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each of which can detrimentally impact 
the purity, surface chemistry, and micro-
structure of the deposited material. Argu-
ably, the ability to control these factors 
through tailoring the reaction chemistry 
and processing conditions makes solution 
depositions more complex than vacuum-
based ones, but also more powerful in 
view of the ultimate control that is offered. 

 Through careful optimization, coat-
ings of a desired morphology, uniformity, 
structure, and functionality (optical, elec-
trical, chemical, etc.) can be achieved. 
Consequently, solution-processed layers 
represent a viable industrial alternative 
to vacuum-based coatings in terms of 
capital investment, fabrication cost and 
quality of the prepared materials. [ 10–13 ]  In 
spite of these clear advantages, the process 
of optimizing the chemistry involved in 
solution-based coatings requires the exten-
sive screening and assessment of multiple 
parameters, which is extremely time- and 

labor-intensive. To this extent, advances in experimental auto-
mation may be used to overcome these challenges, by enabling 
for the rapid and continuous production of materials, as well as 
fast multiplexed screening of reaction parameters. [ 14–18 ]  In this 
work, we focus on the chemical bath deposition (CBD) of trans-
parent conductive ZnO thin fi lms, showing how such a combi-
natorial approach can be used to optimize the deposition condi-
tions of high grade functional thin fi lm coatings (see  Figure    1  ).  

 The CBD of ZnO fi lms on seeded substrates from aqueous 
solutions is heavily infl uenced by the reaction temperature and 
pH, as well as the presence of ligands and/or dopants. Despite 
the large number of studies published on the controlled growth 
of ZnO from aqueous solutions, which led to the fabrication 
of various structures, such as dense fi lms, nanowire arrays, 
rods, platelets, etc., [ 19–25 ]  the CBD of transparent and conductive 
(doped) ZnO has persisted as a major scientifi c challenge. With 
the rapidly increasing demand for low-cost fl exible electronics, 
an area that is currently dominated by elementally scarce and 
expensive indium tin oxide (ITO), developing a facile, low-
cost method for depositing a transparent conductive electrode 
(TCE) at low temperature is highly desirable and potentially 
lucrative. [ 26,27 ]  

 Recent reports on conductive ZnO thin fi lms prepared via 
CBD have indicated progress toward achieving this goal. [ 28–31 ]  In 
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  1.     Introduction 

 Solution processing is an accessible and versatile approach for 
depositing structurally and chemically controlled inorganic thin 
fi lms. [ 1–6 ]  For applications that require neat or composite nano-
structured materials, e.g., battery electrodes, this processing 
method is employed almost ubiquitously. [ 7–9 ]  However, for most 
thin-fi lm-based optoelectronic applications, the material quality 
benchmarks are set by expensive, vacuum-deposited coatings. 
In comparison, solution processing is considered a “dirty” pro-
cess because it involves precursors, stabilizers, and solvents, 
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those studies, however, the TCEs were prepared using aliovalent 
doping (Al or Ga) and often required a postdeposition annealing 
step at elevated temperatures. While enabling enhanced con-
ductivity, this prevented such fi lms from being deposited on 
temperature-sensitive substrates. Moreover, the presence of 
an extrinsic dopant during the CBD of ZnO is also known to 
heavily affect its growth characteristics. [ 24,32–34 ]  To date, the most 
successful CBD process to deposit TCEs at low temperature 
has been for Al-doped ZnO (AZO): [ 35,36 ]  Al ions were slowly 
and constantly supplied to the aqueous ZnO reaction bath in 
order to have a minimal effect on the growth of ZnO and obtain 
uniform, dense AZO fi lms. The continual addition of Al ions 
during deposition caused an inherent vertical gradient to form 
within the resulting fi lms. A more attractive synthetic method 
would utilize a simple one-step synthesis, wherein all the rea-
gents are mixed together at the beginning of the reaction, thus 
avoiding the formation of any undesired gradients. 

 In this study we overcome the aforementioned issues by 
developing a low temperature, one-step CBD method to deposit 
transparent conductive ZnO fi lms without the addition of 
extrinsic dopants. By introducing ammonium citrate as a ligand 
and an ammonium halide (in particular ammonium fl uoride) 
as a buffering additive, we have achieved dense, highly trans-
parent, and conductive ZnO fi lms. Through this optimization, 
and with the assistance of an innovative high energy pulsed 
light exposure at room temperature, intrinsically doped ZnO 
fi lms with transmittance above 90% in the visible range and 
sheet resistance of 40 Ω � −1  are demonstrated. To validate their 
use as transparent electrodes, these ZnO fi lms are employed 
within solution-processed, ITO-free optoelectronic devices.  

  2.     Results and Discussion 

 To investigate the parameter space of the CBD protocol for 
the synthesis of ZnO thin fi lms, we used the Chemspeed 

SWINGXL automated synthesis platform. Details are presented 
in Figure S1 and Table S1 (Supporting Information). For the 
aqueous bath, we used zinc nitrate as the zinc source, ammo-
nium citrate as the ligand and ammonium fl uoride as the addi-
tive. Each chemical was dissolved in water at an appropriate 
concentration (see the Experimental Section for details) to give 
the stock solutions. We analyzed the effect of i) the molar ratio 
between ammonium citrate and zinc nitrate, defi ned as  r  C ; 
ii) the molar ratio between ammonium fl uoride and zinc 
nitrate, defi ned as  r  F ; iii) the bath temperature; iv) the reaction 
time; and v) the zinc concentration. A summary of the param-
eters investigated with their respective ranges is reported in 
Table S2 (Supporting Information). 

  2.1.     Thickness, Structure, and Morphology 

 At the start of our investigation into the reaction parameters, we 
focused on the thickness and the morphology of the deposited 
ZnO.  Figure    2  a shows the thickness of the ZnO fi lms deposited 
at 80 °C as a function of  r  C  and  r  F . When the citrate amount is 
high ( r  C  = 0.5), no deposition of ZnO is observed, regardless 
of the  r  F  value. This is due to the high binding affi nity of cit-
rate anions to zinc cations, which prevents their subsequent 
reaction to form ZnO. At lower citrate levels (i.e.,  r  C  ≤ 0.2), 
the thickness of the fi lms becomes dependent on the values of 
both  r  C  and  r  F . As a general trend, in this regime an increased 
fi lm thickness is achieved at lower  r  C  and higher  r  F  values. 
The presence of citrate and fl uoride in the bath also affects the 
morphology of the growing fi lms (Figure  2 b,c). All samples are 
strongly textured, showing elongated, wire-like grains that are 
aligned in a direction orthogonal to the substrate due to pref-
erential growth along the  c -axis of the ZnO hexagonal wurtzite 
cell. The high surface energy of the Zn-terminated (0001) and 
O-terminated (0001) surfaces causes the formation of long ZnO 
grains having such surfaces as basal planes. [ 22,37 ]  This texturing 
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 Figure 1.    Manual versus automated deposition. Schematic fl owchart of a traditional approach to the screening of reaction parameters in a chemical 
bath deposition (upper part) compared to the high-throughput, combinatorial approach adopted in this study (lower part). 



FU
LL P

A
P
ER

7265wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is responsible for the dominant (002) diffraction peak being 
observed in the X-ray diffraction (XRD) patterns (Figure S2, 
Supporting Information).  

 The citrate ligand plays a pivotal role in controlling i) the 
reactivity of the zinc cations in solution and ii) the lateral 
growth rate of the forming ZnO thin fi lm. Evidence for the 
latter stems from chemical bath depositions performed without 
ammonium citrate, for which it is known that ZnO grows as an 
array of long, separated, and vertically aligned nanowires. This 
arises because citrate anions have a strong affi nity for the polar 
(0001) and ( 0001 ) surfaces of ZnO, which kinetically restricts 
growth along these planes, while enhancing the relative growth 
along the 〈002〉 direction. [ 20 ]  These functional roles of citrate 

enable the formation of dense ZnO thin fi lms at intermediate 
 r  C  values and ultimately explain the decrease in ZnO thick-
nesses for high  r  C  values (see Figure  2 b). Notably, unlike the 
citrate ligand, ammonium fl uoride does not have a strong infl u-
ence on the morphology of the growing fi lms (Figure  2 c). 

 Similar trends to those described above are also observed 
for samples prepared at 70 and 90 °C, with those samples syn-
thesized at higher temperature being thicker and rougher on 
average (Figures S4 and S5, Supporting Information). At the 
lowest temperature investigated in this study (60 °C), high 
values of  r  F  also caused a decrease in thickness, and the  r  C  
value at which deposition is suppressed was lowered from 0.5 
to 0.2. This validates the claim that ammonium citrate directs 
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 Figure 2.    Effect of the amount of ammonium citrate and ammonium fl uoride. a) Contour plot of ZnO thickness as a function of  r  C  and  r  F . The gray 
circles identify the experimental points. The individual plots of thickness versus  r  C  and  r  F  are presented in Figure S3 (Supporting Information). b) SEM 
images in cross section (upper images) and top view (lower images) of ZnO fi lms prepared with  r  F  = 0.5 as a function of  r  C . The sample synthesized 
with  r  F  = 0.5 and  r  C  = 0.5 shows only the presence of the ZnO seed layer. c) SEM images in cross section (upper images) and top view (lower images) 
of ZnO fi lms prepared with  r  C  = 0.075 as a function of  r  F . All depositions were carried out at 80 °C for 1 h.
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ZnO growth and that this process is kinetically controlled. In 
this case, the initial growth rate can be readily modifi ed without 
changing the fi nal microstructure (dictated largely through  r  C ) 
by changing the Zn concentration (Figure S6, Supporting Infor-
mation). The fi nal thickness obviously depends on the duration 
of the CBD, with the thickness increasing with reaction time 
(Figure S7, Supporting Information). As a result, through a 
suitable choice of deposition time, reaction temperature and 
zinc precursor concentration, the thickness of the ZnO coatings 
can be precisely adjusted (Figure S7, Supporting Information).  

  2.2.     Optical and Electrical Properties 

 The typical transmittance spectrum of one of our ZnO coatings 
( r  C  = 0.075,  r  F  = 1,  T  growth  = 80 °C) is presented in  Figure    3  a. 
Conducive to its use as a transparent electrode, it exhibits a 
transmittance of over 90% across the visible and near infrared 
(NIR) regions. The observed interference fringes overlaying 
the profi le are directly related to the smooth nature of the ZnO 
and the accompanying multiple light refl ections occurring at 
the air/ZnO/glass interfaces. Across all of the samples inves-
tigated, exceptions to such high transmittance cases are typi-
cally restricted to samples prepared without ammonium citrate 
(Figure S8, Supporting Information) and/or those synthesized at 
90 °C (Figure S9, Supporting Information), both of which exhibit 
scattering contributions across the visible spectrum due to their 
structural length scales being comparable to the wavelength of 
light. Importantly, regardless of their optical characteristics, 
none of the as-prepared ZnO samples exhibited appreciable elec-
trical conductivity, with the most conductive samples showing 
sheet resistance values on the order of ≈1 MΩ � −1 .  

 It is well known that ZnO can be photodoped upon expo-
sure to UV light. Current evidence suggests that this process 
relies on the UV-induced photooxidation of oxygen, water, and 
organic molecules adsorbed on the ZnO surface. In this pro-
cess, photogenerated holes are transferred to these adsorbates, 
which create an excess of electrons in the conduction band 
and, thus, increase the conductivity of n-type ZnO. [ 38,39 ]  Here 
we show that exposure to UV light has a dramatic impact on 
the properties of our CBD-grown ZnO fi lms. Considering the 
example shown in Figure  3 , after exposure to UV light, a strong 
IR absorption appears in the transmission spectrum. This fea-
ture is related to the increased number of free carriers in the 
photo-doped ZnO. Concurrent with this effect, a blueshift of 
the optical band gap from ≈3.4 to ≈3.6 eV is also seen, con-
sistent with the Burstein–Moss effect. Such phenomena have 
been observed previously in extrinsically doped ZnO colloidal 
nanocrystals and thin fi lms, and ascribed to dopant-induced 
generation of free carriers. [ 40–42 ]  Notably, the fi lms remain 
highly transparent across the visible spectral region. This 
makes them attractive for application as transparent conductors 
and NIR refl ective coatings (heat mirrors). 

 Accompanying the observed changes in the optical features 
of our ZnO fi lms is a variation of their electrical properties. 
We measured the sheet resistances of all the prepared samples 
before and after UV exposure, and compared them to their 
average transmittance in the 400–800 nm range (Figure  3 b). 
In this plot, the area of desired performance for a transparent 

conductor is the top left corner, corresponding to high transpar-
ency and low sheet resistance. The fi gure shows a clear drop 
in resistance of ≈2–3 orders of magnitude for many of the pre-
pared ZnO fi lms after UV exposure, thus validating the origin 
of the IR plasmonic features in the optical absorption spectra. 
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 Figure 3.    Optical and electrical characterization of ZnO fi lms. a) Trans-
mittance spectra of a ZnO fi lm prepared from a bath with  r  C  = 0.075 and 
 r  F  = 1 at 80 °C before (orange line) and after (purple line) exposure to 
UV light. The left inset shows the UV-induced variation in transmittance 
on an energy scale, highlighting A) the blueshift of the optical band gap 
and B) the IR absorption, with minimal effect on the visible transmission. 
The right inset shows a digital picture of a glass slide (left) and a ZnO 
sample on glass (right). b) Plot of average visible transmittance versus 
sheet resistance for the samples prepared in this study, where the circles 
correspond to the as-prepared fi lms and the stars are the values after 
UV exposure. The bath temperatures are color coded, and the size of the 
symbols represents the samples thickness. c) Contour plot of the Haacke 
value (in (kΩ � −1 ) −1 )) as a function of  r  C  and  r  F  after UV exposure for the 
samples synthesized at 80 °C. The individual plots of the Haacke value 
versus  r  C  and  r  F  are presented in Figure S10 (Supporting Information).
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 Of all the samples, CBD performed at 80 °C provides the 
best combination of transparency and conductivity. Samples 
deposited at lower temperatures suffer from poor conductivity, 
while samples prepared at 90 °C suffer from a reduced trans-
parency. It is worth noting that the samples synthesized at 70 
and 80 °C that show poor transmittance (samples encompassed 
by the black dotted circle), are composed of isolated nanowires 
that partially scatter light in the visible range (Figure S8, Sup-
porting Information). Notably, some of the highly resistive sam-
ples did not show an increase in conductivity following the UV 
exposure, which stems from the fact that these samples were at 
the detection limit of our measurement system (100 MΩ � −1 ). 

 To present the data in a more universal manner, which natu-
rally accounts for both electrical and optical properties, we used 
the Haacke value,  H , as a fi gure of merit. [ 43 ]  Widely adopted for 
evaluating transparent conductors, it is defi ned as 

   
=H

T

Rs

10

     
(1)

 

 where  T  is the optical transmittance (usually measured at 
550 nm, though in this case we adopted the average across the 
400–800 nm range) and  R  s  is the sheet resistance. The higher 
the Haacke value, the better the combination of transparency 
and conductivity. Despite their high transparency, samples 
synthesized at 60 °C have a very low  H  due to their high elec-
trical resistivity. At 90 °C, even though the samples are conduc-
tive, the reduced transparency results in low Haacke values 
(Figure S10, Supporting Information). The highest Haacke 
value of ≈0.46 (kΩ � −1 ) −1  is obtained for samples deposited at 
80 °C (Figure S11, Supporting Information), which supports 
the results presented in Figure  3 b. 

 The plots presented in Figure  3 b and (Figure S10–S11 (Sup-
porting Information) highlight the best deposition temperature 
to achieve high-performance transparent conductors. However, 
there is a large variation in performance across the different 
samples that is related to the specifi c deposition conditions, 
namely through variations of ligand and additive concentra-
tions. Focusing on the samples deposited at 80 °C, we pre-
sent in Figure  3 c the effect of  r  C  and  r  F  on the Haacke fi gure 
of merit after UV exposure. Samples prepared with the highest 
amount of ammonium citrate ( r  C  = 0.5) and without ammo-
nium citrate ( r  C  = 0) have the lowest Haacke value, on the order 
of 10 −8  (Ω � −1 ) −1  or less. In the former case, the high citrate 
concentration suppresses the deposition of ZnO, and therefore 
the high resistance of the very thin (<50 nm) sol–gel seed layer 
is responsible for the observed results. In the latter case, in the 
absence of ammonium citrate the samples are arrays of aligned 
nanowires rather than dense fi lms. Consequently, even given 
reasonable electrical conduction along the axis of the nanow-
ires, there is no lateral conduction, which results in high sheet 
resistance values and low  H  values. Such samples also have 
a lower visible transmittance, which contributes to a further 
reduction in this fi gure of merit. At intermediate  r  C  values, a 
band emerges in which  H  tends to increase with the amount of 
ammonium fl uoride present in the chemical bath (see Figure 
 3 c and Figure S10, Supporting Information). 

 While the effect of ammonium citrate is readily linked to the 
growth of ZnO and its morphology, the role of ammonium fl u-
oride is less clear. To elucidate this, we used X-ray photoelectron 
spectroscopy (XPS) to probe the surface chemical composition, 
as well as oxidation states and chemical bonding for samples 
prepared under the same reaction conditions, but with different 
 r  F  values ( Figure    4   and Table S3, Supporting Information). The 
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 Figure 4.    XPS characterization of ZnO fi lms. X-ray photoelectron spectra of a) Zn 2p region and b) O 1s region for two ZnO fi lms prepared with  r  C  = 
0.075 and  r  F  = 0 (blue dots) and  r  F  = 1 (red dots). The expected peak position for the O1, O2, and O3 components of the O1s peak are also reported. 
c,d) The fi tting of the three components of the O1s peak for the samples prepared with  r  F  = 0 and  r  F  = 1 are reported, respectively.
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O 1s peak was used for comparison as it is highly susceptible to 
subtle chemical changes in metal oxides. [ 44 ]  The results indicate 
that the O 1s signal is composed of a series of contributions, 
which can be assigned to O 2−  ions within the ZnO lattice (O1 
component), hydroxides or oxygen atoms residing in oxygen-
defi cient environments (O2 component), and to adsorbed 
oxygen or organic contaminants (O3 component). [ 44 ]  Based on 
this analysis it is apparent that samples prepared using ammo-
nium fl uoride possess a more oxygen-defi cient ZnO structure. 
This nonstoichiometric composition is responsible for the 
improved electrical properties compared to samples prepared 
without NH 4 F. Notably, samples prepared without this additive 
also remain slightly oxygen defi cient, as evident from an O/Zn 
ratio <1 (Table S3, Supporting Information), which differs from 
our previously reported CBD process of  i -ZnO using different 
chemistry, where the O/Zn ≈ 1. [ 25 ]  This highlights that the CBD 
used here (basic pH, presence of ammonium citrate) is not 
suitable to prepare resistive,  i -ZnO fi lms, but rather is tailored 
toward nonstoichiometric fi lms.  

 Similar results in terms of optical/electrical properties and 
increased oxygen vacancies were also obtained when using 
ammonium chloride instead of ammonium fl uoride as an addi-
tive. It is worth noting that no evidence of halogen incorpora-
tion within the ZnO fi lms has been detected with either XPS, 
X-ray fl uorescence, or energy-dispersive X-ray spectroscopy, 
suggesting that the role of the ammonium halide is not to gen-
erate additional charge carriers by displacing O 2−  with halide 
ions, as occurs in commonly used transparent conducting 

oxides, such as fl uorine doped tin oxide and F −  or Cl −  doped 
ZnO. [ 45–47 ]  

 Having explored a large parameter space (see Table S4, Sup-
porting Information, for a summary of selected reactions), we 
have chosen the best conditions to grow highly transparent and 
conductive ZnO fi lms. The transmittance and sheet resistance 
values of our champion fi lms as a function of light exposure are 
presented in  Figure    5  . Examination of Figure  5 a reveals that UV 
treatment causes an increase in the plasmonic absorption, even 
after very short exposure times, and a progressive blueshift of 
the optical band gap of ZnO (Figure S12, Supporting Informa-
tion). Concomitantly, the sheet resistance decreases and the 
Haacke value increases (Figure  5 c). UV exposure is most effec-
tive at the beginning of the treatment (1–2 min), with its effect 
progressively reduced with further exposure. After prolonged 
UV exposure (20 min) we achieved a minimum sheet resistance 
of ≈800 Ω � −1 , with the sample remaining highly transparent 
in the visible range. A Haacke value of 6.5 × 10 −4  (Ω � −1 ) −1  
was calculated, which is remarkably low for a low tempera-
ture, solution processed, intrinsically doped ZnO thin fi lm. 
However, such a value is still at least an order of magnitude 
lower than the current state-of-the-art transparent conducting 
oxides. Moreover, several minutes of UV exposure are required 
to achieve this level of conductivity.  

 To address these issues, we replaced the UV treatment with 
fl ash illumination using a high-intensity xenon lamp with milli-
second light pulses. With only fi ve fl ashes (2 ms each, total expo-
sure time of 10 ms) we could match the performances obtained 
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 Figure 5.    Comparison between conventional and fl ash lamp UV exposure. a,b)Transmittance spectra and c,d) sheet resistance and Haacke value for 
ZnO samples prepared with  r  C  = 0.075 and  r  F  = 1 according to a,c) conventional UV exposure time and b,d) number of fl ash lamp pulses. The error bars 
represent one standard deviation. Note that panels (c) and (d) have the same vertical scales. The dotted lines in (c,d) are included as a guide for the eye.
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after 20 min of conventional UV exposure. By increasing the 
number of fl ashes we achieved a much lower sheet resistance 
(85 Ω � −1 ), wider optical band gap (Figure S12, Supporting 
Information), and very strong IR absorption, while still main-
taining high transparency in the visible range (Figure  5 b,d). 
The Haacke value associated with this sample is 4.9 × 10 −3  
(Ω � −1 ) −1 , which meets the requirements for a transparent elec-
trode in conventional optoelectronic devices such as touch panel 
displays and LEDs. [ 48,49 ]  In addition, utilizing thicker ZnO fi lms 
by simply increasing the deposition time to 3 h (fi nal thickness 
of ≈2.6 µm) we achieved a sheet resistance of 40 Ω � −1 , with an 
associated Haacke value of 7 × 10 −3  (Ω � −1 ) −1  after 50 fl ash lamp 
pulses (100 ms of total UV exposure), as shown in Figure S13 
(Supporting Information). To the best of our knowledge, this 
fi gure of merit is the best reported for a solution-processed, 
intrinsically doped ZnO fi lm, and places our ZnO alongside 
the best performing transparent conducting oxides. Consistent 
with this photodoping mechanism, the effect induced by the 
UV exposure is found to be only retained while the sample is 
kept under an inert (e.g., nitrogen, argon) atmosphere, with a 
gradual increase in resistivity being observed after prolonged 
exposure to air due to the readsorption of oxygen and water 
molecules on the ZnO surface (Figure S14, Supporting Infor-
mation). [ 39 ]  Notably, this is not a major issue considering that 
many optoelectronic devices require encapsulation to ensure 
long-term stability of the active layers for operation in ambient 
conditions. 

 The versatility of the low-temperature process outlined here 
is further demonstrated by the deposition of ZnO coatings onto 

plastic substrates, as for example poly(ethylene terephthalate) 
(PET). In this case, lower annealing temperatures were used for 
the seed deposition (100–140 °C, compatible with the thermal 
stability of PET), while the CBD was carried out using our 
optimized experimental method. Using this procedure, highly 
transparent ZnO fi lms were successfully deposited on PET. 
Likewise, upon UV exposure they exhibit characteristics similar 
to those observed for fi lms deposited on rigid glass substrates 
(Figure S15, Supporting Information).  

  2.3.     Device Fabrication 

 To demonstrate the quality and effi cacy of our low-temperature, 
solution-processed transparent conducting ZnO fi lms, we pre-
pared organic light emitting devices (OLEDs) using these ZnO 
fi lms as transparent electrodes and a yellow light emitting 
polymer (Super Yellow PDY-132, see the Experimental Section) 
as the emissive layer. All the layers, excluding the Ca/Al metal 
cathode, were solution processed. As can be seen from  Figure    6  , 
functional devices with high luminance, bright yellow color and 
uniform emission across the pixels were fabricated. In com-
parison to standard ITO/glass-based devices, these did possess 
higher turn-on voltages due to the larger energy offset between 
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) and ZnO compared to ITO (see Figure S16 in the 
Supporting Information); however, their operation validates the 
use of our ZnO as a suitable transparent electrode for optoelec-
tronic devices.    
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 Figure 6.    Characterization of yellow OLEDs prepared using ZnO as a transparent electrode. a) Structural schematic; b) current density and luminance 
plots versus voltage; c) electroluminescence emission spectrum and comparison with the photoluminescence emission spectrum of a PDY-132 fi lm; 
d) digital photographs of the working device under ambient light (top) and in the dark (bottom); and e) CIE 1931 chromaticity diagram highlighting 
the coordinates for the prepared yellow OLEDs.
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  3.     Conclusion 

 In conclusion, we have developed highly conductive and 
transparent ZnO fi lms using a simple one-step aqueous bath 
deposition method without the need for extrinsic doping. We 
extensively screened the parameter space of the chemical bath 
system using an automated synthetic platform. Utilizing this 
platform we were able to rapidly evaluate the effect of key varia-
bles such as temperature, deposition time, ligand concentration 
(ammonium citrate), and additive concentration (ammonium 
fl uoride) on the optical, electrical, and structural properties of 
the as-deposited thin fi lms in order to arrive at an optimized 
protocol. These optimal reaction conditions were used to 
deposit highly transparent and conductive ZnO fi lms. Exposure 
to millisecond pulses of UV light was used to greatly enhance 
the electrical conductivity of our ZnO fi lms, with a champion 
Haake value of 7 × 10 −3  (Ω u −1 ) −1 , being comparable to state-
of-the-art transparent conductive oxides. Notably, such fi lms 
were obtained using a scalable CBD technique without the use 
of any high temperature processing steps. The fi lms fabricated 
here represent the foundation for using simple binary metal 
oxides as transparent conductive electrodes. Their ability to be 
deposited on plastic enhanced their versatility and poises them 
for commercial translation into a variety of fl exible electronic 
devices. Proof-of-concept depositions on plastic substrates and 
fabrication of ITO-free organic light emitting devices confi rm 
the quality and adaptability of our process, which constitutes a 
great advance toward the fabrication of reliable, cost-effective, 
and high-performance fl exible electronics and optoelectronic 
devices in general.  

  4.     Experimental Section 
  Chemicals : All chemicals were reagent grade and were used without 

further purifi cation. Zinc nitrate hexahydrate (98%), ammonium citrate 
(98%), and ethanolamine (99%) were purchased from Sigma-Aldrich. 
Ammonium fl uoride (98%) and ammonium hydroxide (25% solution 
in water) were purchased from Chem Supply. Zinc acetate dihydrate 
(99.5%) was purchased from Analar. Methoxyethanol (99.5%) and Super 
Yellow emitting polymer (livilux PDY-132) were purchased from Merck. 
PEDOT:PSS (Clevios HIL4) was purchased from Heraeus. 

  Seed Deposition : Zinc acetate was dissolved in methoxyethanol 
(0.5  M ) in the presence of ethanolamine in a 1:1 molar ratio with zinc. 
Seed layers were deposited by spin coating at 2000 rpm for 30 s and 
then the fi lms were annealed at 180 °C in air for 15 min on a hot plate. 

  Chemical Bath Deposition : The zinc stock solution was prepared by 
dissolving zinc nitrate in water and ammonia solution. The volume 
ratio between water and the ammonia solution was 10:1 and the 
fi nal zinc concentration was 60 × 10 −3   M . The stock solution of the 
ligand was prepared by dissolving ammonium citrate in water to give 
a 30 × 10 −3   M  concentration. The stock solution for the additive was 
prepared by dissolving ammonium fl uoride in water to give a 75 × 10 −3  
 M  concentration. 

 The deposition experiments were undertaken using the Chemspeed 
SWINGXL automated synthetic platform. A full description of the 
confi guration and operation of the robotics is included in the Supporting 
Information. In brief, appropriate amounts of the stock solutions were 
mixed together in empty glass vials at room temperature to achieve 
the desired amount of zinc, ligand and additive, and eventually diluted 
with deionized water to reach the required concentration. The molar 
ratio between the ligand and zinc ( r  C ) was varied between 0 and 0.5. 
The molar ratio between the additive and zinc ( r  F ) was varied between 

0 and 1. The zinc concentration in the fi nal solution ([Zn]) was 
varied between 5× 10 −3  and 20 × 10 −3   M  and the total volume of the 
solution was set at 15 mL. As an example, for the synthesis of a ZnO 
fi lm with  r  C  = 0.075 and  r  F  = 1 at [Zn] = 20 × 10 −3   M , 5 mL of the zinc 
stock solution, 0.75 mL of the ligand stock solution and 4 mL of the 
additive stock solutions were mixed together and diluted with a further 
5.25 mL of water. The fi nal solution was then transferred into preheated 
vials containing the substrate with the seeded surface facing slightly 
downward (Figure S1, Supporting Information). The temperature was 
controlled by recirculating oil in between heated plates and was verifi ed 
by a thermocouple placed in a vial within the heated racks. Reactions 
were carried out at temperatures between 60 and 90 °C. All reactions 
were performed for 1 h, unless specifi ed otherwise. A detailed list of the 
reaction conditions is provided in Table S2 (Supporting Information). 

 Once the deposition is fi nished, the samples are removed from 
the chemical bath and washed with deionized water and dried with a 
nitrogen stream. To remove possible surface precipitates, the samples 
were sonicated in ethanol for 3 min. 

 Post-treatment: ZnO fi lms were exposed to UV light using a 
Novascan PSD-UVT UV-ozone cleaner operated at room temperature. 
Flash lamp exposure was done using a Xenon Sinteron 2010 system 
operated at 3 kV with 2 ms light pulses. The resting time between each 
pulse is set to 3 s, and the samples remained around room temperature 
for the whole duration of the fl ash tests. 

  Device Fabrication : After chemically etching ZnO fi lms grown on glass 
using a 0.2  M  solution of hydrochloric acid in water to defi ne a pattern, 
the fi lms were thoroughly washed with water, acetone, and isopropyl 
alcohol, and then exposed to 100 fl ash lamp pulses. The ZnO/glass 
substrates were transferred into a nitrogen-fi lled glove box and then 
PEDOT:PSS (Clevios HIL4) and Super Yellow (PDY-132, dissolved in 
toluene at 5 g L −1 ) were deposited by spin coating to achieve thicknesses 
of ≈130 and 80 nm, respectively. The samples were annealed at 
140 °C for 3 min after each layer to remove the solvents, and then the Ca 
(6 nm)/Ag (100 nm) metal cathode was thermally evaporated through a 
shadow mask defi ning pixels with an active area of 10 mm 2 . 

  Characterization : The surface and cross-sectional morphology of 
the fi lms deposited on silicon was investigated using an FEI Helios 
Nanolab 600 Scanning Electron Microscope (SEM). The thicknesses of 
the samples were evaluated using a Veeco Dektak 6M profi lometer and 
confi rmed by SEM on selected samples. XRD patterns of the deposited 
fi lms were collected using a Bruker D8 diffractometer equipped with 
a Cu-Kα radiation source and operated at 40 kV and 40 mA. Optical 
absorption spectra of fi lms deposited on glass substrates were measured 
using a Perkin-Elmer Lambda 1050 spectrophotometer equipped with 
an integrating sphere. Sheet resistances of the ZnO fi lms deposited on 
glass were measured by using a Jandel RM3000 four-point probe and 
averaged over at least 5 measurements per sample. XPS analysis was 
performed using an AXIS Ultra DLD spectrometer (Kratos Analytical 
Inc., Manchester, UK) with a monochromated Al Kα source at a power of 
144 W (12 kV × 12 mA), a hemispherical analyzer operating in the fi xed 
analyzer transmission mode and the standard aperture (analysis area: 
0.3 mm × 0.7 mm). The total pressure in the main vacuum chamber 
during analysis was typically between 10 −9  and 10 −8  mbar. Survey spectra 
were acquired at a pass energy of 160 eV. To obtain more detailed 
information, high-resolution spectra were recorded from individual 
peaks at 20 eV pass energy. Each specimen was analyzed at an emission 
angle of 0° as measured from the surface normal. Assuming typical 
values for the electron attenuation length of relevant photoelectrons, the 
XPS analysis depth (from which 95% of the detected signal originates) 
ranges between 5 and 10 nm for a fl at surface. XPS data processing was 
performed using CasaXPS processing software version 2.3.15 (Casa 
Software Ltd., Teignmouth, UK). All elements present were identifi ed 
from survey spectra. The atomic concentrations of the detected elements 
were calculated using integral peak intensities and the sensitivity factors 
supplied by the manufacturer. The individual components of the O 1s 
peak arising from chemically different species were assumed to have 
a Gaussian/Lorentzian lineshape and were quantifi ed using nonlinear 
least-squares regression. The accuracy associated with quantitative XPS 
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is ≈10%–15%. Precision (i.e., reproducibility) depends on the signal/
noise ratio but is usually much better than 5%. The latter is relevant 
when comparing similar samples. The voltage–current–luminance ( V – I –
 L ) measurements and the Commission International d’Eclairage (CIE) 
chromaticity coordinates ( x , y ) of the light emitting devices were tested 
using a Keithley 2400 SourceMeter and TOPCON BM-7A luminance 
colorimeter (0.2° measurement angle). The forward emission spectrum 
was recorded normal to the substrate with an optical fi ber coupled to a 
calibrated ASEQ Instruments LR1 compact spectrometer.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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