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1. Introduction

Control of compositional gradients has 
been exploited in multiple materials to 
engineer new physical and chemical 
properties as well as novel functionalities. 
For example, gradual changes in absorp-
tion can be used to create tunable density 
filters,[1] and subtle variations in surface 
energy can drive water drops uphill.[2] Addi-
tionally, compositionally graded materials 
allow the investigation of the role of com-
positional effects on a desired property of 
interest. Examples in this respect include 
the screening of biochemical signals on 
cell behavior,[3] the maximization of piezo-
electric coefficients,[4] the rapid exploration 
of material blend phase diagrams,[5] as well 
as the determination of the optimum com-
position in ternary photovoltaic devices.[6]

Material libraries are of increasing 
interest in printed electronics.[7] Indeed, 

Microfluidic technologies are highly adept at generating controllable 
compositional gradients in fluids, a feature that has accelerated the 
understanding of the importance of chemical gradients in biological 
processes. That said, the development of versatile methods to generate 
controllable compositional gradients in the solid-state has been far more 
elusive. The ability to produce such gradients would provide access to 
extensive compositional libraries, thus enabling the high-throughput 
exploration of the parametric landscape of functional solids and devices 
in a resource-, time-, and cost-efficient manner. Herein, the synergic 
integration of microfluidic technologies is reported with blade coating 
to enable the controlled formation of compositional lateral gradients in 
solution. Subsequently, the transformation of liquid-based compositional 
gradients into solid-state thin films using this method is demonstrated. To 
demonstrate efficacy of the approach, microfluidic-assisted blade coating is 
used to optimize blending ratios in organic solar cells. Importantly, this novel 
technology can be easily extended to other solution processable systems that 
require the formation of solid-state compositional lateral gradients.
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feedback between theoretical screening studies[8–11] and high-
throughput experimentation[12–14] has accelerated the discovery 
of new high-performing organic conjugated materials. In the 
case of organic photovoltaics (OPV), nonfullerene acceptors 
have recently emerged as promising substitutes for traditional 
fullerenes as n-type semiconductors.[15] On the other hand, 
polymer:polymer solar cells, which provide a range of printing 
and stability advantages,[16] start rivaling polymer:fullerene 
power conversion efficiencies.[17–20]

In a fundamental sense, each novel material combination 
requires an independent evaluation with regard to photovoltaic 
performance. The optimization of bulk heterojunction organic 
solar cells entails the exploration of a highly complex parameter 
landscape of mutually interacting variables, including the choice 
of solvent, solution concentration, casting temperature, donor 
to acceptor (D:A) ratio, film thickness, and annealing tempera-
ture.[21] The exploration of such a complex parametric space 
usually involves a classical sample-by-sample methodology (an 
Edisonian approach), which is often prohibitively costly in terms 
of both experimental time and resources. Indeed, discrete sam-
pling remains the primary optimization protocol followed by 
most researchers in the OPV field, a fact that significantly limits 
the rate of materials screening and throttles the development of 
novel high performing devices. Accordingly, the use of combina-
torial approaches based on gradients in the parameters of interest 
(such as film thickness,[12,22,23] morphology,[12,23] and composi-
tion[5,6,12,24–26]) represents an ideal route to accelerating such 
screening processes.[27,28] Whilst several approaches, based on 
the combination of design-of-experiments and machine-learning 
algorithms[29,30] as well as robotized laboratories,[31,32] have been 
used to address the challenges of high-throughput multipara-
metric screening, these methods generally require either large 
amounts of raw materials to fully explore the parametric space 
(rendering them suitable only when optimized synthetic routes 
or large synthetic batches are readily available)[24] or have limited 
reproducibility and are restricted to precise processing conditions 
in terms of ink rheology.[12] In this regard, more versatile experi-
mental procedures are still needed in order to explore the entire 
parameters versus performance landscape in such complex opti-
mization scenarios in a cost- and material-efficient manner.

Microfluidic technologies can be highly useful in generating 
compositional libraries in solution. Early reports in this regard 
date back to 2000,[33] with more recent studies highlighting 

utility in fields ranging from biology[34] to electronics.[35] In most 
of these investigations the generated compositional profiles are 
exploited directly in the liquid-state, with their transfer to solid 
films being far from straightforward. Microfluidic-based drop 
casting experiments have been used to optimize organic thin film 
transistors,[36] as well as transparent conductive electrodes.[37] 
However, these approaches are unsuitable for most applica-
tions in which large areas of nanometer-thick material films are 
required. Accordingly, advanced mixing and casting methodolo-
gies are urgently required to address all such demands.

Herein, we introduce a completely new microfluidic approach 
for the generation of solid-state thin films with lateral composi-
tional gradients. Films are formed by blade coating of solutions 
delivered from the outlet channels of a microfluidic device. We 
show that such approach enables the efficient and large area 
transfer of compositional gradients generated in solution to 
solid state thin films onto virtually any substrate. Additionally, 
we show that the solid-state lateral composition profile of these 
microfluidically produced thin films can be finely tuned by the 
variation of the processing conditions, such as the total flow rate 
and blade coating speed. To demonstrate efficacy, we specifically 
optimize the chemical composition as well as the performance 
of polymer:polymer blend-based organic solar cells. Such sys-
tems represent a formidable challenge, due to their intrinsic 
high viscosities and difficult mixing dynamics.

2. Results and Discussion

To generate a binary compositional gradient, we utilized a 
microfluidic mixer incorporating two inlets (one for each of 
the pristine solutions) and a symmetric branched manifold 
that allows the distribution of the two precursor solutions into 
three different streams. The three streams are then directly 
introduced into the blade reservoir to generate a thin film 
(Figure 1a). This symmetric triple-branched microfluidic device 
can be used to controllably generate solid state binary compo-
sitional gradients on surfaces. To ensure the efficient mixing 
of the two precursor solutions (the blue and yellow solutions 
in Figure  1a), 3D mixers, such as those based on the baker’s 
transformation,[38] were also considered. Note that these mixing 
units have been shown to yield the highest mixing efficiencies 
among passive microfluidic mixers.[39,40] In the current experi-
ments, four interconnected baker’s units were used to provide 
complete and homogeneous mixing at the outlet channels 
without the need for additional mixing units, such as extended 
zig-zag microfluidic channels.[41,42] Such a microfluidic design 
guarantees that only the middle branch generates a mixture of 
the two pristine precursor solutions that are flowing through 
the side-branched channels (inset in Figure  1a). Additionally, 
we systematically explored a variety of outlet configurations, 
including confluent and individual routing options, as well as 
slot-die and nozzle-like ejection models (Figures S1–S4, Sup-
porting Information). After a thorough examination of different 
designs, we concluded that the solid-state compositional pro-
files obtained when using individual nozzles at the outlet chan-
nels were smoother and more reproducible. Moreover, it was 
observed that the gap between the nozzles and the substrate is 
key in ensuring continuous fluid ejection during the coating 
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process, rather than a dropwise outflow. Dropwise flows even-
tually result in inhomogeneous films due to Marangoni flows 
induced in the evaporating drops (Figure 2).

We next evaluated the mixing performance and the compo-
sition profiles obtained in the films. The marriage of microflu-
idic solution processing and blade coating aims to transfer the 
controllable parametric profiles (compositional ratios in the 
present case) formed in solution (Figure 1b) to a solid-state thin 
film (Figure  1c). Note that a different blend is shown in each 
image demonstrating the generality of the method. We focused 
our initial experiments on polymer:fullerene blends, namely 
poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole)]: [6,6]-phenyl-C71-butyric acid methyl 
ester (PCDTBT:PC70BM), which constitutes a high performing 
material combination in OPV, and one which has also been 
recently subjected to combinatorial screening.[12] Accordingly, 

we characterized the quality of the mixing and the influence of 
experimental processing variables (blade velocity and the out-
flow rate) by directly probing composition in the solid-state. 
Characterization was performed by Raman imaging (Figure 1d) 
and modeling according to our previously developed method-
ology,[12,43] which allows extraction of both composition and 
photocurrent maps in a single experiment. It should be noted 
that modeling involved the use of previously reported values of 
the complex refractive index and Raman cross-section for both 
materials.[12,43] A simple visual inspection (in reflection mode) of 
films supported on glass substrates (Figure 1c) immediately sug-
gests the formation of lateral compositional gradients. Addition-
ally, optically dense longitudinal stripes in the coating direction 
can be seen. According to Raman spectroscopy analysis these 
stripes can be ascribed to film thickness inhomogeneities that do 
not perturb the averaged lateral composition profile (Figure 1d).

Figure 1.  a) Schematic of the microfluidic-assisted blade coating platform used to fabricate films containing lateral compositional gradients. The 
inset shows a 3D model of the microfluidic device. b) Image of the microfluidic device under operation with poly(3-hexylthiophene-2,5-diyl) (P3HT, 
left stream) and poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (N2200, right stream) dis-
solved in chlorobenzene. Note that this particular material choice was made to demonstrate generality of the method and to be able to visualize the 
color contrast in a simple optical image. c) A reflection image of a blade coated film on glass (25 × 75 mm2) showing a lateral compositional gradient 
extending from pure PC70BM (left side) to neat PCDTBT (right side). The observed longitudinal stripes parallel to the coating direction are ascribed 
to thickness fluctuations. d) Averaged composition profile of the dotted area marked in panel (c) obtained by means of Raman spectroscopy imaging.
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Experimental investigations indicate that the film processa-
bility and the final composition profile are primarily determined 
by the total flow rate (Φ) and the blade coating speed (v).  
Φ represents the sum of the flow rates at each inlet, i.e.,  
Φ  = Φ1  + Φ2. We systematically characterized the influence 
that both Φ and v have on the solid thin film according to the 

volumetric linear density (ρ) of solution poured per millimeter 
of substrate travelled by the blade, i.e., ρ = Φ v−1 [µL mm−1]. In 
this regard, a simple geometrical model that phenomenologi-
cally delimits the required balance between Φ and v is provided 
in the Supporting Information. For simplicity, equal flow rates 
of precursor solutions (i.e., Φ1 = Φ2) are fixed between 600 and 
900 µL min−1, with a total solution volume of 50 µL injected per 
channel over the course of an experiment. It should be noted 
that prior to the generation of solid-state compositional gradi-
ents a purging step is required to realize stationary flow con-
ditions within the branched-manifold. This step is mandatory 
when using differing flow rates (Φ1 ≠ Φ2) to account for the dis-
similar viscosity of the injected solutions (Figure S5, Supporting 
Information). Blade coating speeds were varied between 5 and 
30 mm s−1. It is evident that a tradeoff between Φ and v arises 
to successfully fabricate solid-state compositional gradients. 
For example, if Φ is excessively low and v excessively high, pro-
cessing leads to inhomogeneous material deposition due to an 
insufficient supply of solution to the blade reservoir (Figure 2).
Figure 3b presents lateral composition profiles obtained for a 

series of PCDTBT:PC70BM films processed at different ρ ratios. 
These profiles are fitted to the following model equation,

f x
a x d

b
c

2
erf( ) = −



 +

	
(1)

which generates composition profiles (solid lines in Figure 3b) 
in analogy with the relationships derived from Fick’s diffu-
sion laws (vide infra). Interestingly, it can be observed that the 
width of the blending area (defined by b in Equation 1) linearly 
varies with ρ (Figure S6, Supporting Information). This finding 
indicates that at sufficiently high values of ρ the accumulated 
solution at the blade reservoir has a longer time to mix and 
interdiffuse during the coating process than at low ρ values, 
thus leading to laterally extended compositional profiles. 
Accordingly, besides the mixing that takes place within the 
baker’s transformation mixers, the interdiffusion of the poured 
volume accumulated at the ink reservoir will also influence the 
solid-state compositional profiles.

It should be noted that Equation 1 is qualitatively equivalent 
to the relationship defined by Fick’s second law for diffusion in 
the case of an initial release of mass at concentration c0 (cor-
responding to the central outlet) that diffuses homogeneously 
over a finite area and with initial boundary conditions of c1 = 0 
(left side outlet channel) and c2 = 2c0 (right side outlet channel). 
In this case the spatial and temporal evolution of the concentra-
tion profile c(x, t) is given by
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where D is the molecular diffusion coefficient. The comparison 
of Equations 1 and 2 indicates that b ∝ (4Dt)1/2, a fact that sup-
ports the observed broadening of the blending area as a func-
tion of the mixing time at the ink reservoir.

Once we had confirmed that the branched microfluidic 
device was able to produce solid-state compositional gradients 
with the well-known PCDTBT:PC70BM pair, we demonstrated 
the generality of the approach with two polymers frequently 

Figure 2.  a) Outflowing and coating regimes found during the microfluidic-
assisted blade coating of films based on a phenomenological and geometrical 
model. b) Raman spectroscopy mapping for samples made of poly[[2,3-bis(3-
octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1) as donor and 
N2200 as acceptor reveals that in a dropwise regime, rapid evaporation of 
liquid drops leads to large inhomogeneities in the solid-state. c) Conversely, 
when continuous outflow conditions are fulfilled, laterally homogeneous 
films are realized. These conditions correspond to blade velocities and out-
flow rates located within the green shaded area in (a). Further details of these 
regimes and model equations are provided in the Supporting Information.

Adv. Energy Mater. 2020, 10, 2001308



www.advenergymat.dewww.advancedsciencenews.com

2001308  (5 of 8) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

used for the fabrication of OPV devices. Specifically, we fab-
ricated large-area organic solar cells comprising a composi-
tional gradient of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-(5-(2-ethylhexyl)-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione)-1,3-diyl] (PBDT-TPD) as 
donor and poly[[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-thiophene-2,5-diyl] (PNDI-T) as 

acceptor (Figure 4a). The PBDT-TPD:PNDI-T blend constitutes 
one of the best performing all-polymer combinations currently  
used for OPV devices.[44] Such solar cells should exhibit a  
well-controlled lateral compositional gradient in their active 
layer to enable fast and efficient optimization via concurrent 
Raman and photocurrent imaging.[12] As for the previous 
system, elucidation of composition from Raman measure-
ments involved determination of the complex refractive index 
(Figure  4b) and Raman cross-section (Figures S7 and S8, 

Figure 3.  a) Raman spectra measured in PCDTBT:PC70BM compositional 
gradient films can be deconvoluted into the corresponding vibrational 
fingerprint components for the polymer (purple line) and the fullerene 
(orange line). Accordingly, the deconvolution serves to quantify the 
blending ratio.[43] b) Lateral composition profiles for PCDTBT:PC70BM 
films obtained at different volumetric linear densities (ρ). The datasets 
have been offset along the y-axis for clarity.

Figure 4.  a) Molecular structures and normalized Raman vibrational 
fingerprints measured using 488 nm excitation of the conjugated poly-
mers PBDT-TPD (blue, donor) and PNDI-T (red, acceptor). b) The 
corresponding complex refractive indices measured by means of variable-
angle spectroscopic ellipsometry (VASE) on blade coated films supported 
on glass.
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Supporting Information) for the two polymers. It is important 
to note that the use of Raman spectroscopy in the determination 
of composition is particularly useful for materials with overlap-
ping absorption features (as in the current case; Figure 4b) and 
when high spatial resolution is required.

For processing, the pristine materials were dissolved in chlo-
roform at a concentration of 9 mg mL−1. In the current study, 
we performed a single ejection (excluding the first transient 
state prior to steady-state conditions) of 50  µL of solution per 
inlet to process a device with an area of 25  ×  75 mm2. This 
results in a raw material usage below 1  mg per polymer. In 
addition, the remaining solution can be used for other pur-
poses, and the microfluidic device re-used after cleaning with 
a suitable solvent.
Figure 5a presents a schematic of the device with an active 

layer gradient. Figure  5b,c illustrate maps of both composi-
tion and photocurrent, respectively, obtained after active layer 
processing with ρ = 0.66 µL mm−1, Φ = 1200 µL min−1 and v = 
30  mm s−1. The compositional map is obtained by quantita-
tively deconvoluting the corresponding Raman spectra acquired at  

488  nm following a previously described methodology[43] and 
using the refractive index and Raman cross sections obtained 
from Figure  4 and Figure S8, Supporting Information. The 
photocurrent map is acquired concurrently using the same 
488  nm laser employed as the excitation source for Raman 
scattering measurements. In this way both the lateral composi-
tional gradient and photovoltaic performance can be efficiently 
evaluated in a single experiment, generating ≈24 000 data points 
per device over a period of 2 h.

Figure  5d presents the corresponding averaged composi-
tion and photocurrent profiles. It can be seen that the blending 
ratio varies smoothly between the pure polymer regions, 
whilst following a profile that resembles those found for the 
PCDTBT:PC70BM films. Conversely, the variation in photo-
current is bell-shaped, suggesting the existence of a relatively 
narrow optimum blending ratio for the all-polymer photovoltaic 
blend analyzed here.

These results suggest that beyond polymer:fullerene blends, 
high-quality and smooth mixing gradients can be blade coated 
as well in a range of polymer:polymer combinations. In fact, we 

Figure 5.  a) Schematics and lay-out of an organic solar cell including a compositional gradient in the active layer. The top layers are offset for clarity.  
b) Composition map of a binary PBDT-TPD:PNDI-T solar cell whose active layer was processed using the microfluidic-assisted blade coating procedure. 
c) The corresponding photocurrent map of the device measured using 488 nm excitation. d) Averaged lateral composition and photocurrent profiles 
obtained along the short axis. e) Photocurrent versus donor loading data, including a guide-to-the-eye dashed line that delimits the upper shell of the 
top performing thickness and blending ratio combinations. The dispersion in the photocurrent axis is ascribed to active layer thickness and morphology 
variations, as well as to inhomogeneities in the buffer layers.
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demonstrate that the microfluidic-assisted processing method 
works for distinct polymer:polymer mixtures (Figures  1b,2; 
Figure S9, Supporting Information) and that the composi-
tional profiles obtained are reproducible. However, this is not 
the case when sticking to the simple coalescence of two drops, 
which works well for low-viscosity inks[12] but fails in producing 
controllable gradients when mixing neat polymeric solutions 
(Figures S10 and S11, Supporting Information).

Removal of the spatial dependence of the composition and 
photocurrent data allows elucidation of the blending ratios 
that yield the highest photovoltaic performance. Figure  5e 
depicts ≈24  000 combinations of composition and photo-
current for the PBDT-TPD:PNDI-T binary, indicating that the 
optimum blending ratio is close to (70 ± 10) vol% of the donor 
(PBDT-TPD). Interestingly, optimal performance appears as a 
smooth (albeit well localized) peak in the composition diagram. 
Nevertheless, since photocurrent data were generated using 
monochromatic excitation (488  nm) the optimum D:A ratio 
found may not correlate perfectly with the optimum encoun-
tered under 1 Sun white-light illumination, which for the pre-
sent blend is close to 1.3:1 (D:A, w:w) or ≈57 wt% of donor.[44] 
In this regard, the higher absorption of the donor at 488  nm 
(Figure  4b) supports such a hypothesis. Further photocurrent 
mapping performed employing the built-in bulb of the Raman  
acquisition setup indicates as well that the photovoltaic perfor-
mance peaks close to 70–75 vol% of donor (Figure S12, Sup-
porting Information).

Additionally, note that Raman spectroscopy imaging deter-
mines volume fractions, and there may be small differences in 
density between the donor and acceptor polymers. Regardless, 
both the reported values and our high-throughput single sample 
screening consistently indicate that a donor-enriched bulk het-
erojunction boosts the photovoltaic performance. Conversely, 
the vertical dispersion observed in the photocurrent (Figure 5e) 
is attributed to local variations in the total active layer thickness 
and morphology, which are secondary parameters that require 
further optimization once the optimum composition has been 
identified. To this end, we have already demonstrated the rapid 
and efficient exploration of the active layer thickness dependence 
through the fabrication of blade-coated thickness gradients,[12] 
which could complement the herein presented novel optimiza-
tion approach enabled by microfluidics.

3. Conclusions

In summary, we have introduced a novel processing scheme 
based on the combination of microfluidics and blade coating 
to enable the generation of solid-state compositional gradients 
on surfaces. This methodology is especially appealing for solu-
tion-processing organic electronic devices. More particularly, 
we have demonstrated the fabrication of lateral compositional 
gradients comprising polymer:fullerene and polymer:polymer 
blends that are of high current interest in bulk heterojunc-
tion OPV devices. The composition profiles achievable using 
our approach are both smooth and controllable in terms of 
lateral blending extension, as confirmed by Raman imaging. 
Indeed, by combining the high-throughput fabrication of lat-
eral compositional gradients with photocurrent mapping of 

functional devices, we have successfully shown the optimiza-
tion of polymer:polymer organic solar cells with optimal use of 
resources and time.

4. Experimental Section
Materials: PCDTBT, PC70BM, and the large-area indium tin oxide 

(ITO) substrates were purchased from Ossila. P3HT (regio-regular) was 
purchased from Sigma-Aldrich. N2200 was purchased from Polyera. 
TQ1 was obtained from 1-Material Organic Nano Electronic. The ZnO 
nanoparticle dispersion was obtained from Avantama. The polymers 
PBDT-TPD and PNDI-T were synthesized according to literature 
protocols.[44]

Sample Preparation: PCDTBT and PC70BM were dissolved in 
chlorobenzene at a concentration of 10  mg mL−1. The ITO substrates 
were cleaned by consecutive sonication in acetone, a Hellmanex 10% 
solution in water, isopropanol (5 min each), and sodium hydroxide 
10 vol% (10 min), with rinsing in deionized water after each step. The 
ZnO interlayer was then deposited (50 µL and 40 °C) using an automatic 
Zehntner ZAA 2300 blade coater with a Zehntner ZUA 2000 aluminum 
applicator, in air and at a constant speed of 5 mm s−1. The blade gap was 
set to 200 µm. The active layer was deposited using two NE-1000 pumps 
manually synchronized with the start of the displacement of the blade 
coater. A sacrificial substrate (bare glass) was placed prior to the target 
substrate (ITO + ZnO) until stationary flow conditions were realized at 
the outlets of the microfluidic array. The bottom transport layer (MoO3) 
and the Ag electrode were thermally evaporated at a rate of 0.1 and 
1 Å s−1, respectively.

Optical Measurements: The optical characterization measurements 
performed in functional devices, including Raman scattering and light-
beam induced current (LBIC), were acquired using a WITec alpha 300 RA+ 
confocal Raman instrument, coupled to an Olympus objective with 10× 
magnification (NA 0.25). A solid-state laser operating at 488  nm was 
employed for both Raman and LBIC measurements. Light was focused 
through the thick (1.1 mm), ITO-covered glass substrates and the laser 
power reduced to avoid photodegradation and bleaching of the active 
layer (3–5 mW at 488 nm in air). Samples were placed on a motorized 
stage and connected to a DLPCA-200 variable gain low noise current 
amplifier. All data were collected using WITec Project FIVE software, 
whilst Raman spectroscopic analysis was performed using a home-made 
MATLAB routine following a methodology described elsewhere.[43]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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