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Abstract: A Spray deposition process equipped with an in-situ optical thickness monitoring system 

has been developed to fabricate the photo active layer of solar cells. Film thickness is monitored by a 

photodiode –LED couple after each deposition cycle. It is found thickness of spray deposited photo 

active film linearly increase with deposition cycle over a wide range of deposition conditions. After 

instrument calibration, optimization of the active layer thickness can be accomplished by simply 

setting the desired absorbance of the film. The simple process is used for rapid optimization of 

devices based on poly(3-hexylthiophene-2,5-diyl) (P3HT) and Phenyl-C61-butyric acid methyl ester as 

well as P3HT and indene-C60 bis-adduct combination to achieve up to 4.21 % power conversion 

efficiency.  

 

Organic bulk heterojunction solar cells (OSCs) have received a large amount of attention in 

the last decade due to their ability to be solution processed, which provides a potential for 

economically competitive mass production via roll to roll processes.1,2 As a result of intensive 

research on OSCs, power conversion efficiencies (PCE) of the world’s best OSCs have rapidly 

increased.3 The discovery of new materials has played a key role in this rapid development. The 

optimization of the properties of these new materials via modifications to their molecular structure 

as well as process optimization have been paramount to improving the performance of OSCs.4 In the 

optimization process, spin coating has been solely used. To date, spin coating is still the most 

ubiquitous means to achieve uniform thin films on small substrates.5 However, the spin coating 

process itself has some inherent limitations such as large loss of material during spin coating and 

limited control over film thickness. Achieving specific thickness (especially for the active layer) is an 

essential part of fabricating high-quality OSCs. Spin coating certain thickness (typically 100~200nm), 

needs to be found by experiment as there is no linear relationship between film thickness and 

coating parameters such as  spin speed, acceleration, coating time, and solution concentration. In 

contrast, vacuum deposition processes control film thickness over time as a consequence of linear 

deposition rates. Unfortunately vacuum based techniques are time consuming and are not 

favourable for roll-to-roll processes that are key to reducing the production cost of solar cells in 

general.  

  Spray coating can be an alternative process for the device fabrication. Previously, we have 

demonstrated that spray coating can be used to fabricate active layer of OSCs.6  The spray coated 

device showed comparable performance as spin coated devices. Since the first demonstration of 

spray coated OSC, spray coating has been widely used to fabricate high performance OSCs.78910,11 The 

versatile and scalable method also used to fabricate large size OSCs13  as well as fully spray coated 

OSCs.1415 Most recently, it was used to fabricate organic-inorganic perovskite solar cells with up to 

11% of PCE.12 With proven scalability and ability to produce high performance device, the method 



can be a promising tool not only for large scale production but also for material screening.  A unique 

aspect of spray coating is the process consists of numerous deposition of small droplets, while other 

printing/coating methods deposit a solution once to form a film. The unique process provides a new 

approach to achieve high performance device with novel device structure with controlled vertical 

composition in active layer16,17 which could not be made by conventional process such as spin 

coating.  It also provides a new way of thickness control like vacuum deposition. 

 Here we have adapted the concept of control deposition commonly associated with vacuum 

processing and applied it to the spray deposition technique. We report on optically monitored spray 

deposition process for the controlled deposition of the photo active layer within OSCs, which works 

like vacuum deposition process with in-situ thickness monitoring system.  The in-situ monitored 

spray deposition opens a new way of controlling deposition process and will provide an opportunity 

to produce high performance devices with novel device structures. 

For device fabrication, ITO-coated glass substrates (Shenzhen Display, 5 Ω/□) were cleaned 

by successive ultra-sonication in 5% (v/v) Deconex 12PA detergent in water , distilled water, acetone 

and iso-propanol for 10 min each, and then exposed to a UV-ozone (Novascan PDS-UVT) for 10 min. 

PEDOT:PSS (HC Starck, Baytron P AI 4083) was filtered (0.2 μm RC filter) and deposited onto these 

substrates by spin-coating at 5000 rpm for 20 s. The PEDOT:PSS layer was then annealed on a 

hotplate in air at 150°C for 5 min. Poly(3-hexylthiophene-2,5-diyl)  (P3HT)(15 mg) and Phenyl-C61-

butyric acid methyl ester (PCBM) (12 mg) were dissolved in 1 ml of chlorobenzene (CB) in a glove box 

at 90 oC for 1 hr. For the reference device PEDOT:PSS was spun coated onto ITO at 5000 rpm for 30 s 

(~40nm). The 1:0.8 weight ratio was kept in spray coated device. Spray devices were fabricated from 

5mg/ml stock solution in CB or diluted stock solution in volume ratio. Fixed carrier gas flow (4 L/min 

N2 at 20 psi) and nozzle to substrate distance of 15 cm were used for all sprayed devices. To 

complete the devices, coated substrates were then transferred to a vacuum evaporator (Angstrom 

Engineering Inc.) Ca/Al or Al layer were deposited. For Ca/Al device the films were annealed at 110 
oC for 10 min prior to metal deposition. For the Al only device, post annealing was carried out at 150 
oC for 5 min after metal deposition. The active area defined by the shadow mask gave device areas 

of 0.1 cm2. A Custom built PC controlled spray deposition system was used to control nozzle 

position), solution feed rate, and to monitor the absorbance change (EMANT-300 USB DAQ).  

Generic white LED was used as a light source and connected to PWM port to obtain a pulsed input 

(155 Hz), which was monitored by a Hamamatsu S1133 photo diode. The output of the photo diode 

was collected at 2500 Hz through an analogue input port. The input power at 155 Hz was obtained 

after Fourier transformation of a block of data.  

 Figure 1(a) shows schematic drawing of PC controlled spray deposition system with 

motorized nozzle and photodiode white light LED couple as a thickness monitor. White color LED is 

used to average out wide wavelength range for general use. Deposition was done while the nozzle 

was moving at a speed of 10cm/sec across the samples. Absorbance was measured after every cycle 

and deposition was automatically stopped once absorbance reached a predetermined target value. 

To minimize the effect of ambient light, the LED was pulsed and output of photodiode was collected 

only at the specific frequency via Fourier transformation. Figure 1(b) shows examples of optically 

monitored spray depositions under different deposition conditions. Fast deposition rates (high flow 

rates at the pump) cause wet deposition. This is caused by deposition rates that are faster than the 

drying time of the solution on substrate. As such, solution is accumulated on substrate during 



deposition and the solution only dries after deposition has ceased. It has been reported that the 

active layer of high performing OSCs can be achieved by a single-pass spray deposition technique 

which results in a wet film that dries to form a smooth layer. 7,18 Even though this method can 

produce high performing devices, it makes spray process akin to other coating methods such as slot 

die coating, i.e. producing wet film at once. Multi-pass spray deposition wherein the film dries 

between each pass is more reliable and affords greater control over film quality. Under these “dry” 

deposition conditions individual droplets dry independently on a substrate and no solution is 

accumulated. For “wet” deposited films an orange color is present during deposition, which turns to 

purple after deposition has stopped.  Under “dry” conditions the film stays purple and simply 

becomes darker with more deposition cycles. Such conditions are ideal for optical thickness 

monitoring. Linear increases in absorbance are observed in dry conditions. Further the linear 

relationship between measured absorbance and thickness is shown in Figure 1c. This relationship 

may be exploited to achieve a desired target thickness of the film. 

OSC devices with a configuration of ITO/PEDOT:PSS/ P3HT:PCBM(1:0.8)/Ca/Al and with absorbance 

values of P3HT:PCBM layer from 0.3 to 1.1 were fabricated by spray deposition using the 

experimental conditions outlined above. Absorbance of film was measured after each deposition 

cycle and deposition was stopped once measured absorbance is higher than target value. Therefore 

absorbance can be slightly higher than target absorbance. J-V curves of spray coated devices are 

shown in Figure 2(a). The device with absorbance of 0.3 (~70nm) was too thin to give adequate 

coverage as sprayed films typically have much rougher surface compared to spin coated films.6 As a 

result, low shunt resistance and poor device performance is observed in these devices. The 

performance of the devices increased with increasing thickness up to ~200nm and then decreased. 

About 3% of PCE could be achieved by simple absorbance control. This method can be very useful 

for material screening. To test materials for OSC, spin coating is still most common tool to screen 

materials and spin coating condition need to be found to achieve certain thickness range by trying 

various spin speeds with various concentrations. The process can be removed in the spray process 

with absorbance control.   

 To highlight the versatility of this deposition we prepared  devices with indene-C60 bis-

adduct (IC60BA)19 instead to PCBM. The compound was reported as an alternative of PCBM giving 

higher performance due to raised LUMO energy level which result in higher Voc. Notably the same 

concentration and deposition conditions were used to make P3HT:IC60BA (1:0.8) devices. Different 

target absorbances were set in order to achieve different thicknesses without prior thickness 

calibration. To complete the devices Al was deposited and post annealing was carried out.20 We 

found post annealed devices have slightly higher performance than pre annealed devices with Ca/Al 

electrode after comparing multiple batches of spray devices (not shown). Therefore, we adopted 

this structure as a standard.  Device results are shown in Figure 2(b). As absorbance increases from 

0.4 to 0.7the PCE increased after which the PCE decreased due to a low fill factor(FF). The best 

device showed Voc = 0.82 V, Js c= 9.1 mA/cm2, FF = 57% ,and PCE = 4.2% . This example shows the 

method can be used for different materials.  

Different solution feed rates were tested in order to find the regime ideal for dry deposition 

conditions.  Deposition curves to achieve target absorbance of 0.5 with different solution feed rates 

are shown in Figure 3(a). As expected, increased solution feed rates produced thicker films in fewer 

cycles. Therefore, lower solution feed rates are required to achieve finer thickness control. If the 



feed rates are too fast then the slightly wet deposition conditions result in further increases to the 

absorbance as a consequence of film drying after deposition had ceased. This phenomenon can be 

seen in right end of the figure. Absorbance values at right side of the break line were obtained after 

films were fully dried. It has been reported that slow drying of residual solvent can be beneficial to 

achieve a favourable morphology for high performance devices. Insights into film morphology can be 

gleaned from analysis of the absorbance spectrum of the blend film.21 Figure 3(b) shows absorbance 

spectra of spin coated and sprayed coated P3HT:PCBM films. All spectra were normalized at 520 nm 

to compare the vibronic structure within the absorption spectra in the 550-650 nm region. The spray 

coated film with a low solution feed rate (0.4ml/min) showed weak vibronic features similar to spin 

coated films as the film was dried instantly.  With increased solution feed rate, stronger vibronic 

features at 560 nm and 610 appeared as a result of keeping the film wet for longer periods of time. 

The results show that the spray deposition can be used to control morphology of active layer of OSC. 

Unlike spin coating optimization of the deposition parameters for spray deposition permits 

simultaneous control over both film thickness and morphology Devices with different feed rates 

were made and we found no significant effect of the slow drying process with our P3HT:PCBM 

formulation. However, the capability will be useful for different formulation or materials. 

 Figure 4a demonstrates concentration independent processability. Figure 4a clearly shows a 

linear increase in absorbance over a wide range of initial solution concentrations. Even the very low 

concentration solution, 0.5 mg/ml with only 0.27 mg of polymer per 1ml of CB, could be processed 

to make about 170 nm thick active layer of OSCs. The low concentration solution can be used for fine 

thickness control together with solution feed rate variation. More importantly, this enables the 

device processing of polymers (and molecules) with low solubilities that would otherwise be 

inaccessible. During material development processes it is very common to realise potentially 

promising polymers not soluble enough to be characterized as an active material of OSCs. However, 

it is sometimes very important to characterize such materials to find structure-property relationships 

or to characterize new building blocks which can be very useful if polymerized with more soluble 

units.  The inset of Figure 4(a) shows PCE of sprayed P3HT:PCBM devices from different 

concentrations. To see effects of concentration on PCE, over 170 devices made in multiple batches 

are used in the graph. The results show average PCE of devices gradually decreases with lower 

concentration, yet comparable device performance could be obtained from the extremely low 

concentration. The result highlights the possibility of characterizing low solubility materials by this 

process. To be a material screening tool, reliability within a batch is also important. To compare the 

reliability compared to spin coating, over 50 cells were made in a batch with a single deposition 

condition (5mg/ml P3HT, 0.4ml/min solution feed rate, and 0.7 target absorbance).  Number of 

devices in each PCE range is shown in the inset of Figure 4(c). Data for the spin coated devices are 

also shown for comparison.  Sprayed devices showed comparable Voc and Jsc as shown in Figure 4(c) 

with Voc = 0.56 V and Jsc = 9.93 mA/cm2 on average. The lower FF in the spray coated devices (60% 

compared to 66% for the spin coated device), resulted in a lower average PCE (3.33 ± 0.16 % 

compared to 3.85 ± 0.51 %for the spin coated device) The low FF can be attributed to the increased 

roughness of the sprayed active layer that typically exhibits RMS roughness of ~50 nm.  Although 

average PCE of sprayed devices was lower than spin coated device, they showed comparable 

standard deviation to spin coated devices. The result shows that spray process can be as reliable as 

spin coating as both a material screening tool and as a deposition technique in general. 



 In conclusion, we have demonstrated spray deposition process can be used like vacuum 

deposition process by using a LED-photodiode couple as an optical thickness monitor. Growth of 

active layer of organic solar cells could be monitored in-situ and growth rate could be easily 

controlled by changing solution feed rate and/or concentration of solution. Linear thickness growth 

of active layer was observed in wide range of concentrations which provide concentration 

independent thickness control without a pre-experiment. This unique capability of spray deposition 

system will be useful not only for optimization of OSCs but also for all other solution processed 

organic/inorganic electronic devices. 
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Figure 1. (a) Schematic drawing of motorized spray deposition setup with optical monitoring system. 

(b) Absorbance change during spray deposition at different solution feed rates. Wet deposition is 

obtained at high solution feed rate. Inset shows P3HT:PCBM film during deposition in wet (left top) 

and dry (right bottom) conditions. (c) Relationship between measured thickness and absorbance of 

P3HT:PCBM (1:0.8) film obtained from built-in LED-photodiode couple.  



 

 

      

Figure 2. (a) J-V curves of spray coated P3HT:PCBM and (b) P3HT:ICBA devices with different target 

absorbance values. 0.3, 0.5, 0.7, 0.9, 1.1 and 1.3 of absorbance values of P3HT:PCBM layer 

correspond to 72, 120, 167, 215, 262nm and 310nm of thicknesses, respectively.  

 

  



 

 

Figure 3. (a) Absorbance change of P3HT:PCBM film during spray deposition and after fully dried 

(right side of dash line). (b) Absorption spectrum of P3HT:PCBM fabricated by spin coating and spray 

coating with various solution feed rates. 

  



 

 

 

 

 

Figure 4.  (a) Absorbance change during spray deposition of P3HT:PCBM solutions with different 

concentrations. The grey line is target absorbance of the deposition. Inset shows PCE of P3HT:PCBM 

devices made from different concentrations. (b) J-V curves of optimized spray coated and spin 

coated devices. Inset shows statistics of PCE. 


