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Abstract

This study addresses the optimization of magnetpritered aluminum-doped zinc oxide
(ZnO:Al) thin films as front contact in silicon tifilm solar cells. The front contact has to be
highly conductive and highly transparent for theivle as well as for the infrared spectrum.
Furthermore, it has to scatter the incident lightiently leading to an effective light trapping
inside the silicon layers. To materialize the sratg phenomenon, the surface of the
magnetron-sputtered ZnO:Al thin films are textubgdwvet-chemical etching. In this
contribution we focus on an optimized balance betwelectrical and optical needs maintaining
a surface topography well suited for light trappihga first step we study the influence of
vacuum annealing on ZnO:Al films on glass subsstad@ increase in transmission is observed
while the carrier concentration is gradually desesh Application of vacuum-annealed ZnO:Al
films in silicon thin-film solar cells allows thestermination of the relationship between the
front-contact carrier concentration and the shodudt current density. Also, an optimized
carrier concentration for the solar module appilorahas been estimated. In a second step we

apply this knowledge for direct fabrication of Z#Dlayers with optimized carrier



concentration by varying the target doping conagiun (TDC). Nevertheless, changing the
TDC alters the ZnO:Al properties and especiallytthauring behavior of the thin films as well.
Thus, we present a parameter study of TDC and subsemperature during sputtering to
prepare front contacts with surface topography Emakefficient light trapping and ideally

balancing optical and electrical properties fomsohodule applications.
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Introduction

Silicon thin-film solar cells are promising candiels for photovoltaic power generation in future
[1],[2]. The most advanced approach employs hydratgel amorphous (a-Si:H) and
microcrystalline silicon (pc-Si:H) as active layarssingle or multi-junction cells [3]-[6]. Silicon
thin-film solar cells in the p—i—n (superstratepfiguration require a transparent conductive
oxide (TCO) film as front contact, which has to done low series resistance and high
transparency in the visible (400 nm to 800 nm) &mdjic-Si:H based cells, also in the near
infrared (NIR) spectral range (up to 1100 nm). Reninore, an adapted surface topography is
required to provide light scattering and subseqlight trapping inside the silicon solar cell
structure. Optimization of the front-contact TCGs lpmoven to be crucial for a high cell
efficiency [7].

Radio frequency (rf) sputter-deposited aluminumetbpinc oxide (ZnO:Al) thin film is a
promising candidate as front-contact TCO. In a @daty work Agashe et al. studied the
influence of the target doping concentration (T@G)the electrical and optical properties of
sputter-deposited ZnO:Al films [8]. Much lower psite&c absorptions were found in the work
with only slightly reduced conductivity values ugisputter targets with low amount of alumina.
These sputter-deposited ZnO:Al thin films are agtycsmooth and, thus, do not scatter the light.

By wet-chemical etching the sputtered ZnO:Al filbecome rough and can introduce light



scattering and subsequent light trapping in thim-8olar cells [9]-[11]. Kluth et al. related the
influence of pressure and substrate temperatuiegisputter deposition of ZnO:Al to structural
properties and post-etching surface topography. [I1i¢ surface topography determines the
light-trapping ability to a large extent. In genef@CO transmission, conductivity and post-
etching surface topography are interrelated witthesher. Hence, the tailoring of all film
properties for solar cell applications is a higbhallenging task.

In this work we focus on an optimized balance betwelectrical and optical properties of
ZnO:Al thin films with a surface topography thawsll suited for light trapping. We first
concentrate on texture-etched and vacuum-anneal®dAL The post-etching annealing step
decreases the free-carrier concentration althougjhtains the desired surface topography. This
allows the study of the relationship between TGIddmission and cell current density
experimentally. The calculations for electrical alehd-area losses in module applications were
employed to identify an optimized range of ZnO:Atrer concentration which provides the
highest module efficiency.

In a second step we prepared front-contact ZnGnil films with optimally balanced electro-
optical properties directly without post-etchinguam-annealing step. For this reason, the TDC
was varied. It was found that the substrate temperaluring sputtering had to be adapted in

order to maintain post-etching surface topograpéisient for light trapping.

Experimental

The ZnO:Al films were prepared on Corning 1737 glaith substrate size of 10x10 thy rf-
magnetron sputtering from ceramic targets with 0.2, or 1 wit% AJO3 content. The target
doping concentration is henceforth referred to RETAt constant deposition pressure of 0.1 Pa
and 0.3 Pa, respectively, the substrate temperatasesaried in a range of 60 — 490 °C. The
substrate temperature was calibrated by a theremalos and was controlled by the heater

temperature. The typical 900 nm thick smooth ZnQilAls (root mean square (rms) roughness



about 15 nm) were surface-textured by wet-chenatiling with diluted hydrochloric acid
(0.5% HCI). This leads to a rms roughness of highan 100 nm. To study the relationship
between ZnO:Al transmission and solar cell shadtst current density, the samples were
prepared using a TDC of 1 wt% at substrate tempezatf 300 °C. These substrates were cut
into two pieces after surface texturing. One pigiceach sample was annealed in vacuum
(pressure lower than T@Pa) at substrate temperatufes 300°C to 500 °C, while the other half
remained untreated and served as a reference. &amiph gradually varied properties were
fabricated by using different annealing temperataned durations of annealing as well as
several annealing cycles. The characterizationeatrcal properties was performed by four-
point probe and room temperature Hall effect meaments in van der Pauw geometry. The
relative measurement error for carrier concentnagiod mobility was5% and for the sheet
resistance:2%, respectively. The optical transmittance ankbcgdnce were measured in air
with a dual-beam spectrometer where for an exaasorement of rough TCO films, GHwas
applied as index-matching fluid to avoid systemat&asurement errors due to light scattering
and internal light trapping [12]. The measuremerdrefor these optical datd @ndR) was
smaller thart3%. The surface topography and its characteristiture size were studied by
scanning electron microscopy (SEM) and atomic fonge@oscopy (AFM). The AFM data were
evaluated to determine the rms roughness. Thetiighping ability of a specific TCO film was
evaluated by the application in solar cells. Thean layers were prepared using plasma-
enhanced chemical vapor deposition (PECVD) at 1B1B& excitation frequency in a

30x30 cnd reactor. The details of this process, the PECV&esy and cell preparation have
been described elsewhere [13],[14]. The doublertagksputter-deposited ZnO:Al (80 nm) and
thermally evaporated silver (700 nm) served as lbeft&ctor and rear-side contact. The solar
cell I/V-characteristics were measured using arsataulator (Wacom WXS-140S-Super) at
standard test conditions (AM 1.5, 100 mW/cmz, 2% e external quantum efficiency (QE) of

the solar cells was calculated from spectral respaneasured at zero bias. The integrated short-



circuit current density was calculated from the €ieve employing the AM 1.5 solar spectrum.
Henceforth this calculated current density is meféito as cell current densjie. The spectral
response measurements were highly reproducibles, The calculated cell current dengiy

exhibited a measurement reproducibility error diyari%.

Results
1. Balancing optical and electrical ZnO:Al properties

1.1.Vacuum annealing of ZnO:Al
The effect of vacuum annealing on the electrical aptical properties of ZnO:Al front contacts
was investigated. While for example Tsuji et ald &ang et al. [15],[16] reported a decrease of
resistivity upon vacuum annealing of sputter-degalsznO:Al films, other authors — for
example Haug et al. [17] — found an increase irstigy due to a decrease of carrier
concentration. Fig. 1 shows experimental resul@sefieposited smooth ZnO:Al films after
vacuum annealing for one hour at various tempegaturhe TDCs of 0.2 wt% (circles) and 1
wt% (squares) were applied for sputter depositidwa different substrate temperatures (see
inset of Fig. 1). The sheet resistafg.ci(Fig. 1a) can be reduced by vacuum annealing at
temperatures below 400 °C in casdef 65 °C. X-ray diffraction spectra in Bragg-Bremba
geometry revealed healing of stress by shift oRjgfkak position and shrink of (002)-peak
width (not shown). This effect leads to both highebility and higher carrier-concentration
values. However, the mobility of these samples diépo afls = 65 °C is lower than its higher
Ts counterpart. In contrast, films deposited at highéstrate temperatures (closed symbols)
already have very high mobility in the initial caggpon vacuum annealing the electrical
properties of these layers remained constant aptealing temperatures of 400 °C — 500 °C.
For all films annealing at temperatures up to 8006ads to a decrease of carrier concentration.
In conclusion, resistivity of low-quality ZnO:Allfns especially with low crystalline quality can

be decreased by vacuum annealing. Above a cedwripédrature the opposite is the case: the



strong drop of carrier concentration leads to @neiase of resistivity. It is interesting to note,
that the mobility of high quality ZnO:Al films renres at rather high level. In the following
experiments we utilized these features in ordstudy the influence of the interrelated
properties transparency and carrier concentratiothe performance of silicon thin-film solar
cells. ZnO:Al films deposited using a TDC of 1 widTs = 300 °C were used for this purpose,
since they exhibit very low sheet resistance agh harrier mobility in the initial state. The
transmission and absorption data of surface-teatdre):Al thin films before and after vacuum
annealing are compared in Fig. 2(a). The transonssi the long wavelength part of the
spectrum increased with heat treatment graduatiyhé same time the absorption decreases due
to a shift of the free-carrier absorption towamisger wavelengths and a reduction in
absorption-peak height [18]. As indicated in Figh& sheet resistan&gnecincreases upon
vacuum annealing.

The Hall measurement results are shown in Fig. A{tw carrier concentrations of untreated
ZnO:Al samples vary in the range of 4.1516m* to 4.8x13° cm®. By longer vacuum

annealing or annealing at higher temperaturesah&ec concentration is irreversibly and
gradually reduced down to 1.5x2@m?>. The mobility remains in the range of 42%¥s to 48
cn’/Vs. Consequently, the resistivity of the ZnO:Ahtfilms increased from 3x1bQcm to

1x10°% Qcm (not shown) and the sheet resistance increased4Q to 12Q. The thicknessd of
the films did not change within the measurementigmy of £15 nm for these films with a peak
to peak roughness of more than 300 nm.

For application in pc-Si:H solar cells the surfémgography of the TCO is very crucial. In order
to investigate the influence of the vacuum anngatin the surface topography, we applied SEM
and AFM measurements and compared the surfaceraogof untreated and vacuum-
annealed ZnO:Al films. The AFM data was analyzedistically. The heat treatment does not

alter the surface topography noticeably (for dstsde [19]).



1.2. Application in pc-Si:H single-junction solar cells
The quantum efficiency of solar cells is expectedthtrease with the increase in transmission of
the front TCO. The vacuum-annealed front contautsve in Fig. 2 were applied in identical pc-
Si:H single-junction cells. Fig. 3 shows QE datd &tal cell absorption Ry (cell reflection
Reen) of solar cells prepared on the ZnO:Al films shawririg. 2. Without any heat treatment of
the front contacts the cell current density, calted employing the QE data, is 22.3 mAfcm
The treatment of the ZnO:Al films increases therquim efficiency of the solar cells in the
wavelength rangg > 500 nm. A small shift in QE occurs at wavelengith350 nm due to the
Burstein-Moss effect of the ZnO:Al with differerdarcier concentration [20],[21]. Additionally,
in the short-wavelength rangé € 500 nm) small variations are caused by absorptisses in
the very thin boron-doped silicon p-layer due t@bBmiifferences in thickness. This might
influence the cell current density by less thanrd&cn?. An improvement of cell current
density by 1.3 mA/cris achieved, which is caused by the vacuum anmpafi the front-
contact ZnO:Al. The cell current density can beediup to 23.6 mA/cta very high value
considering, that the thickness of the pc-Si:H dimsolayer is only 0.9 um. At the same time the
total cell absorption R was decreased in the long wavelength range si@ssitic absorption
losses in the TCO were reduced. This is completithibuted to an increase in front-contact
transmission (compare Fig. 2). An alternative exateon could be an improved light injection
and scattering into the active silicon layers duehtanges in the refractive index with reduced
carrier-concentration value. However, we expecy @nininor change in the refractive index<
500-1100 nm) for the limited range of carrier cortcations studied here [22].
Fig. 4 evaluates the data of all solar cells degpdsn this study. The cell current density is
plotted versus carrier concentratirof the corresponding front-contact TCO. The line
represents a cubic fit of the cell data. Sincet@® absorption is directly related fkband since
the TCO surface topography is maintained, Figvégan experimental correlation between the

carrier concentration in the front contact anddék current density of a microcrystalline-silicon



solar cell.

1.3 Calculations for module applications
The conversion efficiency of solar cells and modugelimited by both optical and electrical
losses. Even though the cell current density candreased by heat treatment of front-contact
TCO, increased Ohmic loss due to increase in fcontact resistance have to be considered. In
module applications the active cell area consistelbstripes (active widtkv,) that are separated
e.g. by laser scribing. Decreasing the activewielth decreases the influence of TCO-
conductivity on the module efficiency on the expeathigher dead-area loss. According to a
model by Gupta et al. efficiencies of solar modhiage been calculated from real maximum
power point values of current densifyrp and voltage/uep including the effect of Ohmic loss in
the TCO and area loss by cell interconnection [2Bg expected aperture area efficiergyis

calculated by:

— JupeVier @~ T)

ap ) 1)
with power density;s of the light source and Ohmic and dead-area Idsggsen by:
f = W + Juep Roneet W: _ )
W, W, Vi 3 W, +W,
The dead-area widtly was assumed to be 300 pm and the TCO sheet nesiR@c.\was
determined in Hall measurements (see Fig. 2(bp.dgtimum active cell widttv, oprwas
calculated using the approximatiagtwg= W, by:
W =3 EM& (3)

a,opt .
2 ‘]MPP Rsheet

The single-junction pc-Si:H solar modules are dised in the following. Measured valOégp
of 1x1 cnf sized single-junction pc-Si:H solar cells wered.fee the calculationd/ypp varied in

the range of 0.38 V to 0.41 V. In case of untreditexat contacts the correspondingly measured



Juep values were used (mean value of reference dgls;mea= 20.4 mA/cm). The gain in cell
current density of solar cells with vacuum-anne&ledt contacts was incorporated into the
calculations by relative change &frp employing the experimental cell current densitiagig:.

The values ofv, opvary between 4 mm and 6 mm in case of front-camt@eier concentration in
the range of 1.5xfcmi® to 4.3x16° cni®. The aperture area efficiengy, of a single-junction
pc-Si:H solar module was calculated employing eqoat(2) and (1) and constamf=5 mm.
Normalized aperture-area module efficiencies wepect to calculations based on averaged
reference cell data are given in Fig. 4 (right aixexagonal points). In order to get an idea about
the general trend, cubic fits fje (Fig. 4, solid line) an@Rsheetl(cOmpare Fig. 2(b)) versus carrier
concentration and constavilipp (average value of 1x1 éroell measurements) were used for
additional calculations and are shown as linesgn4 The two cases of considering an optimal
cell widthw;, opt(dotted line) and a constant cell widthvef= 5 mm (dashed line) in the
calculation ofr,, are shown. For both casggis maximal at carrier concentrations in the rarfge o
2.1x1G° cm® to 2.4x13° cm®. As a result of these calculations, an increasmérture-area
module efficiency of up to 3.5% relative is expedby using the front contact with optimized
carrier concentration as compared to an untreaved ¢ontact wittN = 4.4x13° cm®.

In contrast to single-junction pc-Si:H modules Bsuksed so far, in case of a multi-junction solar
modules Ohmic loss is less relevant, because thedales operate at higher voltaygsr and
lower currentslypp (due to series interconnection of the junctiomi)s criteria shifts the
optimized carrier concentration value towards shglower values and thereby realization of a
gain in efficiency is even more significant for rimjinction device structure, using an optimally
balanced front ZnO:Al.

The module efficiency of silicon thin-film solaritdevices is strongly dependent on the detailed
characteristic of the light-trapping ability. Thiise result of the optimization of the carrier
concentration presented here is only applicabtage of wet-chemically textured magnetron-

sputtered ZnO:Al films with post-etching surfacedgraphy consisting of quite regularly



distributed craters with mean opening angles batvi@®° and 135° and lateral sizes of 1 to 3
um. A carrier concentration below 3¥2@m?* is usually found in case of ZnO:B films for
application in silicon thin-film solar cells deptesi by low-pressure chemical vapor deposition
(LP-CVD) with a thickness of 2 um to 6 um [24].this respect, those films might be favorable
for this application. However, direct transfer off @ptimized carrier-concentration value
estimation is difficult, due to the importance ighit scattering (ZnO:B thin films develop a
different kind of surface topography during growdmd the utilized input parameters for
calculations extracted experimentally from applamabf ZnO:Al films with a thickness below 1

jm.

2 Variation of target doping concentration

Another way to control the carrier-concentratiofuean ZnO:Al is a variation of the doping
concentration. A reduced TDC leads to lowesind also higlu is possible [8],[25]. From
previous work it is known, that the substrate terapge has a strong impact on the electrical
properties [26],[27]. Thus, we investigated thduahce of the substrate temperature on ZnO:Al
film properties for different target doping conaatibn. For each series all other deposition
parameters were kept constant. Fig. 5 (a) represleatcarrier concentration as function of
substrate temperatufe for different TDC. A carrier concentration in trenge of 2.0x1% cm’

to 2.5x13° cm® can be realized employing a TDC of 1 wt% drd 70°C or a TDC of 0.5 wt%
andTs= 460°, respectively.

In case of vacuum annealing the carrier mobilitpans constant within +7%. Hence the
resistivity and sheet resistance mainly depends®wicarrier concentration. However, in case of
varying TDC and substrate temperature, the cam@ility is not constant. Fig. 5 (b) plots the
resistivity of the films against substrate tempamatfor various values of TDC. In general, the
lowest resistivity values are found in case of TD@t%. However, at substrate temperature of

350 °C the resistivity of ZnO:Al films sputtereding a TDC of 0.5 wt% were comparable low.
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Fig. 5(c) shows the current densitjgg of single-junction pc-Si:H solar cells with anrinsic
silicon absorber layer thickness of 1 um depositethese ZnO:Al films. The highest cell
current densities with a peak value of 24.4 mA/ame found for a TDC of 0.5 wt% at substrate-
temperature range between 350 °C and 380 °C, and@la TDC of 0.2 wt% at substrate
temperature of 415 °C. For these parameters theweént density is even higher than in case
of vacuum annealing as discussed in the firstqfattis work. About 0.4 mA/cfcan be
attributed to the slightly larger i-layer thickness

A comparison of the carrier concentration (Fig. &adl the cell current densities (Fig. 5c) clearly
shows that the cell current densities are not maeichin case of overall lowekt(TDC 0.2

wt%, low substrate temperature). The low carrigrcemtration and high cell current density are
not directly related to each other any more, bez#us texturing behavior (determining the
light-trapping ability) depends also on the deposiparameters.

A detailed study of the texturing behavior has shatlvat only for substrate temperatures
between two transition temperatures the post-egchumface topography consists of regularly
distributed craters with mean opening angles batvi@®° and 135° and lateral sizes of 1 to 3
um [27]. This kind of surface topography enabley efficient light trapping. The transition
temperatures shift to higher values with decrea$ing. While in case of a TDC of 1 wt% the
substrate-temperature range is 270 °C to 400 Y& TdDC of 0.2 wt% the substrate temperature
should be above 400 °C.

Thus, Fig. 5(c) shows that in case of TDC 0.5 witd substrate temperature in the range of 350
°C to 380 °C and for a TDC of 0.2 wt% and substtateperature of 415 °C the convolution of
the two properties transmission and light scatteresults in maximized cell current density.
Among these parameter pairs a TDC of 0.5 wt% shsgysficantly better electrical properties.
The resistivity is as low as 0.4xI@cm. In case of vacuum annealing the optimally bzen
conductivity was 0.7xI&Qcm. Thus, at a TDC of 0.5 wt% afid= 360 °C both a higher cell

current density and a higher conductivity thanasecof vacuum annealing and optimally
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balanced electro-optical properties are found. @ksosition regime is especially promising for

high-efficiency module application.

Conclusions

The vacuum annealing of ZnO:Al films was investeghtor various deposition conditions. The
ZnO:Al films sputtered at a low substrate tempamthow comparatively low mobility. Upon
vacuum annealing, the electrical properties caartteinced. In case of as-deposited high-quality
ZnO:Al films, vacuum annealing at temperatures @&®0 °C for one hour significantly
decreases the carrier concentration.

Applying vacuum annealing after front-contact whemical texture etching and before silicon
deposition favors optical properties: the transmisss increased due to reduced free-carrier
absorption. While the surface topography and tieeranobility remain unaltered, the

resistivity increases. Application of the graduabtment of front contacts in pc-Si:H single-
junction cells allows the study of the relationshgiween the cell current density and sheet
resistance for a given and constant front-contadase topography. These results were utilized
to calculate solar module efficiency. The moduliceincy is expected to be increased by more
than 3.5% relative by optimally balanced electramadl optical front-contact properties. The
carrier concentrations are in the range of 2.6%&61° to 2.5x16° cm® and are expected to be

the optimum for these types of modules in casdgif b> 40 cn/Vs) carrier mobility.

In a second step front contacts with balanced alptind electrical properties were deposited
directly without any post-etching treatment stepvhyiation of the target doping concentration
and the substrate temperature. A study in singletjan pc-Si:H solar cells has identified a
target doping concentration of 0.5 wt% 8% in ZnO) and a substrate-temperature range of 350

°C to 380 °C as very promising deposition paramgpaice for higher module efficiency.
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List of figure captions

Fig. 1: Hall data (sheet resistariRge.: mobility 1z and carrier concentratidy) of smooth

ZnO:Al films before (data on the left, denoted bgf”) and after vacuum annealing for 1 hour at
various temperatures up to 600 °C. The ZnO:Al filnese sputtered using a TDC of 1 wt%
(squares) and of 0.2 wt% (circles), respectivehe Tlosed and open symbols represent high and

low substrate temperatufg during deposition, respectively (see inset).

Fig. 2: Optical (top) and electrical (bottom) praes of texture-etched ZnO:Al front contacts.
Transmissiom and absorptioA=1-T-R spectra of samples before (full lines) and afsauum
annealing (broken lines) are shown in Fig 2(a)ekstrical properties sheet resistafsge(left
axis Fig. 2(b), squares) and carrier mobilitgright axis Fig. 2(b), triangles) are plotted anghi
carrier concentratioN. Data are shown of samples before (open symbotspter (full
symbols) vacuum annealing. The line representsilzdd sheet-resistance values employing

mean values of mobilitylnear= 44.7 cni/Vs) and film thicknessdea= 797 nm), respectively.

Fig. 3: Quantum efficiency QE and total cell absiom 1-R.e of pc-Si:H single-junction cells

(0.9 um i-layer thickness) on ZnO:Al front contast®wn in Fig. 2.
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Fig. 4: Cell current density,e determined employing quantum efficiency measures@eft

axis) and calculated normalized aperture-area necefficiencies (right axis, employimg, = 5
mm) as function of front-contact carrier concemndrat Nominally identical TCO films were used
for the solar-cell evaluation. Cell current densifythe treated and untreated half of the same
sample are plotted by the same symbol shape. THe&urepresents a calculated cubic fit.
Dotted and dashed lines represent calculationsl@séhis fit employingva = W opr@andws = 5
mm, respectively. The normalization of apertureaagfiiciency was done with respect to the

average value of reference-cell calculations.

Fig. 5: Results of the TDC-variation series asrcfion of the substrate temperature. The carrier
concentratiorN (Fig. 5a) and the TCO thin-film resistivigy(Fig. 5b) determined by Hall
measurements, as well as cell current defgityFig. 5¢) of pc-Si:H single-junction solar cells
(i-layer thickness 1um) are shown. For compariio® range of property variation that was

observed by vacuum annealing is indicated by dakbe&dontal lines.
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Fig. 5

5

O FRr N W b

—0— 0.2 Wwt%
coonees 05 Wt%
-m- 1 wt%

400 500
substrate temperatuig (°C)

20



