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Abstract
Thinfilmswith tunable porosity are of high interest in applications such as gas sensing and
antireflective coatings.We report a facile and scalablemethod to fabricate ZnO electrodes with
tuneable porosity. By adjusting the substrate temperature and ratio of precursor gasses during low-
pressure chemical vapor depositionwe can accurately tune the porosity of ZnOfilms, from0up to
24%. The porosity change of the films fromdense layer to separated nanopillars results in an effective
refractive index reduction from1.9 to 1.65 at 550 nm, as determined by optical and x-ray
spectroscopy. The low-refractive-index ZnOfilms are incorporated into amorphous silicon solar cells
demonstrating reflection losses reduction down to 4% in the visible wavelengths range.

1. Introduction

Porous transparent conductive oxides are of interest for a wide range of applications, such as gas sensing [1–3],
scaffolds for solar cells [4–6], and antireflective coatings [7, 8]. A common approach to estimate the properties of
porous layers is to use the effective-medium theory, which predicts that the refractive index n of a thin film
decreases as its void fraction increases [9, 10]. Indeed, forfilmswith voids it is necessary to define an effective
refractive index (neff) whose value is between that of air and that of the bulkmaterial. By altering the
compactness of the film and therefore its void density, thematerial refractive index can be tuned between these
two extremes.

Here, we present the fabrication of zinc oxide (ZnO) electrodes with tunable density, ranging fromdense
layers towell-separated nanopillar structures. The ZnO films are deposited by low-pressuremetal-organic
chemical vapor deposition (LP-MOCVD), a technique that has been used since the end of the 1980s to produce
transparent electrodes for thin-film solar cells [11]. Compared to other deposition techniques typically used for
oxides (e.g.magnetron sputtering and solution processing), advantages of LP-MOCVD include the readily
tunablemicrostructure and doping of thefilms [12, 14].Here, we show that by adjusting the ratio of the
precursor gases and the substrate temperature, themicrostructure of the ZnO films can be tuned fromdense to
highly porous, without the use of complex processes [15, 16] and post-deposition treatments [17].We optimize
the porousfilms in order tominimize neff.We assess thefilm void fraction bymeans of energy-dispersive x-ray
spectroscopy (EDX), and show that the results correlate well with the neff value obtained fromoptical
measurements using transfer-matrix calculations. The facility of switching fromdense to nanopillar filmwithin
the same deposition process aswell as its application as an antireflective electrode is demonstrated by application
in hydrogenated amorphous silicon (a-Si:H) solar cells. In this device the dense ZnOfilm is used as front
electrode, providing electrical conductivity, and the nanopillar layer is applied on top of the the densefilm
reducing the reflectivity.
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2. Experimental

2.1. Sample fabrication
For optical andmorphological characterization, ZnO layers were deposited by LP-MOCVDon 0.5 mm thick
AF32 Schott glass substrates. Diethylzinc (DEZ) andwater vapor (H2O)were used as precursors for zinc and
oxygen, respectively. Non-intentionally doped (nid) filmswere obtained fromDEZ andH2Oonly, while doped
filmswere obtained by adding B2H6 in the gas phase as precursor of boron (acting as donor in ZnO). All the
precursor gases were injected into the chamber by simple precursor evaporationwithout a carrier gas. Dense
filmswere obtainedwith aH2O/DEZflow ratio of 1 at a substrate temperature of 160 °C [12, 18]. For the
nanopillar ZnO films, the substrate temperature was increased to 220 °C and theH2O/DEZ flow ratio to 4.
During deposition, the total pressure in the chamberwas kept at 35 Pa. The thickness of the films varied between
0.65 and 1.2 μm. a-Si:H layers were deposited in the n–i–p configuration by plasma-enhanced chemical vapor
deposition [19]while the front electrodewasmade of either the dense or dense/nanopillar film stacks as showed
below (cfr. figure 5).

2.2. Characterizationmethods
The total transmittance and total reflectance of the filmsweremeasured in the 320–1200 nm spectral range using
a spectrophotometer equippedwith an integrating sphere. Due to the high surface area and roughness of the
porousfilms it was not possible to perform ellipsometricmeasurements to assess neff; rather neff was derived
from transmittance and reflectance curves using a software based on the transfer-matrixmethod (RefDex,
developed atHelmholtz-ZentrumBerlin) [20]. The surfacemorphologies and cross sections of thefilmswere
analyzed by scanning electronmicroscopy (SEM,Vac = 5 kV). Thefilmdensity was derived fromEDX
measurements performed by the company B-nano [21]. Thefilm sheet resistance (Rsh) was evaluated by four-
point probemeasurement.

3. Results and discussion

3.1. Fromdense towell-separated nanopillarfilms
Typical high-quality LP-MOCVDZnOelectrodes are deposited at a substrate temperature of 160 °C and aH2O/
DEZ ratio of 1 [12, 18]. These conditions provide the best trade-off between transparency and conductivity for
application in solar cells. In addition, these films are dense and characterized byV-shaped grains having a
preferential orientation along the a-axis of thewurtzite unit cell (‘dense’ infigure 1) [12, 18].

Thefilm surface is rough due to pyramid-like features that provide high diffuse transmission, resulting in the
typical hazy appearance of thismaterial. Increasing the temperature during deposition leads to increased
competition between crystalline orientations, such that the growth rates along different orientations become
similar. Therefore thefilm structure becomesmore disordered (‘flaked’ infigure 1) andwithout preferential
orientation [22, 23]. In this case, the layer is characterized by flakes expanding in different directions and
creating voids in the film. By further increasing theH2O/DEZ ratio from1 to 4, the deposition rate decreases.
This is because at high temperatures the film growth is limited by theDEZ vapor concentration in the gas phase
[12, 24]. The resulting structure is composed of separated nanopillars with an elongated section; the long side
measures around 100 nm, and the short sidemeasures around 30 nm (‘nanopillars’ infigure 1).

The change infilm structure fromdense to nanopillars leads to an increase in void fraction, inhibiting the
lateral carrier transport (see section 3.3) but also increasing transmittance and simultaneously reducing
reflectance, as shown infigure 2(a). The absorption of the differentfilms is therefore similar. Noteworthy, neff
derived from transmittance and reflectance at 550 nmdecreases from neff = 1.9 for the dense film to neff = 1.65
for the nanopillarfilm. This change in effective refractive index can be explained by the effective-medium
theory, which links the void fractionwith thefilm’s optical properties.

3.2. Assessingfilmdensity and its influence on effective refractive index
The effective-medium theory is used to estimate the optical properties of an inhomogeneousmaterial by
combining the properties of the constituentmaterials weighted by their volume fractions [25]. To derive
optical properties in amixed film,manymodels exist, each of which ismost accurate only for distinct
conditions [26–28]. Here, we calculate neff of the nanopillar films by assuming that they are composed of a
mixture of dense ZnOwith refractive index nZnO, and air (n= 1), using theMaxwell-Garnett equation [26]:
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with vf being the void fraction, and nZnO derived from spectroscopic ellipsometrymeasurements shown in
figure 2(b). The refractive index obtained by ellipsometry from a polished4 dense layer was in good agreement
with the one derivedwith the RefDex software for an unpolished dense layer, validating our approach.

3.2.1. Film density
In order to determine the void fractionwe used a technique based on EDX. The technique relies on the
relationship between electron beam energy, interaction volume andmaterial density, andwas empirically found
byKanaya andOkayama [29]. The interaction volume of a porous layer depends on its thickness and density,
since the voids inside amaterial do not absorb electrons. Electrons that have to cross a thick and dense filmwill
need a larger energy compared to those going through a thin and porous layer. The corresponding energy is

Figure 1. SEM images showing structural variations due to an increase in temperature and a subsequent increase in theH2O/DEZ
ratio.

Figure 2. (a)Optical transmittance and reflectance of 1 μmthick dense,flaked, and nanopillar films. (b) Effective refractive index
(neff) of 1 μmthick dense,flaked and nanopillar films. The curves are derived from the transmittance and reflectance spectra shown in
figure 2(a). The refractive index of a polished dense film,measuredwith ellipsometry, is shown as a comparison; notice that below
400 nm the strong decrease in transmission prevents estimation of neff from spectrophotometry.

4
TheZnOdense layer was polished bymechanical brushing its surface in a solution of nanosilica particles (diameter around 40 nm).
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assessed by EDXas theminimal energyE0 at which it is possible to observe the x-ray signal coming from
elements characteristic of the glass substrate. Knowing the thickness, and supposing that electrons are absorbed
exclusively by ZnO (atomic numberZZnO = 38, and atomicmassAZnO = 81.4) the density (ρ, in arbitrary units)
of the inhomogeneous film can be found according to [29]:

A E
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⋅

−

Assuming that the polished dense ZnOfilm is fully compact (vf = 0) it is useful to define the relative film
density as ρrel = ρ/ρdense_ZnO. Thus, the void fraction for the other layers can be given by vf = 1 – ρrel.With this
procedure, we estimate a void fraction of up to 24% for the film characterized by nanopillars, as shown in table 1.

As defined above, E0 is theminimal beam energy allowing a certain share of the incoming electrons to pass
through the ZnO layer and to release from the glass constituents enough x-rays to be detected. In order to verify
the results obtainedwith equation (2), we simulated the interaction volume of the electron beamwith the ZnO
films using the software CASINO [30]. Each simulationwas characterized bymeans of themeasured values of
E0, d and ρrel listed in table 1 and using 5.6 g cm

−3 for ρdense_ZnO. Figure 3 shows the energy of the electronswith
respect to their position in thefilm.Note that the average energy of the electrons reaching the glass is close to 5%
of the initial beam energy for all four samples, even though they have a unique value of E0, d, and ρrel. The fact
that the beam energy at the ZnO/glass interface is very close in all four cases is consistent with themeasurements.

Table 1.Minimal EDX energy, film thickness, relative density
and void fraction for the dense (polished and as-deposited),
flaked, and nanopillar films.

E0 keV d μm ρrel% vf%

Dense polished 13.6 0.65 100 0

Dense 19.0 1.17 97 3

Flaked 17.9 1.18 87 13

Nanopillars 14.9 0.99 76 24

Figure 3. Simulated interaction volume between the EDX electron beamandZnOfilm on glass for the fourfilms analyzed. The
different colored surfaces represent the energy of electrons with respect to the initial beam energy.
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3.2.2. Film density and effective refractive index
Table 1 shows how the void fraction increases during the transition from a dense film to a nanopillar film;
moreover the relation of the film void fraction to neff (figure 2(b)) is found to be linear as shown infigure 4
(stars). This dependence is in good agreementwith equation (1)which predicts neff based on void fraction
(figure 4, gray dashed line). This confirms the applicability of the effective-medium theory approach in
estimating the refractive index of the highly porous nanopillarfilms.

3.3. Application in a-Si:H solar cells
In an a-Si:H cell in the n–i–p configuration, a top layer consisting of a transparent conductive oxide acts as the
front electrode (figure 5). Dense LP-MOCVDZnO films are proven excellent electrodes for this purpose with a
sheet resistance around 10Ωsq and absorptance below 5% in the visible range [31]. In order to have both, the
excellent optoelectronics properties of the LPCVDZnO and the antireflective properties of the nanopillar layer,
we have combined both on a sequential deposition as presented infigure 5.

This approach is commonly applied in optoelectronic devices [31, 32].Moreover a layer composed of
nanoparticles (having a low refractive index) has been successfully applied as an intermediate reflector layer
between the top and the bottom cell in tandem solar cells [33, 34]. Figure 5 shows thatwhen the a-Si:H is coated
with the dense ZnO film, the reflectance of the solar cell decreases from20 to 6% in the spectral range between
400 and 650 nm.When the ZnOnanopillar film is deposited on top of the front ZnO contact (dense film), the
reflectance is further decreased. This is a result of the graded transition introduced by the nanopillar film

Figure 4.Effective refractive index (at 550 nm) versus relative density for the polished dense, dense, flaked and nanopillar films.
Measured (stars, table 1) and simulated (dotted line, equation (1)) results are compared.

Figure 5. (a) Schematic, not in scale, of the nip cells showing the lowest reflectance: the front electrode is composed by an upper ZnO
nanopillar layer (antireflective) and a lower ZnOdense layer (providing lateral conductivity). (b) Reflectance of different a-Si:H cells:
not coated, coatedwith a dense film, andwith a dense film+ nanopillar film (as sketched in figure 5(a)).
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between the refractive index of air and that of dense ZnO. The cell coatedwith dense ZnO+ZnOnanopillar
layer has a reflectance close to 4% in the 400–650 nm spectral range.

The porosity of the ZnOnanopillar layer reduces the carrier lateralmobility, which dramatically increases
thefilm sheet resistance.However, the combination of nid ZnOnanopillars on top of the dense B-doped ZnO
provides the low sheet resistance (39Ωsq for doped ZnO) required for application as an electrode in solar cells. It
should be noticed that the addition of boron in the dense film changes its optical propertiesmainly in the
ultraviolet (λ< 400 nm, Burstein–Moss effect) and in the infrared regions (λ> 1000 nm, free carrier absorption)
as often reported in literature [12, 13]. Thereforewithin the range of the spectral response of a-Si:H, the optical
properties of the dense dopedfilm are very similar to the one of the nidfilmdiscussed in the previous sections.
Table 2 presents a summary of the electrical properties of the layers.

4. Conclusions

We showed how the void fraction of ZnO thinfilms can be easily and finely tuned by adjusting the substrate
temperature and the ratio of precursor gases during the LP-MOCVDprocess. Three ZnO films characterized by
a decreasing compactness were deposited and their bulk void fractionwas quantified bymeans of EDX
measurements. Thefilm characterized by nano-sized pillars showed the highest void fraction of 24%; for these
films, the effective refractive index, derived by opticalmeasurements, was assessed to be n= 1.65. The
compactness decrease leads to a refractive index decrease in agreement the effective-medium theory. Finally due
its high transmittance and low reflectance the nanopillar are exploited as antireflective layer on top of the front
contact of an amorphous silicon solar cell, reducing its reflectance to around 4% in the visible range.

Acknowledgments

The authors thankDrAHessler-Wysler for helpful discussions regarding EDXmeasurements, PManley
(Helmholtz ZentrumBerlin) for the advice in the use of the RefDex software, L Sands for carefully reviewing the
manuscript. This workwas funded by the SwissNational Science Foundation (FNS) under the project ZONEM
(no. 513258).

References

[1] WanQ, LiQH,ChenY J,WangTH,HeX L, Li J P and LinC L 2004Appl. Phys. Lett. 84 3654
[2] Jing Z andZhan J 2008Adv.Mater. 20 4547
[3] Li J, FanH and Jia X 2010Phys. Chem.C 114 14684
[4] Mei A et al 2014 Science 34 295
[5] NoelNK et al 2014Energy Environ. Sci. 7 3061
[6] Nicolay S, DespeisseM,Haug F J andBallif C 2011 Sol. EnergyMater. Sol. Cells 95 1031
[7] Prasad A, Balakrishnan S, Jain SK and JainGC1982 J. Electrochem. Soc. 129 596
[8] Schirone L, SotgiuG andCalifano F P 1997Thin Solid Films 297 296
[9] Chen J,Wang B, Yang Y, Shi Y, XuG andCui P 2012Appl. Opt. 51 683
[10] Kennedy S R andBrettM J 2003Appl. Opt. 42 4573
[11] Potter RR 1986 Sol. Cells 16 521
[12] Faÿ S, Kroll U, Bucher C,Vallat-Sauvain E and ShahA 2005 Sol. EnergyMater. Sol. Cells 86 385
[13] WenasWW,YamadaA, Takahashi K, YoshinoMandKonagaiM1991 J. Appl. Phys. 70 7119
[14] Nicolay S, BenkhairaM,Ding L, Escarre J, BugnonG,Meillaud F andBallif C 2012 Sol. EnergyMater. Sol. Cells 105 46
[15] Steele J J and BrettM J 2007 JMater. Sci:Mater. Electron 18 367
[16] Robbie K, Sit J C andBrettM J 1997 J. Vac. Sci. Technol.B13 1115
[17] Morales-MasisM, Segura L andRamírez-Porras A 2007Appl. Surf. Sci. 253 7188
[18] Fanni L, Aebersold BA, AlexanderDTL,Ding L,MoralesMasisM,Nicolay S andBallif C 2014Thin Solid Films 565 1
[19] Biron R et al 2013 Sol. EnergyMater. Sol. Cells 114 147
[20] Manley P, YinG and SchmidM2014 J. Phys. D: Appl. Phys. 47 205301
[21] (www.b-nano.com)

Table 2. Sheet resistance for dense, flaked, nanopillars and nanopillars on dense films.

Non intentionally doped doped

d (μm) Rsh (Ωsq) d (μm) Rsh (Ωsq)

Dense 1.17 1.8 × 102 0.97 22

Flaked 1.18 3.2 × 102 1.05 2.9 × 102

Nanopillars 0.99 6.1 × 106 1.03 5.3 × 106

Dense +Nanopillars 1.17 + 0.99 2.3 × 102 0.97 + 1.03 (nid) 39

6

Mater. Res. Express 2 (2015) 075006 L Fanni et al

http://dx.doi.org/10.1063/1.1738932
http://dx.doi.org/10.1002/adma.200800243
http://dx.doi.org/10.1021/jp100792c
http://dx.doi.org/10.1126/science.1254763
http://dx.doi.org/10.1039/C4EE01076K
http://dx.doi.org/10.1016/j.solmat.2010.11.005
http://dx.doi.org/10.1149/1.2123931
http://dx.doi.org/10.1016/S0040-6090(96)09436-9
http://dx.doi.org/10.1364/AO.42.004573
http://dx.doi.org/10.1016/0379-6787(86)90107-9
http://dx.doi.org/10.1016/j.solmat.2004.08.002
http://dx.doi.org/10.1063/1.349794
http://dx.doi.org/10.1016/j.solmat.2012.05.016
http://dx.doi.org/10.1007/s10854-006-9049-8
http://dx.doi.org/10.1016/j.apsusc.2007.02.190
http://dx.doi.org/10.1016/j.tsf.2014.06.033
http://dx.doi.org/10.1016/j.solmat.2013.02.032
http://dx.doi.org/10.1088/0022-3727/47/20/205301
http://www.b-nano.com


[22] Nicolay S, Fay S andBallif C 2009Cryst. GrowthDes. 9 4957
[23] MaejimaK,Koida T, SaiH,Matsui T, SaitoK, KondoMandTakagawa T 2014Thin Solid Films 559 83
[24] Faÿ S 2003PhDThesis EPFL
[25] Choy TC1999EffectiveMediumTheory: Principles and Applications (NewYork:OxfordUniversity Press)
[26] Levy Y, JurichMand Swaien JD 1985 J. Appl. Phys. 57 2601
[27] Yoldas B E and PartlowDP1985Thin Solid Films 129 l
[28] Kumar RautH,GaneshVA,NairbA S andRamakrishna S 2011Energy Environ. Sci. 4 3779
[29] Kanaya K andOkayama S 1972 J. Phys. D: Appl. Phys. 5 43
[30] DrouinD, Réal Couture A, JolyD, Tastet X, AimezV andGauvin R 2007 Scanning 29 92
[31] Ding L, BoccardM, BugnonG, BenkhairaM,Nicolay S, DespeisseM,Meillaud F andBallif C 2012 Sol. EnergyMater. Sol. Cells 98 331
[32] Welser R E, SoodAW,Cho J, Schubert E F,Harvey J L, DharNK and SoodAK2012MRSFallMeeting vol 1493
[33] Kim JK, GessmannT, Schubert E F, Xi J-Q, LuoH,Cho J, SoneC and Park Y 2006Appl. Phys. Lett. 88 013501
[34] Niesen B, BlondiauxN, BoccardM, StuckelbergerM, Pugin R, Scolan E,Meillaud F,Haug F-J,Hessler-Wyser A andBallif C 2014Nano

Lett. 14 5085

7

Mater. Res. Express 2 (2015) 075006 L Fanni et al

http://dx.doi.org/10.1021/cg900732h
http://dx.doi.org/10.1016/j.tsf.2013.11.137
http://dx.doi.org/10.1063/1.335450
http://dx.doi.org/10.1016/0040-6090(85)90089-6
http://dx.doi.org/10.1039/c1ee01297e
http://dx.doi.org/10.1088/0022-3727/5/1/308
http://dx.doi.org/10.1002/sca.20000
http://dx.doi.org/10.1016/j.solmat.2011.11.033
http://dx.doi.org/10.1063/1.2159097
http://dx.doi.org/10.1021/nl501774u

	1. Introduction
	2. Experimental
	2.1. Sample fabrication
	2.2. Characterization methods

	3. Results and discussion
	3.1. From dense to well-separated nanopillar films
	3.2. Assessing film density and its influence on effective refractive index
	3.2.1. Film density
	3.2.2. Film density and effective refractive index

	3.3. Application in a&nobreak;-&nobreak;Si:H solar cells

	4. Conclusions
	Acknowledgments
	References



