficiency

. . - Sc oc

layers were deposned on Cor.nln.g glass substrate and mea: om) (mA o) W Fill factor %)
sured by reflection and transmission spectroscopy, dual beam

photoconductivity, and photothermal deflection spectros- ;gg 12-32 g-;g 8-69 2-83
copy. The refractive index and extinction coefficient as func- 14. ' 11 7
. . 450 16.56 0.82 0.69 9.40
tions of the wavelength for the layers used in the solar cell  gq, 16.71 0.79 0.71 9.48

are shown in Figs. (&) and 1b), respectively.
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of the reflectance and the transmittance of the interface aA. Characterization of interface roughness in solar
approach based on the theory of thin film optics using thecells
Fresnel amplitude coefficiertffscan be used. This approach

of using the Fresnel amplitude coefficients is in thegpgirate is found to be dependent on the scanned area mea-
muItlrough-lnterface model extendeq to mlﬂ'“'?}’er optical gred with AFM and is higher for a larger scanned area. This
systems, in which due to the scattering the individual layergye5 dependence indicates that a thickness variation is
are assumed to be incoherent. present in the substrate over distances larger than the range
Further the multirough-interface model assumes that theg 5 ynical AFM scan of several micrometers. Transmission
total reflected(transmittedl light at a rough interface is the electron microscopy measurement on this TCO substrate re-
sum of the specular and the diffuse fractions of the reflectedqjeq a thickness variation from 620 to 740 nm. Under the
(transmitted light. The relation between the diffuse part of og5umption that for light in the wavelength range of interest
the reflectedtransmittedl light and the total reflectetirans- (300—900 nronly a local roughness over an area less than

mitted light is as follows: 1 wm? is important we have used,=40nm in our simula-

The value of the rms roughness of the Asahi U-type

Ry(N\, 6in, 0ou) = CrON) Fr(0in) Tr(Boud Ro(N), (1) tions for the TCOp interface. This value is an average from
20 measurements carried out ok 3 um? scanned areas.
Ta(N bin s Oou) = Cr(N) Fr(in) F1(Oou) To(N), 2 Deposition da 9 nmp-typea-SiC:H did not result in an

whereRy (Ty) is the diffused reflectandgransmittancg R, ~ observable change of the surface roughness. Deposition of a
(TO) is the reflectancétransmittancgof a flat interfacepR 150 nm thicka-Si:H intrinsic Iayer resulted in a surface
(CT) is the haze parameter for reflect@cansmitted ||ght, characterized b!ﬂ'r:36 and 300 nm thick Iayer resulted in a
fr(6n) describes the angle dependence of the incidenfurther reduction of the rms roughness déo=33nm. We
light, and fg (6. gives the angle dependence of the out-assumed that the deposition of the 20 mrtype a-Si:H
going diffused light. TheGENPRO2 program requires these layer on top of this did not further change the surface rough-
descriptive scattering parameters of a rough interface as ifess significantly.

put. When knowing the haze parameter and the angular de-

pendence of the diffuse light tlieENPRO2program calculates B. Diffuse reflectance as a function of the rms

the contributions of the diffuse light to the generation in theroughness

individual layers of an optical system taking the enhanced For rough interfaces, which have, comparable to or
l T

optical path of the diffuse light into account. In general, thesmaller than o of the medium of incidence, the scalar scat-

descriptive scattering parameters of a rough interface are Ol?éring theory can be applied to determine the specular reflec-
tained experimentally and therefore theENPRO2program is

. - tance of an interface. Bennett and Portéutemonstrated
a semiempirical program. that in the case of normal incidence the specular part of the
total reflectancer; is related too, by

R=Rpexd — (4mo, ng/\)?], (4)

whereR, is the reflectance of a flat surface. Under the as-

A rough interface is. de;cribed by the rms roughness angumption that the sum of the specular and the diffuse reflec-
the scattering data, which include the haze parameter and ﬂfﬁnce of a rough interface is equal to the reflectance of a

ahngulﬁr d(;stnbgtpn of dlffuge light. In this artrllcle we Sho‘é\’ erfectly smooth interface between the same materials (
f[ at the descriptive scattering parameters that are use SRd:RO) the diffuse reflectance using E@) becomes
input for theGENPRO2program can be related to the interface

rms roughness and we present the relevant relations. Ry=Ro(1—exd — (4mor ng/\)?]). 6)

Typical values ofcg, of the TCO textured superstrates Figures 2a) and 2b) present the ratio oR4 to R, as calcu-
that are used in the fabrication @fSi:H solar cells are in the lated from Eq.(5) for light incident at a rough interface

range pf 3Q—50 nm. The wavele_ngth region of interest forthrough Asahi U-type TCO and-typea-Si:H, respectively,
single junctiona-Si:H solar cells is between 400 and 800 4 several values of, . It is important to note in Fig. ()
nm. The wavelength that determines the amount of scattering,st the back contact interface acts as a nearly perfect dif-

is the effective wavelength in the medium from which thefser for the reflected light in the wavelength range of inter-
light reaches the rough interface. This effective wavelengthyg; wheno, is larger than 30 nm.

is given by

IV. CHARACTERIZATION OF THE ROUGH
INTERFACE

Netr=Nair/Ng(N). (3 C. Determination of diffuse transmittance

Hereny is the refractive index of the medium of incidence. In a superstrata-Si:H solar cell light enters the solar

In the wavelength region of interests is for the TCO  cell through the TCO layer. The TCO layer also introduces
(ng=~2) 200-400 nm and for tha-Si:H (ng~4) 100—-200 the first rough interface into a solar cell at which light is
nm. Thel; in these media is comparable to or larger thanscattered. In order to investigate the scattering properties of
the o, of the interface between these mediaaiBi:H solar the TCO rough surface we measured the total integrated
cells. A modified scalar scattering theory that is explained irtransmissionTIT) of a simple optical system consisting of
Sec. IV C can be applied to such rough surfaces to relate thglass/medium/Asahi U-type substrate where the medium is
specular reflectance of a rough interface tooifs*®*’ either air or water. We noticed a substantial difference be-
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FIG. 4. The ratio ofT 4 to T, as function of wavelength for several values of

FIG. 2. The ratio ofRy to Ry as a function of wavelength for several values . Y
o, for: (a) the TCOp interface andb) the p/i interface.

of the rms roughness of the rough interfa@:Asahi U-type TCO material
and (b) n-type a-Si:H.

beam. Notice that whe€@,,= 1, Eq.(6) reduces to the for-
tween the measured TIT and the simulated results of thisula, which was derived by Carniglt4.Using the original
optical system in the short wavelength region assuming flaformula as derived by Carniglia we could not obtain a good
interfaces(see Fig. 3 This difference is caused by an en- match between the measured and simulated TIT values. In
hanced absorption of light within the TCO layer due to theorder to obtain a good match, we introduced a correction
scattering at the rough interface. factor C..,,. Even using the correction fact@,,, in Eq. (6)

We evaluated the scattering properties of the Asahnho good match was obtained.

U-type TCO rough surface for transmitted light by compar-  In order to extract the diffuse transmittance of the rough
ing the measured TIT with the simulations, in which the Asahi U-type TCO as a function of and o, we assumed a
interface between the medium and the TCO was rough. Ifunction describing the diffuse transmittance of the following
the simulations we used E¢p) to calculate the diffuse re- form:
flectance at the rough TCO/medium interface wi . c
=40nm. For the diffuse transmittance we first assmed a o= Toll=exd = (Coor/M)72]), 0
square dependence o, (/\¢¢) Similar to the case of diffuse whereC, andC, are the fitting parameters. From the fitting

reflectance and we used the following relationship: procedure, in which we have matched the measurements of
_ the TIT with the simulations, we extracted the following for-
Ta=To mula:
2
x(l—exr[—(ZworCmr,(noCOSHO—nl 00501)/7\eﬁ) ]) Td:To(l—eXF[—(47TO'rC |n0—n1|/)\)3]). (8)

(©) In this formulaC is a factor that depends on the two media.
Here T is the diffuse transmittancd, is the transmittance Figure 3 shows the results of the measurements and simula-
of a smooth interface between two media, which are charadions, in which Eq.(8) was used for calculating the diffuse
terized by refractive indicesy, andn,, 6, is the angle of transmittance, when air or water were used as the leveling
incidence, and, is the angle of refraction of the specular medium. It is important to note that|n,—n,| is used as the
effective wavelength instead of the effective wavelength as
defined by Eq(3). We noticed that whefny—n,| increases
flat water C approaches 1.
_________ anpustttusy, In our simulations we used E¢g) to calculate the dif-
--------------------- ' fuse transmittance for all rough interfaces in &1&i:H solar
i cell. Figure 4 shows the ratio df, to T, for the TCOp and
p/i interfaces forC=1 and several values af, as calcu-
lated from Eq.(8).

-
o

Transmittance
o o
o o

o
N
<

0.2 V. SIMULATIONS

T T T T T T T T T

350 450 550 650 750 850 A. Simulations of external quantum efficiency
Wavelength [nm]

From spectral response measurements of the solar cell
FIG. 3. The total integrated transmission as function of wavelength of glassthe absolute external quantum efficiency can be determined,

medium/Asahi U-type substrate optical system. The dots are the measurggh ;1 ontains valuable information about the contributions
data[medium: @) water (@) air], the full lines represent the fits of simu-

lated total transmittance taking the rough interface into account, the dashef bOt_h electronic and opt_ical properties of the solar cell
lines represent the total transmittance of the system with flat interfaces. materials to the photovoltaic performance. The absolute ex-
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ternal quantum efficiency is defined as the number of charge 1o (@ o ®) o
carriers collectedfrom all layers of the devigeper incident ’ /=40 nm ’ 6,=40 nm
photon at each wavelength. This quantum efficiency is o= 360m O =33 nm
defined as 087 08 7
0.6 § 0.6
QE(\) = >, QEgy(\) 7(M)QEe(N), © "
layers (¢} Joh & c Jph
041  ImAcm? 0.4 [mA cm?]
. . .. . . meas 11.58 meas 13.51
where QE, is the optical quantum efficiency, which is a o 1160 sim 1356
measure for the probability of a photon being absorbed. The , | 02 fat 1145
.. . . i flat .41 .
quantum efficiency for carrier generatiopy represents the front  11.16 Lron't( fa7t
number of electron—hole pairs generated by one absorbei oo ] back 10.90 3 00 | = oo
photon and can be assumed to be unity. The electrical quan 456 500 00 700 800 400 500 600 700 800
tum efficiency QE; reflects the probability that a photoge- Wavelength [am] Wavelength [nm]

nerated carrier is collected. When using the term “quantum

efficiency (QE)” in this article we mean the above defined 10 10

absolute external quantum efficiency. gi‘;%r::. 1 2243%?1':;
By applying a sufficiently large reverse bias voltage dur-

ing the spectral response measurement all photogenerate

carriers are collected, which implies that QI unity. In

that case the measured QE represents the optical quantu

(c} (d)

0.8 0.8 1

0.6 1 0.6

. . . . . w

efficiency, which can be simulated using tBENPRO2pro- ] Joh o Jph

gram. The output oEENPRO2Is the generation profile in the 0.4 - [mA cm?) 0.4 oss [rf;ggfg‘zl

solar cell as a function of depth. Under the assumption that A sim  14.92

all photogenergteq carriers are collegte(_j, the ltotal generatiol o4 021 gt 1266

calculated per incident photon in the intrinsieSi:H layer of front 1352 front  14.03

the solar cell represents the experimental QE of the solar cel | 12" o | M

measured at a reverse bias. a0 500 600 700 800 400 500 600 700 800

In our simulations all rough interfaces in the solar cell Wavelength [nm] Wavelength [nm]

(TCOlp, p/i, iIn, andn/Ag) can contribute to the scatter- _ _ _
FIG. 5. The measuredl{ points and simulatedlines) QE of the four

ing. The diffuse reflectance and ransmittance, which are ré;ingle junctiona-Si:H solar cells each with a different thickness of the

quired input paramete_rs for thEr\_nPRo_zprogram, were qal- intrinsic layer:(a) 150 nm,(b) 300 nm,(c) 450 nm, andd) 600 nm. The
culated for all rough interfaces ia-Si:H solar cells using simulated QE curvesti) all interfaces are flat-00-), (ii) only the front

Egs. (5) and(8), respectively, withC=1 in Eq.(8). Based interfaces(TCO/p andp/i) are rough(-A-), (iii) only the back interfaces

on the AFM results we used the samgfor the TCOp and (_i/n and n/m(_etal) are rough-O-), and (iv) all inter_faces are rougkfull

p/i interfaces, and the same valuexffor thei/n andn/Ag line). o (o7,) is the rms roughness of the frofitack interfaces of the cell.

interfaces. The angular distribution of the diffuse light was

described by the c8sunction. For the back metal interface a

uniform angular distribution of the diffuse light was used. buffer layer accounts for the lower reflectivity of the practi-
Using the experimentally determined valuesogfof the  cal Ag back contact, which may be due to intermixing of Ag

rough interfaces in the four fabricatedSi:H solar cells and  with silicon®

the above described approach to model the diffuse reflec- Figure 5 illustrates the effect of the front and back con-

tance and transmittance, we calculated the QE for each of thtact texture on the QE assuming théb: all interfaces are

four solar cells. We obtain a good agreement between th#at, (ii) only the front interfaces of the cell (TC@/andp/i)

simulated QE and the QE measured-t V for all four cells  are rough(iii ) only the back interfaces(metal and/n) are

as shown in Fig. 5. Because the optical model, which isough, and(iv) all interfaces are rough. These simulations

implemented in th&sENPRO2program, is developed to simu- demonstrate the advantage of modeling, which enables us to

late structures witlough interfaces, the optical interference investigate solar cell structures that are difficult to fabricate

is of minor importance. Therefore an incoherent simulationin practice or to evaluate the effect of particular model pa-

is carried out in order to keep the model simple. This inco-rameters separately. From the QE curves we calculated the

herent simulation can, however, lead to small deviations irphotogenerated current density, using the standard AM1.5

the QE characteristics for optical systems, in which there is apectrum in the wavelength range from 400 to 900 nm. The

significant contribution of specular fraction of light. values of theJ,, are also included in Fig. 5. The results
In order to obtain good agreement between the simulatedlearly show that implementation of rough interfaces in

and the measured QE a buffer layer was inserted between tlaeSi:H solar cells leads to an enhanced absorption in the

n-type a-Si:H layer and the Ag back contact in our simu- intrinsic layer. In the case of our superstrate solar cells the

lated solar cell structure. This buffer layer is realized in thegain inJ,, is around 2.3 mA cm?. This gain is only slightly

simulations by inserting a thin 1.5 nm layer having opticaldependent on the thickness of the intrinsic layer.

properties similar to Al, as proposed by Stielsigal.” This The simulation results of the QE reveal trends in the
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FIG. 6. The total reflection of ama-Si:H solar cell with a 1.5 nm thick  FIG. 7. The total reflection of aa-Si:H solar cell and the absorption in the
buffer layer between tha-type a-Si:H and Ag and the absorption in the individual layers expressed in terms of Q@) solar cell with an ideal Ag
individual layers expressed in terms of QB} solar cell with flat interfaces,  contact,(b) solar cell with a ZnO/Ag back contact. The dots are the mea-
and (b) solar cell with rough interfaces. The buffer layer has optical prop- sured QE data of the experimental cell. The patterns have the same meaning
erties similar to Al. The dots are the measured QE data of the experimentals in Fig. 6. The photogenerated current density calculated from the simu-
cell with a 450 nm thick intrinsic layer. The photogenerated current densitylated QE is included.
calculated from the simulated QE is included. The filled patterns correspond
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.

is 40 nm and ther, of the back contact interfaces is equal to

30 nm. These values af, are determined from the AFM
optical behavior ofa-Si:H solar cell when scattering is ap- Measurements on the actual superstrate and the exper.imental
plied at various interfaces in the solar cell. It is illustrative toSelar cell. We note that scattering at the front rough inter-
discuss the influence of scattering for two wavelength refaces causes a decrease in the QE belev450 nm due to a
gions: the short wavelength region from 350 to 550 nm andtronger absorption in the TCO apdayer. Scattering at the
the long wavelength region from 550 to 900 nm. The backPack contact of the cell increases the QE in the long wave-
contact roughness has no effect on the QE in the short wavéength region but also causes an increased absorption m the
length region compared to solar cells with flat interfaces!ayer and metal. The major loss in the long wavelength re-
Below A =450 nm scattering at the front rough interfaces9ion due to scattering is the absorption in the metal contact
causes a slight decrease in the QE while abowe450nm  layer including the thin buffer layer. This cell is difficult to

this scattering contributes to a large absorption enhancemefPtimize because any improvement of thelayer or the
in the active layer of the cell. The major contribution of light TCO leads to a negligible enhancement of the QE in the long

scattering at the front interfaces to the QE is in the waveWavelength region. Therefore, a further enhancement of light
length range between 450 and 650 nm. Abave650nm  a@bsorption in the intrinsic layer can be expected from in-

scattering at the back contact begins to play a dominant rolgréasing the reflectivity of the back metal contact.
in increasing the QE. We have simulated a solar cell with &feal Ag contact,

which means that there is no intermixing betweenriktgpe

) _ L a-Si:H layer and the Ag. We also investigated the effect of
B. S',Ilmulat'lons of absorption in individual layers of introducing a ZnO layer between thetypea-Si:H layer and
a-SiH p-i-n solar cell Ag. The type of the back contact strongly influences the

The experimental QE is related to the absorption of lightabsorption in the individual layers of the cell. The results for
in the intrinsica-Si:H layer and does not reveal the indi- a 450 nm thick superstrate solar cell with an ideal Ag back
vidual absorption losses in the other layers of the solar cellcontact or a ZnO/Ag back contact are shown in Fig. 7 using
We used the simulations to study the influence of the interthe experimental values of, .
face roughness on the absorption in all layers of the solar The difference in thel,, between the cell with the thin
cell, which is very difficult to carry out experimentally. For Al buffer layer and an ideal Ag contact is not large when the
comparison the total absorption in the individual layers andnterfaces are flat: 12.1mAcm compared to
the total reflection of the solar cell is expressed in terms ofl2.4 mA cm 2, respectively. When rough interfaces are in-
the QE. troduced in the cell with a textured superstrate, the difference

Figure 6 demonstrates trends in the optical behavior of d&etween the, increases to 2.9 mA cnt [see Figs. &) and
superstratea-Si:H solar cell with a 450 nm thick intrinsic 7(a)]. In the case of an ideal Ag back contact the loss due to
layer simulated with the above mentioned thin buffer layerthe absorption in the nonactive layers is distributed among
of which the optical properties are similar to Al. Figur@6 the n layer, TCO, and metal. Therefore a further improve-
shows the results in the case where all interfaces in the cethent in the QE of this cell can be expected by optimizing the
are flat and Fig. @) in the case where all interfaces are quality and the thickness of the layer and/or the TCO. In
rough. In the latter case the of the front contact interfaces practice, a high reflectivity at the back contact is achieved by
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18 @ 18 ®) cell. TheJy, of the solar cell with the thin Al buffer layer
saturates at 14.55mAcr The current density of the cell
17 1 17 with the ideal Ag contact reaches its highest value of
& o 17.35mA cm 2 for o, of around 50 nm for the carrier elec-
E 16 { —m— Substrate § 16 trode. The results point out that fer, <35 nm scattering at
£ |—®— Superstiate £ the back contact of the solar cell is more efficient in enhanc-
T 15 g 15 ing the absorption in the intrinsic layer than scattering at the
g é front contact. When the intrinsic layer is thinner the differ-
£ £ ence between the rms roughnesses of the contact interfaces
© © becomes smaller and that narrows the difference in gain in
13 13 —l— Substrate
—@— Superstrate the Jp, between the superstrate and substrate solar cells.
12 12

0 10 20 30 40 50 60 0 10 20 30 40 50 60
rms roughness [nm) rms roughness [nm}

VI. CONCLUSIONS

FIG. 8. The gain in the photocurrent density as a function of the carrier Using computer mOde“ng we |nvest|gated th? effect of
electrode roughness calculated from the QE of the solar @lsolar cell ~ back contact and interface roughness on the optical proper-
with a thin Al buffer layer at the back conta¢h) solar cell with an ideal Ag  ties ofa-Si:H solar cells by varying the rms roughness of the
back contact. textured interfaces. The relations between the input param-
eters, which describe the diffuse part of reflected and trans-

introducing a TCO layer between thdayer and Ag contact. mitted light at a rough interface, ang of the interface are
In the case where a ZnO/Ag back contact is appliedffés presented. By_ metchmg the measurements of the t_otal inte-
not as high as in the case of an ideal Ag back contact. Nevgrated transmlse|on we ex_tre_lcted the d|ffuse_transm|ttance of
ertheless, it is 2.3 mA cif higher, when compared to a cell the roggh Asahi U‘type’a" interface. The qlffuse transmit-
with a thin Al buffer layer[see Figs. ) and 7b)]. The tanee is exponentially dependent on the third power of the
simulations show that the QE hardly changes when the thickatio of o and), as deecnbed by Eq8). . .
ness of the ZnO layer is varied between 50 and 300 nm, as is The o, of th? Asahi U-type substrate .surface IS expert-
observed experimental®. The change in thé,, is less than mentally determlned to be 40 nm. Depositidrad nmthick
0.5%. However, reducing the thickness of théype layer to p-type a-SiC:H Iayer' on 'the substrate does not 'change the
5 nm in the solar cell structure with a 100 nm ZnO layer at_surface roughness significantly. Th?.Of _the back |_nterface
the back contact results indg, of 17.3 mA cm2, compared :js found to be dependent on the intrinsic layer Fhu:_kness and
to 16.7 mAcm 2 for a 20 nm thickn-type layer. This repre- ecreases by about 2'5 nm per 100 nm of the intrinsic layer.
sents an increase of more than 3%. Notice that the value d?ue to t.he high refractive index of-type a—$|.H the back
17.3mAcnt? for the 3,4 obtained by reducing the-type contact .|nterface act_s as a nearly perfect diffuser for the re-
layer thickness is fortuitously the same as when using altnleCted light whenor, is above 3(.) nm.
ideal Ag back contact. In the short wavelength regidibelow 550 nm the back _
contact roughness has almost no effect on the QE. Scattering
at the front rough interfaces causes a decrease in the QE
below 450 nm due to stronger absorption in the TCO pnd
Deposition ofa-Si:H on a textured substrate smoothenslayer. Above 450 nm scattering at the front rough interfaces
the rough surface. In the superstrate configuration, we obeontributes to a large beneficial absorption enhancement.
served a decrease of around 10 nm indhefter deposition The major contribution to the QE from light scattered at the
of 450 nm thicka-Si:H film. We expect that in a substrate front interfaces is in the wavelength range between 450 and
type a-Si:H cell the roughness of the front contact interface650 nm. Above 650 nm scattering at the back contact plays a
is similarly influenced by the deposition of the intrinsic dominant role in the improvement of the QE. Therefore, tex-
layer. We have simulated the effect of increasing roughnestire is needed at both front and back interfaces in order to
of the the carrier electrode on the gain in photogeneratedchieve enhanced absorption in the complete wavelength
current density for both superstrate and substaati:H so-  spectrum.
lar cells. In the simulations we assume that when increasing The choice of the back contact strongly influences the
the rms roughness of the carrier electrode up to 10 nm, th®E and the absorption in the nonactive layers of the solar
other contact electrode is flat. Above 10 nm the rms rougheell for wavelengths above 650 nm. The practical Ag back
ness of the carrier electrode is 10 nm higher than the otherontact can be successfully simulated by introducing a thin
contact interface. Figureg@® and 8b) show the results for a buffer layer between the-typea-Si:H and Ag back contact,
solar cell with a thin Al buffer layer and an ideal Ag contact, which has optical properties similar to Al. The QE of the cell
respectively. The results demonstrate that increasing the rntan be improved by using a ZnO buffer layer between the
roughness fronar, =0 to o, =35 nm leads to a higher gain in n-typea-Si:H and the Ag. Using a ZnO layer, the gain in the
the J,, in the substrate type solar cell compared to the superphotogenerated current density due to scattering at rough in-
strate type cell, while foro,>35nm the superstrate cell terfaces in the solar cell is 4.2 mAcr In the case of an
shows a slightly higher gain in thg,,. For o,>60nm, the ideal Ag back contact the gain in the photogenerated current
Jpn saturates for both superstrate and substrate type soldensity can amount to almost 5 mA cicompared to a so-

C. Effect of carrier electrode roughness
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