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ABSTRACT 

In this work the description, test, and performance of a new vacuum apparatus for thin film vapor 

deposition (ThinFilmVD) of organic semiconductor materials are presented. The apparatus is able to 

fabricate single, multilayer/composites, or hybrid thin films using four independent, organic or 

inorganic, vapor deposition sources (Knudsen cells type), and the vapor mass flow is condensed onto 

a substrate surface (temperature regulated). The same apparatus could be also used to measure vapor 

pressures according to the Knudsen effusion methodology. Vapor pressures and thermodynamic 

properties of sublimation measured by Knudsen effusion of some reference organic materials 

(benzoic acid, anthracene, triphenylene, benzanthrone,  1,3,5-triphenylbenzene,  perylene) were used 

to evaluate and test the performance of the apparatus. Moreover, nanostructures of thin films and 

composite materials of relevant charge transport and electroluminescent materials were deposited 

onto an indium−tin oxide (ITO) surface, and the morphology and thin film thickness were evaluated 

by scanning electron microscopy (SEM), exploring the effect of different mass flow rates and 

deposition time. The new physical vapor deposition apparatus based in four Knudsen effusion cells 

with an accurate mass flow control was designed to assemble well-defined (composition, morphology, 

thickness) thin films of organic semiconductors based on their volatility. The described apparatus 

presents a high versatility to the fabrication of single/multilayer thin films, as- grown crystals, and 

hybrid micro- and nanostructured materials. 

 

 

INTRODUCTION 

Vapor deposition is one of the most used and efficient methods to fabricate thin films onto a solid 

surface. The layers range from a thickness of one atom up to millimeters, forming single thin films, 

bilayer, trilayer, or multilayer composites as well as hybrid thin film materials. There are two main 

vapor deposition processes:  chemical  vapor  deposition  (CVD)  and  physical vapor  deposition  

(PVD).       When  the  vapor  source  is   a chemical vapor precursor, the process is called CVD, and 
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it has several variants: low-pressure chemical vapor deposition (LPCVD),7,8 plasma-enhanced CVD 

(PECVD),9,10 and plasma-assisted CVD (PACVD).11,12  CVD is often used in  the semiconductor 

industry to produce organic and inorganic thin films.13,14 In PVD, the vapor source is a solid or 

liquid material, and this method implicates only physical processes such as high-temperature vacuum 

sublimation/vaporization with consequent condensation onto a substrate surface. There are several 

variants of PVD: cathodic arc deposition,15,16 electron  beam  PVD,17,18  evaporative  

deposition,19,20  pulsed layer deposition,21,22 and sputter deposition.23,24 PVD techniques are 

more environmentally friendly than traditional coating methods with several applications under the 

scientific and industrial points of view. In fact, thin films produced by PVD are developed and applied 

in electrical and semiconductor manufactories, for instance in organic electronics and 

optoelectronics (OLEDs, OPVs, OFETs), and used for energy conservation and/or generation.25−30 

Herein, we present a high vacuum thin film deposition apparatus, ThinFilmVD, for physical vapor 

deposition of organic semiconductor materials (OSCs) with electronic applications. The thin film 

deposition is controlled by a mass flow in equilibrium conditions generated by four independent 

Knudsen cells (vapor deposition sources). The rate of the deposition is defined and regulated by the 

vapor pressure of the organic compounds at the effusion temperature and the substrate surface 

distance to the effusion cell orifice. Hence, the system presented herein allows accurate vapor 

pressure measurements as well as a high versatility to the deposition of single thin films, as-grown 

crystals, composites, and hybrid micro- and nanostructured materials. 

Knudsen effusion based methods are the most widely  used for measuring the vapor pressures of 

solid and liquid organic compounds for pressures lower than 1 Pa.31−33 At the temperature T, the 

mass m of the sample sublimed/vaporized from the effusion cell, during the time period t, is related 

to the vapor pressure of the compound by eq 1. 

p = (m/Aowot)(2πRT/M)1/2 
(1) 

 

where M is the molar mass of the effusion vapor, R is the gas constant,  A0  is the area  of the 

effusion orifice, and  w0 is the transmission probability factor which is usually calculated by means 

of Clausing (2) or Dushman (3) equations, where l is the length of the effusion orifice and r its 

radius:34−36 

wo   = [1 + (l/2r)]−1 (2) 

wo   = [1 + (3l/8r)]−1 (3) 

 

The quality and performance of the system presented herein were evaluated based on the 

experimental measurements of the vapor pressures and derived thermodynamic parameters of 

sublimation of some reference materials: benzoic acid, anthracene, triphenylene, benzanthrone, 

1,3,5-triphenylbenzene, and perylene. Thin films, composites, and hybrid materials were produced 

onto glass substrates with previously deposited ITO thin film by vacuum deposition of some relevant 

tris-8-hydroxyquinolinatos, triphenylamine derivatives, and oligoacenes. The thin film morphology 

of organic semi-conductors were evaluated by scanning electronic microscopy (SEM). 

The system can be considered a very “clean” and “user- friendly” apparatus, due to the absence of 

very greased junctions and overall easy handling of the different components, which enables a quick 
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assembling and disassembling of the sublimation/vaporization chamber components at the beginning 

and at the end of each effusion/thin film deposition  experiment 

 

APPARATUS  AND  EXPERIMENTAL PROCEDURE 

 

Overview 

The ThinFilmVD apparatus presented herein is constituted by four independent ovens allowing 

the sequential or simultaneous effusion of four different samples, an efficient vacuum pumping system 

(p ≈ 10−4 Pa), an independent and precise, proportional integrative and differential (PID) 

temperature control of the Knudsen cells that are maintained inside independently copper blocks 

(ovens), air based fast cooling of each oven, as well as a precise temperature control of the deposition 

substrate surface by means of refrigerated bath and a PID temperature control metallic platform. The 

combination of the vapor pressure of each compound at the respective oven temperature and the 

distance to the deposition substrate surface is used to define the mass flow density. The film 

deposition rate (related with mass flow density at the substrate surface) and deposition time is used 

to control the film thickness and morphology. Based on the independent ovens, single thin films, 

bilayers, composites, as well as, hybrid films can be produced from the sublimation/ vaporization of 

each material. A schematic representation of the overall ThinFilmVD apparatus is presented in Figure 

1. Additional images and schematic drawings and details of the apparatus are presented as Supporting 

Information (SI). 

 

Vacuum   Chamber   and   Pumping   System 

The stainless steel vacuum chamber is divided in two main parts, bottom and top (see details in 

Supporting Information). The bottom contains the insets (NW50) for each oven and the top the 

connection between the chamber and the vacuum pumping system and includes the substrate support 

system. In order to avoid the contamination of the turbomolecular pump, a metallic trap with liquid 

nitrogen is located between the vacuum system and the top of the chamber. The top and bottom are 

connected by a mechanical hinge system (with VITON O-ring) that allows an easy handling and 

operation of the vacuum chamber. The top of the chamber contains connections for gas inlet, 

inlet/outlet of the circulation cooling fluid, the Pt100, heater cables vacuum insert connectors to the 

temperature control of the deposition substrate surface, and the thickness monitor quartz crystal 

microbalance holder. The vacuum pumping system is constituted by a turbomolecular pump Adixen 

ATP80/ACT200TH/ACS2000 and a rotary vane pump Pascal 2005 SD. The chamber pressure is 

measured with a wide range vacuum transducer Adixen ACC2009. The pumping system is connected 

to the chamber by a flexible hose metal. The vacuum system allows the decreasing of the pressure 

in the chamber until  10−4 Pa. 

 

Ovens 

The ThinFilmVD comprises four independent ovens for the selective effusion of each material. Each 

oven was built in copper (cylindrical block of 50 mm long and 40 mm diameter), comprises a U shape 

air cooling stainless steel tube (6 mm diameter), an electric heater of 100 W and a Pt100 temperature 

sensor, which allows a temperature control with a temperature stability better than ± 0.05 K until 

700 K. Each oven was perforated according to the Knudsen cell dimensions, which are screwed 

directly in the oven (copper block) in order to ensure a good vacuum thermal contact. All ovens 

present an individual and automatic air cooling system. A schematic representation of the ovens 
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showing the respective position inside the chamber is presented in Figure 2  

 

Effusion Cells 

The effusion cells were fully built in stainless steel and set up to each oven by means of a screwing 

system. The cells are divided in three main parts: the cell lid, the cell body, and the disk with an orifice 

(Figure 3). The lid and the body are attached by means of a fine-pitched screw thread. A thin stainless 

steel (AISI 316) disks (thickness of 0.32 mm or 0.050 mm and orifices with different diameters: 1.0 

mm; 1.2 mm; 2.0 mm; 3.0 mm) are mounted on each cell according to the scheme presented in Figure 

3. The orifice area of each stainless steel disk was measured by means of optic microscopy with an 

uncertainty better than 0.5 %, and the results are presented as SI. The dimensions of the closed cells 

are 15.7 mm diameter and 20 mm height. Although the stainless steel presents lower thermal 

conductivity than aluminum (frequently used in Knudsen cells), this alloy has higher thermal 

resistance, resistance to the corrosion, as well as high durability. Due to the low  volatility  of  organic  

semiconductors,  the ThinFilmVD needs to operate at high temperatures, and stainless steel (AISI 

316) was found to be the best available  alloy. 

Prior to each experiment, the Knudsen cells are typically cleaned with several solvents with different 

polarities (deionized water, ethanol, acetone, and dichloromethane) and after heated at high 

temperature (600 K) in high vacuum conditions, typically during 30 min. 

 

Substrates Support and Thickness Monitor 

The thin film deposition substrates support, stainless steel (AISI 316) disk (80 mm × 20 mm), is 

screwed to a refrigerated copper tube that is mechanical adjusted to define the distance of   the   

substrates  support  to   the  effusion  orifice.   The temperature of substrate is measured by Pt100 

that is also used for the PID controller using a 100 W electric heater and a refrigerated liquid bath 

(Huber Minichiller, typically at 265 K). A cooled quartz crystal microbalance Inficon, model CDS- 

BOF37 Cool Drawer (located at the same distance from the orifice), and STM-2 Rate thickness 

monitor are used for the real time thin film thickness evaluation and control. 

 

Auxiliar Instrumentation Box 

The instrumentation box comprises five PID temperature controllers Omron, model E5CC-

QX3A5M-000, with universal entry, exit to solid state relay (SSR), Pt100 temperature sensors, and 

additional exits, which are used in the automatic cooling system of the ovens. Each controller is 

connected to a SSR G3PE-225B DC12-24 of 25A/100-240VAC with a heat sink (see details in 

Supporting Information). The alarm system and control of the cooling system with compressed air 

operates at low voltage (24VAC). The automatic cooling system of the ovens uses electro- magnetic 

solenoid valves of 24VAC that drives the air cooling flow through the system. As evidenced in Figure 

1, the system presents manual switches that are used to drive each oven cooling system as well as to 

drive/interrupt the electric heating in each individual oven. The set point temperature of each oven is 

programmed independently by each controller E5CC. The PID temperature controllers (PID 

parameters) were previously optimized for the better isothermal temperature control and small 

overshooting. One of the controller alarms was programed to actuate (on the cooling system) for 

temperatures above 1 K the set point temperature. 

 

Temperature Measurement and Control 

All of the Pt100 sensors were calibrated by comparison against a platinum resistance thermometer, 
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PTR100 (Fluke, Hart Scientific, model 5626), traceable to the National Institute of Standards and 

Technology (NIST) based on the ITS-90 temperature scale, with an uncertainty smaller than 0.002 

K. For that purpose a refrigerated thermostatic oil bath was used, which allowed a calibration 

between 50 and 190 °C. The measurement of the oven temperature was carried out in real time 

using data acquisition switch unit multimeter, 61/2 digits, Agilent 34970A. 

 

Measurement   of   Vapor   Pressures 

The  Thin- FilmVD system is able for measuring vapor pressures by Knudsen effusion 

methodology,32,33 and the following experimental procedure was followed (the numbers between 

brackets are referred to the Figure 1): initially, the vacuum chamber (1), metallic trap (9), substrates 

support system (5, 17), ovens (2), and respective Knudsen effusion cells should be carefully cleaned; 

after placing all components in the system, the vacuum chamber can be closed, and then the metallic 

trap is filled with liquid nitrogen, and the system is pressurized by the turbomolecular pump (11) 

during 30 min, by opening the vacuum valve (10); after the cleaning methodology, the system is 

despressurized with nitrogen, and the vacuum chamber can be opened; the Knudsen cells are retired 

from their respective ovens and placed in a desiccator during 60 min; the sample is compressed inside 

the cells by a brass piston in order to obtain a flat surface and to improve the thermal contact. The 

amount of sample used is the quantity necessary to obtain a disk of ≈ 5 mm height after the 

compression. The cells holding the sample are weighed on an analytical balance (Mettler Toledo, 

model H54, with a readability of 0.00001 g); the cells are then screwed in their respective ovens, and 

the temperature of each one is programmed as desired. After allowing for thermal stabilization of the 

Knudsen cells, the vacuum chamber is connected to the pumping system. When the pressure is lower 

than 1 Pa, the metallic trap is filled with liquid nitrogen, and the effusion time period is considered to 

start. In less than 1 min, after opening the gate valve, a pressure lower than 10−3 Pa is obtained. 

When the chosen effusion time period is over, the isolation valve is closed, and nitrogen is allowed 

to enter into the chamber, by opening the gas inlet valve (7). By decreasing the temperature of each 

oven, the individual cooling system of each oven automatically starts. After cooling to ambient 

temperature, the cells are carefully cleaned and weighed using the analytical balance. 

 

Thin Film Deposition 

The vapor pressure is a key parameter for thin film deposition with the system presented herein. 

The experimental procedure is identical to any classical Knudsen effusion experiment, but with the 

ThinFilmVD, the vapor effused from the Knudsen cells condenses on the surface of a substrate, and 

a thin film is formed. For achieving this goal, a desirable substrate is placed on the substrate support 

system, and the experimental procedure is the same as presented in Section 2.7. Before starting an 

experiment the substrates should be rigorously cleaned with two or more solvents in an ultrasonic 

bath and dried with and inert gas. Depending on the experimental methodology, single thin films, 

composites, as well as hybrid materials can be produced by low-pressure sublimation/vaporization. 

The substrate temperature is defined by the substrate support PID controller. For the formation of a 

single thin film onto the substrate surface, an intended organic semiconductor is placed in one or 

more Knudsen cells and sublimated/vaporized according to its vapor pressure (calculated by eq 1). 

The vapor pressure commands the mass flow effused from the cells. Nanostructured or non-

nanostructured composites are produced by assembly of thin films by means of successive deposition 

of layers. In this case, different organic semiconductors are placed in the Knudsen cells and 
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sublimated/vaporized sequentially according to their volatility. 

The temperature of each oven is programmed according to the volatility desirable for the 

compounds. The hybrid nanomaterials are produced by simultaneous sublimation/vaporization of 

different compounds. The effusion time, the vapor pressure of each compound, and the substrate 

temperature can be adjusted in order to modify the morphology and thickness of the 

films/composites. 

 

Thin  Film  Morphology 

In this work, thin films  and composites of several OSCs were deposited onto a surface of indium 

tin oxide (ITO) coated glass, and their morphology was studied by high-resolution scanning electron 

microscopy with X-ray microanalysis and backscattered electron diffraction pattern analysis, with a 

FEI Quanta400FEG/EDAX  Genesis X4M instrument at 15 kV in low-vacuum mode at the 

CEMUP (Centro de Materiais da Universidade do Porto). Topographic images were acquired using 

a secondary (SE) detector. 

 

3. RESULTS  AND DISCUSSION 

Vapor Pressures and  Thermodynamic  Properties  of Sublimation of Organic Materials.  

In order to test the quality of the results obtained with the ThinFilmVD apparatus, the vapor 

pressures of the following six organic compounds were measured over temperature intervals of ca. 

25 K: benzoic acid (CAS Number 65-85-0), anthracene (CAS Number 120- 12-7), triphenylene (CAS 

Number 217-59-4), benzanthrone (CAS Number 82-05-3), 1,3,5-triphenylbenzene (CAS Number 

612-71-5), and perylene (CAS Number 198-55-0). The studied samples were previously purified by 

sublimation under reduced pressure, and GC analysis showed that the mass fraction purity was not 

less than 0.999 in all cases. The areas and transmission probability factors of the used effusion orifices 

in stainless steel disks of 0.32 mm thickness and the detailed experimental results obtained from each 

individual effusion cell are presented as SI. Very good results of vapor pressures calculated by using 

the Clausing transmission probability factor can be obtained (the deviations are lower than 0.1 Pa). 

However, due to the higher thickness of the orifices used, a new transmission factor was used. The 

wo was obtained by comparison of the results obtained with the ThinFilmVD and experimental 

data recommended by Ribeiro da Silva and Santos et al. for benzoic acid, anthracene, triphenylene, 

benzanthrone, 1,3,5-triphenyl- benzene, and perylene. In all cases the following equation was derived: 

w0 = [1 + (3l/4r)]−1. 

Tables 1, 2, 3, 4, 5, and 6 present the vapor pressures at several temperatures obtained using the 

ThinFilmVD apparatus for benzoic acid, anthracene, triphenylene, benzanthrone, 1,3,5- 

triphenylbenzene, and perylene, respectively. Depending on the sublimation temperature, the 

uncertainty of the vapor pressure is estimated to be as (2 to 5) % of the experimental value. 

Table 7 presents, for each compound studied, the experimental results obtained of the four groups 

of effusion cells used (C1, C2, C3, C4) and for the global treatment of all of the (T, p) points obtained 

for each compound, the detailed parameters of the Clausius−Clapeyron eq (eq 4), together with the 

calculated standard deviations and the standard molar enthalpies of sublimation at the mean 

temperature (⟨T⟩) of the experiments, Δs
gHo

m (⟨T⟩). The equilibrium pressure at this 

temperature, p (⟨T⟩), and the entropies of sublimation at equilibrium conditions, Δs
gSm (⟨T⟩; 

p⟨T⟩)), are also presented. The plots of ln p = f(1/T) for each compound studied are presented in 

Figures 4, 5, and 6. Plots obtained by other researchers are also depicted for comparison.31,33,37−39 
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The standard molar enthalpies of sublimation at the mean temperature of the sublimation 

experiments were derived for the compounds studied, using the integrated form of the Clausius−

Clapeyron according to eq 4. 

 

where a is a constant and b = ΔsgHom (⟨T⟩)/R. The standard molar enthalpies of sublimation 

at the mean temperature, ΔsgHom (⟨T⟩), were determined by the parameter b, of the Clausius−

Clapeyron equation, and the molar entropies of sublimation at the mean temperature and at the 

vapor pressure at the mean temperature, ΔsgSm (⟨T⟩; p⟨T⟩)), were calculated by eq 5. 

 

 

 

The standard molar enthalpies of sublimation, at T = 298.15 K, Δg
sH

o
m , were determined by eq 

6. 

 

 

The standard molar entropies of sublimation, at T = 298.15 K, ΔsgSom , were calculated using 

eq 7. 

 

 
 

where po = 105 Pa. ΔgsCp is the variation in molar heat capacity associated with sublimation 

process, obtained by a temperature adjustment using the difference between the heat capacities of 

the gas and solid phases, at T = 298.15 K, derived as ΔsgCop,m = Cop,m (g) − Cop,m (s). 

Recommended values of ΔgsCo
p  = (−44.4, −27.0, −39.9, −29.0, −37.3, and −42.6) J·K−1·mol−1 

were used for benzoic acid, anthracene, triphenylene, benzanthrone, 1,3,5-triphenylbenzene, and 

perylene, respectively.31,33,40 

The standard molar Gibbs energies of sublimation were calculated through eq 8 where the 

parameters are referenced to T = 298.15 K. 

 

 
 

Table 8 lists the derived standard molar enthalpies, entropies, and Gibbs energies of sublimation, 

at T = 298.15 K, for the compounds studied. 

As evidenced by Figures 4, 5, and 6, the dependence between vapor pressures and temperatures 

determined with the ThinFilmVD system for benzoic acid, anthracene, triphenylene, 

benzanthrone, 1,3,5-triphenylbenzene, and perylene is very consistent with the results obtained 

and recommended by other researchers. Analyzing these data, within the experimental error 

very concordant plots of ln p = f(1/T) were obtained with the four ovens and respective Knudsen 
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cells used. Based on those plots, thermodynamic properties of sublimation were derived for each 

compound and converted to T = 298.15 K by considering the heat capacity variation associated with 

the sublimation process. Considering the average of the thermodynamic parameters derived from the 

data obtained from each Knudsen cell (C1, C2, C3, C4), standard enthalpies, entropies, and Gibbs 

energies of sublimation were determined and compared with some selected literature data (Table 8). 

As evidenced, a high consistency between the results presented herein and the data recommended by 

other researchers were found. Therefore, the ThinFilmVD system is capable to measure vapor 

pressures of organic materials with high precision as well as to derive thermodynamic properties 

associated with the phase transition. 

 

Thin Film Topography 

Based on the precise knowledge of vapor pressure, thin films can be produced by vacuum 

sublimation onto desirable substrates. The fact that ThinFilmVD  system  can  operate  

simultaneously  with four independent ovens allows depositing thin films sequentially to produce 

composites or hybrid nanostructures. Herein, the topography of thin films of TDAB (hole transport 

material, CAS Number 126717-23-5), NPB (hole transport material, CAS Number 123847-85-8), 

mer-Gaq3 (electron transport material/electroluminescent, CAS Number 14642-34-3), fac- Inq3 

(electron transport material/electroluminescent, CAS Number 14514-42-2), and rubrene (charge 

transport material, CAS Number 517-51-1) produced onto ITO coated glass is presented.  Some  

molecular/supramolecular  properties  and important thermophysical properties of these compounds 

were previously explored in other works.25,26,39 Before the deposition, all samples were purified by 

sublimation under reduced pressure. All compounds are organic semiconductor materials with 

important applications as thin films for organic electronics and optoelectronics.25,26,39 The vapor 

pressures of these materials were determined previously and confirmed with the ThinFilmVD system 

(see details in SI). All details related to the deposition experiments are available as SI. Initially, a test 

(experiment 1) was made with TDAB that was sublimated from Knudsen cell C1 at T ≈ 505 K (p ≈ 0.5 

Pa) with effusion/ deposition times of 15/30/45/60/90/120 min. For this experiment the distance 

between cell and substrate was fixed as h = 25 cm. In the experiment 2, TDAB was sublimated from 

Knudsen cells C2 and C4 with the same vapor pressure (p ≈ 0.5 Pa) with effusion times of 

30/60/90/180 min, and the distance between cells and substrate was decreased to h = 10 cm. 

Figures 7 and 8 present the topographic images of the nanostructures of TDAB deposited onto the 

ITO surface by vacuum deposition using the ThinFilmVD. All of the images presented in this work 

were acquired by SEM and using a secondary electron detector. 

According to Figures 7 and 8, the decreasing of the distance between the cells and the substrate and 

the use of more Knudsen cells contribute for a higher number of nanostructures of TDAB deposited 

onto the ITO surface. By using higher cell- substrate distances, the compound effused is mostly 

deposited on the walls of the deposition chamber. The use of more Knudsen cells corroborates for 

a higher quantity of material deposited on the substrate. Considering the nucleation and growth 

mechanisms of thin films,56−62 due to the low condensation of material onto the ITO surface 

(Figure  7),  the clusters deposited probably diffuse through the surface and most of them are desorbed 

because of the low number of neighbor clusters to promote interactions and favor the thin 

film/nanostructures growth. The decreasing of the distance between the ovens and substrate and by 

using more Knudsen cells (Figure 8) a higher number of clusters deposited is observed. Due to the 

structural and thermodynamic properties of TDAB, this compound condenses preferentially with an 
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crystalline structure, and the formation of a flat thin film is difficult.25,63 According to the 

experimental conditions, the increasing of the effusion time (from 30 to 180 min) contributes for a 

gradual growth of the TDAB nanostructures. The use of higher effusion times is responsible by the 

increasing of nucleation/growth mechanisms of clusters. The affinity between substrate and clusters 

is an important property to consider for the thin film morphology and its occupancy rate on the 

surface. Herein all the depositions were performed onto the ITO surface. Additionally, the substrate 

temperature is a crucial property for the thin film deposition process, namely, for the thermal 

accommodation and formation of the clusters. The organic semiconductors usually present low 

volatility/high evaporation temperatures, and thus the difference between the temperatures of the 

vapor effused and the substrate (usually higher than 200 K) is enough for the easy formation and 

accommodation of clusters.25,26,31,63 Nevertheless, small variations in the temperature of the 

surface can be enough  for some modifications of the adhesion, growth, thickness, and morphology 

of the thin films. 

As presented in the following results (experiment 3), the relation between the vapor pressure and 

the morphology of the nanostructures was studied. For that purpose, several sublimation 

temperatures (T ≈ 493/498/503/508 K) were used, and an effusion time of 60 min was fixed 

(TDAB was sublimated  from  Knudsen  cells  C2  and  C4).  The other experimental conditions 

were maintained constant. Figure 9 presents the topographic images obtained. 

As observed, the use of different mass flows (different vapor pressures/sublimation temperatures) 

contribute for the morphology and size of the TDAB nanostructures. Often, by maintaining the other 

experimental conditions, slight increments in the vapor pressure result in the formation of 

nanostructures with higher size. For a specific compound, the precise knowledge of the vapor 

pressure and its dependence with the temperature is relevant for the deposition of thin films by 

vacuum sublimation. 

Figure 10 allows a comparison between the topographic images of TDAB and Gaq3 deposited onto 

the ITO surface by vacuum deposition using the ThinFilmVD (experiment 4). Both compounds were 

sublimated with the same vapor pressure (p ≈ 0.5 Pa) with effusion times of 30 and 60 min (both 

compounds were sublimated from Knudsen cells C2 and C4). 

According to the topography, the increasing of the effusion time (30 to 60 min) promotes the 

adhesion between clusters and the growth of the nanostructures. In the case of mer-Gaq3, a flat thin 

film with a thickness of ≈100 nm was produced. Doubling the effusion time, the thin film produced 

modified his flat morphology, and the thickness was incremented twice (≈ 200−250 nm). For TDAB, 

the morphology is similar to presented in previous figures. In contrast to verified for Gaq3, the size 

of the nanostructures was not significantly incremented with more effusion time; however, the number 

of nanostructures is higher with 60 min of deposition, and the surface of ITO with compound 

deposited was considerably increased. As evidenced by analyzing the topographical structures, some 

nanocrystals of TDAB and mer-Gaq3 seem to grow on the surface of their thin films. In most cases, 

thin films produced by vacuum deposition are more amorphous; however, the amorphicity of the 

nanostructures is quite dependent by the experimental conditions and highly related with the supra- 

molecular and thermodynamic properties of each material. 

Figure 11 presents the topography of some amorphous thin films (rubrene, NPB, and fac-Inq3) 

deposited onto the ITO surface by vacuum deposition using the ThinFilmVD (experi- ment 5). Both 

compounds were sublimated from a Knudsen cell C2 with the same vapor pressure (p ≈ 0.5 Pa) with 

effusion times of 30 and 60 min. 
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As illustrated, amorphous nanostructures of rubrene, NPB, and fac-Inq3 were produced from the 

sublimation of each material, and for all compounds a good adhesion between the thin film and the 

ITO surface seems to be obtained. As observed, the nanostructures were deposited preferentially on 

specific areas of the substrate (probably more rough) giving a deposition pattern that is highly 

dependent by the surface nature. For the rubrene, nanostructures with a size of ≈110 nm were 

produced by using 30 min of effusion, and their size was incremented to ≈190 nm with 60 min of 

deposition. The increasing of the deposition time was also responsible by a lower surface area 

occupied by the rubrene nanostructures due to the coalescence of the neighbor clusters. A similar 

conclusion can be observed from the morphological analysis of fac-Inq3 based thin films. 

Nanostructures with an average size of 120 and 180 nm were produced by using 30 and 60 min of 

effusion time, respectively. Contrary to verified with rubrene and fac- Inq3, the morphology of the 

NPB nanostructures was modified by using  different  deposition  times.  For this  compound, 

nanostructures with a size of ≈150 nm were produced; however, the increasing of deposition time 

was responsible for relevant coalescence mechanisms that have changed the morphology of the thin 

films. 

In addition to the deposition of monolayers, composite thin films of some OSCs can be produced 

by the combination of the four ovens of the ThinFilmVD system and according to the vapor 

pressure/sublimation temperature of each individual compound. Thus, Figure 12 presents the 

topography of composite thin films of rubrene, NPB, and fac-Inq3 deposited onto the ITO surface 

by vacuum deposition using the ThinFilmVD (experiment 6). The compounds were successively 

sublimated by Knudsen cell C2 with the same vapor pressure (p ≈ 0.5 Pa) with effusion times of 30 

and 60 min. 

In this experiment, a NPB/Inq3, Inq3/NPB and NPB/ rubrene bilayers, a NPB/Inq3/NPB and 

NPB/rubrene/Inq3 trilayers, and a NPB/Inq3/NPB/Inq3 multilayer were deposited by using an ITO 

coated glass as substrate. All composites present nonsimilar morphology. The bilayers of NPB/Inq3 

and Inq3/NPB present a distinct morphology due to the different interfaces between the thin films. 

For the first one, NPB was deposited onto the ITO surface, and Inq3 was deposited onto the 

previously deposited NPB. Distinctively, in the second structure, Inq3 was deposited onto the ITO, 

and NPB was deposited onto the Inq3 surface. An additional vacuum deposition of a desirable 

material on the surface of a previously deposited nanostructure contributes for increasing the adhesion 

with the surface and for the thin film growth as well as for the occupation of interstices and voids on 

the substrate surface. The deposition of three or more materials with different chemical nature leads 

to the formation of a flat composite (multilayer thin films) with high rate of surface occupation. As it 

can be observed by analyzing the results presented in this work the morphology of a composite 

material differs to the morphology of each thin film constituent of the multilayer. 

This possibility to produce composite nanostructures based on the volatility of each constituent is 

one of the main advantages of the ThinFilmVD system. The deposition of most organic composite 

thin films is usually difficult with solution methods due to the low solubility of OSCs. Additionally, 

the deposition of a material by spin or dip coating methods on the surface of previously deposited 

thin films can implies the dissolution or creep of the first nanostructure. Nevertheless, physical 

vacuum deposition and solution coating methods can be used together for assembling nanostructured 

materials. 
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CONCLUSIONS 

A thin film vacuum deposition system (ThinFilmVD) was built and tested for the deposition of thin 

films and composites of organic semiconductors. The system presented herein allows to measure with 

high precision the vapor pressure of a specific material by the Knudsen effusion methodology and 

relate this data with a thin film controlled deposition onto desirable substrates. One of the most 

advantages of the ThinFilmVD is the possibility of depositing sequentially or simultaneously thin films 

from the sublimation/vaporization of a material from four independent ovens. As presented for 

several organic systems with great importance for materials science and engineering, a 

thermodynamic evaluation of the crystal/solid stability of materials including accurate vapor pressure 

measurements are of great relevance for the manufacturing technology of thin films by vacuum 

deposition. 
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Figure 1. Schematic representation and images of ThinFilmVD system: 1, vacuum chamber; 2, 

ovens; 3, cooling fans; 4, sapphire window; 5, substrates support system (refrigerated copper tube); 

6, substrates cooling system; 7, gas inlet valve; 8, pressure gauge; 9, N2 (l) metallic trap; 10, vacuum 

valve; 11, turbomolecular pump; 12, instrumentation box; 13, temperature controllers (ovens); 14, 

Pt100 sensors; 15, heaters; 16, air cooling system; 17, stainless steel disk; 18, Pt100 sensor and heaters; 

19, temperature controller (substrate); 20, cooled quartz crystal microbalance; 21, thickness monitor; 

22, data acquisition system; 23, personal computer; A, image of the vacuum chamber; B, image of the 

four ovens with the Knudsen cells; C, image of the refrigerated copper tube. 
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Figure 2. A, schematic representation of the ovens: 1, 2, 3, 4, individual ovens; 5, cavity of the 

Knudsen cell screwing; 6, air cooling tube; 7, heater; 8, Pt100 sensor; B, Image of an individual oven 

(top view): 1, copper block; 2, Knudsen cell; 3, Viton O-ring; 4, cooling system; 5, heater; 6, Pt100. 

 

 
 

Figure 3. Images and schematic representation of a Knudsen effusion cell used in ThinFilmVD: A, 

side view; B, top view; a, the cell body; b, the cell lid; c, the disk with an orifice; d, screwing system. 

 

 

 
 

Figure 4. Plots of ln p against 1/T for benzoic acid and anthracene. Plots obtained by Monte, 

Santos, and Ribeiro da Silva et al. are presented for comparison.31,33,37 
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Figure 5. Plots of ln p against 1/T for triphenylene and benzanthrone. Plots obtained by de Kruif, 

Santos and Ribeiro da Silva et al. are presented for comparison.31,37,38 

 

 

 
 

Figure 6. Plots of ln p against 1/T for 1,3,5-triphenylbenzene and perylene. Plots obtained by Santos 

and Ribeiro da Silva et al. are presented for comparison.31,33,39 
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Figure 7. Topographic images obtained by SEM of the nanostructures of TDAB deposited by 

vacuum deposition (C1, p ≈ 0.5 Pa, t ≈ 15/30/45/ 60/90/120 min, h ≈  25 cm, T(substrate) ≈  298  

K). 
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Figure 8. Topographic images obtained by SEM of the nanostructures of TDAB deposited by 

vacuum deposition (C2 and C4, p ≈ 0.5 Pa, t ≈ 30/ 60/90/180 min, h ≈ 10 cm, T(substrate) ≈ 298 K). 

The images given at the bottom are referred to the cross-sectional SEM images of the substrate with 

the nanostructures deposited. 
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Figure 9. Topographic images obtained by SEM of the nanostructures of TDAB deposited by 

vacuum deposition (C2 and C4, T(sub) ≈ 493/498/ 503/508 K, t ≈ 60 min, h ≈ 10 cm, T(substrate) 

≈ 298 K). The images given at the bottom are referred to the cross-sectional SEM images of the 

substrate with the nanostructures deposited 
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Figure 10. Topographic images obtained by SEM of the nanostructures/thin films of TDAB and mer-

Gaq3 deposited by vacuum deposition (C2 and C4, p ≈ 0.5 Pa, t ≈ 30/60 min, h ≈ 10 cm, T(substrate) 

≈ 283 K). 

 

 
 

Figure 11. Topographic images obtained by SEM of the nanostructures/thin films of rubrene, NPB, 

and fac-Inq3 deposited by vacuum deposition (C2, p ≈  0.5 Pa, t ≈  30/60 min,  h ≈  10 cm, 

T(substrate)  ≈  283  K). 
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Figure 12. Topographic images obtained by SEM of the composite thin films of rubrene, NPB, and 

fac-Inq3 deposited by vacuum deposition (C2, p 

≈ 0.5 Pa, t ≈ 30/60 min, h ≈ 10 cm, T(substrate) ≈ 283 K). 
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Table 1. Experimental Data of Vapor Pressures for Benzoic Acid 

 

Table 2. Experimental Data of Vapor Pressures for  Anthracene 

 

 

 

 

 

Table 3. Experimental Data of Vapor Pressures for Triphenylene 
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Table 4. Experimental Data of Vapor Pressures for Benzanthrone 

 

 

 

 

 

Table 5. Experimental Data of Vapor Pressures for  1,3,5-Triphenylbenzene 
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Table 6. Experimental Data of Vapor Pressures for  Perylene 
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Table 7. Sublimation Results for the Compounds Studieda 
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