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ABSTRACT

In the quest for replacement of indium-tin-oxide (ITO), Ti-doped zinc oxide (TZO) films have
been synthesized by atomic layer deposition (ALD) and applied as n-type transparent conductive
oxide (TCO). TZO thin films were obtained from titanium (IV) i-propoxide (TTIP), diethyl zinc
and water, by introducing TiO; growth cycle in a ZnO matrix. Process parameters such as the order
of precursor introduction, the cycle ratio and the film thickness were optimized. The as-deposited
films were analyzed for their surface morphology, elemental stoichiometry, optoelectronic
properties and crystallinity, using a variety of characterization techniques. The growth mechanism
was investigated for the first time by in sifu quartz-crystal microbalance measurements. It
evidenced different insertion modes of titanium depending on the precursor introduction, as well
as the etching of Zn-Et surface groups by TTIP. Resistivity as low as 1.2 x 10° Q c¢m and
transmittance > 80% in the visible range were obtained for 72-nm thick films. Finally, the first
application of ALD-TZO as TCO was reported. TZO films were successfully implemented as top
electrodes in silicon nanowire solar cells. The unique properties of TZO combined with conformal
coverage realized by ALD technique make it possible for the cell to show almost flat EQE

response, surpassing the bell-like EQE curve seen in devices with sputtered ITO top electrode.



1. INTRODUCTION

Wide band gap oxides have gained great interest as transparent electrode materials in a large range
of optoelectronic devices. The most widespread transparent conductive oxide (TCO) is indium-
tin-oxide (ITO) due to its superior optoelectronic properties (resistivity p = 10* Q cm,
transparencies > 90%).! However, the scarcity of indium and thus the ever-rising price of ITO has
urged researchers to develop alternative materials. Zinc oxide (ZnO) is a low-cost wide bandgap
(3.30 eV) semiconductor composed of nontoxic and abundant raw materials that can be doped by
various elements (Al, B, F, Ga, I, Mg,...), which makes it a promising TCO.? Furthermore, it is
equally essential to develop suitable deposition techniques to grow TCO in order to fulfil specific
requirements of devices. For example, in terms of nanostructured systems, it is often critical to
enable a conformal deposition of TCO materials with a fine control of the film properties

(thickness, work function, doping level, etc.) to generate efficient systems.

In particular, the silicon nanowire (S1 NW) solar cells prepared using plasma-assisted vapor-liquid-
solid (VLS) growth have been recently introduced in the form of monolithically integrated
modules on a single glass substrate.> The module is formed by series connection of multiple cells
required for industrial upscaling and it was the first time that the active area of S1 NW based radial
junction solar module reached 10 cm?. While the large series resistance of first modules has been
reduced by depositing a thick ITO top contact followed by a printed dense Ag grid on top,* issues
are still to be addressed stemming from the non-conformal ITO deposition and the large shadowing
issues caused by the grid. The shadowing induced loss of collected current from areas covered by
non-transparent Ag contact, which directly transfers into conversion efficiency loss. A better-

adapted solution with a more conformal, and thence conductive, front TCO material is thus highly



desirable to achieve reduced series resistance and increased transparency, which leads to increased

solar cell performance.

Atomic layer deposition (ALD) is well suited for the preparation of n-type wide band gap
semiconductors, and has been implemented in various optoelectronic architectures.>® By
sequentially repeating self-saturated surface reactions, ALD allows growth of uniform and
conformal materials with controlled properties under relatively soft conditions.”® Extensive
studies on preparing TCOs by ALD have been reported, which highlights the unique capabilities
of ALD.> Contrary to materials deposited using conventional methods, ALD-TCOs usually
consist of a host matrix with rather dispersed atomic dopants. Such particular arrangement is made
possible thanks to the reaction-surface growth mechanism characteristic of the ALD technique and
the use of various doping strategies.>¢ Both undoped and doped zinc oxide have been extensively
investigated by ALD.%!° Typically, diethylzinc (DEZ) and deionized water (H,O) are used as
precursors for Zn and O atom sources. Doped materials are usually obtained by inserting a dopant
growth cycle in between an integer number of ZnO cycles, leading to what is referred to as an
ALD “supercycle”. For instance, for ZnO:Al (AZO), the most commonly investigated doped-ZnO
material by ALD, {Al,O3} dopant cycle are inserted in ZnO growth. The Al-doping level can be
varied by tuning the cycle ratio of {Al,O3} with respect to {ZnO}. Other parameters reported to
affect the doping include the order of precursor introduction,!'"!* the deposition temperature,'* and
the pulse or purge duration times.!>"!” The doping level can also be modified by co-injecting the

1920 or inhibitors.?!*? Despite the several

Zn and Al precursors,'® by using alternative Al precursors
advantages of ALD-AZO in terms of synthesis (e.g., relative ease of access to {Al>O3} process)

and material performances, AZO films often suffer from the presence of inactive dopant atoms or



AlOx phase segregation, and some challenges remain to improve its electrical properties as

efficient TCO electrode.

Titanium is another promising dopant atom for ZnO. Compared to Al, Ti has higher valency, thus
could potentially provide more charges per atom. The lower growth rate of TiO> (growth per cycle,
GPC ~ 0.36 A/cycle) relative to A,O3 (GPC ~ 1.3 A/cycle) can facilitate a better distribution of
dopant atoms and thus reduce the formation of undesired TiOx nanoprecipates.’> Moreover,
titanium-doped zinc oxide (TZO) has a higher work function than AZO which for example makes
it more suitable as anode for OLED applications.?* Compared to AZO, TZO by ALD has been
explored to a much smaller extent,”>*>2° and so is the Ti-Zn-O system.>** Most processes for
TZO use DEZ, H>0O and titanium (IV) i-propoxide (TTIP) as precursors, with a supercycle
strategy.?>?>272% The influence of the cycle ratio on the material properties has been previously
investigated for different film thicknesses and the optimum range of cycle ratio is reported
{Ti02}:{ZnO} ~ 1:10 — 1:20.>>27% Resistivity values as low as 8.9 x 10 Q cm with high
transparencies (>80%) have been obtained for 100 nm-thick films.?®> Kim et al. compared AZO
and TZO thin films by ALD and they highlighted the advantages of using Ti rather than Al as
dopant, namely lower concentration of inactive dopant, higher electron mobility and higher doping
efficiency.”® The doping mechanism of TZO has been further investigated by Torrisi et al.?®
However, except for the effects of the supercycle ratio and the deposition temperature, none of the
other reported ALD doping modification methods have been tested on TZO. Also, very little is
known on the surface chemistry and growth mechanism of TZO by ALD. Finally, despite its
promising properties, to the best of the authors’ knowledge, ALD-TZO has never been applied as

TCO in real devices.



The aim of this work is to gain a deeper understanding of the growth mechanism of ALD-TZO as
well as to prove its feasibility as TCO in optoelectronic devices, and in particular in Si NW based
solar cells by reporting the first application of ALD-TZO thin films as TCO. A thorough
investigation of the material growth mechanism by in situ quartz crystal microbalance (QCM) was
first carried out to understand the surface chemistry involved and ensure the fine control of the Ti-
doping in zinc oxide. Subsequently, by tuning the process parameters (i.e. sequence of precursor
introduction, cycle ratio, thickness), TZO films with optimized opto-electrical properties were
obtained, in line with ones reported in the literature. Finally, the ALD-TZO thin films were applied
as transparent electrode materials in Si NW solar cells and were demonstrated not only to work
efficiently as TCO material, but also to lead to a superior external quantum efficiency (EQE)

response in comparison to ITO.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis
TZO thin films were prepared in a BENEQ TFS-200 ALD reactor. Diethylzinc (Zn(C2Hs)2, DEZ,

EpiPure, SAFC), titanium (IV) i-propoxide (Ti(OiPr)s, TTIP, min. 98%, STREM) and deionized
water were used as Zn, Ti, and O sources, respectively. All chemicals were used without further
purification. Nitrogen (N2, 99.9999%, Air Liquide) was used as both carrier and purging gas. TTIP
was heated in a hot solid source system Beneq HS300 at Trrip = 85 °C while other precursors were
kept at room temperature. Experiments were performed at Taep = 200 °C and the pressure in the
reaction chamber was kept in the range of 1 - 2 mbar. Thin films were deposited simultaneously
on borosilicate glass, single- and double-polished n-doped Si (100) wafer with native oxide top

layer. Prior to deposition, borosilicate glass substrates were cleaned by ultrasonication in acetone



and i-propanol (5 min each), while Si (100) substrates were cleaned in a detergent solution (RBS

35 Concentrate, 2 % in water, 5 min) and rinsed with deionized water.

TZO film depositions were performed with the following program: [TZO] =n . (n1 . {ZnO} +
{TiO2}) where n and n; are the number of supercycles and the ratio of ZnO and TiO: cycles
{ZnO}:{Ti0,}, respectively. The former was varied in a range of values from 22 to 445 whereas
for the latter values of 1, 2, 5, 10, 20 were selected. The zinc oxide growth cycle, i.e. {ZnO}, was
performed according to reported procedure.!*> Two precursor sequences were investigated and
referred to as sequence A (H2O pulse / N purge / DEZ pulse / N2 purge) where the first pulse is a
H>O pulse; and sequence B (DEZ pulse / N> purge / H>O pulse / N> purge), where the first pulse
is a DEZ pulse. A titanium oxide growth cycle, ie. {TiO:}, corresponds to {TiOz} =
{[TTIP]/N2/H20O/N2 = [0.5/0.05/0.5/0.5]/5/2/5 s} and “combination” mode was chosen to ensure
proper mass transport of TTIP. “Combination” mode is composed of four steps ([ti/t2/t3/ts]). First,
N is injected in the TTIP source (t1), then all valves are kept closed (t2), TTIP precursor is pulsed

(t3). Finally, N> is injected with simultaneous precursor pulse (t4).
2.2. In-situ Quartz Crystal Microbalance (QCM) measurements

In-situ QCM measurements were acquired with a Colnatec Eon-LT monitor system, using a HT
quartz crystal covered by an aluminum alloy (6 MHz initial oscillation frequency) located on the
cover lid of the reactor. Signal was recorded every 0.1 s and the lowest thickness step precision
was 0.04 A (for pure ZnO films, the conversion was made with impedance acoustic value Zr =
0.556 and ZnO density of 5.61 g/cm® as input parameters). Measurements were done after a
stabilization time of 1 hour in order to reach a uniform and constant temperature in the whole

reaction chamber (AT + 1.5 °C). To account for the larger reactor volume in QCM configuration



and ensure an effective saturation state, longer pulse and purge times were chosen. An average

over at least five TZO supercycles was performed in order to improve the measurement precision.

2.3. Material Characterization

TZO thin film characterization was performed on samples deposited on silicon wafer
(ellipsometry, GIXRD, XRR) or borosilicate glass (Raman, Hall effect measurement,
spectrophotometry). Thin film thicknesses were determined by spectroscopic ellipsometry (SE)
performed with a Horiba Jobin Yvon Uvisel 2 ellipsometer, and X-ray reflectivity (XRR) using a
PANalytical Empyrean equipment using Cu-Ka radiations. For the former, SE measurements in
the wavelength range of 200-1700 nm were modelled using a Tauc-Lorentz oscillator function. X-
ray diffraction (XRD) studies were performed under grazing incidence (GIXRD) conditions for
crystallinity determination and phase detection. Thin film compositions and morphologies were
obtained using a Merlin VP Compact scanning electron microscope (SEM) provided by Zeiss
equipped with an energy dispersive X-Ray spectroscopy (EDS) detector from Bruker.
Transmittance and reflectance spectra were obtained using an Agilent Cary 500 UV-Vis-NIR
spectrophotometer equipped with an Agilent Diffuse Reflectance accessory. Electrical
measurements were performed on samples with an area of 2.25 cm? at room temperature using
four-point probe measurement setup (LucasLab Probe 4 apparatus) and an ECOPIA HMS-5000
system with a 0.556T permanent magnet was used for Hall effect measurement. Values of
resistivity, carrier concentration, and electron mobility are the average of at least three
measurements. Raman spectra were recorded using a Horiba Labram HR spectrometer in the

micro-Raman mode (backscattering geometry) at room temperature. A UV laser ( A =325nm) was

used with a power close to 0.04 mW at the sample surface.



2.4. Solar cell device preparation and characterization

The radial junction solar cells based on silicon nanowires were fabricated on commercial soda-
lime glass substrate (2.5 x 2.5 cm?) coated by FTO. The p-type doped Si NWs were grown by
plasma-assisted vapor-liquid-solid (VLS) process in plasma-enhanced chemical vapor deposition
reactor at substrate temperature of 420 °C. Nanowire arrays were subsequently coated by p-type
doped aSi:H followed by an intrinsic aSi:H absorber layer, with the p-i-n junction finished by a
thin n-type aSi:H film. The details of the process can be found elsewhere.? The front TCO contact
used was either the conventional ITO (240 nm) deposited by sputtering or ZnO:Ti grown by ALD.
The J-V characteristics of the solar cells were measured under standard AM1.5G (100 mW/cm?)
illumination conditions (Newport solar simulator) calibrated using a certified crystalline silicon
solar cell. A circular mask with diameter of 4 mm was used during the measurement to control the
illuminated area. The external quantum efficiency (EQE) was measured on an Oriel IQE 200 setup

at room temperature.

3. RESULTS AND DISCUSSION
3.1. In situ QCM measurements of TZO during ALD growth

To optimize the TZO film properties, it is critical to realize a fine tuning of the Ti-doping by
controlling the surface chemistry involved during the growth. Mass variations relying on molecule
desorption and adsorption during the film deposition have been evidenced by recording in situ
QCM measurements.

Figure 1a and Figure 1b display the mass variations of one growth cycle in pure ZnO and TiO:

films. In case of ZnO thin films, positive mass variations are recorded after both HO (Am;?"°)



and DEZ (Am>?°) pulses. As described earlier by Elam et al., this is attributed to the successive
surface reactions:

n (OH)* + DEZ = n O-ZnEt* + n CoHe

during the DEZ pulse, and

n O-ZnEt* + H,O 2 n O-ZnOH* + n C,Hs

during the H>O pulse, where * represent the surface species and n the number of hydroxyl groups
reacting during each {ZnO} cycle.>* The n value can be determined from the (Am;%"° / Am,?"°)
ratio. In our case (Am;%"© / Amy?™©) = 0.05, which corresponds to n = 1.54. This is in accordance
with reported values (n = 1.37 as determined by QCM, n = 1.56 as determined by quadrupole mass
spectrometry).>*** In case of TiOx thin films, mass variation is positive after TTIP pulse (Amy"?)
and negative after H>O pulse (Am;T9?). This finding has been attributed to the following surface
reactions by Aarik ef al.:

n (OH)n* + Ti(OiPr)s = O-Ti(OiPr)sx* + n iPrOH

during the TTIP pulse, and

O-Ti(OiPr)4n* + HoO = n O-TiOH* + (4-n) iPrOH

during the H>O pulse, where * represent the surface species and n the number of ligand released
during the TTIP pulse.>**” The n value can be determined from the (Am;"°? / Am,"°?) ratio, and
here (Am; "2 / Am,"92) = -0.67. It corresponds to n = 3.3, which is slightly higher than reported
value (n = 2.2 — 2.5 at Tqep = 200-250 °C).3¢

The mass variations that occur during the doping cycle {TiO2} in ZnO, as in TZO films, were
recorded. The order of precursor introduction is well-known to impact the surface reactions and

thus the film properties.!! !> Hence, two sequences were investigated for ZnO: the TTIP pulse

follows either a DEZ pulse (sequence A, Figure 1c¢) or a H>O pulse (sequence B, Figure 1d). The

10



recorded mass evolutions for both sequences are similar to the case where {TiO2} grows on itself
(Figure 1b). A positive mass variation is observed after the TTIP pulse (Amy"92-A, Am,T02-B)
while a negative one is seen after the H,O pulse (Am;"°%-A Am;T92-B). However, the ratio
(Am; TO2AB / Am, 02 AB) have values (Am;T0%A / AmpT02-A = -0.35 and Am;T0%-B / Am,"02-B
=-0.37) that correspond to different n values than when TiO> grows on itself (n = 2.7 for sequence
A, n = 2.6 for sequence B and n = 3.3 for pure TiOz). These findings demonstrate that the TiO-
growth is affected by the substrate, as is characteristic of ALD growth. It also shows that the
growth of TiO; is rather hindered upon depositing on the ZnO surface, as suggested by other
groups.?*?>2631 The mass uptakes during the TTIP pulse alone and over the complete {TiO2} cycle
are both larger in sequence B than in sequence A (Amy"92-A =0.82 a.u. vs Am,"°2B =1.69 a.u;
AmTO2A + AmpT02.A = 0,53 a.u. vs Am; 7028+ Am,T92-B = 1,06 a.u.). This can be explained by
the relative higher reactivity of TTIP towards Zn-OH surface species (as in sequence B) than Zn-
Et ones (as in sequence A). The mass variation observed in sequence A when TTIP is pulsed on
Zn-Et terminated surface can be due to TTIP reacting either with Zn-Et surface groups, remaining
—OH surface groups, or both. To discriminate these three possibilities, a specific film deposition
sequence was designed: 10 x {T102} / H,O pulse / N2 purge / DEZ pulse / N> purge / 10 x {TiO»},
and the mass variations during the last ten {Ti1O2} cycles were recorded and compared (Figure
le). For all ten cycles, the mass variation is positive during the TTIP pulse. However, the mass
gain is negative after the first {Ti02} cycle, but positive and constant for the following nine cycles.
The negative mass gain after the first cycle shows that TTIP reacts and replaces the Zn-Et surface
fragments (T1 being lighter than Zn). This etching mechanism can be attributed to the higher bond
energy of Ti-O vs Zn-O (Eri.-o = 666.5 kl.mol™! vs Ezn.0= 159.4 kJ.mol™").?® Similar etching can be

expected to occur in TZO obtained from sequence A. The fact that a negative mass gain is observed

11



after the first cycle (Figure 1e) as compared to a positive mass gain in sequence A (Figure 1c)
most likely originates from the difference of the surface and the top layers. , When the top layers
are TiO»-based (Figure 1e) rather than ZnO-based (TZO from sequence A, Figure 1c¢), the O-
ZnEt bond is weaker hence more reactive and more Zn-Et fragments can be etched by TTIP. In
addition to this, the number of remaining hydroxyl groups can be expected to be different, notably
due to the surface poisoning effect of iPrOH.* Additional experimental work such as residual gas
analysis could provide direct evidence of the etching mechanism. A similar behavior has been
reported for ALD-AZO thin films.'"13192940 In summary, different Ti insertion mechanisms
following two different precursor sequences are clearly evidenced from the QCM studies, which

eventually affects the TZO thin film properties as is discussed in the following section.

12
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Figure 1. Mass variations recorded by in situ QCM measurements during the growth of (a) pure
ZnO films; (b) pure TiO: films; (¢) {TiO2} doping cycle in ZnO (sequence A); (d) {TiO2} doping
cycle in ZnO (sequence B); (e) 10 x {TiO2} on a substrate composed of 10 x {TiO2} / H2O pulse/
N> purge / DEZ pulse / N> purge.

3.2. Influence of the process parameters on ALD TZO thin film properties
3.2.1. Influence of the sequence of precursor introduction

The order of precursor introduction can have a strong impact not only on the film growth
mechanism, but also on its final properties by for example improving the distribution of dopant
atoms and reducing the formation of nanolaminate structures, as previously demonstrated for Al-
doped ZnO thin films.!'"!* Thus, TZO films have been synthesized with two different sequences
for the {ZnO} cycle, namely sequence A (H>O pulse / N2 purge / DEZ pulse / N> purge) and
sequence B (DEZ pulse / N2 purge / H2O pulse / N> purge), with constant cycle ratio (n; = 10 i.e.
{T102}:{Zn0O} = 1:10) and supercycle number (n = 44). The main properties of the obtained films

are compared in Table 1, Figure 2, Figure 3 and in Supporting Information (Figure S1).

TZO films grown by both sequences show similar morphology and structural properties. In
particular, they are both polycrystalline and adopt the ZnO wilirtzite structure. The crystallites have
an apparent rice grain shape (average grain size ~ 80 nm), which is different from the round shaped
grains of undoped ZnO (Figure 2), as described elsewhere.?’ The sequence B leads to thicker films
with higher [Ti]/[Zn] atomic ratio (as determined from EDS measurements), which is consistent
with its higher mass gain observed previously by QCM analysis. In fact, in case of sequence B,
the TTIP precursor is pulsed on an OH-terminated surface, which is more reactive than a Zn-Et
terminated one, and leads to a higher mass gain over the TiO2 cycle (Figure 1d). The low Ti

content in the film obtained from sequence A confirms the reactivity of TTIP towards Zn-Et
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terminated and/or remaining —OH surface fragments. In case of sequence B, the measured
[Ti]/[Zn] atomic ratio equals to 3.1 at% (Table 1), above the solubility limit of Ti in ZnO (2 at%).*!
This indicates the potential presence of amorphous TiO» phase at grain boundaries as observed by
others via transmission electron microscopy.? Even though sequence B (with higher Ti content)
leads to films with a higher carrier concentration (N = 5.5x10%° vs 2.5x10%° cm™), it seems that a
certain portion of Ti atoms does not act as active dopant but rather as scattering centers, which
gives rise to a lower film mobility (n = 6 vs 20 cm? V™' s). As a consequence, the overall film
resistance is higher for sequence B than for sequence A. In Raman measurement of undoped ZnO,
with the resonance UV excitation one identifies the sharp first-order A1(LO) vibrational modes of

wiirtzite ZnO located at 575 cm™.*? The broad band on the lower wavenumber region is likely an

overlap of several Raman bands such as Elz1igh (438 cm’!, first order), 2LA (485 cm™, second order)
and so on.** It has been reported that when ZnO is doped with Al, an additional contribution at
around 510 cm™' appears and the intensity of this defect-related peak is correlated to the
conductivity of ZnO:Al thin films: the more conductive the AZO film, the higher the intensity of
the defect-related peak.**** The same trend is observed here for ZnO:Ti films as shown in Figure
3a where indeed an additional contribution at 518 cm™! is clearly visible. The peak intensity is
lower for the TZO film of sequence B, which is consistent with its sheet resistance being higher
than that of sequence A. Similarly to ZnO:Al, a red shift of Ai(LO) peak is also observed in Ti
doped ZnO. Both films are equally transparent with transmittance values above 80% in the 400-
1300 nm region (Figure 3b), which is in agreement with previously reported ALD-TZO films.?3%>~

28 Finally, as the target properties for a TCO are high transmission and conductivity values, the

sequence A was selected for the rest of the study.
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Table 1. Main properties of TZO films obtained from sequences A and B with n =44 and n; = 10.

Sequence Thickness Carrier conc. Mobility Ro [Ti]/[Zn]
(nm) (em™) (em? V-1 g1 (Q/sq) (at%)Eps

A 73 2.5 x10% 20 160 0.9

B 82 5.5 x10% 6 295 3.1

(b) Ti:ZnO (seq A) © Ti:ZnQ (seq B)

Figure 2. Top SEM images of (a) ZnO, (b) TZO of sequence A and (c) TZO of sequence B. The

scale bar is 100nm. The film thickness of all three samples are similar, around 80 nm.
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Figure 3. (a) Raman spectra of undoped ZnO, TZO of sequence A and B. The sheet resistance is
indicated for TZO of both sequences while undoped ZnO is so resistive that its sheet resistance
value is not shown. (b) Optical transmittance (solid lines) and reflectance (dotted lines) for the

same TZO films of sequence A and B. (n; = 10)
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3.2.2. Influence of the cycle ratio {TiO:}:{ZnO} and the film thickness

By varying the cycle ratio ni {Ti0,}:{ZnO} and the number of supercycle n in ALD, the Ti-doping
and thickness of TZO film can be varied, which in turn affects the opto-electrical properties of the
resulting TZO films. For TCO materials, the classical Haacke’s figure of merit (FoM) is often used

to evaluate the overall performance. FoM is defined as:*

T!0
FoM=—
0 R

where T is the transmittance at 550 nm and Rg the sheet resistance. TCOs used in solar cells
usually exhibit transmittance of 80% and sheet resistance of 10 /L1, which yields FoOM (in unit

of 102 Q1) of around 10.

In order to avoid possible formation of TiO2 nanolaminates,’ the number of {TiO2} cycle was kept
at 1 while the number of {ZnQO} cycles (n;) is varied from 1 (high Ti-doping) to 20 (low Ti-doping).
As shown in the Supporting Information (Figure S2 — Figure S6), the film thicknesses are lower
than the values expected from the linear combination of GPCrio2 (0.35 A/cycle) and GPCzno (1.68
Alcycle), suggesting that a different growth mechanism is taking place for TZO when compared
to pure ZnO and TiO;. Furthermore, the GPC of TZO films decreases with increasing Ti
incorporation, which highlights a substrate-dependent growth behavior, typical of ALD deposition

d*>?® and with our

technique. These findings are in accordance with results previously reporte
QCM observations. The obtained films have density values in the range of 5.3 — 5.8 g.cm™, which
is similar to the ZnO density.>!* As shown in the Supporting Information (Figure S3), TZO films

adopt either a polycrystalline ZnO wiirtzite structure (n; > 2) or a ZnTiO3 nanocrystalline one (n;

=1).3! All TZO films are transparent in the visible range (transmittance values above 80% in the
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300-1200 nm region) with optical gap values between 3.2 and 3.7 eV, which is in agreement to
previously reported results.?® The refractive index n at 633 nm decreases from 2.00 for pure ZnO
to 1.86 for TZO with 1:5 cycle ratio. At higher Ti concentration, the apparent increase of » could
indicate the formation of nanoprecipitates of TiO2.2® Finally, all films are n-doped with carrier
concentration in the order of 102’ cm™, probably caused by substitutional Ti and potential H doping
from the precursor.”®*® As is seen in Figure 4a, the TZO film prepared with cycle ratio
{Ti02}:{Zn0}=1:10 shows the highest FoM, suggesting that TZO film prepared at this ratio gives

the best compromise between optical and electrical properties.

As a consequence, the ratio {TiO2}:{ZnO}=1:10 was kept the same, while the supercycle numbers
were varied from 22 to 82 to grow TZO films of different thicknesses. This resulted in films with
a thickness in the range 9 — 148 nm. A linear growth was observed, with an average GPC value of
1.46 A/cycle, and almost no nucleation delay was observed (Figure 5). As shown in Supporting
Information (Figure S7 - Figure S9), films of all thicknesses are fairly transparent in the visible
range, and the optical properties are independent of the film thickness. All films are n-doped and
the carrier concentration slightly increases with the film thickness (N = 10?°-10%! cm™), as well as
the mobility (1 — 150 cm? V! s), which is in accordance to previously reported systems.?*>"
27.29 It seems that thinner films (thickness < 50 nm) suffer significantly from the grain boundaries
scattering due to the presence of smaller grains.?’ The resistivity of all films is in the order of 1073

Q cm; the lowest resistivity value of 5 x 10 Q cm is seen for 150 nm thick films, which is slightly

more conductive than systems reported by Bergum et al.?’

Interestingly, the FoM increases monotonically as a function of the film thickness for TZO (Figure
4b). In particular, for the 150 nm thick TZO film, FoM is fairly close to 10, suggesting that ALD-

TZO has great potential to be used as a TCO in solar cells.
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3.3. Application of ALD-TZO thin films as TCO in Si NW solar cells

As a reference, sputtered ITO with a nominal thickness of 240 nm was used as the front TCO in
the radial junction Si NWs based solar cells to provide sufficiently low resistance for smaller cell
areas with reduced total reflectance.*’” However, as sputtering utilizes energetic particles, it often
results in a directional deposition: ITO deposited on top of the Si NWs is always found thicker
than that on the side walls of nanowires (see Figure S10 in Supporting Information). The lack of
conformal ITO front contact leads to an inhomogeneous charge collection and increased sheet
resistance of the device and thus prevents reaching the maximum final device performance. This
drawback can partly be compensated by increasing the ITO thickness which however leads to

optical losses.

Therefore, we demonstrate the ALD-TZO thin films for transparent contacts on a proof-of-concept
device which can improve the front contact transparency. Silicon NW solar cells with thin
amorphous Si absorber and a nanostructured surface morphology, which is particularly
challenging for contacting, were chosen for this demonstration. The TCO was deposited on top of
solar cells with the following structure: sodalime glass / FTO / p-type c-Si NW / p-type aSi:H /
aSi:H absorber layer / n-type aSi:H. The schematic drawing of the structure is shown in Figure
6a.*’ The corresponding J-V characteristics are shown in Figure 6b. Devices show reasonable
series resistance, which validates the ALD-TZO layer as a proper contact film. Despite the
efficiency of 2.5 % being relatively low, a photovoltaic diode behavior is clearly seen, suggesting

that TZO film by ALD effectively works as a TCO in the nanowire solar cells.

As can be seen in Figure 6d, the external quantum efficiency (EQE) for a cell with sputtered ITO

(240 nm thick) as the front TCO is relatively low (< 70 %) over the visible range. In addition, the
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EQE values are reduced in the wavelength range between 400 and 550 nm, similarly to previously
reported devices.*” Overall, the EQE response of the ITO-based device exhibits bell-like shape,
which is far from ideal. This is caused by the parasitic absorption in the thick ITO contact film. In
contrast, the cell coated with an 80 nm TZO by ALD shows an EQE curve of almost ideal
rectangular shape with some losses below the wavelength of 400 nm, thanks to the conformal
coverage of TZO over Si NWs as suggested in Figure 6c. In addition, the EQE values are greatly
improved to about 80 % over almost the whole visible range. This implies a significant reduction
of the parasitic absorptions (due to thick ITO layers) leading to a flat response between 400 and
650 nm wavelengths, which has been achieved for the first time for VLS-grown Si NW devices.
In comparison, the previously best achieved spectral response with sputtered ITO showing larger
parasitic losses in the wavelength range below 550 nm than in this work can be found elsewhere.*3.
The record high EQE values with a very flat response have been achieved for the first time on
studied silicon nanowire solar cells. The SINW devices represent a real challenge for the front
transparent contact materials as most of the deposition techniques fail to provide sufficient
conformality over the radial junction structure. Our ALD deposited TCO not only covers properly
the nanostructured surface, but it also provides superior opto-electrical properties (as shown by
EQE) when compared to any previously published results on radial junction devices on a glass
substrate. We have demonstrated that using TZO contact layer deposited by ALD technique can
significantly improve performance of any flat or (nano-)structured solar cell suffering from the

parasitic losses in the front contact.
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Figure 6. (a) Architecture of radial junction Si NWs solar cells. (b) J-V characteristics of the radial
junction Si NW solar cell covered by 80 nm ZnO:Ti by ALD as front TCO contact. The EQE of
the same cell (solid line) is shown in (d) as compared to the EQE curve (dash dot line) measured
on a cell with 240 nm ITO (by sputtering). (c) cross sectional SEM image of the radial NW
structure showing conformal coverage by the top ZnO:Ti electrode (by ALD).
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4. CONCLUSIONS

Transparent electrode materials are an essential component in most optoelectronic devices.
However, nowadays it still remains challenging to develop alternative materials to replace the
well-established ITO films using deposition techniques that are well adapted to devices with
complex structures. In this context, we report on the growth of titanium-doped zinc oxide (TZO)
by atomic layer deposition (ALD), and we demonstrate the successful implementation of TZO as

top electrode in silicon nanowire based solar cells.

In this work, TZO films were obtained from diethyl zinc, titanium i-propoxide and water as
precursors. Titanium-doping was achieved with a supercycle strategy. We investigated in great
details the surface reaction mechanisms during the growth of TZO via in situ quartz crystal
microbalance measurements. We verified that the order of the precursors introduction affects the
doping mechanism and consequently the final TZO film properties. In particular, sequence-
dependent surface chemistries, and the capacity of TTIP to replace —ZnEt terminated surface
fragments were demonstrated. Additional parameters such as the cycle ratio and the film thickness
were also optimized for TZO films grown by ALD, demonstrating their capacity to tune the TZO
properties. Finally, the ALD-TZO thin films were successfully applied as transparent electrode
materials in Si NW solar cells. The unique properties of TZO, as well as the conformal deposition
ensured by ALD resulted in an almost rectangular shape of the EQE curve of the Si NW device as
opposed to the unsatisfactory bell-shaped EQE curve obtained on devices employing an ITO

electrode.

In conclusion, ALD-TZO shows great potentials as an efficient top electrode in nanostructured

photovoltaic devices and optoelectronic devices in general, and its potential to replace ITO has
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been proven. These findings open the way to many other possible applications of TZO as ITO-

alternative for optoelectronic devices.
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