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Resumen 
 
 
            En los últimos años, los polímeros conductores han sido ampliamente investigados 

debido a su enorme importancia como parte integral de una amplia gama de dispositivos 

eléctricos.  Por ejemplo, se han reportado estudios sobre el aumento de la movilidad de los 

portadores de carga en transistores de efecto de campo (siglas en ingles, FET) obtenido 

mediante el llenado de huecos, la mejora de la inyección de carga en diodos emisores de luz 

(LED) y, mas recientemente, el aumento de la eficiencia de conversión de potencia en células 

fotovoltaicas orgánicas. Durante la fabricación de los dispositivos eléctricos, para la mejora 

de su eficiencia y tiempo de vida, es esencial la realización de películas poliméricas finas, 

estables y transparentes, con un dopaje controlado. Hoy en día, las estrategias típicas de 

dopaje se basan en reacciones redox de transferencia de carga (procesos químicos o 

electroquímicos de n-/p-dopaje) y reacciones acido-base no-redox (prolongación de 

polianilina), que resultan en conductividad eléctrica permanente. Sin embargo, estos procesos 

de dopaje se llevan a cabo en estado liquido (con disolventes o en soluciones),  lo que puede 

introducir varias especies químicas, tales como disolventes o subproductos derivados de 

reacciones químicas en la matriz polimérica. En consecuencia, la conductividad y estabilidad 

del polímero pueden verse negativamente afectadas. Además, los procesos de dopaje en 

estado liquido también pueden influenciar la morfología, estructura y pureza del polímero 

conductor, los cuales son muy importantes en multitud de aplicaciones.  

            En esta tesis, se presenta una ruta alternativa que evita los efectos negativos y propicia 

un mayor control del proceso de dopaje. La infiltración en fase vapor (Vapor Phase 

Infiltration, VPI), un proceso de arriba-abajo (top-down process) basado en el vacío y 

derivado de la deposición de capa atómica (Atomic Layer Deposition, ALD) es usada para la 

infiltración y el dopaje de polímeros conductores.  

            En la primera parte de esta tesis, se presenta el dopaje de polianilina (PANI) mediante 

la infiltración en fase vapor de un solo precursor (VPI). Como dopantes, se han utilizado los 

ácidos de Lewis SnCl4 y MoCl5 vaporizados a 150 ºC. Las conductividades se han extraído de 

las medidas de corriente-voltaje a cuatro puntas. De las curvas I-V a temperatura ambiente, se 

ha visto que la conductividad del PANI infiltrado varia en función del numero de ciclos de 

infiltración.  Después de 100 ciclos, el PANI infiltrado con MoCl5 muestra la mayor 

conductividad, 2.93 × 10-4 S/cm, aumentando en 6 ordenes de magnitud en comparación con 

el PANI no dopado. El PANI dopado con SnCl4 muestra la mayor conductividad después de 
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Curvas	   I-‐V	   de	   (a)	   PANI/1M	  HCl,	   PANI/MoCl5	   (100	   ciclos)	   and	   PANI/SnCl4	   (60	   ciclos)	   recién	  

preparados	  y	  (b)	  PANI/1M	  HCl,	  PANI/MoCl5	  (100	  ciclos)	  y	  PANI/SnCl4	  (60	  ciclos)	  después	  de	  

ser	  almacenados	  en	  vacío	  a	  150	  °C	  durante	  100	  minutos.	  El	  recuadro	  muestra	  el	  área	  a	  baja	  

corriente	   de	   la	   Figura	   1b.	   Las	   conductividades	   de	   (c)	   MoCl5	   y	   (d)	   SnCl4	   en	   función	   de	   el	  

numero	   de	   ciclos	   de	   infiltración	   (medidos	   a	   temperatura	   ambiente).	   (e)	   Comparación	   de	  

conductividades	   de	   PANI/1M	   HCl,	   PANI/SnCl4	   (60	   ciclos)	   y	   PANI/MoCl5	   (100	   ciclos)	   recién	  

preparado,	  y	  después	  de	  ser	  almacenados	  en	  vacío	  a	  150	  °C	  durante	  100	  minutos.	  
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60 ciclos de infiltración, con un valor de 1.03 × 10-5 S/cm, lo que supone un aumento de 5 

ordenes de magnitud. Después de calentar las muestras dopadas a 150 ºC durante 100 minutos 

en vacío, se observo que la conductividad del PANI dopado mediante el método tradicional 

(1M HCl) se redujo en alrededor de 7 ordenes de magnitud, lo que podría deberse a la 

deprotonación del PANI dopado y la evaporación del HCl.  

            La conductividad del PANI infiltrado con cloruros metálicos disminuyo mucho 

menos, lo que indica que los cloruros metálicos están atrapados en la matriz polimérica dando 

así mayor estabilidad al polímero dopado en condiciones severas. Las imágenes de SEM 

muestran que el proceso VPI no altera la morfología del PANI, por lo que este proceso de 

arriba-abajo puede usarse para el dopaje de PANI después de obtener la morfología deseada. 

De acuerdo con los resultados obtenidos mediante FTIR, Raman y espectroscopia UV-vis, los 

procesos de dopaje con MoCl5 y SnCl4 resultan en la oxidación del PANI y el presunto 

complejamiento de los cloruros metálicos con los átomos de nitrógeno del PANI. En 

consecuencia, la movilidad electrónica en las cadenas poliméricas aumenta 

considerablemente y la estructura es estable incluso a temperaturas elevadas en vacío. 

 

 

 

	  
	  	  	  	  	  	  	  	  	  	  	  (a)	   Curvas	   I-‐V	   de	   P3HT	   sin	   dopar	   (negro)	   y	   P3HT	   dopado	   con	  MoCl5	   después	   de	   50	  

ciclos	   (rojo),	   100	   ciclos	   (azul)	   y	   300	   ciclos	   (cian);	   (b)	   comparación	   de	   conductividades	   de	  

P3HT	   sin	  dopar	   y	  P3HT	  dopado	   con	  MoCl5	   después	  de	   varios	   ciclos	  de	   infiltración	   (30,	   50,	  

100,	  200	  y	  300	  ciclos)	  a	  70	  °C.	  
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	  	  	  	  	  	  	  	  	  	  Imágenes	  de	  TEM	  de	   la	   sección	   transversal	  de	   	   (a)	  un	   film	  de	  P3HT	  sin	  dopar,	   (b)	  un	  

film	  de	  P3HT	  dopado	  con	  MoCl5	  después	  de	  100	  ciclos	  y	  a	  70	  °C,	  y	  (c)	  mapeo	  elemental	  del	  

Mo	  en	  la	  muestra	  de	  la	  imagen	  (b).	  

 

            La segunda parte de esta tesis describe la infiltración en fase vapor de un solo 

precursor (VPI) y el dopaje del polímero conductor  poli((3-hexil)tiofeno), P3HT. Para los 

procesos de infiltración, se uso el acido de Lewis MoCl5 como precursor a 70 ºC. Las curvas 

I-V a temperatura ambiente mostraron dependencia con el numero de ciclos VPI. Los valores 

mas altos mostraron un aumento de 5 ordenes de magnitud en la conductividad, es decir, de  

1.44 × 10-5 S/cm en el P3HT sin modificar a 3.01 S/cm después de 100 ciclos de infiltración. 

Las imagines de SEM, muestran una película homogénea de P3HT en el estado prístino 

mientras que la película de P3HT infiltrada con MoCl5 aparece decorada con islas 

manométricas. Una explicación posible a este cambio es la intercalación del MoCl5 en la 

matriz polimérica, resultando en la dilatación del polímero. El análisis elemental de  Mo 

mostro una cantidad considerable de Mo en la totalidad del polímero infiltrado. Se descubrió 

además que el P3HT infiltrado con MoCl5 es muy estable. El espectro de absorción, el color 

observado y la conductividad medida cambiaron solo marginalmente después de la 

exposición de las muestras a condiciones ambientales durante 30 días. Los espectros de FTIR 

y XPS mostraron que el dopaje en fase vapor con MoCl5 causa la oxidación local del P3HT, 

debido al carácter de base Lewis que el P3HT muestra en conjunto con el MoCl5. Los pares 

de electrones desapareados en los átomos de sulfuro de los anillos de tiofeno en P3HT pueden 

donar carga negativa al MoCl5 cargándose ligeramente positivamente.    
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        Curvas	  I-‐V	  de	  (a)	  PANI	  dopado	  con	  1	  M	  de	  HCl	  (referencia)	  y	  PANI	  dopado	  con	  ZnO	  con	  

un	   numero	   variable	   de	   ciclos	   de	   infiltración	   como	   se	   indica	   en	   la	   leyenda.	   El	   tiempo	   de	  

infiltración	   fue	   de	   120	   segundos	   para	   todas	   las	  muestras,	   (b)	   PANI	   con	   un	   recubrimiento 

compuesto por Al2O3	   (como	  barrera	  de	   infiltración)	   y	   ZnO	   (verde)	   y	  PANI	  dopado	   con	  ZnO	  

aplicando	  tiempos	  de	  exposición	  cortos	  (	  8	  s,	  azul)	  y	  largos	  (120	  s,	  rojo).	  El	  numero	  de	  ciclos	  

para	   todas	   las	  muestras	   fue	  de	  200.	   (c)	   Comparación	  de	   conductividades	  de	  PANI	  dopado	  

con	   HCl,	   recubierto	   con	   ZnO	   y	   infiltrado	   con	   ZnO	   variando	   el	   tiempo	   de	   exposición	   y	   el	  

numero	  de	  ciclos.	  	  
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           Vista	   macroscópica	   del	   material	   hibrido	   con	   oxido	   de	   zinc	   de	   dopaje	   n	  

covalentemente	  unido	  y	  PANI	  dopado	  con	  el	   acido	  de	   Lewis.	  Vista	  esquemática	   idealizada	  

del	   enlace	   químico	   del	   Zn	   a	   la	   cadena	   de	   PANI	   después	   e	   la	   infiltración.	   Las	   cadenas	  

poliméricas	  se	  entrecruzan	  mediante	  enlaces	  Zn-‐N.	  Al	  mismo	  tiempo,	   los	  grupos	  quinoides	  

se	  convierten	  en	  grupos	  benzenoides.	    

 

 

            En la ultima parte de esta tesis, la infiltración en fase vapor de pulsos múltiples 

(Multiple Pulsed Infiltration, MPI) se aplica para dopar el PANI. Para este proceso, se 

utilizaron dos precursor clásicos en ALD, dietilzinc (DEZ) y agua desionizada (H2O) a 155 

ºC.  Las curvas I-V a temperatura ambiente muestran que la conductividad de PANI infiltrado 

con Zn, aumenta a  18.42 S/cm, tres ordenes de magnitud mayor que la obtenida mediante el 

dopaje convencional con 1 M HCl  (8.23 × 10-2 S/cm). Las imágenes de SEM no muestran 

ningún cambio en el polímero después de la infiltración, excepto por una ligera variación en 

el diámetro de las fibras de PANI, lo que se debe al deposito inevitable de ZnO en la 

superficie. El escaneo mediante EDX de la sección transversal de fibras individuales de PANI 

infiltrado con Zn, muestran una presencia significativa de Zn, en la totalidad el polímero. Con 

los espectros de FTIR, se descubrió que una reacción química entre el polímero y el precursor 

activada térmicamente, ocurre a temperaturas iguales o mayores a 155 ºC. Los espectros de 

Raman muestran una evolución de las bandas que están relacionadas con el modo de 

vibración A1g del enlace C-N, lo que indica  la formación de un enlace entre el Zn y el N. La 

infiltración en fase de vapor de PANI con Zn resulta en material hibrido o compuesto que 

consiste en ZnO y PANI en la área subsuperficial del polímero. Estando químicamente unidos 

entre si, el componente inorgánico y el orgánico, se dopan mutuamente beneficiando a la 

conductividad resultante. 
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Abstract 
 
 
            Over the past years, conductive polymers have been extensively investigated due to 

their tremendous importance as integral part of a wide range of electrical devices. For 

instance, studies have reported on enhanced mobilites of charge carriers in field-effect 

transistors (FETs) achieved by trap filling, improved charge injection in light-emitting diodes 

(LEDs) and, more recently, superior power conversion efficiencies in organic-photovoltaics. 

During the fabrication of the electrical devices, for improving their efficiency and lifetime, a 

crucial step is the realization of stable and controllably doped transparent highly conducting 

polymer thin films. Nowadays, the typical doping strategies for conducting polymers usually 

rely on charge-transfer redox chemisty (chemical or electrochemical n-/p-doping processes), 

and non-redox acid-base chemistry (protonation of polyaniline), which result in permanent 

electrical conductivity. However, these doping processes are usually performed in the liquid 

state (solvents or solutions), which can introduce various chemical species, such as solvents 

or byproducts of chemical reactions, into the conducting polymer matrix, and in this way 

bring about negative consequences for the conductivity and stability of the polymer. In 

addition, doping processes in liquid state can also influence the morphology, structure and 

purity of the conducting polymer, which are very important for various applications. In this 

thesis, an alternative approach is introduced, which can avoid such negative influences and 

provide better control of the doping process. The ¨ Vapor Phase infiltration ¨ (VPI), a vacuum 

based process derived from the atomic layer deposition (ALD), is used for the top-down 

infiltration and doping of conducting polymers.  

            In the first part of this thesis, a single precursor vapor phase infiltration (VPI) process 

to dope polyaniline (PANI) is presented. As dopants, the vaporized Lewis acidic precursors 

SnCl4 and MoCl5 were used at a process temperature of 150 °C. The conductivities are 

extracted from four-point current-voltage measurements. From the room-temperature I-V 

plots, it was found that the conductivities of the infiltrated PANI are a function of the 

infiltration cycle number. After 100 cycles, the MoCl5-infiltrated PANI showed the highest 

conductivity, 2.93 × 10-4 S/cm, which is a significant enhancement of up to 6 orders of 

magnitude in comparison to undoped PANI. SnCl4-infiltrated PANI showed highest 

conductivity after 60 cycles with a value of 1.03 × 10-5 S/cm. The enhancement amounted to 

5 orders of magnitude. After heating the infiltrated samples at 150 °C in a vacuum 

environment for 100 min, it was found that the conductivity of traditionally doped PANI (1M 

HCl) decreased by nearly 7 orders of magnitude, which is likely to be due to the 

deprotonation of the doped PANI and evaporation of HCl. The conductivities of the VPI 
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doped PANI decreased to a much lower extent, which indicates that the infiltrated metal 

chlorides were trapped inside the polymer matrix, resulting in a higher stability of the doped 

polymer even in a harsh environment. SEM images showed that the VPI process did not alter 

the PANI morphology, thus the process can indeed be used for top-down doping after a 

desired morphology of PANI has been obtained. According to the FTIR, Raman and UV-vis 

spectra, the doping process with MoCl5 and SnCl4 results in an oxidation of PANI and 

presumably in complexation of the metal chlorides with the nitrogen atoms of PANI. As a 

result, the electron mobility along the polymer chains is significantly enhanced and the 

structure is stabilized even at an elevated temperature in a vacuum environment. 

            The second part of this thesis describes the single precursor VPI and doping of poly(3-

hexyl)thiophene (P3HT). For the infiltration processes, the Lewis acid MoCl5 was used as 

precursor at a process temperature of 70 °C. The room-temperature I-V plots show a 

dependency on the VPI cycles numbers. The highest values show an increase of 5 orders of 

magnitude for the conductivity, namely from 1.44 × 10-5 S/cm in the as-prepared P3HT to 

3.01 S/cm after 100 infiltration cycles. SEM images show a homogeneous film of P3HT in 

the pristine state, while the MoCl5-infiltrated P3HT thin film became decorated with 

nanoscale islands. A possible reason for this change is the intercalation of MoCl5 into the 

polymer martrix, resulting in a swelling of the polymer. Elemental mapping of Mo showed a 

considerable amount of the metal inside the bulk of the infiltrated polymer. It was further 

found that the MoCl5-infiltrated P3HT is temporally very stable. The absorption spectra, the 

perceived color, and the measured conductivities only marginally changed upon exposure of 

the samples to air in ambient conditions for 30 days. The FTIR and XPS spectra show that the 

doping with MoCl5 from the vapor phase results in a local oxidation of P3HT, owing to the 

Lewis basic character that P3HT shows in conjuction with MoCl5.  The lone electron pairs at 

the sulfur atoms of the thiophene rings in P3HT can donate negative charge to the MoCl5 with 

themselves becoming rather positively charged.  

            In the last part of this thesis, the multiple pulsed vapor phase infiltration (MPI) 

process was applied to dope polyaniline (PANI). For the process, the two typical ALD 

precursors diethylzinc (DEZ) and deionized water (H2O) were used at a process temperature 

of 155 °C. The room-temperature I-V polts showed the conductivity of Zn-infiltrated PANI 

increasing to 18.42 S/cm, up to three orders of magnitude higher than obtained upon 

conventional doping with 1 M HCl in wet-chemical ways (8.23 × 10-2 S/cm). SEM images did 

not show any obvious change of the polymer after infiltration, except a slight variation in the 

PANI fiber diameters, which is due to the unavoidable surface-deposited ZnO. The TEM and 

EDS scans of cross-sectioned regions of individual Zn-infiltrated PANI fibers show a 

significant presence of Zn in the bulk of the polymer. From FTIR spectra, it was found that a 
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thermally actived chemical reaction between the polymer and precursor takes place, which at 

temperatures equal or above 155 °C becomes pronounced. Raman spectra additionally 

showed an evolution of bands, which are associated with the C-N vibrational A1g mode, 

indicating the formation of a bond between Zn and N. Infiltration of PANI with Zn from the 

vapor phase results in a hybrid or composite material consisting of ZnO and PANI in the 

subsurface area of the polymer. Being chemically bound to each other, the inorganic and 

organic components mutually dope each other for the benefit of the resulting conductivity.
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Chapter 1 

Introduction 

 
1.1Background 
 
              Polymers exhibiting electrical, electronic, optical and magnetic properties similar to 

metals, are termed ¨intrinsically conducting polymers¨ (ICP), or ¨synthetic metals¨1. Besides 

the aforementioned properties, they usually also retain the mechanical properties, 

processibility, etc., that are common for conventional polymers. In general, conducting 

polymers can be classified into ionically and electronically conducting polymers2. Herein, 

ionically conducting polymers are commonly called polymer electrolytes, as the conductivity 

is given by the mobility of ions within the polymer. Electronically conducting polymers are 

composed of conjugated π-electron systems, which enable the mobility of electrons. A third 

class of  ¨conducting polymers¨ is derived from physical mixtures of insulating polymers with 

a conducting material such as a metal or carbon powder distributed throughout the material. 

In this thesis, the term ¨conducting polymers¨ will be limited to conjugated conducting 

polymers only. 

 

 
 
Figure	  1.1	  Conductivities	  of	   polyacetylene	  and	  PEDOT	   in	   comparison	  with	   common	  conductors	   and	  

insulators.	  The	  conductivity	  typically	  increases	  with	  the	  doping	  level.	  	  
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             Traditionally, polymers were considered to be insulators. However, copper-like 

electrical conductivities were reported in polyacetylene films by Alan G. MacDiarmid et al., 

which changed the paradigm3,4(Figure 1.1). The conductivity was induced by doping 

polyacetylene with AsF5, which resulted in a conductivity increase by 9 orders of magnitude3. 

This pioneering work initiated the research on other conducting polymers and various stable 

conducting polymers such as polyaniline (PANI), polypyrrole (PPy), and polythiophene 

(PTh) were reported since the late 1970s. 

             Conjugated organic polymers are usually either electrical insulators or 

semiconductors. Those polymers, which after doping show conductivities increasing by 

several orders of magnitude from the semiconductor regime, are generally referred to as 

¨electronic polymers¨. Such polymers attracted considerable attention since 1990 in line with 

the development of light-emitting diodes (LEDs)5, solar cells6-9, and organic photovoltaics10-13 

as well suitable components for device fabrication. Because of the great importance of the 

conducting polymers for emerging technologies, Heeger, MacDiarmid, and Shirakawa were 

awarded the Nobel Prize in chemistry in 2000, in recognition of their great contributions to 

the discovery and development of conducting polymers. 
 

Molecular structure of conducting polymers 

 

 
 
Figure	   1.2	  Molecular	   structures	   of	   building	   blocks	   of	   various	   conducting	   polymers.	   The	   alternating	  

double	  bonds	  constitute	  a	  conjugated	  π-‐electron	  system.	  	  
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            The unique characteristic of a conducting polymer is the conjugated π-electron system 

along the polymer backbone. In such conjugated polymers, the electron orbitals of carbon are 

in the sp2pz configuration and contain one unpaired electron (π-electron) per carbon atom. 

The orbitals of successive carbon atoms along the polymer backbone overlap, allowing the 

delocalization of the electrons along the polymer chain. Such delocalization acts as a 

¨highway¨ for the charge carriers. Figure 1.2 shows the chemical building blocks of some 

important conjugated polymers, such as polyacetylene (PA), poly(p-phenylene) (PPP), 

poly(p-phenylene vinylene) (PPV), polythiophene (PT), polypyrrole (PPy), polyethylene 

dioxythiophene (PEDOT), poly(2,5-dialkoxy)(p-phenylene) vinylene (e.g. MEH-PPV), 

poly(3-alkyl)thiophene (P3AT), polyfluorene (PFO), and polyaniline (PANI). If suitable 

doping processes are applied, such polymers will become conductive. 

            The classical example of a conducting polymer is polyacetylene, (-CH)n, showing the 

simplest possible chemical structure with alternating single (σ) and double (π) bonds. Two 

configurations are possible with respect to the locations of the hydrogen atoms: cis-

polyacetylene (hydrogen atoms located on the same side as the double bond) and trans-

polyacetylene (hydrogen atoms located opposite to the double bond). The energy gap between 

occupied (π) and empty (π∗) molecular orbitals of the undoped trans-polyacetylene is defined 

by the pattern of alternating single (long) and double (short) bonds, with an additional 

contribution originating from the coulomb electron-electron repulsion. The interchange of 

single and double bonds results in an equivalent ground state, which means trans-

polyacetylene is a degenerated conjugated polymer. On the other hand, cis-polyacetylene and 

the further conjugated polymers do not have such an equivalent ground state. 

 

 
 

Figure	  1.3	  Schematic	  of	  the	  chemical	  structures	  of	  polyaniline.	  

 

            Among the variety of conducting polymers, the most studied polymer is polyaniline 

(PANI). It found application in the fields of electrochromic devices14, drug delivery15, gas 

separation16, sensor applications17-19, rechargeable batteries20,21, catalysts22 and energy storage 

devices23. Chemically, PANI can switch between three idealized oxidation states24, namely, 

leucoemeraldine (white/colorless), emeraldine (green for the emeraldine salt, blue for the 

emeraldine base), and pernigraniline (blue/violet). Figure 1.3 depicts the chemical structures 
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of leucoemeraldine with x = 1 (fully reduced state) and the pernigraniline with x = 0 (fully 

oxidized state). In the latter case the links between C6 rings consist of imine groups instead of 

amine groups. The most important form of polyaniline is the emeraldine form with x = 0.5, 

often referred to as emeraldine base (EB). If doped (protonated) it is called emeraldine salt 

(ES). The EB shows great stability at room temperature. Upon doping with acids25, the 

resulting ES shows high electrical conductivity. The other two mentioned forms of 

polyaniline, leucoemeraldine and pernigraniline, are poor conductors, even if doped with 

acids. 

 

 
 

Figure	  1.4	  Chemical	  structure	  of	  PEDOT:PSS.	  

 

            Plenty important applications were foreseen for conducting polymers, maily because 

of their combination of properties of metals and polymers. However, many of the applications 

cannot be realized easily, which is mainly due to the poor processability of many of the 

conducting polymers. Most of the conducting polymers are in the conductive state insoluble   

and intractable. However, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS, chemical structure shown in Figure 1.4) can be dispersed in water and some 

polar organic solvents, thus high-quality PEDOT:PSS films can be readily prepared by 

processing from solutions 26,27. The reason for this processability lies in the PSS, which 

stabilizes the PEDOT chains in various solvents. The PEDOT chains with a molecular weight 

of about 1000-2500 g mol-1 are much shorter than the PSS chains with approximately 400,000 

g mol-1 28, thus the short PEDOT chains align with the long PSS chains due to coulombic 

attraction. In consequence, PEDOT:PSS becomes a polyelectrolyte consisting of hydrophobic 

PEDOT and hydrophilic PSS. For applications, PEDOT:PSS films are very attractive, since 
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they show high transparency in the visible range, high mechanical flexibility, and excellent 

thermal stability. A PEDOT:PSS film, as prepared from an aqueous solution, shows 

conductivities below 1 S cm-1, which is significantly lower than the conductivity of the 

inorganic transparent conductive oxide indium tin oxide (ITO). For an application as 

transparent electrode in optoelectronic devices, this value is too low and needs to be 

increased. In 2002, Kim et al. reported an enhancement of the conductivity of PEDOT:PSS 

after adding dimethyl sulfoxide (DMSO) or dimethylformamide (DMF) to the aqueous 

PEDOT:PSS solution29. Since then, many further methods have been reported 30-37. The 

conductivity of PEDOT:PSS from its aqueous solution can be enhanced by adding polar 

organic solvents with a high-boiling point, ionic liquids and surfactants or through post-

treatment of PEDOT:PSS films with various compounds, such as high-boiling point polar 

solvents, salts, cosolvents, zwitterions, or organic and inorganic acids. More recently, 

conductivities of more than 3000 S cm-1 were measured after treatment of PEDOT:PSS films 

with sulfuric acid. Such values are comparable to those of ITO38. The resulting conductive 

PEDOT:PSS films are stretchable, which adds value if compared to the brittle ITO, making 

PEDOT:PSS a very promising material as the next-generation transparent electrode material. 

 

    (a) RR-P3HT (R = C6H13) 

 
    (b) RRa-P3HT (R = C6H13) 

 
 

Figure	   1.5	   Chemical	   structures	   of	   (a)	   RR-‐P3HT	   (regioregular	   P3HT)	   and	   (b)	   RRa-‐P3HT	   (regiorandom	  

P3HT).	  

 

            Poly(3-hexyl)thiophene (P3HT) is a further highly promising conjugated polymer 

with good solubility, environmental stability and high field-effect mobility (0.2 cm2 V-1 s-1)39. 
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The transport mechanism of the charge carriers in P3HT has attracted great attention from the 

viewpoint of physics. P3HT has a non-degenerate electronic structure and polarons or 

bipolarons are considered to be the dominant charge carriers40. The most important 

characteristic of P3HT is its regioregularity, i.e., the percentage of stereoregular head-to-tail 

attachments of the hexyl side-chains to the thiophene rings. At room temperature, the 

difference in the charge-carrier mobilities of the regioregular and regionrandom isomers, the 

structure of which are shown in Figure 1.5 (a) and (b), may be at least two orders of 

magnitude. In regioregular P3HT (RR-P3HT), the hexyl side chains on adjacent thiophene 

rings are ordered in an alternating head-to-tail conformation, while in regiorandom P3HT 

(RRa-P3HT), the hexyl side chains are arranged randomly with 50% being a head-to-tail 

conformation. In the case of RR-P3HT, owing to the self-packing of the hexyl side chains 

driven by hydrophobic interactions, the self-stacking of thiophene rings between adjacent 

polymer chains facilitates the formation of ordered microcrystalline regions with a lamellar 

structure that improves the carrier mobility41,42.   

 
Charge carriers in the conducting polymers 
 
            For π-conjugated conducting polymers, solitons, polarons and bipolarons are proposed 

to interpret the enhancement of conductivity after doping. In the case of the conjugated trans-

polyacetylene with a degenerate basic state, the charge carriers are solitons and polarons, 

while in the nondegenerate cis-polyacetylene, polyaniline, polypyrrole, and polythiophene, 

etc., in their basic state polarons and bipolarons act as charge carriers. The soliton is formed 

by an unpaired π-electron resulting from the formation of radicals44. It can be delocalized 

along the conjugated trans-polyacetylene chain45,46. The neutral soliton can be either oxidized 

to lose an electron and form a positive soliton, or reduced to gain an electron and form a 

negative soliton. Due to the unpaired electron, the soliton possesses a spin of 1/2, whereas the 

positive and negative solitons have no spin. The electronic energy level of the soliton is 

located in the middle of the bandgap of trans-polyacetylene.  

            Polarons are the main charge-carriers in conducting polymers, such as the degenerate 

basic state trans-polyacetylene and other non-degenerate basic state conjugated polymers. 

The positive polaron is a radical cation with positive charge, and the negative polaron is a 

radical anion with negative charge. The positive polaron is formed after oxidation of the 

conjugated polymer chain, and the negative polaron is formed after its reduction. The 

appearance of the polarons produces two new polaron energy levels in the bandgap of the 

conjugated polymers. Both the positive polaron and negative polaron possess a spin of 1/2. 

Bipolarons are charge carriers with double charges, resulting from coupling of two positive or 
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negative polarons within a conjugated polymer chain. The bipolaron has no spin. Generally, 

positive and negative bipolarons correspond to the model of holes and electron pairs.  
 

Doping Chracteristics 
 
 
            The charge injection into conjugated, semiconducting macromolecular chains, termed 

¨doping¨, is typically dissimilar to the doping process of the traditional inorganic 

semiconductors silicon and germanium. The polymer doping process results in various 

interesting and important phenomena that define this research field47. Controlled introduction 

of impurities into the semicondutor matrix is the common method to dope inorganic 

semiconductors. Such procedure allows for deliberately tuning the band alignment at 

interfaces and markedly increasing the conductivity already at ultralow doping ratios. The 

reason is that each covalently bound dopant atom donates one mobile charge to the highly 

crystalline and ultra-pure semiconductor matrix48,49. In contrast, the doping process of 

conjugated polymers involves either charge-transfer redox chemistry, that is, the chemical 

reduction (n-type doping) or oxidation (p-type doping) donates or retrieves electrons to or 

from the π electron system of the polymer backbone50,51, or acid-base chemistry, which is 

usually applied upon doping of polyaniline47. In the n-doped state, the main chain of the 

polymer is reduced and a cation is electrostatically bound for keeping the overall charge of 

the whole molecule neutral. Excess electrons within the main chain make the polymer n-type 

conductive. In the p-doped state, the polymer is oxidized and the opposite case occurrs. The 

resulting empty electron orbitals correspond to holes in semiconductors and make the 

polymer a p-type conductor. Upon doping, an initially insulating or semiconducting polymer 

with conductivities in the range of 10-10 to 10-5 S/cm becomes metallically conducting with 

conductivities between 1 and 104 S/cm1. A controlled addition of small non-stoichiometric 

quantities of dopants usually results in significant changes in the electronic, electrical, 

magnetic, optical, and structural properties of the conjugated polymer. Importantly, the 

doping process is reversible. Appropriate chemical treatment will restore the original 

conjugated polymer with little or no effect on the polymer structure. Both, the doping and the 

dedoping process, may be carried out chemically or electrochemically. Besides, also some 

doping processes that do not introduce dopant ions are known52. Such processes 

include ¨photo-doping¨ and ¨charge-injection doping¨. In those processes, transitory ¨doped¨ 

species are produced, which have similar spectroscopic signatures to polymers that contain 

dopant ions. 
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(1) Chemical doping   

 

           Polyacetylene can be made conductive by chemical doping. Depending on the selected 

chemical process the polymer may become either p-or n-type conducting. 

            p-doping, also called partial oxidation doping, is achieved with a partial oxidation 

process of the conjugated π-electron system of the polymer backbone in order to create 

polarons. Among the possible p-dopants, I2, Br2, AsF5, or (NO)PF6 are the most common 

ones. After a p-doping process with I2, the conductivity of trans-polyacetylene or trans-(CH)x 

typically increases from ca. 10-5 S/cm to ca. 103 S/cm3,4. The following reaction illustrates the 

underlying chemical pocess53,54. 

 

         trans-(CH)x + 1.5 xyI2 è [CH+y(I3)y
-]x (y≤0.07) 

 

            In contrast, n-doping is a partial reduction process of the π-electron system of a 

conjugated polymer in order to create negative charge carriers. Some strong reducing agents, 

such as alkali metals, alkaline earth metals, liquid sodium amalgam or sodium naphthaline 

(Na(Nphth))3, etc., can be used as n-type dopants. After treating trans-(CH)x with Na(Nphth), 

its antibonding π-electron system is partially populated with electrons, resulting in the 

conductivity of the polymer increasing up to 103 S/cm. The following reaction illustrates the 

underlying chemical process 53,54. 

 

         trans-(CH)x +  xyNa+(Nphth)- è [Nay
+(CH)-y]x + Nphth (y≤0.1) 

 

(2) Electrochemical doping 

 

            Although chemical doping is an efficient process, it is often difficult to control. 

Quantitative doping to the highest charge carrier concentrations results in reasonably high 

quality materials. However, attempting to obtain intermediate doping levels often makes the 

doping inhomogeneous. Therefore, electrochemical doping was introduced to solve this 

problem55. Such doping is performed by electrochemical oxidation or reduction of a 

conjugated polymer placed onto an electrode. During the electrochemical doping process, the 

electrode supplies charge to the conjugated polymer and a redox reaction is induced, while 

ions from the electrolyte diffuse into the polymer to compensate the overall electronic charge. 

The doping level is determined by the potential applied between the conjugated polymer and 

the counter electrode; in equilibrium, the doping level is precisely defined by that voltage. 

Thus, doping at any level can be obtained by setting the electrochemical cell to a defined 
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potential and allowing the system to reach an electrochemical equilibrium, where no current 

flows. 

            Electrochemical p-doping can be accomplished by anodic oxidation. The conjugated 

polymer chain becomes oxidized and loses an electron, while gaining a hole. The charges are 

balanced with counteranions (ClO4
-) from the electrolyte solution. The following reaction 

illustrates the process on the example of trans-(CH)x being immersed into a solution of 

LiClO4 in propylene carbonate55.  

 

           trans-(CH)x +  (xy) ( ClO4)- è [(CH)+y( ClO4)-y]x + (xy)e- (y≤0.1) 

 

            Likewise, electrochemical n-doping can be carried out by cathodic reduction. The 

conjugated polymer main chain becomes reduced and gains an electron. The charges are 

balanced with countercations (Li+) from the electrolyte solution. The following reaction 

illustrates the process on the example of trans-(CH)x being immersed into a solution of 

LiClO4 dissolved in tetrahydrofuran56. 

 

           trans-(CH)x +  (xy) Li+ + (xy)e- è [Liy
+(CH)-y]x  (y≤0.1) 
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(3) Doping of polyaniline by acid-base chemistry 

 

 
 

Figure	   1.6	   Protonation-‐induced	   spin	   unpairing	   in	   polyaniline	   and	   the	   conversion	   from	   insulating	   to	  

metallic	  behavior	  with	  no	  change	  in	  the	  total	  number	  of	  electrons.	  Reproduced	  with	  permission	  from	  

the	  American	  Chemical	  Society47. 

 
            Polyaniline provides the prototypical example of a chemically distinct doping 

mechanism than previously described57. The protonation by applying acid-base chemistry 

leads to an internal redox reaction and a resulting transition from the emeraldine base to the 

metallically conducting emeraldine salt. The electrical conductivity is significantly enhanced 

by up to nine or ten orders of magnitude (around 3 S/cm)58-60. This type of doping is different 

from redox doping described above in that the total number of electrons in the polymer 

backbone does not change during the doping process. Only the energy levels are rearranged 

upon doping. The doping mechanism is shown in Figure 1.647. The chemical structure of the 

emeraldine base is a copolymer composed of benzenoid rings and quinoid rings. Upon 

protonation to the emeraldine salt, the proton-induced spin unpairing mechanism leads to a 

structural change with one unpaired spin per repeating unit, but with no change in the number 

of electrons61,62. The result is a half-filled band and, potentially, a metallic state with a 

positive charge in each repeating unit. The associated counterion (e.g. Cl-, HSO4
-, DBSA-, etc.) 

is not shown in Figure 1.6.  
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(4) Photodoping 

 

            During the photoexcitation process of a semiconducting polymer, the electrons are 

transferred from the filled π-orbital to the empty π∗-orbital. That is, the polymer is locally 

oxidized and reduced in spatial proximity by photoabsorption and charge separation in the 

same polymer main chain (electron-hole pair creation and separation into ¨free¨ carriers). 

When trans-(CH)x, for example, is exposed to radiation of energy greater than its band gap, 

electrons are promoted across the gap and the polymer undergoes ¨photo-doping¨. Under 

appropriate experimental conditions, spectroscopic signatures characteristic of solitons can be 

formed (Schematic 1)63.  

 
 

                              Schematic 1. Photodoping of trans-(CH)x. 
 

            For simplicity, the positive and negative solitons are illustrated as charges residing on 

one of the CH units. However, they are actually delocalized over ca. 15 CH units. When the 

irradiation is discontinued, they disappear rapidly because of the recombination of electrons 

and holes. If a potential is applied during irradiation, the electrons and holes will separate and 

photoconductivity is observed. 

 

(5) Charge injection doping 

 
            Charge injection doping refers to charge injection at the interface of a metal and a 

semiconduting polymer (MS). Both holes and electrons can be injected from metallic contacts 

into the π-orbital and π∗-orbital, respectively: 

 

(1) injection of holes into an otherwise filled π-orbital     

   

                    (π-polymer)n – y(e-) è[(π-polymer)+y]n 

 

(2) injection of electrons into an empty π∗-orbital 

 

                    (π-polymer)n + y(e-) è[(π-polymer)-y]n 
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            In the case of charge injection at an MS interface, the conjugated polymer becomes 

reduced or oxidized, that is, electrons are added to the empty π∗-orbital or removed from the 

filled π-orbital. However, the polymer is not doped in the chemical or electrochemical sense, 

because no counterions are introduced during the charge injection doping process. With 

charge injection doping, even superconductivity was observed in a polythiophene derivate. 

The application of an appropriate potential across the MS interface can lead to a surface 

charge layer, the ¨accumulation¨ layer, that has been extensively investigated for conducting 

polymers52,64,65. In some conjugated polymer, such as P3HT or polyacetylene (CH)x, the 

resulting charges evolve without the presence of a dopant ion. Spectroscopic studies of (CH)x 

show signatures characteristic of solitons and a mid-gap absorption band observed in 

chemically and electrochemically doped polymers. 

             Each of the mentioned charge-injection doping methods can result in unique and 

important phenomena. Electrical conductivity induced by chemical and/or electrochemical 

doping methods is permanent, but only as long as the carriers are chemically compensated or 

until the carriers are removed on purpose by a ¨dedoping¨ process. Upon photoexcitation, the 

photoconductivity is transient, and lasts only until the excited species are either trapped or 

decay back to the ground state. In the case of charge injection at the metal-semiconductor 

(MS) interface, only a biasing voltage is applied, the electrons can enter the π∗-orbital and/or 

the holes enter the π-orbital. 

            In consequence, for obtaining permanent electrical conductivity, the best doping 

strategies are the chemical and/or electrochemical processes. However, such doping processes 

are usually performed in liquid state, which can introduce various chemical species, solvents 

or byproducts into the polymer matrix. This may have various negative consequences for the 

conductivity or stability of the polymer.  The morphology, structure and purity, which are 

very important for many applications, such as, field-effect transistors (FETs)66-68, light 

emitting diodes (LEDs)69-71, and organic photovoltaics72-74, etc. will be influenced. For 

avoiding these negative influences and avoiding liquid state doping processes, a vacuum 

based process, the Vapor Phase Infiltration75, which is derived from atomic layer deposition 

(ALD)76,77, can be exploited for the top-down infiltration and doping of conducting polymers. 

This new approach is described in this thesis. 
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1.2 Atomic Layer Deposition (ALD) 
	  

Atomic layer deposition: general concepts 

 
            Atomic layer deposition (ALD), originally called atomic layer epitaxy (ALE), was 

developed in the 1970s by Suntola et al. to meet the needs of fabricating high-quality and 

large-area ZnS films for a use in thin-film electro-luminescent flat panel displays78. The first 

application of such a display was the display board at the Helsinki Airport installed in 1982. 

Since then, more than 2 million electro-luminescent displays have been fabricated with this 

new process79. Since it was found that most of the films grown in this way do not show 

epitaxial type of growth, the new deposition method was renamed to Atomic Layer 

Deposition (ALD). In the middle of 1990s, ALD was identified as method-of-choice for 

manufacturing microelectronic devices80,81. Its enormous take off occurred in the 2000s, 

motivated by the need of miniaturizing the dimensions of devices and increasing aspect ratios 

in integrated circuits. Molecular layer deposition (MLD), an organic modification of ALD, 

evolved after Yoshimura et al. deposited polyimide films applying the same operating 

principle as in ALD, but with organic molecules. It was first referred to as either alternating 

vapor deposition, vapor deposition polymerization, or layer-by-layer growth82-84. Recently, 

molecular layer deposition (MLD), as well as combinations of it with ALD, have brought 

about various hybrid organic/inorganic materials with new and/or altered properties in 

comparison to the individual or parent materials. 

            Atomic layer deposition is a unique technique for the deposition of conformal, pinhole 

free and homogeneous thin films. It can be considered as a similar, although chemically 

distinct, case of the chemical vapor deposition (CVD). The difference among them refers to 

the chemical reaction being separated into two self-limiting and individual surface reactions85. 

The separation of the reactions is achieved by keeping the precursors separate during the 

process. Such a separation brings about a self-limiting growth mechanism and thus leads to 

the control of the film growth on the atomic/molecular level. While the CVD process deposits 

materials as a function of time, ALD films grow as a function of the cycle number. Figure 1.7 

schematically illustrates a growth cycle of a metal oxide (MO2) by ALD, in which M stands 

for any metal, such as Ti, Zr, or Hf. For such deposition, a metal-containing precursor ML4 (L: 

ligand) is used as metal source and H2O as oxygen source. One such MO2 ALD deposition 

cycle consists of following steps: 1) pulse of the first precursor, ML4, 2) its chemisorption and 

surface saturation during exposure, 3) purge to remove excess precursor, and 4) pulse of the 

second precursor, H2O, followed by 5) its reaction with the adsorbed ML4 during exposure, 

and 6) purge to remove excess H2O and reaction byproducts (Figure 1.7 (a)). In step 1, the 
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surface is exposed to the ML4 vapor pulse. The precursor can react with the functional surface 

sites to form a stable and saturative chemisorbed layer. After purging the excess ML4 vapor 

and byproducts, the same procedure is repeated with H2O vapor to complete a full ALD 

growth cycle. These steps are repeated and each cycle will add a sub-monolayer quantity of 

the deposit to the surface until a thin MO2 film is formed. The growth per cycle (GPC) is 

defined as the average added to the growing film per full cycle. The self-limitation of the 

surface reactions in ALD allows a thickness control simply by controlling the number of 

cylces86. 

            In both, the ALD and CVD processes, all surfaces exposed to the precursor vapor are 

being coated. This indicates that highly uniform thin films can be formed on various 

substrates. However, in contrast to ALD, where the two precursors are temporally separated 

(Figure 1.7 (b)), in CVD the vaporized precursors are simultaneously fed into the reactor with 

a carrier gas (Figure 1.7 (c)). With this procedure, the precursor lifetime in a CVD process is 

not long enough to diffuse into deep cavities of complicated 3D substrates prior to the 

reaction with the counter precursor. Thus, the CVD process will produce less conformal thin-

films than the ALD process, especially with structurally complicated substrates.  
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(a) 

 
            (b)                                                    (c) 

 
 
 
Figure	  1.7	  Schematic	  of	  an	  ALD/MLD	  process	  with	  a	  comparison	  to	  a	  CVD	  process.	  (a)	  ALD	  is	  a	  cyclic	  

and	   self-‐limiting	   process,	   where	   a	   substrate	   is	   exposed	   to	   the	   precursor	   ML4	   (1),	   the	   precursor	  

saturates	   and	   is	   purged	   (2,3),	   the	   second	   precursor	   is	   pulsed,	   in	   this	   case	   H2O	   (4),	   and	   finally	   the	  

second	  precursor	  and	  byproducts	  purged	  (5,6).	  In	  a	  typical	  process,	  the	  surface	  chemistry	  is	  restored	  

at	  the	  end	  of	  each	  cycle.	  (b)	  E	  and	  P	  denote	  exposure	  and	  purge,	  respectively.	  The	  alternating	  E	  and	  P	  

steps	  create	  an	  alternating	  pressure	  profile	  as	  a	  function	  of	  time,	  while	  a	  CVD	  process	  (c)	  has	  a	  nearly	  

constant	   pressure	   profile,	   where	   the	   precursors	   are	   introduced	   into	   the	   reactor	   simultaneously.	  

Reproduced	  with	  permission,	  Wiley-‐VCH85. 
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Figure	   1.8	   Schematic	   of	   the	   ALD	   process	  window.	   Influence	   of	   the	   deposition	   temperature	   on	   the	  

growth	  rate.	  

 
            During the ALD process, a determining parameter for the growth rate is the deposition 

temperature. Figure 1.8 shows the so-called idealized ¨ALD-window¨, which defines the 

temperature range in which the thin film formation occurs under self-limiting conditions. 

Outside this temperature range, the growth is limited by various factors. At lower 

temperatures, the precursors may condense on the substrate, which can lead to CVD like 

growth, or the surface reaction may not happen because of insufficient activation energy. At 

too high temperatures, precursor decomposition may bring about an enhanced ALD growth 

rate, or the thermal energy may be too high, resulting in desorption of the precursor from 

substrate86-88. 

 

1.3 Vapor Phase Infiltration (VPI) 

 
1.3.1 Bio-inspired background of VPI 
 
            Most living organisms rely on hard tissues for support, protection, nutrition, and 

defense. Biomineralization is the dominant strategy in nature for hardening of soft tissue and 

manifests an astonishing diversity of bioceramic structures with exquisite microarchitectures 

that show specific physical properties as a result of environmental adaptation89-91. Although 

the variety of architectures appears virtually infinite, Ca-, Si-, and Fe-based minerals are the 
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most commonly encountered92. As a basic principle, the hardness of these composites is 

largely governed by the type of mineral incorporated93 and the degree of mineralization94.   

            In 1980, Gibbs and Bryan reported first on the copper level in the jaws of the marine 

polychaete worm Glycera sp being up to 13% w/w, and they concluded that the presence of 

copper might play an important role in mechanically hardening the proteinaceous material95. 

In 2002, Lichtenegger et al. showed that in Glycera jaws, a dominant fraction of copper is 

deposited as a biomineral96. They found that, in spite of the low degree of mineralization, 

Glycera jaws show an extrodinary resistance to abrasion. Figure 1.9 (a) shows an optical 

micrograph of a Glycera jaw. Glycera is armed with a set of four such jaws, each of which is 

about 1.5 mm long and jet black, with a very sharp and mechanically stable tip that is used by 

the worm to penetrate the integument of its prey and inject the venom. Electron microprobe 

experiments on a ground and polished Glycera jaw showed the presence of copper in high 

concentration in the tip region. In agreement with the findings of Gibbs and Bryan, the copper 

concentration decreased significantly along the line from the tip to the base95. The local 

copper distribution in an oblique cross section of the tip is depicted in Figure 1.9 (b) (the dark 

hole in the middle is the venom canal). Figure 1.9 (c) shows the local chlorine distribution. 

The occurrence of chlorine in the sample was strongly correlated with the local 

concentrations of copper. Except for the tip, the rest of the sample did not contain detectable 

levels of chlorine. Backscattered electron imaging (BEI) was used as a complementary 

technique to visualize the copper distribution. The contrast is due to differences in the atomic 

number Z, and therefore in the atomic mass, with bright regions indicating heavier elements. 

The BEI image (Figure 1.9 (d)) is in perfect agreement with the copper distribution obtained 

form the electron microprobe element map. 
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Figure	  1.9	  (a)	  Optical	  macrograph	  of	  a	  Glycera	  jaw.	  The	  scale	  bar	  corresponds	  to	  0.2	  mm.	  The	  red	  line	  

denotes	  the	  plane	  of	  the	  cross	  section	  used	  for	  the	  element	  analysis.	  (b)	  Electron	  micrograph	  with	  a	  

copper	   (Cu)	  EDS	  map.	  The	  white	   line	  denotes	   the	  outline	  of	   the	   sample.	   Scale	  bar,	  50	  µm.	  Regions	  

with	  higher	  copper	  concentration	  appear	  bright.	  (c)	  Electron	  micrograph	  with	  a	  chlorine	  EDS	  map.	  The	  

distribution	  of	   chlorine	   in	   the	   sample	   is	   strongly	   correlated	  with	   the	  distribution	  of	   copper	   as	   seen	  

from	  the	  copper	  EDS	  map.	  (d)	  Backscattered	  electron	  image.	  Regions	  containing	  high	  concentrations	  

of	  elements	  with	  higher	  Z	  number	  appear	  bright.	  The	  image	  shows	  that	  the	  inner	  part	  of	  the	  jaw	  tip	  is	  

highly	  mineralized	  in	  accordance	  with	  the	  element	  map	  of	  copper.	  Reproduced	  with	  permission	  from	  

the	  American	  Association	  for	  the	  Advancement	  of	  Science96. 

 

            In 2003, Lichtenegger et al. found that considerable quantities of zinc occur in the 

jaws of the marine polychaete worm Nereis sp97. They showed that the local hardness and 

stiffness of the jaws correlate with the local zinc concentration, pointing towards an 

involvement of the zinc in the mechanistics. Zinc was always detected in spatial correlation 

with chlorine, suggesting the presence of a zinc-chlorine compound. Based on the correlation 

of the local histidine levels in the protein matrix and the zinc concentration, they 

hypothesized a direct coordination of zinc and chlorine to the protein. Figure 1.10 (a) shows 

an optical micrograph of a Nereis jaw. The jaw is 5 mm long, hollow at the base and solid at 

the tip. The tip is visually darker than the base. In Figure 1.10 (b), an x-ray absorption image 

of the same jaw is shown. Darker regions denote strong absorption. It is obvious that the tip 

region absorbs more radiation than the base, indicating higher local electron density. Figure 

1.10 (c) shows a Zn fluorescence map, with bright colors denoting high fluorescence intensity 

and thus a higher amount of Zn. All Zn is concentrated in the tip region of the jaw, with no or 

very low levels of Zn at the base.  
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Figure	   1.10	   Zn	   distribution	   in	   a	  Nereis	   jaw.	   (a)	  Optical	  micrograph	  of	   a	   jaw.	   The	   tip	   is	   considerably	  

darker	  than	  the	  base.	  (b)	  X-‐ray	  absorption	  image	  of	  the	  same	  jaw.	  The	  tip	  region	  appears	  darker	  than	  

the	  rest	  of	  the	  jaw,	  indicating	  stronger	  X-‐ray	  absorption.	  (c)	  The	  Zn	  K	  α	  fluorescence	  image	  shows	  Zn	  

being	  dominantly	  concentrated	  in	  the	  tip	  of	  the	  jaw.	  Reproduced	  with	  permission	  from	  the	  National	  

Academy	  of	  Sciences97. 

 

1.3.2 The VPI process 
 

            A desire to produce bioinspired new functional materials has stimulated materials 

scientists to adapt principles similar to the natural ones, and diverse approaches towards this 

goal have been attempted. However, research to improve the mechanical properties of 

biomaterials themselves by direct metal incorporation into the inner protein structures has 

rarely been tried because of the lack of methods that can efficiently infiltrate metals into 

biomaterials. Our group has demonstrated that metals can be intentionally infiltrated into 

inner protein structures of biomaterials through multiple pulsed vapor phase infiltration, 

which is performed with equipment that is conventionally used for atomic layer deposition 

(ALD)98. Considering the ALD concept, an infiltration of metal into polymers cannot be 

considered as a real ALD process. The reason is that the self-limitation, which is a 

characteristic of an ALD process, does not apply, but rather a diffusion of the vaporized 

precursors into the subsurface area and their reaction with buried functionalities. Nevertheless, 

such an infiltration process, which is called hereafter“vapor phase infiltration (VPI)” 75,88, 

still relies on the same technical principles being, the temporal separation of the vaporized  

precursors and solvent-free operation, qualifying this new approach as an ALD-derived 

methodology. 
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Figure	   1.11	   A	   schematic	   describing	   the	   difference	   between	   conventional	   ALD	   resulting	   in	   thin-‐film	  

deposition	  (top)	  and	  the	  original	  infiltration	  technique	  named	  multiple	  pulsed	  vapor	  phase	  infiltration	  

(MPI).	   When	   a	   dense	   and	   solid	   substrate	   is	   exposed	   to	   ALD	   precursors,	   a	   thin	   conformal	   coating	  

develops	   at	   the	   surface	   of	   the	   material.	   However,	   when	   a	   soft	   material	   is	   used	   as	   substrate,	   the	  

precursors	   will	   diffuse	   into	   the	   sub-‐surface	   regions	   and	   react	   with	   available	   functional	   groups.	  

Reproduced	  with	  permission	  from	  the	  American	  Association	  for	  the	  Advancement	  of	  Science98.   

 

            The first intentional use of the vapor phase infiltration process was performed on 

spider silk with standard precursors and process setup as used in an ALD process. The only 

difference while processing was the extension of exposure times. The process was named 

multiple pulsed vapor-phase infiltration (MPI) for distinguishing the typical ALD coating 

process from this new infiltration process, (Figure 1.11)98. Subsequently, several variations of 

vapor phase infiltration were reported with slight variations in the precursor pulsing 

strategies, each with a slightly different name, such as, sequential vapor infiltration (SVI)99, or 

sequential infiltration synthesis (SIS)100,101. All of these infiltration processes are inherently 

the same, using the vapor-phase precursors to penetrate into and modify the subsurface 

regions of soft materials, but vary mainly in the dosing manner.   
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1.3.2.1 Nature polymers 
 
 

 
 
Figure	  1.12	  Tensile	  test	  curves	  of	  spider	  silk	  infiltrated	  with	  TMA/H2O	  and	  TIP/H2O	  precursor	  pairs	  as	  

compared	  to	  untreated	  control	  samples	  and	  samples	   treated	  with	   individual	  precursors.	   (A)	  and	  (B)	  

show	  stress	  (σ)	  and	  strain	  (ε)	  curves	  of	  spider	  silk	  infiltrated	  with	  TMA/H2O	  and	  TIP/H2O	  with	  various	  

numbers	  of	  cycles	  ranging	  from	  100	  to	  700.	  (C)	  σ-‐ε	  curves	  of	  spider	  silk	  infiltrated	  with	  	  the	  individual	  

precursors,	   i.e.	  only	  TMA	  (TP),	  or	  H2O	  (WP),	  and	  with	  both	  precursors.	   (D)	  σ-‐ε	  curves	   for	  spider	  silk	  

immersed	   into	   liquid	   TIP	   or	   H2O	   for	   10	   h,	   followed	   by	   room	   temperature	   drying.	   (TMA-‐

trimethylaluminum,	   TIP-‐titanium	   isopropoxide,	   and	   SS/N-‐native	   spider	   silk	   without	   any	   treatment).	  

Reproduced	  with	  permission	  from	  the	  American	  Association	  for	  the	  Advancement	  of	  Science98.   

 

            The initial work illustrating the infiltration mechanism showed significant increase in 

the mechanical properties of the spider silk, as can be seen in Figure 1.12. Once extended 

exposure times were used, the vaporized precusors (TMA or TIP) diffused into the bulk of the 

spider silk. The MPI process was performed with standard precursor pairs, an organometallic 

or metal-organic precursor and an oxygen source. After the infiltration process, the presence 

of the infiltrated metals such as titanium (Ti), or aluminum (Al) inside the silk was verified by 

energy-dispersive x-ray spectroscopy (EDS). The greatly enhanced toughness of the 

infiltrated silks is, however, not a result of the presence of around 3 wt.% metal (ions) in the 
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bulk of the protein, but of the chemical interaction between precursors and the substrate. The 

X-ray diffraction (XRD) characterization and the analysis of the full width at the half 

maximum (FWHM) of the peaks in the XRD spectra of the spider silk have shown that the 

reactive metal-containing precursors can decrease the size of the beta-sheets in the protein 

fibers during the infiltration process. The redistribution of the ratio of amorphous and 

crystalline protein fractions and the size change of the beta-sheets finally changed the 

mechanical properties significantly. Solid state nuclear magnetic resonance (NMR) spectra 

indicated an interaction between aluminum and the protein backbone, crosslinking the 

strands98. It was found that during the infiltration process, hydrogen bonds within the protein 

were replaced with new covalent bonds between the metals and the protein matrix. 

 

 
 
Figure	   1.13	   Comparison	   of	   representative	   Raman	   band	   shifts	   of	   (a)	   the	   native	   (SS/N)	   and	   (b)	   Al-‐

infiltrated	   (SS/Al)	   spider	   dragline	   silk	   upon	   mechanical	   deformation.	   (Insets)	   Optical	   microscope	  

images	   showing	   the	   focused	   laser	  beam	   (633	  nm).	  Reproduced	  with	  permission	   from	  the	  American	  

Chemical	  Society102.  
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             The influence of the organometallic precursor on the mechanical properties of the 

spider silk was further investigated in a recent in situ Raman spectroscopic study of aluminum 

infiltrated spider dragline silk102,103, as shown in Figure 1.13. Raman spectroscopy is a well-

established technique for evaluating molecular structures of materials and appears most useful 

for examining molecular deformation mechanisms of the silks during mechanical 

loading104,105. Upon mechanical deformation of the silk fiber, the covalent bonds within the 

protein structures are stressed. This leads to an alignment of the molecules along the direction 

of tension. The deformation of the oriented molecules in both the crystalline and amorphous 

regions gives rise to a change in bond lengths and bond angles. This induces a change in the 

corresponding force constants, which can be monitored by measuring the related Raman 

shifts. Single fibers of both native and Al-infiltrated silks were deformed under controlled 

strain. In parallel, changes in Raman bands related to amide I, amide III, ν(N-H) stretching 

modes106, and ν(C-C) skeletal stretching modes were traced to identify the differences in the 

molecular deformation behavior between the untreated and treated silk. Figure 1.13 shows the 

Raman spectra of both silks upon uniaxial deformation in tension. While the native silk 

showed Raman band shifts to lower wavenumbers (particularly, amide I, amide III, and ν(C-

C) stretching), the Al-infiltrated silk showed less significant shifts. However, the peaks of 

amide III and ν(N-H) stretching modes of Al-infiltrated silk exhibited noticeable changes in 

the peak shapes, which implies that the infiltrated Al atoms are affecting the hydrogen bonds. 

Presumably the Al atoms form covalent bonds with amino acids during the infiltration of 

highly reactive TMA and water precursors107,108. 

 
 
 
 
 
 
 
 
 
 
 
 



 Chapter 1 Introduction 

	  24	  

 
 
Figure	  1.14	  Mechanical	  properties	  of	  infiltrated	  cellulose	  obtained	  from	  uniaxial	  tensile	  tests.	  (a)	  The	  

tensile	   strength	   shows	   a	   2-‐3	   fold	   increase	   for	   cellulose	   infiltrated	  with	  DEZ	   (diethylzinc)	   applying	   4	  

infiltration	   cycles,	   while	   cellulose	   infiltrated	   with	   TMA	   (trimethylaluminum)	   shows	   only	   a	   slight	  

increase.	  (b)	  The	  elastic	  modulus	  of	  cellulose	  infiltrated	  with	  DEZ	  applying	  4	  cycles	  shows	  a	  ∼	  2.5-‐fold	  

increase,	  while	  cellulose	  infiltrated	  with	  TMA	  shows	  only	  a	  small	  change.	  Reproduced	  with	  permission	  

from	  the	  American	  Chemical	  Society109. 

 

            The infiltration process does not necessarily have to operate with two distinct 

precursors. A further study was conducted with cellulose fibers by applying single precursor 

(TMA or DEZ) vapor phase infiltration. The mechanical properties of cellulose were 

monitored as a function of the infiltration cycle number of either TMA or DEZ109. As seen in 

Figure 1.14 (a) and (b), under uniaxial tensile testing, changes in the ultimate tensile strength 

and elastic modulus of the cellulose fibers were witnessed. After 4 cycles of TMA infiltration, 

the fibers showed a slight increase in both the tensile strength, from 160 MPa to 175 MPa, 

and elastic modulus, from 1.75 GPa to 2.5 GPa. However, after an analogue process with 

DEZ, the fibers showed a considerable increase in both the tensile strength (260 MPa) and 

elastic modulus (4.5 GPa). It is reasonable to assume that DEZ tends to cross-link the 

cellulose strands in a way that leads to improved mechanical properties. 
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1.3.2.2 Synthetic polymers 
 

 
 

Figure	   1.15	  Uniaxial	   tensile	   behavior	   (engineering	   stress,	  σ,	   and	   strain,	   ε)	   of	   native	   (PTFE/N),	   heat-‐

treated	   (PTFE/H),	  and	  ZnO	   infiltrated	  PTFE	   (PTFE/400	  cycles	  and	  PTFE/500	  cycles).	  The	   inset	  picture	  

shows	  a	  PTFE	   sample	  used	   for	   the	  uniaxial	   tensile	   test.	   (PTFE-‐polytetrafluoroethylene).	  Reproduced	  

with	  permission	  from	  Wiley-‐VCH110. 

 
            It has been already recognized for a while that incorporation of transition metals into 

synthetic polymers can lead to unique physical/chemical properties and application in many 

areas, including mechanics, optics, electronics, etc111-115. In order to show the applicability of 

the vapor phase infiltration also to synthetic polymers, Lee et al. exposed PTFE 

(polytetrafluoroethylene) to the precursor pair DEZ/H2O at a temperature of 70 °C110. It was 

found that VPI can lead to an incorporation of Zn even into PTFE and chemically react with 

the polymer even at such mild conditions. Under uniaxial tensile testing, the maximum stress 

(σmax) of PTFE has increased from 11.50 MPa (PTFE/H) to 16.64 MPa (PTFE/400) and 23.14 

MPa (PTFE/500) (Figure 1.15). A comparison of experimental and theoretically modeled 

Raman spectra showed that the formation of -Zn-O-Zn- bridging units or –Zn-F groups at 

both defect sites and polymer chain terminal is likely the reason for the modified mechanical 

properties. 
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Figure	  1.16.	  Schematic	  of	  an	  Al2O3	  infiltration	  process	  with	  a	  polymer	  without	  functional	  groups.	  The	  

precursors	  (TMA	  and	  H2O)	  can	  be	  absorbed	  by	  the	  polymer	  and	  react	  in	  the	  subsurface	  area.	  The	  TEM	  

image	   shows	   a	   graded	  polymer/inorganic	   interface	   and	  a	   rough	   surface	   texture	   in	   a	   polypropylene	  

fiber	  after	  coating	  using	  TMA/H2O.	  Reproduced	  with	  permission	  from	  Elsevier116. 

 

            Another example showing that ALD precursors can penetrate synthetic polymeric 

substrates was shown with the vapor phase infiltration of polypropylene (PP) and the 

subsurface growth of alumina particles, as seen in Figure 1.16116. Polypropylene lacks 

reactive groups on its backbone for the nucleation of alumina, therefore a true hybrid material 

formation is unlikely to occur. At a process temperature of 90 °C, TMA does not readily react 

on the surface, but diffuses into the polymer instead and becomes trapped in the subsurface 

region until it becomes hydrolyzed by H2O. This infiltration process eventually resulted in the 

formation of nanoparticles, with a size variation as a function of the number of process cycle 

numbers. Figure 1.16 also shows the TEM image of a PP fiber infiltrated with TMA/H2O at 

90 °C with a nonuniform film structure and rough surface texture after the process.   
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Figure	  1.17	  High	  magnification	  cross-‐sectional	  TEM	  analysis	  of	  polyamide	  6	  (PA6)	  fibers	  as	  a	  function	  

of	  the	  infiltration	  temperature,	  (a)	  60	  °C,	  (b)	  90	  °C,	  and	  (c)	  150	  °C.	  All	  samples	  were	  infiltrated	  with	  60	  

TMA/H2O	  cycles.	  Reproduced	  with	  permission	  from	  the	  American	  Chemical	  Society117. 

 
           An opposite dependency of the infiltration on the processing temperature was found 

while applying the infiltration processes of TMA/H2O to polyamide 6 (PA6) substrates. High 

magnification cross-sectional TEM images of such samples processed at various temperatures 

are shown in Figure 1.17117. A more conformal thickness of the subsurface hybrid layer 

growth is shown at lower process temperatures, with significant nonuniformity evolving at 

process temperatures of 90 °C and 150 °C. The higher density of the resulting hybrid 

materials in the near surface region after infiltration at elevated temperatures hinders the 

diffusion of TMA and H2O into deeper regions of the substrate. PA6 contains functional 

groups such as carbonyls and amines, which can chemically interact with TMA, efficiently 

trapping the precursors near the surface. Additionally, water and further byproducts of the 

polymerization reaction trapped in the bulk of the polymer may contribute to the barrier 

formation upon chemical reaction with TMA.    

 

1.4 Objective and Structure of the Thesis 

 
            This thesis goes beyond the modification of mechanical properties of polymers. It 

studies the vapor phase infiltration (VPI) as a pathway for doping conductive polymers. Two 

routes have been evaluated, the single precursor vapor phase infiltration (Chapter 3 and 

Chapter 4) process and the infiltration with precursor pairs (Chapter 5), also called ¨Multiple 

Pulsed Vapor Phase Infiltration¨. As substrates, the conducting polymers, polyaniline (PANI) 

and poly(3-hexyl)thiophene (P3HT) were used. 

             Chapter 2 provides an overview of the experimental techniques used for in this 

research. All characterization tools and equipments involved in this thesis are briefly 

explained. 
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             Chapter 3 focuses on the single precursor vapor phase infiltration and doping of the 

emeraldine base of polyaniline (PANI) with SnCl4 and MoCl5. The conductivities of the 

infiltrated PANI upon application of various cycle numbers and the stability of the infiltrated 

polymer upon exposure to high temperatures (150 °C) and vacuum environment were studied, 

and a likely doping mechanism was proposed. 

             Chapter 4 describes the low temperature single precursor MoCl5 vapor phase 

infiltration and doping of poly(3-hexyl)thiophene (95% regioregularity), P3HT. The 

conductivities of the infiltrated P3HT after various cycle numbers and its long-term stability 

under ambient conditions were investigated. An appropriate doping mechanism is proposed 

based on the performed characterization. 

             Chaper 5 describes the infiltration and doping of PANI (emeraldine base) with the 

precursor pair DEZ (diethylzinc) and H2O, referred to as mulitiple pulsed vapor phase 

infiltration of PANI. The conductivities of the infiltrated PANI after various infiltration cycle 

numbers were explored. A doping mechanism is proposed, which is likely to result in a 

mutually enhancing electronic interaction between two doped species, the ZnO and PANI. 

            Finally, a summary of the research and future perspectives are given in Chapter 6. 
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Chapter 2 

Experimental Techniques and Methods 

 
 
            This chapter gives an overview of the experimental techniques and methods used in 

the thesis. All the characterization tools mainly relate to structural, compositional, or 

electronic characterizations. Specific methods applied in individual parts of the work will be 

described in the relevant sections. 

 

2.1 X-ray Diffractometer  
 

            X-ray diffractometry (XRD) is a technique, which allows to characterize the 

crystallinity of a sample. In the reflectivity mode it can be used for measuring the thickness of 

a thin film. In XRD, a monochromatic X-ray beam irradiates the sample at a grazing incident 

angle θ. In a crystalline arrangement of atoms, the incident beam will be scattered with the 

deflected waves having constructive interference at specific spots. In agreement with the 

Braggʹ′s equation118, 

2dsinθ = nλ,  

diffraction will occur. At an angle 2θ with respect to the incident beam, a detector collects the 

deflected beam. Figure 2.1 (a) shows schematically the beam path upon interaction with the 

sample. Here, d is the spacing between diffracting planes, θ is the incident angle of the beam, 

and λ is the wavelength of the beam. The detected reflections are subsequently indexed to 

obtain the crystalline information in the reciprocal space. 
            The X-ray reflectivity (XRR) technique is used to measure the thicknesses of a thin 

film, based on the principle shown in Figure 2.1 (b). According to the Snell Law, the 

refractive index of all materials is below the unity for X-ray electromagnetic radiation. 

Therefore, the critical incident angle θc for total reflection will depend on the density of the 

material. If the incident angle θ is equal to θc, the incident X-ray will propagate along the 

sample surface. If the incident angle is below θc, total refelction will occur. With incident 

angles above θc, the X-ray will be partly refracted and a reflection will occur at both the thin 

film bottom and top interfaces. These two reflected waves will interfere with each other, 

leading to the intensity decreasing as a function of the incident angle. From Snell’s Law: 
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and Braggʹ′s law: 

 
the thickness of the film can be obtained as follows: 

 
            The angles θ and θʹ′ are the incident angle and the angle of the refracted beam with 

respect to the sample surface, λ and λʹ′ are the wavelengths of the incident and refracted 

beams, n and nʹ′ are the refraction indices of air and the thin film, d is the film thickness, and 

m is the interference order. 

 

 
 

Figure	  2.1	  Schematics	   for	   (a)	  X-‐ray	  diffraction	  (XRD):	  the	  X-‐ray	  beam	  irradiates	  a	  crystal	  at	  a	  grazing	  

incident	  angle	  θ	  and	  is	  scattered	  by	  the	  atoms	  in	  the	  crystal.	  When	  the	  Braggʹ′s	  condition	  is	  fulfilled,	  

characteristic	  peaks	  resulting	  from	  diffraction	  appear	  in	  the	  collected	  spectrum.	  (b)	  X-‐ray	  reflectivity	  

(XRR):	  the	  X-‐ray	  beam	  irradiates	  a	  thin	  film,	  part	  of	  the	  beam	  reflects	  on	  the	  top	  interface	  of	  the	  thin	  

film,	  and	  part	  of	  the	  beam	  is	  refracted,	  reflects	  at	  the	  bottom	  interface	  of	  the	  thin	  film	  and	  becomes	  

refracted	   again	   at	   the	   top	   interface.	   The	   two	   reflected	   beams	   interfere	   with	   each	   other.	   After	  

applying	  the	  Snell	  Law	  and	  the	  Braggʹ′s	  equation,	  the	  thickness	  of	  the	  thin	  film	  can	  be	  obtained	  from	  

the	  measured	  spectrum. 

 

            In this work, XRD measurements of various samples were carried out with the X-ray 

diffractometer (Xʹ′Pert, PANalytical) with a Cu Ka (λ = 0.154 nm) radiation source. During 

the measurements, the working voltage and current were 45 kV and 40 mA, respectively. The 
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collected spectra were compared with the standard JCPDS (joint committee on powder 

diffraction standards) database. 

 

2.2 Fourier Transform Infrared (FTIR) Spectroscopy 
  

            Fourier transform infrared spectroscopy (FTIR) is a technique for analyzing 

absorption or emission of a solid, liquid or gas. It can provide qualitative information about 

the chemical functional groups contained in a material in a non-destructive way. Upon 

irradiation of a sample with an electromagnetic wave, specific molecular vibrations in the 

sample are excited when the molecule absorbs a photon with an energy of E = hv = hc (v/c), 

where h is the Planckʹ′s constant, c is the velocity of light and v/c is the wave mumber. For 

FTIR spectroscopy, the energy of the irradiation beam is in the infrared region with wave 

numbers between 200 and 10000 cm-1. For molecular vibrations in organic molecules, usually 

a smaller width between 400 and 4000 cm-1 is used. Once exposed to the beam, the molecule 

becomes excited to a high vibrational energy state as a result from direct absorbtion of 

photons. The energy-specific absorption will result in a peak at the corresponding 

wavenumber in the recorded spectrum. The detector usually plots the absorbance or % 

transmittance as a function of the wavenumber. 

 

 
	  

Figure	  2.2	  A	  schematic	  diagram	  of	  an	  attenuated	  total	  reflectance	  (ATR)	  principle.	  

 

            The attenuated total reflectance (ATR) is a specific way of measuring FTIR spectra of 

the near surface region of solids or thin films rather than of their bulk (Figure 2.2)119. ATR 

typically measures regions of the sample of 1 to 2 micrometers depth. In such a setup, an 

infrared beam is directed into an ATR crystal (an optical material with a high refractive index) 

at a certain angle, which allows multiple total internal reflection of the beam inside the crystal. 

Such total internal reflection occurs when a wave reaches the interface from the side of a 

material with a high refractive index to the side of a material with a low refractive index at an 

incident angle above the critical angle. On the surface of an ATR crystal, those reflections 
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will form an evanescent wave. If at the interface the sample is positioned, the evanescent 

waves are attenuated or altered after penetrating into and interacting with the sample. The 

attenuated evanescent wave is passed back to the IR beam, exits the ATR crystal and is 

finally collected by the detector. The recorded signal contains information about the sample 

fraction in near vicinity of the ATR crystal.  

             In this thesis, all FTIR measurements were performed with a Fourier Transform 

Infrared (FTIR) spectrometer (FT-IR spectrometer Frontier, PerkinElmer) equipped with an 

ATR setup. All samples were prepared as thin films by drop casting their solutions onto 

silicon wafers or glass substrates. 

 

2.3 Raman Spectroscopy 
 

            Raman spectroscopy is a technique that allows to identify vibrational, rotational and 

other low frequency modes in a material system120. Raman spectroscopy is complementary to 

FTIR and is commonly used in chemistry to provide a fingerprint by which molecules can be 

identified. It relies on inelastic scattering (raman scattering) of monochromatic light, usually 

emitted by a laser in the visible, near infrared, or near ultraviolet range. For obtaining Raman 

spectra, the sample is commonly illuminated with a laser beam in visible range. The molecule 

absorbs photons with frequency v1 and becomes excited to a high virtual energy state. Some 

of the molecules relax back to the initial energy state by emitting photons with the same 

frequency v1, while others relax to another vibrational energy state by emitting photons with 

further frequencies vi. The photons with frequency vi are recorded and stand in relation to the 

molecular vibrational frequencies. 

            In this work, Raman spectroscopy was carried out in a Raman microscope (Alpha 

300S, WITec), with a light source at a wavelength of 532 nm (100× objective). The Raman 

spectra were background corrected and obtained by averaging spectra from five different 

regions of each sample. The collected data were analyzed with the WIT spectra software. 
 

2.4 Electron Microscopy (SEM and TEM) 
 

            The resolution of an optical microscope is limited to about 200 nm depending on the 

wavelength of the used visible light. In order to achieve higher resolutions, further sources of 

illumination are needed. The electron microscope uses a beam of accelerated electrons as a 

source of illumination, which allows for investigation of the ultrastructure of a wide range of 

biological and inorganic specimens including microorganisms, cells, large molecules, metals, 

and crystals. The electron microscope can span magnifications ranging from thousands to 
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millions with resolutions ranging from nanometers to Ångstroms. Figure 2.3 schematically 

shows the main types of interactions between the accelerated electron beam and the sample. 

Based on the way of collecting electrons by the detector, an electron microscope can be 

referred to as scanning electron microscope (SEM) or transmission electron microscope 

(TEM). 

 

 
 
Figure	  2.3	  Schematic	  of	  the	  main	  types	  of	  interactions	  between	  an	  accelerated	  electron	  beam	  and	  a	  

sample	  in	  an	  electron	  microscope. 

 

            Scanning electron microscopy (SEM) is one of the most common tools used in 

nanoscience for inspecting the microstructure of nanomaterials including shape, topography, 

composition and morphology. It can produce images by probing the specimen with a focused 

electron beam that is scanned across a rectangular area of the specimen. When the electron 

beam interacts with the specimen, various mechanisms induce a loss of energy. The lost 

energy is converted into alternative forms such as heat, emission of low energy secondary 

electrons, high energy backscattered electrons, light emission or X-ray emission, all of which 

carry information about the specimen surface. Commonly, the backscattered electrons are 

detected displaying the topography of the surface of the sample. 

             For the SEM experiments performed in this thesis, the Quanta TM 250 FEG (FEI) 

SEM was used. During imaging, the chamber pressure ranged from standard high vacuum 

conditions (< 6 x 10-4 Pa) to low vacuum conditions (10 - 2600 Pa), and the accelerating 

voltage ranged from 1kV to 30kV. All investigated samples were prepared as thin films or as 

powders initially dispersed in a solution and then drop-casted onto silicon wafers or insulating 

glass substrates. For conventional imaging in the SEM, samples must be electrically 
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conductive, at least at the surface, and electrically grounded to prevent the accumulation of 

electrostatic charge. Non-conducting materials are usually coated with an ultrathin coating of 

electrically conducting material, such as carbon or platinum, deposited on the sample either 

by low-vacuum sputter coating or by high-vacuum thermal evaporation. 

            Transmission electron microscopy (TEM), the original form of electron 

microscopy, uses a high voltage electron beam to illuminate the specimen and enables 

collecting information from transmitted electons to create an image. The resolution is 

typically about an order of magnitude better than that in a typical SEM. From the TEM 

images, crystalline lattices of materials and even single atoms can be observed, provided good 

alignment of the instrument is done. 

            Energy-dispersive X-ray spectroscopy (EDS), is an analytical technique used for the 

elemental analysis of a sample. To stimulate the emission of characteristic X-rays from a 

specimen, a high-energy beam of charged particles, such as electrons or protons, is focused 

on the sample. The beam will excite an electron from an inner shell, ejecting it from the shell 

while an electron hole will be left behind. This hole will be filled with an electron from an 

outer shell, and the difference in energy between the outer and the inner shell will be released 

in form of X-ray irradiation. The number and energy of the X-rays emitted from a specimen 

are measured by an energy-dispersive spectrometer. As the energies of X-rays are 

characteristic of the difference in energy between two shells and the atomic structure of the 

emitting atom, EDS allows precise determination of the elemental composition of a specimen. 

            In all experiments performed in this thesis, a Helios NanoLab Dual Beam (FEI, NL) 

was used to examine samples in scanning transmission mode. TEM imaging and EDS 

analysis were carried out with an FEI Titan microscope operating at 300 kV acceleration 

voltage in STEM mode and equipped with an EDAX SDD detector.  
 

2.5 Ultraviolet -Visible Spectroscopy 
 

            Ultraviolet-Visible Spectroscopy (UV-Vis) refers to absorption spectroscopy or 

reflectance spectroscopy in the ultraviolet-visible spectral region. The absorption or 

reflectance in the visible range directly affects the perceived color of the chemicals involved. 

In this region of the electromagnetic spectrum, atoms and molecules undergo electronic 

transitions. The absorption spectroscopy characterizes transitions of molecules from the 

ground state to the excited state121. The wavelengths of the absorption peaks can be correlated 

with the types of bonds in a given molecule and are valuable for determining the functional 

groups contained in a molecule.  
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            For the Uv-vis experiments performed in this thesis, all samples were prepared as thin 

films initially dispersed in a solution and then drop-casted onto insulating glass substrates. 

Absorption spectra of the samples were recorded between 250-890 nm using a UV-Vis 

spectrophotometer (V-630 BIO, JASCO). 

 

2.6 Atomic Force Microscopy (AFM) 
 
            Atomic-force microscopy (AFM) is scanning probe microscopy technique, commonly 

used to characterize the surface structure and morphology of materials. During AFM probing, 

information about the morphology of a sample is gathered by ¨feeling¨ or ¨touching¨ the 

surface with a mechanical probe or tip. Piezoelectric elements facilitate tiny but accurate and 

precise lateral movements of tip or sample. The cantilever, to which the tip is attached, is 

vertically deflected during the measurement due to attractive and repulsive forces between the 

tip and the sample surface. Focusing a laser onto the cantilever and recording the movement 

of the reflected laser with a photodiode while scanning the sample allows for a visual 

reconstruction of the sample morphology. 

             AFM can be used in three distinct modes: contact mode, also called static mode, 

tapping mode, also called intermittent contact mode, and non-contact mode. Among those the 

tapping mode is the most frequently used AFM mode when operating in ambient conditions. 

In tapping mode, the cantilever oscillates up and down near its resonance frequency at a 

constant amplitude122. When the tip comes close to the surface, interactions between the tip 

and the sample surface cause the oscillation amplitude of the cantilever to change. This 

change of the amplitude is used as feedback to readjust the distance of the cantilever to the 

sample with a piezo crystal. Due to the intermittent contact of the tip with the sample surface, 

negligible damage to the sample is induced.  

            In this thesis, AFM analysis was performed on P3HT polymer-coated glass slides, 

employing a 5500 AFM (Keysight, Santa Clara).  
 

2.7 X-ray Photoelectron Spectroscopy (XPS) 
 

            X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that is commonly used to analyze elemental compositions, chemical 

states and electronic states of the elements that are present in a material. In XPS, the sample is 

irradiated with a beam of X-rays under high vacuum (P ∼ 10-8 millibar) or ultra high vacuum 

(UHV; P < 10-9 millibar) conditions. The X-ray beam can penetrate into the sample and 
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interact with the electrons. After absorbing energy from the X-ray beam, the near-surface 

electrons are excited, leading to an escape from the sample. The kinetic energy and number of 

the escaped electrons are analyzed by a detector. Because the energy of the used X-ray with 

particular wavelength is known (for Al Kα X-rays, Ephoton = 1486.7 eV), and because the 

emitted electrons' kinetic energies are measured, the binding energy of each of the emitted 

electrons can be determined by using an equation that is based on the equation of Ernest 

Rutherford: 

Ebinding = Ephoton − (Ekinetic + ϕ), 

where Ebinding is the binding energy (BE) of the electrons, Ephoton is the energy of the X-ray 

photons being used, Ekinetic is the kinetic energy of the electron as measured by the instrument 

and ϕ is the work function dependent on both the spectrometer and the material and is 

normally constant in practice. This equation describes essentially the conservation of energy 

equation. The work function term ϕ is an adjustable instrumental correction factor that 

accounts for the few eV of kinetic energy given up by the photoelectron as it becomes 

absorbed by the instrument's detector. It is a constant that rarely needs to be adjusted in 

practice. The binding energy of recorded electrons depends on their origin, which allows 

identifying the specific atoms, neighboring atoms and specific orbitals. A quantitative 

analysis can be obtained by analyzing the intensity of the recorded photoelectrons. 

Importantly, XPS is a surface sensitive spectroscopic technique, because only the electrons 

within an area of several nanometers close to the surface can escape from the sample and be 

recorded. 

            XPS experiments in this thesis were conducted using a Phoibos photoelectron 

spectrometer equipped with an Al Kα X-ray source (12 mA, 8.33 kV) as the incident photon 

radiation. All samples were drop-casted onto silicon substrates. The spectra were standardized 

using the C 1s peak at 284.6 eV.  The base pressure of the UHV chamber was maintained at 

10-9-10-10 mbar. 
 

2.8 Assessment of the Electrical Conductivity 
 
            Electrical conductivity of a material is a measure of its ability to conduct electric 

current under certain conditions, such as temperature, pressure, applied current, and so on. 

From the simple Ohm,s law on conductivity (V=R × I; where V is the voltage, I is the current, 

and R is the resistance), it is obvious that a measurement of R may simply be done by 

applying a current (I) and measuring a potential (V). Since R depends on geometrical 

parameters (and therefore is sample dependent) the magnitude usually given is the resistivity 

(ρ), which is defined as ρ = R × (A/l), where A is the cross-sectional area of the conductor (A= 
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a × d; a is the width, and d is the thickness of the sample) and l is the distance between the 

voltage-drop measuring points123. For historical reasons the resistivity is usually measured in 

Ω cm instead of Ω m. Besides the resistivity, the other magnitude that is usually provided is 

its inverse, called the conductivity, σ = (1/ ρ), which is measured in Ω-1 cm-1 = S cm-1 (Ω-1 = S 

= Siemens). This conductivity σ is used in the present thesis. The simplest way to measure 

electrical conductivity is to send a constant current through two electrical probes, and sense 

the voltage between the probes. However, the two-probe method acquires the total resistance 

of the circuit, including the contact resistance, the probe resistance, and the spreading 

resistances under the probes. This analysis makes an individual assessment of the sample 

resistance very difficult. 

            The four point probe method is the most common method to determine electrical 

conductivity without influence of the above mentioned contributions124,125. This method uses 

an additional pair of probes to separately sense voltage with a high impedance voltmeter, so 

that the parasitic resistances mentioned above are negligible since virtually no current flows 

between the voltage probe pairs. During the conductivity testing processes of thin films, all 

four probes are positioned on the surface of the film. Figure 2.4 illustrates various four-probe 

configurations for thin film measurements. As shown in Figure 2.4 (a), collinear four-point 

probes with equal spacing can be put in contact with the sample surface. If the sample size is 

larger than the probe spacing and the thickness of the film is less than a half of probe spacing, 

one can obtain the electrical conductivity σ of the film by124  

 

σ = ln2 I/πd V, 

 

where I is the current, V is the voltage and the d is the thickness of the sample. 
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Figure	  2.4	  Various	   four	  point	  probe	   configurations	   for	   electrical	   conductivity	  measurements	  of	   thin	  

films:	   (a)	   a	   conventional	   collinear	   four-‐point	   probe	   method,	   (b)	   a	   bar-‐shaped	   thin	   film	   electrode	  

arrangement	   with	   four	   probes,	   (c)	   a	   conventional	   probing	   geometry	   for	   the	   van	   der	   Pauw	   (vdP)	  

measurement	   method,	   and	   (d)	   a	   clover-‐leaf	   vdP	   geometry.	   Reproduced	   with	   permission	   from	   the	  

Begell	  House	  Inc.,	  New	  York	  126.  

 

            The van der Pauw (vdP) method is a very useful four-probe approach to determine the 

electrical conductivity of thin film samples of arbitrary shape127. In the vdP method, all probes 

must be placed on the sample perimeter in a way as shown in Figure 2.4 (c), but not 

necessarily at the corners. Commonly, a tiny amount of indium is soldered on each probing 

point to form a good contact between the probe tip and the sample. There is no geometry 

requirement for the vdP method except that the size of the contacts must be smaller than the 

size of the sample. 

            One measurement of electrical conductivity by the vdP method consists of two 

resistance measurements: Rver (ver: vertical) and Rhor (hor: horizontal). For one direction of 

the current, for example, from contact 1 to 2 in Figure 2.4 (c) and (d), the voltage is measured 

between 3 and 4, which will yield the first resistance: R12,34 = V34/I12. To ensure measurement 

accuracy, the contacts are then switched in terms of applied current and measured voltage to 

obtain R34,12 =V12/I34. These two resistances must be identical according to the reciprocity 

theorem127, but the finite size of contacts and different probe positions may cause a 

discrepancy among them. The results are averaged to reduce the variations in the 

determination of Rver. The Rhor is obtained in a similar way. A current is sent from contact 1 to 
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the other adjacent contact 4, and the voltage between 2 and 3 is measured to gain R14,23 = 

V23/I14. Again, R23,14 = V14/I23 is also aquired. Rhor is then obtained from the average of R14,23 

and R23,14. It is sometimes desirable to reverse the current polarity and /or measure several 

voltages generated from varying magnitudes of current to eliminate parasitic voltages that 

may be present during the measurement. Combining these two resistances in the vdP formula, 

one can calculate the electrical conductivity σ of the sample with the following equation, 

 
1
𝜎
=
𝜋𝑑
ln 2

  
𝑅𝑣𝑒𝑟   + 𝑅ℎ𝑜𝑟

2
  𝑓  

𝑅𝑣𝑒𝑟
𝑅ℎ𝑜𝑟  

 

where f is a function of the resistance ratio, d is the film thickness. 

            In this work, the conductivities of the thin films were measured applying the collinear 

four-point probe technique with a source measurement unit (Keithley 2611). For each VPI 

experiment 5 or 6 individual samples were tested for each VPI cycle number. The resulting 

conductivity σ was calculated according to the formula, 

σ = ln2 I/πd V.         

 

where I is the current, V is the voltage and the d is the thickness of the  polymer film. 
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Chapter 3 

Tuning the Conductivity of Polyaniline (PANI) by 

VPI Process 
	  
            This chapter describes a novel single precursor vapor phase infiltration (VPI) 

process to dope polyaniline (PANI). The infiltration is performed with the metal containing 

atomic layer deposition precursors MoCl5 or SnCl4. The conductivities are assessed with four-

point probe measurements and show significant enhancements of up to 6 orders of magnitude, 

confirming the efficiency of the VPI process. Furthermore, it is found that the conductivities 

of PANI/MoCl5 and PANI/SnCl4 outperform the conductivity of HCl-doped PANI if exposed 

to elevated temperatures (150 °C) in vacuum. The chemical changes resulting from the 

infiltration of PANI are characterized applying FTIR, UV-Vis and Raman spectroscopy. 

Scanning electron microscopy images show that the morphologies of the samples do not alter 

after the infiltration process.    

              This chapter describes the part of the thesis that was published in the journal 

Advanced Materials Interfaces from Wiley-VCH. Graphs, figures and parts of the text of the 

publication are reused in this thesis with permission of the publisher. 

Article: 

Tuning the Conductivity of Polyaniline through Doping by Means of Single Precursor Vapor 

Phase Infiltration. Weike Wang, Fan Yang, Chaoqiu Chen, Lianbing Zhang, Yong Qin, and 

Mato Knez. Advanced Materials Interfaces 2017, 4, 201600806.  

 

 
Comparison	  of	  the	  conductivities	  of	  PANI	  samples	  after	  various	  treatments	  
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3.1. Introduction 
 

            Conductive polymers are subject of research since several decades, but their promise 

as functional material in flexible electronics seriously intensified the research effort on those 

materials during the past years. Improvement of the conductivity and chemical or thermal 

stability of a conductive polymer will allow beneficial substitution of inorganic materials in a 

broad range of electronic devices, including thin-film transistors128, light emitting diodes129, 

solar cells130, batteries131, or supercapacitors132. With its highly conjugated π delocalized 

molecular backbone, polyaniline (PANI) belongs to the most prominent organic 

semiconductors and acts as model system for many further conductive polymers. With view 

on its application potential, very promising results have been demonstrated in a variety of 

application fields including sensors, actuators, antistatic coatings, corrosion protection, 

rechargeable batteries, microwave absorption and electro-optic and electrochromic 

devices25,133. The level of conductivity of PANI is of crucial importance for most of the 

applications and depends on the switching between the different states of the polymer, namely, 

leucoemeraldine, emeraldine, and pernigraniline states, as a response to a chemical or 

electrical trigger. The conductivity of PANI can be altered by doping and inorganic protonic 

acids134,135, organic acids136,137, alkali metal salts138,139, Lewis acids140,141, and transition metal 

salts 142,143 are the most commonly used dopants. Usually, the doping relies on wet chemistry, 

which not only introduces impurities into the PANI by inclusion of solvent molecules or 

additives, but also severely influences the morphology and structure of PANI as such 

additives impact the polymerization or crystallization of the material. This is very often 

considered to be a serious drawback for shaping the polymer for various applications. A 

promising approach to avoid such negative influence from the solvents and obtain better 

control of the doping process may lie in the vacuum-based processing. In fact, atomic layer 

deposition (ALD) and related vapor phase infiltration (VPI) strategies take advantage of the 

mobility of a vaporized chemical to diffuse into and react with polymeric substrates88, which 

may be very beneficial for a solvent-free and controllable doping process. 

            Incorporation of inorganic materials into polymers often enhances the mechanical, 

optical, or electronic properties of the resulting composite or hybrid material110-114. For 

example, in our earlier works we have demonstrated that infiltration of metal oxides or metal 

ions into various (bio)polymers, including spider silk98, avian egg collagen107and cellulose109 

by means of ALD-derived strategies often enhances their mechanical properties. In the 

present work, we demonstrate that a similar infiltration process can also be used for doping 

PANI. The strategy further allows for controlling the level of conductivity of the polymer 

through the number of infiltration cycles applied. After doping with metal chlorides, the 
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doped PANI shows exceptional conductivity values, particularly at elevated temperatures, 

indicating a significant difference in the physics and chemistry of the material in comparison 

to PANI doped in a traditional way. On the example of two different ALD precursors, MoCl5 

and SnCl4, we demonstrate that the conductivities of the resulting PANI/MoCl5 and 

PANI/SnCl4 are superior to those of PANI doped with 1M HCl after exposure to elevated 

temperatures (150 °C). This method may serve as complementary route for stabilizing 

conductive PANI for high-temperature applications while avoiding the use of solvents and 

making purification steps obsolete. 

 

3.2. Experimental Section 
 

3.2.1 Preparation the Polyaniline (PANI) nanofibers Thin Film  
 

            The synthesis of PANI nanofibers was carried out by a rapid mixing polymerization as 

reported in literature135. All chemicals were analytical grade and were used as received. 

Typically, an aqueous solution of aniline (3.2 mmol) in HCl (1 M, 10 mL) and a solution of 

ammonium peroxydisulfate (0.8 mmol) in HCl (1 M, 10 mL) were prepared. The two 

solutions were mixed at room temperature and rapid and immediate shaking ensured efficient 

mixing. After 12 h polymerization time, the resulting HCl (1 M) doped PANI was collected 

by filtration and washed several times with HCl (1 M) until the filtrate became colorless. At 

last, it was dried in vacuum at 50 °C. De-doped PANI was obtained upon treatment of the 

PANI/1M HCl with aqueous ammonium hydroxide (0.1 M) for 1 h and subsequent washing 

with deionized water until the filtrate became pH-neutral, and finally dried in vacuum at 

60 °C. Glass substrates (1.3×1.3 cm2) were cleaned in sequence with acetone, deionized water 

(DI), and isopropanol, and subsequently dried in an oven overnight. PANI and PANI/1M HCl 

films were coated (200 µL) on the glass substrates and the samples were dried in an oven at 

60 °C for 12 h. In advance of the infiltration experiments, the de-doped PANI films were 

stored overnight at 120 °C. 

 

3.2.2 Vapor Phase Infiltration Process of PANI Thin Film  

 

            Vapor-phase infiltration was performed using a homemade atomic layer deposition 

tool. De-doped PANI films on glass substrates were exposed to vapors of SnCl4 (Sigma, 98%) 

or MoCl5 (Sigma, 95%) in a pulse-exposure-purge sequence with varied numbers of repetition 

cycles. One cycle of the process consisted of following settings: the precursors were pulsed 
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into the reaction chamber for 0.1 s (SnCl4) or 5 s (MoCl5) and exposure of the substrates to 

the vapors in the reaction chamber was allowed for 120 s. The exposure was followed by a 60 

s purge step. The cycle was repeated with the number of cycles varying between 10 and 200. 

As carrier and purging gas N2 (99.99%) was used. The reaction temperature was 150 °C, and 

the base pressure of the reactor was ∼50 mTorr. Since at room temperature MoCl5 is solid, 

heating of that precursor to 85 °C was required to obtain reasonable vapor pressure. 

3.2.3 Characterization  
 

            Infrared spectra of the samples were recorded between 700 and 1800 cm-1 with a FTIR 

Spectrometer (Frontier; PerkinElmer).  

            The morphology of the samples was characterized by scanning electron microscopy 

(SEM, Quanta 250 FEG; FEI) and the composition analysis was done by energy-dispersive 

X-ray spectroscopy (EDS). Thickness measurements were carried out on a cleaved cross-

section of the sample by FEG-SEM.  

            Raman spectra at 532 nm excitation wavelength were collected with a Raman 

microscope (Alpha 300S, WITec). The laser power was kept below 0.7 mW to avoid sample 

degradation.  

            Absorption spectra of the samples were recorded between 250-880 nm using a UV-vis 

spectrophotometer (V-630 BIO, JASCO).  

            The conductivities of the films were measured applying a four-point probe technique 

with a source measurement unit (Keithley 2611). For each experiment four or five individual 

samples were tested for each VPI process cycle number. The resulting conductivity, was 

calculated according to the formula, 

 

 
where I is the current, V is the voltage and d is the film thickness. 
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3.3 Results and Discussion 
	  

3.3.1 Assessment of the electrical conductivity 
 

 

 

 
 
Figure	   3.1	   I-‐V	   plots	   of	   (a)	   PANI/1M	   HCl,	   PANI/MoCl5	   (100	   cycles)	   and	   PANI/SnCl4	   (60	   cycles)	   as	  

prepared	  and	  (b)	  PANI/1M	  HCl,	  PANI/MoCl5	   (100	  cycles)	  and	  PANI/SnCl4	   (60	  cycles)	  after	  storage	  at	  

150°C	  in	  vacuum	  for	  100	  min.	  The	  inset	  shows	  the	  low	  current	  range	  area	  of	  Figure	  1b.	  Conductivities	  

of	   (c)	   MoCl5	   and	   (d)	   SnCl4	   as	   a	   function	   of	   the	   number	   of	   infiltration	   cycles	   (measured	   at	   room	  

temperature).	   (e)	  Conductivity	   comparison	  of	  PANI/1M	  HCl,	  PANI/SnCl4	   (60	   cycles)	   and	  PANI/MoCl5	  

(100	  cycles)	  as	  prepared,	  and	  after	  storage	  at	  150	  °C	  in	  vacuum	  for	  100	  min.	  
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            We infiltrated PANI with MoCl5 and SnCl4 applying vapor phase infiltration. The 

process itself is derived from the ALD process, but instead of sequentially exposing the 

substrate to vapors of two precursors in order to grow a thin film, here we exposed the 

substrate to the vapor of only one precursor and allowed sufficient time for the precursor to 

diffuse into subsurface areas of the substrate. After infiltration, we measured the electrical 

characteristics of the samples.  Figure 3.1 (a), (b) show the room temperature I-V 

characteristics of the fabricated PANI samples. The thicknesses of the samples were 

comparable and in the range of 7-10 µm. The plots of PANI/1M HCl (black curves) are 

linear, indicating ohmic behavior over the whole measurement range. Those samples reflect 

the electrical characteristics of PANI doped with 1M HCl in a traditional way and serve as 

reference samples for our new infiltration based doping strategy. 

            Untreated PANI thin films were measured for reference and showed negligible 

conductivity (≤1×10-10 S/cm). The plots of the infiltrated samples PANI/MoCl5 (blue curve) 

and PANI/SnCl4 (red curve) show linear, ohmic behavior in the initial voltage range before 

changing the slope with the voltage increasing. Two important observations can be made 

from those two graphs; i) the possibility of using vapor infiltration strategies for doping of 

PANI is in the first instance an exciting result, which enables many new top-down approaches 

towards conductive polymers, and ii) thermal treatment of the doped polymers in vacuum has 

a much lower impact on the conductivity of the metal chloride-doped PANI than on the HCl-

doped PANI, indicating a chemical stabilization of the doped polymer. For the forthcoming 

discussion, we used values for the electrical conductivities of the samples as calculated from 

the initial slopes of the I-V plots. 

      The dramatic enhancement of the conductivity of the PANI films upon infiltrating MoCl5 

or SnCl4 stands in correlation with the number of infiltration cycles as can be seen in Figure 

3.1 (c), (d). Namely, the conductivities of PANI/ MoCl5 reach 8.43×10-6, 1.75×10-4, 2.93×10-4 

and 9.8×10-5 S/cm after 30, 60, 100, and 200 cycles, respectively, with the highest 

conductivity being obtained after 100 infiltration cycles. Similarly, the PANI/SnCl4 films 

showed conductivities of 1.17×10-6, 5.58×10-6, 1.03×10-5, and 8.26×10-6 S/cm after 10, 30, 60 

and 100 cycles, respectively, and the highest conductivity was observed after 60 cycles. 

Doping with 1M HCl results in values of 8.23×10-2 S/cm, which is clearly better performing. 

However, this applies to room temperature handling only. Figure 3.1 (e) shows that after 

exposure of the samples to the same elevated temperature, and vacuum environment for 100 

min the conductivities of PANI/MoCl5 (100 cycles, 2.07×10-5 S/cm) and PANI/SnCl4 (60 

cycles, 3×10-6 S/cm) clearly outperform the conductivity of PANI/1M HCl (8.19×10-8 S/cm). 

Furthermore, after heating the prepared samples at 150 °C in N2 at ambient pressure for 100 

min, we observed that the conductivity of PANI/1M HCl decreased by nearly 3 orders of 

magnitude, from 8.23×10-2 S/cm to 1.06×10-4 S/cm, while the conductivities of the metal  
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Figure	  3.2.	  Comparison	  of	  conductivities	  of	  PANI/1M	  HCl,	  PANI/SnCl4	  (60	  cycles)	  and	  PANI/MoCl5	  (100	  

cycles)	  as	  prepared,	  and	  after	  storage	  at	  150	  °C	  in	  N2	  environment	  at	  ambient	  pressure	  for	  100	  min.  

 

chloride infiltrated samples decreased by a much lower extent, namely from 1.03×10-5 S/cm 

to 5.05× 10-6 S/cm in the case of PANI/SnCl4 and from 2.93×10-4 S/cm to 1.45×10-4 S/cm in 

the case of PANI/MoCl5, as shown in Figure 3.2.   

 

3.3.2 FTIR Spectroscopy 
 

            The analysis of the various samples by FT-IR (Figure 3.3) shows that the HCl-doped 

or metal chloride-infiltrated samples drastically differ in their chemistry. Doping with 1M 

HCl (red spectrum in Figure 3.3 (a)) is severely modifying the signature of PANI (black) 

before exposure to vacuum and elevated temperatures, but closely resembles the reference 

spectrum after the thermal and vacuum treatment (Figure 3.3 (b)). This indicates that the 

thermal and vacuum treatment revert the chemical changes that were induced upon doping. 

The emeraldine base form of PANI is initially protonated with HCl to form the emeraldine 

salt, which is stabilized with Cl- ions. Elevated temperatures and vacuum reverse this process 

and deprotonate the salt to form volatile HCl and the emeraldine base. This results in a loss of 

conductivity. The spectra of the infiltrated samples on the other hand show a somewhat 

different behavior. In contrast to the HCl-doped sample, they remain similar to the control 

sample after doping and only very minor changes are observed upon post-treatment. From the 

overview in Table 3.1, one can see that the peak at 1167 cm-1 in the control sample (in plane 

C-H bending) has significantly red-shifted to 1105 cm-1 in PANI/1M HCl, while the red-shift 

in PANI/SnCl4 and PANI/MoCl5 is less significant. This peak is considered as the electronic-

like band144, a measure for the degree of delocalization of electrons in the PANI  
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Figure	   3.3	   FT-‐IR	   spectra	   of	   undoped	   PANI	   (Control),	   PANI/1M	   HCl,	   PANI/SnCl4	   (60	   cycles)	   and	  

PANI/MoCl5	  (100	  cycles),	  before	  (a)	  and	  after	  (b)	  treatment	  at	  150	  °C	  in	  vacuum	  environment	  for	  100	  

min.	  

 

chains, and thus it is characteristic for its conductivity. The peak at 1592 cm-1 in PANI is 

assigned to the quinoid C=C stretching vibration and is a signature of the conversion of 

quinoid rings to benzenoid rings145. Similar to above, this peak red-shifted more significantly 

for the 1M HCl doped sample than for the metal chloride doped ones. The peak at 829 cm-1, 

(out plane C-H deformation of 1,4-disubstituted aromatic rings) red-shifted similarly strong 

for the 1M HCl and the MoCl5 sample and less for the SnCl4 sample. The peak at 1220 cm-1, 

associated to the benzenoid C-N stretching vibration, showed a more pronounced shift with 

both metal chlorides than with HCl. Those observations indicate that HCl is efficiently 

protonating the polymer chain and converting quinoid rings to benzenoid rings. The 

chemistry will be different for the metal chloride doped polymer. Given that the process 

occurs in vacuum and without solvents, no protons are available for protonation, but rather an 

oxidative doping by a complexation reaction can be assumed. The bulkier molecules will 

result in a lower doping efficiency due to steric hindrance, which is indicated by the lower 

shift of the peaks associated to the quinoid stretching modes in comparison to the HCl doped 

ones. The main difference between the two metal chloride doped polymer samples is seen in 

the shift of the out plane C-H deformation signals. While HCl and MoCl5 doped PANI show 

similar shifts, SnCl4 doped PANI is much closer to the undoped sample, which indicates a 

less pronounced alteration of the electronic structure of the aromatic sections of the polymer 

backbone and may be indicative of the measured lower conductivity of the SnCl4 doped 

PANI. However, in spite of the lower conductivity than HCl doped PANI at ambient 

temperatures, the metal chloride doped PANI outperforms the acid counterpart in terms of 

stability. As can be seen in Figure 3.3 (b), after heating at 150 °C in vacuum for 100 min, 

most of the peaks in the PANI/1M HCl spectrum have largely recovered to closely resemble 



Chapter 3 Vapor Phase Infiltration of Polyaniline (PANI) 
	  

	  50	  

the control sample. On the other hand, the FT-IR spectra of PANI/SnCl4 and PANI/MoCl5 

show only negligible changes. 

 

Table	  3.1	  Overview	  of	  the	  most	  characteristic	  peaks	  in	  the	  FT-‐IR	  spectra	  in	  the	  1800-‐700cm-‐1	  

region	  of	  PANI	  and	  PANI	  doped	  with	  1M	  HCl,	   SnCl4	   and	  MoCl5	  measured	  before	  and	  after	  

thermal	  treatment	  (150	  °C)	  in	  vacuum	  for	  100	  min.	  

	  
 PANI PANI/1M HCl PANI/SnCl4 PANI/MoCl5 

As prepared 
In plane C-H bending 1167 cm-1 1105 cm-1 1157 cm-1 1158 cm-1 

C=C stretching 
(quinoid) 

1592 cm-1 1558 cm-1 1584 cm-1 1584 cm-1 

Out plane C-H 
bending 

829 cm-1 796 cm-1 814 cm-1 795 cm-1 

C-N stretching 1220 cm-1 1236 cm-1 1245 cm-1 1242 cm-1 

After thermal treatment in vacuum 
In plane C-H bending 1167 cm-1 1145 cm-1 1155 cm-1 1147 cm-1 

C=C stretching 
(quinoid) 

1592 cm-1 1589 cm-1 1583 cm-1 1582 cm-1 

Out plane C-H 
bending 

829 cm-1 825 cm-1 816 cm-1 798 cm-1 

C-N stretching 1220 cm-1 1236 cm-1 1245 cm-1 1242 cm-1 
     

 

3.3.3 Raman Spectroscopy 
  

            For gaining deeper insight into the material, the prepared samples were further 

characterized by Raman spectroscopy. Figure 3.4 shows the 532 nm laser-excited Raman 

spectra of PANI, PANI/1M HCl，PANI/SnCl4 and PANI/MoCl5 coated on glass substrates. 

The laser power was in all cases kept below 0.7 mW at the samples, and the integration times 

were controlled below 30s for each of the samples, aiming at avoiding structural change 

which may be caused by extended and strong photo excitation146,147. 

            Table 3.2 shows that the band at 1592 cm-1 (C=C stretching of quinoid units) in the 

PANI reference shifted to higher wavenumbers after doping with either of the three chlorides. 

The further bands observed at 1336 cm-1, 1345 cm-1 and 1350 cm-1 are characteristic of all 

doped samples. Those are assigned to the radical cation (C-N+• stretching) 146,147 and are a 

result of the protonation of PANI with HCl or the oxidation of PANI after complexation with 

SnCl4 or MoCl5. Those peaks are not observable in the spectrum of PANI and are only 

expected when quinoid rings become converted to benzenoid rings. The coordinative  
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Figure	   3.4	   Raman	   spectra	   of	   PANI	   showing	   the	   1680-‐350cm-‐1	   region	   (a)	   Control,	   PANI/1M	   HCl,	  

PANI/SnCl4	  (60	  cycles)	  and	  PANI/MoCl5	  (100	  cycles),	  (b)	  Control,	  PANI/1M	  HCl,	  PANI/SnCl4	  (60	  cycles)	  

and	   PANI/MoCl5	   (100	   cycles)	   after	   thermal	   treatment	   at	   150	   °C,	   in	   a	   vacuum	  environment	   for	   100	  

min.	  

 

interaction of the polymer backbone with the SnCl4 or MoCl5 must lower the electron density 

on the N atoms, and thus a partially positive charge is imposed on the N atoms. A further 

obvious change relates to the 1491 cm-1 band in PANI, which is assigned to the C=N 

stretching of the quinoid units, which is significantly shifting in PANI/SnCl4 (1496 cm-1) and 

PANI/MoCl5 (1506 cm-1), indicative of a decrease of the amount of quinoid units in the PANI 

chain. The 1219 cm-1 band of the benzenoid C-N stretching in PANI also shifted to higher 

values with all three chlorides. Additionally, the 1418 cm-1 band of the quinoid C-C stretching 

in PANI shifted to a higher wavenumber in PANI/1M HCl (1420 cm-1), but to a lower 

wavenumber in PANI/SnCl4 (1410 cm-1) and in PANI/MoCl5 (1408 cm-1). The origin of this 

latter mentioned change is not clear to us at the present. Additionally, a blue shift of the 1167 

cm-1 band in PANI after all three doping approaches should be noted, which is assigned to the 

in plane C-H bending of quinoid units148. After heating the samples at 150 °C for 100 min in 

vacuum, the most pronounced change in the PANI/1M HCl spectrum is the recovery of the 

intensity of the peak at 1492 cm-1. Generally, the spectrum of the HCl-doped thermally 

treated PANI resembles closely the spectrum of the control sample as can be seen in Figure 

3.4 (b). Again, this indicates a recovery of most of the quinoid parts of the molecule, induced 

by deprotonation of the imine and evaporation of HCl. On the other hand, the Raman spectra 

of PANI/SnCl4 and PANI/MoCl5 show only very minor changes upon thermal treatment in 

vacuum. The more pronounced shifts of Raman peaks in PANI/MoCl5 and PANI/SnCl4 

compared to PANI/1M HCl demonstrate that instead of an acid doping possibly complexation 

reactions between Sn or Mo and N atoms play a more significant role in the evolution of 

conductive PANI upon vapor phase infiltration. 
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Table	  3.2	  Overview	  of	   the	  most	  characteristic	  peaks	   in	  the	  Raman	  spectra	   in	  the	  1680-‐350	  

cm-‐1	   region	   of	   PANI	   and	   PANI	   doped	  with	   1M	  HCl,	   SnCl4	   and	  MoCl5	  measured	   before	   and	  

after	  thermal	  treatment	  (150	  °C)	  in	  vacuum	  for	  100	  min.	  

	  
 PANI PANI/1M HCl PANI/SnCl4 PANI/MoCl5 

As prepared 
C=C stretching 

(quinoid) 
1592 cm-1 1601 cm-1 1605 cm-1 1605 cm-1 

C-N+•stretching -- 1336 cm-1 1345 cm-1 1350 cm-1 
C=N stretching 

(quinoid) 
1491 cm-1 1492 cm-1 1496 cm-1 1506 cm-1 

C-C stretching 
(quinoid) 

1418 cm-1 1420 cm-1 1410 cm-1 1408 cm-1 

C-N stretching 
(benzenoid) 

1219 cm-1 1224 cm-1 1227 cm-1 1233 cm-1 

In plane C-H bending 
(quinoid) 

1167 cm-1 1169 cm-1 1173 cm-1 1178 cm-1 

After thermal treatment in vacuum 
C=C stretching 

(quinoid) 
1592 cm-1 1596 cm-1 1602 cm-1 1600 cm-1 

C-N+•stretching -- 1333 cm-1 1346 cm-1 1349 cm-1 
C=N stretching 

(quinoid) 
1491 cm-1 1492 cm-1 1501 cm-1 1503 cm-1 

C-C stretching 
(quinoid) 

1418 cm-1 1421 cm-1 1410 cm-1 1410 cm-1 

C-N stretching 
(benzenoid) 

1220 cm-1 1224 cm-1 1229 cm-1 1232 cm-1 

In plane C-H bending 
(quinoid) 

1167 cm-1 1168 cm-1 1171 cm-1 1172 cm-1 

 

3.3.4 SEM and EDS 
 

            The morphologies of the samples were examined by scanning electron microscopy 

(SEM) and elemental analysis was done by energy-dispersive X-ray spectroscopy (EDS). 

Figures 3.5 (a) to (c) show SEM images of thin films of PANI nanofibers, PANI/MoCl5 (100 

cycles) nanofibers, and PANI/SnCl4 (60 cycles) nanofibers, which were deposited on the glass 

wafers. The vapor phase infiltration process did not alter the morphology of the PANI, thus 

the process can indeed be used for top-down infiltration after a desired morphology of PANI 

has been obtained. The infiltration process is based on the exposure sequences of the PANI 

substrate to the vapors of metal chlorides, which stands in contrast to the traditional coating 

procedure by ALD, where a counter precursor is used to fabricate a thin layer of a metal oxide. 

Figures 3.5 (d) to (f) show EDS spectra of PANI, PANI/MoCl5, and PANI/SnCl4, upon 

thermal treatment at 150 °C in vacuum for 100 min. Peaks stemming from N, Cl, and Mo or 

Sn can be clearly observed, which confirms that the infiltrated metal chlorides are trapped 

within the structure and remain there even upon treatment in a harsher environment. 

Quantitative characterization revealed that after heating in vacuum, the dopant concentration  
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Figure	  3.5	  SEM	  images	  of	  (a)	  PANI	  nanofiber,	  (b)	  PANI/MoCl5	  (100	  cycles)	  nanofiber	  thin	  film,	  and	  (c)	  

PANI/SnCl4	   (60	   cycles)	   nanofiber	   thin	   film;	   EDS	   spectra	   of	   (d)	   PANI,	   (e)	   PANI/MoCl5,	   (f)	   PANI/SnCl4,	  

after	  thermal	  treatment	  at	  150	  °C	  in	  vacuum	  for	  100	  min.	  

 

reduced seriously from 13.39 wt% to 1.78 wt% in the case of HCl doped PANI, while the 

concentration decrease in the metal chloride infiltrated samples was significantly lower, 

namely from 22.87 wt% to 20.42 wt% in the case of SnCl4, and from 26.37 wt% to 24.95 

wt% in the case of MoCl5. The significantly lower change in concentration as observed from 

the metal chlorides doped samples indicates a tight interaction of the precursors with the 

backbone of the polymer and stabilization of the dopant in a chemical way, presumably 

through complexation with the nitrogen of the polymer. 

 

3.3.5 Potential Reaction Schemes 
 

            Considering the spectroscopic data presented above and publications that reported on 

various doping strategies of PANI with Lewis acids 140,141,149 and transition metal salts142,143, 

we propose a reaction scheme as depicted in Figure 3.6. The initial structure of the 

emeraldine base of PANI contains both amine (-NH) units and imine (=N) units, which act as 

functional groups for binding MoCl5 or SnCl4. From the Raman spectra we see that the C-N+• 

stretching signals are very pronounced, the benzenoid C-N stretching signals shift 

significantly and the peak intensity of the quinoid C=N stretching signals significantly 

decrease after the infiltration process. This indicates that the insertion of MoCl5 and SnCl4  
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Figure	  3.6	  Proposed	  structures	  of	  PANI/MoCl5	  and	  PANI/SnCl4	  after	  vapor	  phase	   infiltration	  of	  PANI	  

with	  MoCl5	  or	  SnCl4.	  

 

into the PANI matrix oxidizes the nitrogen partially and binds to the polymer coordinatively. 

PANI is a hole transporter and upon VPI doping, which will create the positive polarons, the 

carrier density increases, resulting in the increased conductivity. From the UV-Vis spectra in 

Figure 3.7, we observe that on the one hand the band intensity at 336 nm decreases, while 

simultaneously the band intensity at 452 nm increases after both doping processes. Those 

signatures correspond to the π-π* transitions in the benzonoid rings and indicate a stronger 

presence of benzenoid units. The band at 626 nm, which corresponds to the quinoid rings, 

nearly disappears as a result of the conversion of quinoid rings. The latter can be considered 

as a signature of polarons. Upon thermal treatment in vacuum, the conductivity decreases, 

which is a result of the deprotonation of the polymer and evaporation of HCl. The 

conductivity of PANI/1M HCl is consequently minimized. Only a minor decrease in 

conductivity is observed after thermal treatment of PANI/MoCl5 and PANI/SnCl4 in vacuum. 

The metal chloride bound to the PANI backbone will resist the thermal treatment, since the 

bonding of the metal to the nitrogen will stabilize the metal chloride and prevent its 

evaporation. The low vapor pressure of the metal chlorides compared to HCl is further 

supporting the chemical stabilization of the doped polymer. 
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Figure	  3.7	  UV-‐Visible	  absorption	   spectra	   showing	   the	  250-‐880	  nm	  region	  of	  PANI,	  PANI/MoCl5	   (100	  

cycles)	  and	  PANI/SnCl4	  (60	  cycles).	  

 

3.4 Conclusion 
 

            In conclusion, we successfully demonstrated a novel way of doping polyaniline by 

applying an ALD-derived single precursor vapor phase infiltration (VPI) and doping process. 

In this way, we are able to not only induce conductivity in PANI, but also to tune the 

conductivity through the choice and infiltrated amount of the vaporized precursors. More 

importantly, the conductivity of the PANI doped in our way was barely affected by a thermal 

treatment at 150 °C in vacuum, while the conductivity of the acid doped PANI (with 1 M 

HCl) was almost completely lost. This loss is likely due to a deprotonation of the doped 

polymer and evaporation of HCl, which results in recovery of the non-conductive emeraldine 

base of PANI. Doping with MoCl5 or SnCl4 on the other hand results in an oxidation of the 

PANI and presumably in complexation of the metal chlorides with the nitrogen contained in 

PANI. As a result, the electron mobility along the polymer chains is significantly enhanced 

and the structure is stabilized even at elevated temperatures. The results are not only 

significant for the novel process to dope PANI and obtain better thermal stability of the doped 

polymer, but also for the possibility to perform top-down doping of already manufactured 

PANI, which allows for better shaping of the material and therefore more efficient device 

fabrication. The results encourage future work, particularly the adaptation of similar 

infiltration processes to more challenging conductive polymers, including polypyrrole or 

polythiophene. 
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Chapter 4 

Controlling the Conductivity of Poly(3-hexyl)thiophe-

ne (P3HT) by Low Temperature VPI Process 
	  
            Efficient doping of organic semiconductors is an important prerequisite for the 

fabrication of high performance organic electronic devices. In this chapter, a novel single 

precursor low-temperature (70 °C) vapor phase infiltration (VPI) process to dope poly(3-

hexyl)thiophene (P3HT) is described. The infiltration is performed with the metal containing 

atomic layer deposition (ALD) precursor MoCl5. The conductivities of the polymer were 

assessed with four-point probe measurements and showed significant enhancement of up to 5 

orders of magnitude, confirming the efficiency of the VPI process. The chemical changes 

resulting from the infiltration of P3HT were characterized applying UV-Vis, Raman, XPS, 

and FTIR spectroscopy. The crystalline state of the material was analyzed by XRD. SEM 

micrographs and AFM images show that the morphologies of the samples before and after 

MoCl5 infiltration process did not seriously change. TEM images of cross-sections of the thin 

film clearly show that the vapor phase infiltration process results in the incorporation of Mo 

into the bulk of the polymer. 

            This chapter describes the part of the thesis that was published in the journal Journal 

of Materials Chemistry C from the Royal Society of Chemistry (RSC). Graphs, figures and 

parts of the text of the publication are reused in this thesis with permission of the publisher. 

Article: 

Efficient and Controllable Vapor to Solid Doping of the Polythiophene P3HT by Low 

Temperature Vapor Phase Infiltration. Weike Wang, Chaoqiu Chen, Christopher Tollan, Fan 

Yang, Yong Qin, and Mato Knez. Journal of Materials Chemistry C. 2017, 5, 2686-2694. 
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Conductivities	  of	  P3HT	  after	  application	  of	  various	  numbers	  of	  VPI	  cycles	  and	  TEM	  images	  of	  cross-‐

sections	  of	  untreated	  and	  infiltrated	  P3HT	  
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	  4.1 Introduction 
	  

            Over the past years, organic semiconductors (OSCs) have been extensively 

investigated due to their tremendous importance as integral part of a wide range of electrical 

devices150-153. For instance, previous studies have reported on enhanced mobilities of charge 

carriers in field-effect transistors (FETs) achieved by trap filling154, improved charge injection 

in light-emitting diodes (LEDs)155,156 and, more recently, superior power conversion 

efficiencies in organic photovoltaics157-162. The development of inorganic semiconductor 

devices has revealed that crucially important steps for enabling engineering of efficient 

electronics include controllable doping and realization of stable and controllable doped 

transport layers for both p - and n - type materials. The same considerations apply for the 

organic counterpart as well. However, doping strategies for OSCs are typically dissimilar to 

those for their inorganic counterparts and thus optimal schemes need to be evaluated from 

scratch. Even though doped OSC thin films have been shown to exhibit conductivities to 5-8 

orders of magnitude higher than undoped films163-164, better understanding of the chemistry 

that occurs upon doping and evaluation of various strategies for improving their efficiency is 

expected to result in even more efficient OSCs, which will strongly impact the emerging field 

of organic electronics. 

            Doping of inorganic semiconductors is meanwhile well developed. Controlled 

introduction of atomic or ionic impurities into semiconductors became the fundamental 

enabler for the functionality of modern electronic devices as we experience them 

nowadays165. The doping process allows tuning the band alignment at interfaces and markedly 

increases the conductivity even at ultralow doping ratios, as typically every covalently bound 

dopant atom donates one mobile charge carrier to the highly crystalline and ultra-pure 

semiconductor matrix. In contrast, doping of OSCs is achieved by adding comparatively 

strong electron acceptors or donors, resulting in a significant increase of the charge carrier 

density and therefore conductivity of such materials. Stable p-type doping is nowadays 

typically achieved by introducing transition metal oxides such as MoO3
166 or WO3

167 into the 

polymer or by adding molecular π-electron acceptors, for example, tetracyano-2,3,5,6-

tetrafluoroquinodimethane (F4TCNQ)168-170, 2,2′-(perfluoronaphthalene-2,6-diylidene) 

dimalononitrile (F6TCNNQ)171, or 1,4,5,8,9,11-

hexaazatriphenylenehexacarbonitrile(HATCN)172. The principle of doping with molecular π-

electron acceptors has been proven to be applicable to a wide range of molecular 

semiconductors and polymers. The resulting conductivity of such F4TCNQ-doped organic 

materials can exceed 1 S/cm at highest dopant concentrations173. Among the various 

molecular dopants, F4TCNQ gained prominence as reference dopant. The fundamental 
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mechanisms that determine the concentration and mobility of mobile holes in F4TCNQ-

doped samples of the polymer poly(3-hexyl)thiophene, P3HT, have been identified and 

showed that in this particular donor-acceptor couple almost all employed F4TCNQ molecules 

undergo integer charge transfer (ICT), meaning that an electron is fully transferred from the 

π-electron system of a P3HT site to the F4TCNQ acceptor. This eventually results in 

positively charged P3HT (P3HT+) and negtively charged F4TCNQ (F4TCNQ-)174. Thus, 

F4TCNQ-doping leads to a strong increase in the density of mobile charge carriers and 

consequently the electrical conductivity. However, as an alternative to the common π-electron 

acceptors, some recent reports introduced the possibility of doping of polymers with Lewis 

acids. The Bazan and Neher groups have studied the optical and charge carrier transport 

properties of various polymers which were doped by the strong Lewis acid 

tris(pentafluorophenyl)-borane (BCF)174-178. The effect has been explained with a formation of 

Lewis acid-base adducts. In the case of p-type doping with BFC, the electrophilic borane 

center binds to a moiety carrying an accessible lone pair of electrons, for example, the 

nitrogen atoms present in pyridine or the benzothiadiazole units of the semiconductor. The 

binding induces a redistribution of the electron density, that is, a charge transfer between the 

semiconductor and dopant occurs. This will eventually change the oxidation state of each of 

the partners, liberating charge carriers that become available for electrical conduction. 

               Given the already published results, the mentioned doping with Lewis acid appears 

to be a promising approach for obtaining efficient OSCs, but the doping process itself may 

still be further improved. Here, we apply a novel procedure for doping P3HT with the Lewis 

acid molybdenum (V) chloride (MoCl5) and a detailed analysis of the resulting doped 

polymer. Doping of polymers is typically performed in liquid state, which introduces various 

chemical species such as solvents or byproducts of chemical reactions into the substrate with 

all the related potentially negative consequences for the conductivity and/or stability of the 

resulting material. Besides, the possibility of shaping the polymer after doping process is 

often hampered because of dopant-induced crystallization or hardening of the polymer. For 

avoiding such negative influences, we apply an alternative approach, vapor phase infiltration 

(VPI) process, for injecting the Lewis acid into the polymeric substrate. The VPI process is 

derived from atomic layer deposition (ALD)76, and applies the same processing technology, 

that is, exposure of the substrates to vaporized chemicals in a pulsed manner with stringent 

control of the dosing parameters. This procedure allows taking advantage of the mobility of a 

vaporized chemical and its ability to diffuse into and react with polymeric substrates88. 

Incorporation of inorganic materials into polymers often enhances some physical properties 

of the resulting composite or hybrid material110-114. For example, our earlier works 

demonstrated that infiltration of metal oxides or metal ions into various (bio)polymers, 
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Figure	   4.1	   Schematic	   of	   the	   proposed	   Lewis	   acid-‐base	   adduct	   formation	   between	   poly(3-‐

hexyl)thiophene,	  P3HT,	  and	  molybdenum(V)chloride,	  MoCl5.	  

	  
including spider silk98, avian egg collagen107 and cellulose109 by means of ALD-derived 

strategies often results in hybrid materials with exceptional mechanical properties. The 

present work shows that a similar infiltration process can also be used for doping P3HT and 

furthermore allows for controlling the level of conductivity of the polymer through the 

number of infiltration cycles applied. In conjunction with MoCl5, P3HT acts as a Lewis base 

for its lone electron pairs present at the sulfur atoms of the thiophene rings. A hypothesized 

interaction scheme between MoCl5 and a P3HT segment is sketched in Figure 4.1. In this 

chapter we show that the introduction of MoCl5 into P3HT by VPI leads to p-type doping, 

and the conductivity of P3HT/MoCl5 can reach exceptional values of 3.01 S/cm which is up 

to 5 orders of magnitude higher than that of the native P3HT, while maintaining its stability 

for at least 30 days at ambient conditions. 
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4.2 Experimental Section 
	  

4.2.1 Preparation the Poly (3-hexyl) thiophene (P3HT) Thin Film  

            1,2-Dichlorobenzene (DCB) was purchased from Aldrich and used as received. 

Poly(3-hexylthiophene-2,5-diyl) (P3HT, Mw = 50 000 g mol-1, 95% regioregularity) was 

purchased from Reike Metals, Inc. U.S.A and used as-received. As substrates, the electrically 

insulating glass slides were used, which were cleaned thoroughly by sonication in acetone, 

methanol and isopropanol for 1 h prior to coating with P3HT. For pristine films, 37 mg P3HT 

was dissolved in 1 mL DCB. The thin films (≈ 35 µm) were prepared via drop casting the 

solution on glass substrates (1.3 cm×1.3 cm) at ambient conditions. All samples were soft-

baked at 70 °C overnight to remove excess solvent.  

4.2.2 Vapor Phase Infiltration Process of P3HT Thin Film 

            Vapor-phase infiltration was performed using a homemade atomic layer deposition 

tool. Pristine P3HT films coated on glass substrates were exposed to vapors of MoCl5 in a 

pulse-exposure-purge sequence with various numbers of repetition cycles. One cycle of the 

process consisted of following settings: the precursor (MoCl5, 95%, Aldrich) was pulsed into 

the reaction chamber for 5 s and thereafter exposure of the substrates to the vapors in the 

reaction chamber was allowed for 120 s. The exposure was followed by a 60 s purge step. 

The cycle was repeated with the number of cycles varying between 10 and 300. As carrier 

and purging gas N2 (99.99%) was used. The chamber temperature was kept constant at 70 °C 

during the infiltration process with the base pressure of the reactor having been maintained at 

50 mTorr. Since at room temperature MoCl5 is solid, heating of the precursor to 85 °C was 

required to obtain a reasonable vapor pressure. 

4.2.3 Characterization  

            Absorption spectra of the samples were recorded between 360-890 nm using a UV-

Vis spectrophotometer (V-630 BIO, JASCO). 

            Raman spectra with a 532 nm (100 × objective) exciting wavelength were collected 

with a Raman microscope (Alpha 300S, WITec). The laser power was kept at 0.02 mW and 

the acquisition time was limited to 10-20 s for each measurement to avoid sample degradation. 

The Raman spectra were background corrected and obtained by averaging spectra obtained 

from five different regions of each sample. 
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            XPS experiments were conducted using a PHOIBOS photoelectron spectrometer 

equipped with an Al Kα X-ray source (12 mA, 8.33 kV) as the incident photon radiation, and 

the spectra were standardized using the C1s peak at 284.6 eV. 

            X-ray diffraction (XRD) analysis was carried with a powder diffractometer (X´pert 

with 45 kV, 40 mA; PANalytical) with Ni-filtered Cu Kα radiation. 

            Infrared spectra of the samples were recorded between 760 and 1610 cm-1 with a FTIR 

Spectrometer (Frontier; PerkinElmer). 

            The morphology of the samples was characterized by scanning electron microscopy 

(SEM, Quanta 250 FEG; FEI) and the chemical composition was analyzed with energy-

dispersive X-ray spectroscopy (EDS). Thickness measurements were carried out on a cleaved 

cross-section of the sample by FEG-SEM. 

            AFM analysis was performed on P3HT-coated glass slides, employing a 5500 AFM 

(Keysight, Santa Clara). The AFM probe was a HQ-NSC 14/Al BS tip with an approximate 

tip radius of 8 nm. The spring constant of the cantilevers was 5 N/m and a resonance 

frequency of 160 KHz was used in tapping mode; data processing was done using the 

software Gwyddion. 

            TEM images were recorded and EDS analysis were carried out with an FEI Titan 

microscope using an acceleration voltage of 300 kV in scanning transimission electron 

microscopy mode and an EDAX SDD detector. The focused ion beam (FIB) used for 

lamellae preparation was a dual beam Helios Nanolab 450S from FEI. The FIB lamellae were 

prepared from a glass wafer with the P3HT thin film deposited on it and after the entire wafer 

had undergone MoCl5 vapor phase infiltration treatment.  The block was extracted by 

standard methods using a Pt electron beam deposition to initially protect the sample surface 

before any ion beam deposition was carried out. The block was thinned to transparency on a 

copper "Omniprobe" grid using a 5 kV gallium ion beam at 8 pA for final surface preparation. 

            The conductivities of the thin films were measured applying a four-point probe 

technique with a source measurement unit (Keithley 2611). For each VPI experiment four or 

five individual samples were tested for each VPI process cycle number. The resulting 

conductivity, σ, was calculated according to the formula, 

）（ VI d/2ln πσ =  

where I is the current, V is the voltage and d is the whole polymer film thickness. 
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4.3 Results and Discussion  

4.3.1 Assessment of the electrical conductivity 

	  
            The functionalization of P3HT thin films with MoCl5 through the vapor phase 

infiltration process resulted in the introduction of mobile carriers into the conjugated polymer, 

and therefore in an enhanced conductivity. In contrast to a typical ALD process or previously 

described ALD-based infiltration strategies, where a substrate is sequentially exposed to 

vapors of two precursors, here we expose the substrate to the vapor of only one precursor and 

allow sufficient time for the precursor to diffuse into subsurface areas of the substrate. After 

infiltration, we measured the electrical characteristics of the samples. Figure 4.2 (a) shows the 

room temperature I-V plots of the various fabricated P3HT samples in comparison to the 

untreated polymer. The thicknesses of all samples were comparable (≈ 35 µm). The plots of 

P3HT/MoCl5 are linear, confirming ohmic behavior over the whole measurement range. 

Untreated P3HT thin films act as reference with conductivity values of 1.44×10-5 S/cm. The 

increase in conductivity confirms the possibility of using the vaporized Lewis acid MoCl5 for 

doping P3HT. The values for the electrical conductivities of the samples were extracted from 

the slopes of the I-V plots. An important observation resulting from the measurements is that 

the conductivity of the doped P3HT films stands in non-linear correlation with the number of 

infiltration cycles as can be seen in Figure 4.2 (b). The peak value of the conductivity with 

3.01 S/cm is reached after 100 infiltration cycles, while lower and higher number of cycles 

result in lower conductivities.  

            At low MoCl5 doping levels, the carrier concentration will increase linearly with the 

doping concentration while their mobility will decrease unproportionally, hence the 

conductivity will increase with doping. However, upon heavy doping, a significant fraction of 

the dopant remains inactive. Once the concentration of dopants exceeds the solubility limit in 

the polymer, the dopants will cluster resulting in the carrier concentration stagnating. These 

dopants will further cause enhanced scattering of the electrons and contribute to a decrease in 

their mobility. 
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Figure	  4.2	  (a)	  I–V	  plots	  of	  undoped	  P3HT	  (black)	  and	  MoCl5-‐doped	  P3HT	  after	  50	  (red),	  100	  (blue),	  and	  

300	  (cyan)	  processing	  cycles;	  (b)	  comparison	  of	  the	  conductivities	  of	  undoped	  P3HT	  blank	  and	  P3HT	  

doped	  with	  MoCl5	  after	  various	  cycles	  numbers	  (30,	  50,	  100,	  200,	  and	  300	  cycles)	  processed	  at	  70	  °C. 

	  

4.3.2 UV-Vis spectroscopy 

	  
            Successful p-doping of the conjugated polymer P3HT by the Lewis acid MoCl5 

through applying the VPI process was further confirmed by various spectroscopies. Optical 

(absorption and emission) as well as Raman and Fourier Transform Infrared (FTIR) spectra 

were taken from the infiltrated samples to confirm and identify chemical changes in the 

polymer.  

            The UV-Vis spectra of P3HT and P3HT/MoCl5 after application of various VPI cycle 

numbers are shown in Figure 4.3 (a). Pristine P3HT strongly absorbs in the region between 

500 and 650 nm, with three distinct maxima at 518, 552, and 605 nm. These three bands are 

typically attributed to the ordered lamellar phase of P3HT and correlate to electronic π-π* 

transitions179,180.  The band at 552 nm is attributed to the absorption of extended conjugated 

systems and the band at 605 nm is attributed to interchain interactions. The UV-Vis 

absorption spectra acquired from P3HT/MoCl5 (10 cycles) largely correspond to those of 

pristine P3HT, albeit with a lower intensity. Interestingly, with an increasing number of VPI 

cycles, and thus doping concentration, a bleaching of the main π-π* absorption band of P3HT 

centered at ≈ 530 nm was observed. At the same time a new absorption maximum at 478 nm 

developed, accompanied by a gradual increase in the sub-gap absorption in the infrared region 

around 826 nm (Figure 4.3 (a))179,180.  The reduction of the main π-π* absorption band 

suggests that the presence of MoCl5 in elevated concentration (100 VPI cycles) weakens the  
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Figure	  4.3	  (a)	  UV-‐Visible	  absorption	  spectra	  showing	  the	  350-‐890	  nm	  region	  of	  untreated	  P3HT	  (black)	  

and	  MoCl5-‐infiltrated	  P3HT	  after	  10	  (red),	  30	  (blue),	  50	  (cyan),	  and	  100	  (magenta)	  infiltration	  cycles	  at	  

70	  °C;	   (b)	  absorption	  spectra	  of	  untreated	  P3HT	  (black),	  MoCl5-‐infiltrated	  P3HT	  after	  100	   infiltration	  

cycles	  as	  prepared	  (red),	  and	  after	  30	  days	  storage	  at	  ambient	  conditions	  (blue).	  

	  

interchain interactions, resulting from a disordering effect of MoCl5 on the crystalline phase 

of P3HT. These observations point towards the presence of a ground-state charge transfer 

from P3HT to MoCl5, triggered by an effective transfer of electrons from the polymer (viz. 

oxidation) to the electron-poor MoCl5. This eventually results in the formation of positive 

polarons. It is worth noting that the P3HT/MoCl5 samples are temporally very stable. This 

becomes obvious if the stability of our infiltrated samples is compared to that of reported 

P3HT/FTS (FTS: fluoroalkyl trichlorosilane). In the latter case, upon exposure to air, the 

absorption spectra, the original color, and the initial high electrical resistivitiy recover within 

4-5 days in the dark or within hours under illumination181, while in the present case the 

absorption spectra of MoCl5-doped P3HT (Figure 4.3 (b)), the perceived color, and the 

measured conductivities only marginally changed upon exposure of the samples to air in 

ambient conditions for 30 days. 

 

4.3.3 Raman spectroscopy 

	  

             Figure 4.4 shows a typical Raman spectrum of a P3HT thin film excited with a laser 

operating at 532 nm. Various Raman modes can be observed in the region 700-1545 cm-1: the 

main in-plane ring skeleton modes at 1452 cm-1 (symmetric C=C stretching) and at 1384 cm-1 

(C-C intra-ring stretching), the inter-ring C-C stretching mode at 1212 cm-1, the C-H bending 

mode with C-C inter-ring stretching mode at 1185 cm-1, and the C-S-C deformation mode at 

731 cm-1 182. Among the observed Raman modes, we will focus on the two main in-plane ring 

skeleton modes at 1452 and 1384 cm-1, and the C-S-C deformation mode at 731 cm-1, as those  
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Figure	  4.4	  Raman	  spectra	  of	  untreated	  P3HT,	  and	  MoCl5-‐infiltrated	  P3HT	  after	  100	  VPI	  cycles	  at	  70	  °C	  

showing	  (a)	  the	  700-‐1545	  cm-‐1	  region,	  and	  (b)	  the	  1330-‐1575	  cm-‐1	  region.	  

	  

are expected to be sensitive to electron delocalization and thus the extension of the 

conjugation in P3HT.	  

	  
            From the spectra in Figure 4.4 and the respective data in Table 1, one can observe that 

the Raman peak of the P3HT C=C mode shifts from 1452 cm-1 to 1457 cm-1 after infiltration. 

This C=C peak position and its width are indicative of the degree of molecular order in 

P3HT182. The position shift of ca. 5 cm-1 together with the increasing full width at half 

maximum (fwhm) from 30 cm-1 to 47 cm-1 after infiltration indicate a disturbance of the order 

in the P3HT upon infiltration. Further significant changes can be observed in the peak 

position and fwhm of the C-C mode. The peak shifts by 4 cm-1 with the fwhm rising from 11 

cm-1 to 22 cm-1. Similar to the case of the C=C mode described above, this change in the C-C 

mode also indicates a disturbance of the molecular order in P3HT after the MoCl5 VPI 

process. In addition, we also note significant changes in the peak position and fwhm of the C-

S-C mode, namely a slight shift from 731 cm-1 to 728 cm-1 with the fwhm rising from 9 cm-1 

to 26 cm-1. This is an obvious sign for ring deformations in the P3HT molecule, which most 

likely result from a strong interaction between Mo atoms and S atoms after the VPI process. 

Such an interaction is further confirmed by the S 2p XPS spectra shown in Figure 4.5.  
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Table	  1.	  Summary	  of	  the	  peak	  positions	  and	  the	  full	  width	  at	  half	  maxima	  (fwhm)	  of	  the	  C=C	  

stretching	  mode,	   the	  C-‐C	   stretching	  mode	  and	   the	  C-‐S-‐C	  deformation	  mode	   for	   untreated	  

P3HT	  and	  MoCl5-‐infiltrated	  P3HT	  after	  100	  VPI	  cycles.	  	  	  

 

Sample Peak Position and (fwhm) of 
C=C Mode (cm-1) 

Peak Position and (fwhm) 
of C-C Mode (cm-1) 

Peak Position and (fwhm) 
of C-S-C Deformation  

Mode (cm-1) 

Untreated P3HT   1452 (30) 1384 (11) 731 (9) 

P3HT/MoCl5 (100cycles) 1457 (47) 1380 (22) 728 (26) 

	  
 

 

Figure	  4.5.	  S	  2p	  XPS	  spectra	  of	  pristine	  P3HT	  (a),	  and	  P3HT/MoCl5	  (5	  cycles	  VPI,	  70	  °C)	  (b).	  

	  
            The peak located at 164.56 eV corresponds to the S 2p signal of pristine P3HT (Figure 

4.5 (a)). After applying 5 cycles of the MoCl5 infiltration process, the intensity of the S 2p 

peak of the pristine P3HT decreased, and a new peak at a binding energy of 163.39 eV 

developed, which indicates that S is interacting with Mo and an electronic exchange between 

P3HT and MoCl5
 occurs (Figure 4.5 (b)). Considering the above-mentioned, we conclude that 

the MoCl5 VPI process has significantly decreased the degree of order of P3HT molecules in 

the resulting P3HT/MoCl5 thin film. Furthermore, the changes in the peak position and fwhm 

of both the C-C mode and the C-S-C mode strongly suggest the formation of positive 

polarons in the polymer matrix. 

4.3.4 Infrared spectra 

	  

            More details about the chemical changes occurring in the polymer after infiltration can 

be extracted from the infrared spectra of P3HT before and after infiltration, which are shown 

in Figure 4.6. The black spectrum is taken from the untreated P3HT and is used as reference  
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Figure	  4.6	  FT-‐IR	  spectra	  (region	  between	  760	  and	  1610	  cm-‐1)	  of	  untreated	  P3HT	  (black),	  and	  MoCl5-‐

infiltrated	  P3HT	  applying	  10	  (red)	  and	  30	  (blue)	  infiltration	  cycles	  at	  70	  °C.	  	  

 

for identifying chemical changes. The red and blue spectra were measured from P3HT/MoCl5 

samples after processing with 10 and 30 infiltration cycles, respectively. The latter spectra 

indicate that the main carriers that were generated were positive polarons, which can be 

derived from the observation of the polaron bands at 1391, 1282, 1143, 1078, 979, and 868 

cm-1, respectively, after the 30 cycles MoCl5 VPI process183.  Especially the bands observed at 

1391 and 1392 cm-1, evolve newly after the MoCl5 VPI process. Furthermore, the shifts of 

modes that were observed upon applying different VPI cycle numbers in Figure 4.6 are 

changes in modes that originate from effective conjugation within the molecules. 

	  

 4.3.5 X-ray diffraction 

	  

            In order to investigate the internal structure of the P3HT thin film, X-ray diffraction 

(XRD) was applied. Figure 4.7 shows XRD patterns of untreated P3HT and P3HT/MoCl5 

after various infiltration cycle numbers (30, 50 and 100). The untreated P3HT shows a (100) 

reflection peak, which is due to the lamellar layered structure168. The further (100), (200), and 

(300) diffraction peaks indicate crystallinity with edge-on chain orientation162. The out-of-

plane reflection peak (010) results from π-π interchain stacking184. With an increasing number 

of MoCl5 VPI cycles, the (n00) diffraction peaks shifted towards lower angles, which 

confirms structural perturbations in the alkyl stacking direction185, a sign that the lamellar  
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Figure	   4.7	   X-‐ray	   diffraction	   spectra	   of	   untreated	   P3HT	   (black),	   and	  MoCl5-‐infiltrated	   P3HT	   after	   30	  

(green),	  50	  (blue),	  and	  100	  (red)	  infiltration	  cycles.	  

	  
spacing increases. The (010) diffraction peak shifted to larger angles, which can be explained 

with the π-stacking spacing decreasing, thereby indicating less ordering in the doped film 

after the MoCl5 VPI process. A significant increase in peak width in the (n00) signals further 

confirms that the infiltrated MoCl5 significantly increases the disorder in the alkyl stacking 

direction. The MoCl5 VPI process significantly affects the order and d-spacing in the alkyl 

stacking direction, which will influence the electrical properties of P3HT thin film186. This is 

confirmed by the present study. 

	  

4.3.6 SEM, AFM and TEM 

	  

            Scanning electron microscopy (SEM, Figure 4.8) and atomic force microscopy (AFM, 

Figure 4.9) were applied to evaluate the morphology of the samples before and after the VPI 

process. These images show that after infiltration with MoCl5, the P3HT surface becomes 

decorated with nanoscale islands. Based on the AFM images, the surface roughness increases 

from 18.4 nm to 22.1 nm. A possible reason for that may be the aforementioned intercalation 

of MoCl5 into the polymeric matrix, which results in swelling of the polymer. Consequently, 

release of the stress may occur on a local level by expulsion of polymeric material to the 

surface. With an elevated Mo-precursor concentration at the surface of the polymer and strong 

electrostatic interactions between the negatively charged MoCl5
- and the positively charged, 

P3HT+, we can expect some local aggregation of the crystalline P3HT to nanoscale islands.  
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Figure	  4.8	  Scanning	  electron	  microscopy	   images	  of	  (a)	  untreated	  P3HT,	  (b)	  P3HT/MoCl5	  (100	  cycles,	  

70	  °C),	  and	  (c)	  a	  low	  magnification	  image	  of	  the	  cross-‐section	  of	  the	  P3HT	  thin	  film. 

 

These islands or roughnesses would expectedly have a negative surface dipole moment and 

thus repel each other, which may explain the high dispersion and uniform size distribution 

observed in the SEM and AFM images187.  In Figure 4.10, such elevated concentration of Mo 

at the surface of the polymer can be seen. The TEM-EDS images show a cross-sectioned area 

of untreated P3HT and MoCl5-infiltrated P3HT (100 cycles, 70 °C), prepared by a focused 

ion beam. Besides the higher concentration at the surface, a considerable amount of Mo is 

found in the bulk of the sample, which clearly shows that the vapor phase infiltration process 

results in the incorporation of Mo-precursor into the bulk of the polymer. Aggregations are 

found in the bulk of the samples, which indicate a similar type of crystallite formation in the 

bulk as observed on the surface of the polymer. Being spatially isolated, those aggregates, 

however, are not considered to be the main reason for the increase in conductivity, but rather 

the well dispersed Mo-precursor in the polymer matrix.  
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Figure	  4.9	  AFM	  images	  of	  (a)	  untreated	  P3HT,	  and	  (b)	  P3HT/MoCl5	  (100	  cycles,	  70	  °C).	  
 
 

	  

Figure	  4.10	  (a)	  TEM	  image	  of	  a	  cross-‐sectioned	  untreated	  P3HT	  thin	   film,	   (b)	  TEM	  image	  of	  a	  cross-‐

sectioned	   MoCl5-‐infiltrated	   P3HT	   thin	   film	   (100	   cycles,	   70	   °C),	   and	   (c)	   Mo	   elemental	   map	   of	   the	  

sample	  shown	  in	  (b).	  

 

4.4 Conclusions 
	  

            To summarize, we have demonstrated a novel and efficient way of doping P3HT by 

applying an ALD-derived single precursor low temperature vapor phase infiltration (VPI) 

process. As a result, a great increase of the electrical conductivity of P3HT was observed. 

Upon doping by infiltration of the Lewis acid MoCl5, the conductivity rose by up to 5 orders 

of magnitude, reaching 3.01 S/cm at its best. More importantly, the P3HT/MoCl5 thin films 

exhibited exceptional stability in ambient conditions, largely outperforming the stability of 

previously reported P3HT/FTS. Doping with MoCl5 from the vapor phase results in a local 

oxidation of the P3HT, owing to the Lewis basic character that P3HT shows in conjunction 

with MoCl5. The lone electron pairs at the sulfur atoms of the thiophene rings in P3HT can 
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donate negative charge to the MoCl5 with themselves becoming rather positively charged. 

The results are not only significant for the novel process to dope P3HT and obtain better 

stability of the doped polymer at ambient conditions, but also for the possibility to perform 

top-down doping of already pre-manufactured P3HT, which allows for better shaping of the 

material and therefore more efficient device fabrication. Furthermore, ALD processes can be 

adapted to the industrial level, opening the doors for the infiltration processes to be adapted 

and incorporated into roll-to-roll production lines for organic electronic devices. The results 

encourage future work, particularly the adaptation of similar infiltration processes to more 

challenging conductive polymers, other p-type molecular crystals, including rubrene and 

tereacene, or further n-type molecular crystals. 
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Chapter 5 

Conductive Polymer-Inorganic Hybrid Materials 

through Synergistic Mutual Doping of the 

Constituents 
	  
            Polymer matrix based inorganic-organic hybrid materials are at the cutting edge of 

current research for their great promise of merging properties of soft and hard solids in one 

material. Infiltration of polymers with vapors of reactive metal organics is a pathway for post-

synthetic blending of the polymer with inorganic materials. This chapter shows that the MPI 

process is also an excellent method for fabricating conductive hybrid materials. Polyaniline 

(PANI) was infiltrated with the precursor pair diethylzinc (DEZ) and H2O and the initially 

insulating polymer was converted to a PANI/ZnO hybrid with conductivities as high as 18.42 

S/cm. The conductivity is based on a synergistic effect of the constituting materials where the 

inorganic and the polymeric fractions mutually act as dopants for the counterpart. The process 

temperature is a very important factor for a successful infiltration and the number of applied 

infiltration cycles allows tuning the level of conductivity of the resulting PANI/ZnO. 

            This chapter describes the part of the thesis that was published in the journal ACS 

Applied Materials & Interfaces from the American Chemical Society (ACS). Graphs, figures 

and part of the text of the publication are reused in this thesis with permission of the 

publisher. 

Article: 

Conductive Polymer-inorganic Hybrid Materials through Synergistic Mutual Doping of the 

Constituents. Weike Wang, Chaoqiu Chen, Christopher Tollan, Fan Yang, Mikel Beltrán, 

Yong Qin, and Mato Knez, ACS Applied Materials & Interfaces, 2017, 9, 27964-27971. 

        
 

 
 

Schematic	  indicating	  the	  different	  resulting	  types	  of	  composites	  once	  a	  polymer	  is	  processed	  by	  

atomic	  layer	  deposition	  (ALD)	  or	  multiple	  pulsed	  vapor	  phase	  infiltration	  (MPI).	  
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5.1 Introduction  

 

            Because in the late 1970s copper-like electrical conductivities were reported in 

polyacetylene films3, considerable efforts have been devoted on ways to improve the 

conductivities of various polymers and their incorporation into practical applications, such as 

light emitting diodes, solar cells, thin-film transistors, batteries, and supercapacitors128-132. 

Among the meanwhile great variety of available conducting polymers, polyaniline (PANI) 

belongs to the most prominent and best investigated intrinsically conducting polymers and 

enjoys great attention in research since many decades. Based on very promising scientific 

results, a variety of applications for PANI have already been proposed including, drug 

delivery, sensor applications, actuators, antistatic coatings, corrosion protection, rechargeable 

batteries, microwave absorbers, electro-optic and electrochromic devices, etc.25,133. The 

interest in this material is resulting from its facile polymerization, great environmental 

stability, simple acid/base doping/dedoping processes and its rich redox chemistry17. PANI is 

an organic semiconductor by virtue of its highly conjugated π-delocalized molecular 

backbone. The molecular construction resembles a dynamic block copolymer consisting of 

oxidized quinoid rings and reduced benzenoid rings. The emeraldine base, which is used for 

the work presented in this manuscript, can be doped to obtain the conductive form of the 

polymer. A variety of strategies to dope PANI have been developed and include treatments 

with inorganic protonic acids134,135, organic acids189, alkali metal salts138,139, Lewis acids140,141, 

and transition metal salts142. Besides, some inorganic oxides such as SnO2 
190, Al2O3, TiO2 

191, 

ZnO191-193, Mn3O4 
194 have also been successfully used as dopants.  

            If applied to polymers in a more general scope an incorporation of inorganic materials 

often enhances the mechanical, optical, or electronic properties of the resulting composite or 

hybrid material111-114. However, most incorporation processes are commonly carried out in 

solution, which not only has negative influence on the polymer morphology, structure and 

purity, but also makes in situ testing of the physical and/or chemical properties inconvenient. 

The influence of solvents on the incorporation or doping process may potentially be avoided, 

but this requires a complete revision of the involved procedures. A promising way to realize 

this goal lies in gas phase processing, which may allow for a top-down synthesis of 

conducting polymer-inorganic hybrid materials. A very recently developed technique for 

infiltration of soft materials with inorganics relies on a modified version of atomic layer 

deposition (ALD) that takes advantage of the mobility of a vaporized precursor to diffuse into 

and react with synthetic and/or natural polymers88.  The use of highly reactive metal organic 

molecules as precursors and the absence of solvents open the doors for chemical reactions in 
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the subsurface area of the substrate with functional groups that a solvent would otherwise 

shield. In this way, a new hybrid material will be formed which exhibits physical properties 

different to the materials obtained with currently known routes. Our group has explored the 

infiltration of a number of biopolymers, including spider silk98, egg collagen107, and 

cellulose109. Our focus until now was on the improvement of mechanical properties, which 

was proven to be impressive. Given that the substrate is chemically modified, not only 

mechanical properties, but also electronic properties of the substrate may be altered. Here, we 

demonstrate that the multiple pulsed infiltration (MPI) process applying the two typical ALD 

precursors diethylzinc (DEZ) and water (H2O) is very well suitable for enhancing the 

conductivity of PANI and in this way serves as superior doping strategy for this material 

(Figure 5.1). The components of the resulting hybrid material will mutually dope each other 

with the resulting conductivites greatly outperforming those of conventionally doped PANI. 

This method also offers further advantages such as posterior modification of polymers already 

integrated into designed assemblies, avoiding a purification step, circumventing difficulties in 

forming the polymer after doping, etc., which makes it a very interesting alternative to 

established strategies even for industrial applications. 

 

 

 
 

Figure	   5.1	   Schematic	   indicating	   the	   different	   resulting	   types	   of	   composites	   once	   a	   polymer	   is	  

processed	   by	   atomic	   layer	   deposition	   (ALD)	   or	  multiple	   pulsed	   vapor	   phase	   infiltration	   (MPI).	  With	  

MPI	  the	  substrate	   is	  exposed	  to	  vapors	  of	  DEZ	  and	  H2O	   in	  a	  sequential	  manner.	  Extended	  exposure	  

times	  enable	  the	  precursors	  to	  diffuse	  into	  the	  polymer	  and	  react	  with	  the	  molecular	  backbone	  in	  the	  

subsurface	  area	  forming	  a	  polymer-‐inorganic	  hybrid	  with	  a	  concentration	  gradient	  depending	  on	  the	  

duration	  of	  exposure.	  
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5.2 Experimental Section 
 

5.2.1 Preparation the the Polyaniline (PANI) nanofibers Thin Film 

 
            The synthesis of PANI nanofibers was carried out by rapid mixing polymerization as 

reported in the literature135. All chemicals were of analytical grade and used as received. 

Typically, aniline (3.2   mmol, 0.291 ml) and ammonium peroxydisulfate (0.8 mmol, 0.183 g) 

were dissolved in 10 ml of 1M HCl each. The two solutions were rapidly mixed at room 

temperature (20 °C) and immediately shaken to ensure sufficient mixing. After 12 h, the 

polymerization was concluded and the resulting 1M HCl doped polyaniline was collected by 

filtration and repeatedly washed with 1M HCl until the filtrate became colorless. Thereafter, 

the polymer was dried in vacuum at 50 °C. Dedoped polyaniline was obtained by treating 

PANI/1M HCl with aqueous ammonium hydroxide (5%) for 1h and subsequent washing with 

deionized (DI) water until the filtrate became neutral. The dedoped PANI was dried in 

vacuum at 60 °C. PANI films were prepared by drop-casting its aqueous dispersion (200 µl) 

onto glass slides (1.3×1.3 cm2). The glass substrates were precleaned with acetone, deionized 

water (DI), and isopropanol in that sequence. The resulting samples were dried in an oven at 

60 °C for 12 h. 

 
5.2.2 Vapor Phase Infiltration Process of PANI Thin Film by ZnO Multiple 

Pulsed Infiltration (MPI) 

 
            Vapor-phase infiltration was done in an ALD reactor (Savannah S100, Cambridge 

Nanotech Inc). Dedoped PANI films on glass slides were placed into the ALD chamber and 

dried at 155 °C in a vacuum environment (20 mTorr) with a steady N2 gas stream (50 sccm) 

for 2 h. Diethyl zinc (DEZ, Strem Chemicals, 99.99%) and purified H2O were used as sources 

for Zn and oxygen, respectively. Each cycle was composed of a pulse, exposure, and purge 

sequence for each precursor. One cycle of the process was as follows: the precursor DEZ was 

pulsed into the reaction chamber for 0.08 s and held in the reaction chamber for 120 s, 

followed by a 60 s purge step to remove excess DEZ. In the same manner, the pulse (0.018 

s)/exposure (120 s)/purge (60 s) sequence of water was applied. This DEZ/water cycle was 

repeated as many times as indicated in the sample assignment. As-delivered and purged gas 

N2 was used. The reaction temperature was 155 °C, and the base pressure of the reactor was 

50 mTorr. 
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5.2.3 Characterization 
 
            Fourier-transform infrared (FTIR) spectra of the samples were recorded between 750 

and 1680 cm-1 with an FT-IR spectrometer (Frontier; PerkinElmer).  

            Morphology examination of the samples was done with a scanning electron 

microscope (SEM, Quanta 250 FEG; FEI) at 10kV.	  Thickness measurements were carried out 

on a cleaved cross-section of the sample by FEG-SEM.   

            Raman spectroscopy at 532 cm-1 excitation wavelength was performed with a Raman 

microscope (Alpha 300S, WITec). The laser power was kept below 0.7 mW to avoid sample 

degradation.  

            Absorption spectra of the samples were recorded between 375-960 nm using a UV-

Vis spectrophotometer (V-630 BIO, JASCO). 

            X-ray diffraction (XRD) analysis was carried with a powder diffractometer (X´pert, 

with 45 kV, 40 mA; PANalytical) with Ni-filtered Cu Kα radiation.  

            XPS experiments were conducted using a PHOIBOS photoelectron spectrometer 

equipped with an Al Kα X-ray source (12 mA, 8.33 kV) as the incident photon radiation, and 

the spectra were standardized using the C1s peak at 284.6 eV. 

            TEM images were recorded and EDS analysis was carried out with an FEI Titan 

microscope using 300 kV in scanning transmission electron microscopy mode and an EDAX 

SDD detector. The focused ion beam (FIB) used for lamellae preparation was a dual beam 

Helios Nanolab 450S from FEI. FIB lamellae were prepared from a Si wafer with the PANI 

fibers deposited on it and after the entire wafer had undergone the ZnO MPI treatment.  The 

block was extracted by standard methods using a Pt electron beam deposition to initially 

protect the sample surface before any ion beam deposition was carried out.  The block was 

thinned to transparency on a copper "Omniprobe" grid using a 5 kV gallium ion beam at 8 pA 

for final surface preparation. 

            The conductivities of the thin films were measured applying a four-point probe 

technique with a source measurement unit (Keithley 2611). For each experiment four or five 

individual samples were tested for each MPI process cycle number. The resulting 

conductivity, σ, was calculated according to the formula, 

 

where I is the current, V is the voltage, and d is the polymer film thickness. 

	  
	  
	  
	  

）（ VI d/2ln πσ =
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5.3 Results and Discussion 

5.3.1 Assessment of the electrical conductivity 

	  
            After successful fabrication of dedoped PANI films supported on glass slides, the 

samples were infiltrated with ZnO. In order to be able to identify the influence of infiltration 

on the conductivity, a variety of processes have been applied and the results compared to 

undoped and HCl doped PANI. While for a routine coating of a substrate by ALD a rather 

short interaction of the vaporized precursor with the substrate surface is sufficient in order to 

chemically bind the molecule, the infiltration strategy relies on the extension of the exposure 

time and diffusion of the chemicals into subsurface areas. Therefore, we infiltrated samples 

applying short and long exposure times as well as samples coated with ZnO without 

infiltration. For this purpose, an initial layer of Al2O3 was deposited, which should act as an 

infiltration barrier for the DEZ. In addition, we surveyed samples with various numbers of 

infiltration cycles.  

            In Figure 5.2 (a) and (b) the room temperature I-V characteristics of the various PANI 

samples with similar thicknesses (7 ~ 10 µm) are displayed, showing linear, ohmic behavior. 

The electrical conductivity of the samples was calculated from the slopes of the I-V plots. 

Figure 5.2 (c) and Table 1 give an overview over the conductivities of the various 

investigated samples. 
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Figure	  5.2	  (a)	  I-‐V	  plots	  of	  PANI	  doped	  with	  1M	  HCl	  (reference)	  and	  PANI	  doped	  with	  ZnO	  with	  variable	  

numbers	  of	  infiltration	  cycles	  as	  indicated	  in	  the	  legend.	  The	  infiltration	  time	  for	  all	  the	  samples	  was	  

120	  s	  per	  cycle.	  (b)	  I-‐V	  plots	  of	  PANI	  with	  a	  coating	  stack	  of	  Al2O3	  (infiltration	  barrier)/ZnO,	  and	  PANI	  

doped	  with	   ZnO	   applying	   short	   (8	   s)	   and	   long	   (120	   s)	   exposure	   times.	   The	   number	   of	   cycles	   in	   all	  

samples	  was	  fixed	  to	  200.	  (c)	  Comparison	  of	  conductivities	  of	  PANI	  after	  doping	  with	  HCl,	  coating	  with	  

ZnO	  and	  infiltration	  with	  ZnO	  with	  varying	  exposure	  times	  and	  cycle	  numbers.	  
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  Table	  1.	  Conductivities	  of	  the	  various	  fabricated	  samples	  (S/cm)	  
 

Sample Exposure time (s) Cycle number Conductivity (S/cm) 
PANI - - ≤1×10-10 

PANI/1M HCl - - 8.23×10-2 ± 1.82×10-2 
PANI/ZnO 8 200 2.7×10-2 ± 2.93×10-3 

PANI/Al2O3/ZnO 120 200 2.6×10-4 ± 3.0×10-5 
PANI/ZnO 120 200 6.58 ± 1.1 
PANI/ZnO 120 500 15.05 ± 2.19 
PANI/ZnO 120 600 18.42 ± 1.92 
PANI/ZnO 120 700 7.42 ± 0.81 
PANI/ZnO 120 900 1.64 ± 0.37 

	  

            Untreated PANI thin films showed, as expected, no noteworthy conductivity. Also 

expected was the rise in conductivity observed after doping the samples with HCl from less 

than 10-10 S/cm to 8.23x10-2 S/cm. PANI that was coated with a double layer consisting of an 

Al2O3 infiltration barrier (thickness 1 ~ 2 nm) and a ZnO film onto showed a 2 orders of 

magnitude lower conductivity than observed from the HCl doped samples. The measured 

conductivity can be attributed to the ZnO shell on the surface of the substrate, since ALD 

deposited ZnO intrinsically shows conductivity195. An infiltration process with rather short 

exposure times of 8 s resulted in conductivities similar to those of the HCl doped polymer. 

Considering the values obtained from the earlier described two samples, this ZnO infiltration 

process allows doping PANI with a similar efficiency as with HCl. With such short exposure 

times a rather narrow subsurface area of the polymer will be affected by the precursor vapors, 

which might be optimized with longer exposure times. Indeed, the conductivity increased 

greatly with an optimized ZnO infiltration process applying 120 s of exposure time, 

outperforming the film doped with 1M HCl by more than 2 orders of magnitude. Further 

conductivity increase up to 18.42 S/cm was achieved by altering the number of infiltration 

cycles with the 600 cycles process showing the strongest effect. Note that the observed 

conductivities are significantly higher than those observed with PANI/ZnO nanocomposites 

(up to 6.8x10-3 S/cm) produced with competing approaches192,193. A further increase of the 

cycle numbers toward 700 and 900 lowered the conductivity, which might be due to 

mechanical cracking of the ZnO film as a result of internal stress that typically occurs with 

thicker coatings195. It is worth noting that the PANI/ZnO samples were temporally very 

stable. Upon exposure to laboratory air for 6 months, the conductivities of PANI/ZnO (600 

cycles) decreased by a factor of 3 - 4 only, that is from 18.42 S/cm to 5.67 S/cm (Figure 5.3). 
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Figure	   5.3	   I-‐V	   plots	   of	   original	   PANI/ZnO	   (600	   cycles)	   and	   PANI/ZnO	   (600	   cycles)	   after	   storage	   in	  

laboratory	  air	  for	  6	  months.	   
 

5.3.2 Electron Microscopy 

	  

            The observation that both precoating PANI with an infiltration barrier or variation of 

the exposure times greatly affect the conductivity values implies that a strongly expressed 

synergistic effect is present. From the morphological point of view, the polymer did not show 

obvious differences after infiltration. In Figure 5.4 the scanning electron microscopy (SEM) 

images of PANI nanofibers before and after infiltration with ZnO (200 cycles) are shown. 

The structure remains preserved with slight variations in the fiber diameters, which result 

from unavoidable surface-deposited ZnO in such two-precursor infiltration processes. 

Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) 

scans of cross sections of such fibers showed a significant presence of Zn in the bulk of the 

material. The Zn may in form of ZnO contribute to the conductivity by allowing an electron 

hopping mechanism in principle, but given the large differences between the coated and 

infiltrated samples, it is more likely that the Zn interacts with the functional groups of the 

polymer in some way beneficial for the electron conduction. Such a scenario is also favored 

by the high resolution transmission electron microscopy (HRTEM) and selected area electron 

diffraction (SAED) analysis shown in the Figure 5.5. The interplanar spacings, as measured 

from SAED patterns, were 0.17 nm, 0.19 nm and 0.21nm, corresponding to the (440), (431), 

and (332) planes of the c-zinc nitride structure196. Further identified interplanar spacings of 

0.15 nm and 0.21 nm correspond to the (103) and (101) planes of ZnO197,198. The HRTEM 

images show the formation of crystallites within the polymers, which form a network with 

gaps on the nanometer or subnanometer scale between the crystallites. Thus it can be assumed 
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that the -Zn-N- or -N-Zn-O- bonds is an influencing factor for the conductivity of the 

resulting hybrid material. 
  

 
 
Figure	  5.4	  (a)	  and	  (b)	  SEM	  images	  of	  PANI	  and	  PANI/ZnO	  (120	  s,	  200	  cycles).	  (c)	  TEM	  image	  of	  a	  cross-‐

sectioned	   Zn	   infiltrated	   PANI	   fiber	   (PANI/ZnO,	   120	   s,	   200	   cycles)，as	   prepared	   by	   the	   focused	   ion	  

beam	  technique.	  (d)	  Zn	  elemental	  mapping	  of	  the	  cross-‐sectioned	  region.	  (e)	  Zn	  elemental	  mapping	  

of	   the	  cross-‐sectioned	  region	  with	  Zn	   infiltration	  and	  ZnO	  coating	   label.	   (f)	  O	  elemental	  mapping	  of	  

the	  cross-‐sectioned	  region.	  
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Figure	   5.5	   (a)	   and	   (b)	   TEM	   images	   of	   a	   cross-‐sectioned	   PANI/ZnO	   fiber	   (120	   s,	   200	   cycles)	   with	  

different	   magnification.	   (c)	   SAED	   patterns	   and	   (d)	   HRTEM	   image	   of	   the	   region	  marked	   with	   a	   red	  

square	  in	  (b).	  
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5.3.3 Infrared Spectra  

	  

            The chemical functionalities in PANI, which allow binding with metal ions, are in the 

first instance the amine (-NH) and imine (-N=) groups. In typical infrared spectra, the bands 

at 1593 cm-1 (C=N stretching of quinoid units), 1300 cm-1 (N-H bending), 1220 cm-1 (C-N 

stretching of benzenoid units) and 829 cm-1 (out-of-plane C-H bending) are assigned to the 

emeraldine base structure. In our experiments, the infiltration process was performed with 

five cycles to minimize the amount of surface-deposited ZnO and in this way allow better 

observation of the chemical changes that occur in the polymer. Figure 5.6 shows that low 

temperature infiltrations (80 °C and 100 °C) did not result in obvious shifts of the 

aforementioned peaks. After increasing the temperature to 120 °C and 140 °C the bands at 

1593 cm-1 and 1220 cm-1 shifted towards slightly higher wavenumbers. Upon further increase 

of the process temperature to 155 °C and 180 °C, additionally the bands at 1300 cm-1 and 829 

cm-1 shifted to 1292 cm-1 and 818 cm-1. The band shifts at 1220 cm-1 and 1300 cm-1 can be 

attributed to the C-N+ stretching and indicate a true chemical modification of the PANI upon 

infiltration199. This stands in contrast to previously reported PANI/ZnO composites, where the 

bands at 1300 cm-1 and 829 cm-1 showed opposite (blue) shift, whereas the band at 1220 cm-1 

does not change192. The above results indicate a thermally activated chemical reaction of the 

polymer with the precursor vapors. At temperatures equal to or above 155 °C, the DEZ 

infiltrates the substrate and reacts with the amine and imine functional groups to form a new 

type of hybrid material. The effect of the infiltration on the chemical functionalities can be 

directly seen form the spectra in Figure 5.6 (b). With extended exposure times of 120 s (red 

graph), most significant peak shifts of the bands at 1593, 1300, 1220 and 829 cm-1 of the 

control sample (black) are observed. Specifically the shift of the peaks at 1300 cm-1 and 829 

cm-1 is a signature for a fractional conversion of quinoid rings to benzenoid rings, which 

indicates an increased degree of charge delocalization in the PANI backbone. Reducing the 

exposure time from 120 s to 8 s (blue), results in negligible shifts of the same bands. Those 

minor shifts may be attributed to a reaction of DEZ with amine and imine groups positioned 

at the outer surface of PANI. Obviously extension of the exposure times favors an effective 

infiltration process. Prevention of infiltration by predeposition of an Al2O3 film appears to be 

a valid route, because neither the Al2O3-coated process (cyan) nor the subsequently ZnO-

processed (magenta) show significant differences to the control simple.  
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Figure	  5.6	   (a)	  FT-‐IR	  absorption	  spectra	  of	  PANI	   infiltrated	  with	  ZnO	  applying	  120	  s	  exposure	  time	  of	  

PANI	   to	   DEZ	   and	   5	   infiltration	   cycles.	   PANI	   emeraldine	   base	   was	   used	   as	   reference	   (black)	   and	  

infiltration	  was	  performed	  at	  various	  temperatures	  from	  80	  °C	  (red),	  100	  °C	  (blue),	  120	  °C	  (cyan),	  140	  

°C	   (magenta),	  155	   °C	   (kaki)	   to	  180	  °C	   (dark-‐blue);	   (b)	  FT-‐IR	  absorption	  spectra	  of	  PANI	  processed	  at	  

155	  °C	  with	  various	  process	  settings:	  PANI	  control	  sample	  (black),	  ZnO-‐infiltrated	  with	  120	  s	  exposure	  

time	   and	   5	   processing	   cycles	   (red),	   ZnO-‐infiltrated	  with	   8	   s	   exposure	   time	   and	   5	   processing	   cycles	  

(blue),	  PANI	  pre-‐coated	  with	  Al2O3	  with	  exposure	   times	  of	  15	  s	  and	  10	  processing	  cycles	   (cyan)	  and	  

Al2O3-‐coated	  PANI	  infiltrated	  with	  ZnO	  with	  120	  s	  exposure	  time	  and	  5	  processing	  cycles	  (magenta).	  

 

5.3.4 Raman Spectra  

	  

            A similar picture can be drawn from further performed Raman spectroscopy 

investigations in Figure 5.7 (a), which showed the same trends as the FT-IR spectra. 

Additional information can be extracted from the newly appearing bands at 1354 cm-1 and 

1358 cm-1, which are associated with the C-N vibrational A1g mode. This mode was not 

observed in the control sample and indicates the formation of a bonding between Zn and N 

from PANI200,201. Another remarkable change is the vanishing of the 1492 cm-1 band along 

with the extension of the exposure time from 8 s to 120 s. This band is associated with the 

C=N stretching mode of the quinoid units and together with the shift of the C-C stretching 

band in the quinoid units at 1417 cm-1 it indicates significant chemical modification of the 

quinoid fraction of the molecules. A blue shift of the 1168 cm-1 band to 1183 cm-1 after 

infiltration indicates a conversion of the mentioned quinoid groups to benzenoid groups, as 

the 1168 cm-1 band is a signature of in-plane C-H bending of quinoid units, whereas the 1183 

cm-1 band is attributed to the same mode in benzenoid rings202. A similar chemistry occurs  
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Figure	  5.7	   (a)	  Raman	  spectra	  of	  PANI	   (black),	   ZnO-‐infiltrated	  PANI	  with	   short	  exposure	   times	   (blue)	  

and	  long	  exposure	  times	  (red)	  and	  process	  parameters	  as	  indicated	  in	  the	  figure;	  (b)	  Raman	  spectra	  of	  

PANI	  control	  and	  PANI/ZnO	  (120	  s,	  60	  s,	  200	  cycles,	  155	  °C)	  under	  high	  Raman	  laser	  power.	  

 
upon doping the insulating emeraldine base (EB) to the conductive emeraldine salt (ES). The 

Raman spectra further show the development of a small peak at 370 cm-1, which becomes 

strongly pronounced with extended exposure times (red arrows in Figure 5.7 (a)), and a shift 

of the ring deformation peak at 419 cm-1 to 422 cm-1, likely due to an embedded new 

contribution slightly above 419 cm-1. Both newly occurring peaks fall into the spectral range 

where Zn-N bonds are expected to be seen and also indicate the formation of Zn-N bonds203.  

In Figure 5.7 (b), with increasing the Raman laser power, we can detect the Raman spectra of 

ZnO at 568 cm-1 (A1 (LO) mode), 431 cm-1 (E2 mode) and 323 cm-1 (2E2(M))204,205. The 

Raman bands at 1360 cm-1 and 1581 cm-1 are assigned to D - (disordered) and G - (graphitic) 

bands associated with the carbon-related defect complex, respectively. These bands are 

characteristic for amorphous carbon materials206, which demonstrates the decomposition of 

the PANI structure under high Raman laser power. 

 

5.3.5 X-ray diffraction  

	  
            The infiltration of PANI with DEZ obviously induces a chemical reaction of the 

precursor and the imine and amine groups of the polymer. In this course quinoid groups are 

converted into benzenoid groups, which is similar to the result of doping the insulating 

emeraldine base to the conductive emeraldine salt. Indeed, the characterization of the 

infiltrated polymer by X-ray diffraction (XRD) shows a peak at 2θ=27.6° (red arrow in  
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Figure	  5.8	  (a)	  XRD	  spectra	  of	  PANI	  before	  and	  after	  infiltration	  with	  ZnO.	  (b)	  XRD	  patterns	  of	  different	  

samples,	  PANI	  control	  and	  PANI/ZnO	  (120	  s,	  60	  s,	  200	  cycles,	  155	  °C).	  	  

 
Figure 5.8 (a)), the origin of which is neither ZnO nor the emeraldine base of PANI. It can 

rather be assigned to the (111) reflection that is usually observed in acid doped PANI salts207. 

We chose a low number of cycles for identifying this peak, because a larger number of cycles 

result in more surface deposited ZnO and the resulting signal intensity increases thus losing 

the sensitivity for this particular signal. As shown in Figure 5.8 (b), after 200 cylces ZnO 

infiltration process, the characteristic peaks of PANI/ZnO appear at 31.76, 34.3, 36.21, 47.43, 

56.5, 62.81 and 67.85° which can be indexed to the hexagonal wurtzite structure of ZnO208. 

No further phases or impurities are visible. 

 

5.3.6 X-ray Photoelectron Spectra 

	  

 
 
Figure	  5.9	  (a)	  N	  1s	  XPS	  spectrum	  of	  PANI;	  (b)	  N	  1s	  XPS	  spectrum	  of	  PANI	  infiltrated	  with	  ZnO	  with	  120	  

s	  exposure	  time	  and	  5	  processing	  cycles.	  
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            To gain a better understanding of the complicated chemistry changes during the vapor 

phase infiltration process, X-ray photoelectron spectroscopy (XPS) was used, which is very 

surface sensitive. Thick ZnO shells would result in characterizing the coating instead of 

PANI, therefore we characterized PANI and ZnO-infiltrated PANI after 5 infiltration cycles 

only (120 s, five cycles), on a silicon wafer with focus on nitrogen and its bonding properties. 

PANI showed a nearly symmetric N 1s line centered around 399 eV (Figure 5.9 (a)). This N 

1s core spectrum level of the line can be deconvoluted into two peaks with equal intensity, 

one centered at 398.44 eV and the other at 399.71 eV. These can be assigned to the two 

chemically distinct nitrogen types in imine (=N-) and amine (-NH-) present in the emeraldine 

base (EB) form of PANI209. After five ZnO infiltration cycles, two noticeable changes are 

seen in Figure 5.9 (b). Namely, a new component appearing at 399.39 eV (moss green curve), 

which can be assigned to a coordination of the type Zn-N210, and the peak intensity of imine 

and amine type nitrogen significantly decreasing, indicating a consumption of a part of the 

imine and amine units. 

            The above characterization confirms that the PANI is indeed modified upon 

infiltration with ZnO. This chemical modification can be considered as a highly efficient 

alternative way of doping PANI. However, the mechanism of doping is to a great extent 

different to the common doping schemes. Traditionally, PANI is doped with Brønsted acids 

such as HCl or similar. Such acids protonate imine sites and create bipolarons that 

subsequently delocalize. In an alternative procedure, Lewis acids are applied that bind to the 

nitrogen and in this way fulfill the same task. In the present case DEZ, which is a Lewis acid, 

is used as one of the precursors, which implies a similar doping scheme to the common Lewis 

acid processes. However, upon treatment with DEZ only, that is, without the use of the 

counter precursor H2O, the conductivity of the infiltrated PANI did not rise. Similarly, the use 

of trimethylaluminum (TMA), which is an even stronger Lewis acid than DEZ and the most 

common precursor for ALD depositions of Al2O3, did not increase the conductivity of the 

PANI either. Thus, the water pulses play an important role for the conductivity increase. The 

process setup with long exposure times and alternating pulses of DEZ and water results in the 

subsurface growth of ZnO.  Composite materials of ZnO nanoparticles and acid doped PANI 

have been fabricated before, but their conductivities varied from 1.4x10-3 S/cm to 6.8x10-3 

S/cm192,193 and were significantly lower than the conductivities achieved with the infiltration 

strategy. Therefore, additional factors must play a role here. It is intrinsic to the ALD process 

that the precursor binds covalently to the polymer backbone, which indicates that such grown 

ZnO adds value to the conductivities of both components, the ZnO and the PANI, beyond a 

simple additive value. The analysis of the spectra shows that Zn is bound to the nitrogen in 

the polymer chain, whereas the need of applying water pulses at the same time points towards 

the necessity of the formation of ZnO. While ALD deposited ZnO may not be the source for 
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the significant increase of the conductivity upon infiltration, the formation of a ZnON type 

inorganic phase that is covalently linked to Lewis acid doped PANI is proposed to be the real 

origin. In other words, the resulting material can be seen from two perspectives, a Lewis-acid 

-doped PANI and an N-doped ZnO that form an interpenetrated hybrid network. Such a 

network provides additional conduction paths through the cross-linking bonds between the 

polymer chains and the ZnO, while at the same time both components mutually lower each 

other component´s band gap. In fact, doping of ZnO with nitrogen is reported to reduce the 

band gap of the material from 3.4 eV to values between 1 and 2 eV, depending on the doping 

level211. The dopant nitrogen in our system stems from the amine and imine groups of PANI, 

which upon binding to ZnO becomes oxidized and thus forms the doped units of the PANI 

backbone. This model is supported by the UV-vis absorption spectra shown in  Figure 5.10. 

After infiltration, a new shoulder appears at 403 nm, which with 3.08 eV is much lower than 

the band gap of ZnO. The band intensity at 453 nm, which correspons to the π - π* transitions 

in the benzenoid rings, increases, and the band at 625 nm, corresponding to the quinoid rings, 

almost disappears due to the conversion of quinoid rings into the benzenoid rings (polaron 

state). No obvious free-carrier tail was observed in the near-infrared region of the UV-vis 

spectra212. This indicates that PANI cannot be considered as a dominant charge promoter, but 

the hybrid system has to be considered as a whole. The N atoms donate electrons to the Zn 

atoms forming holes in the PANI main chain, which becomes a p-type semiconductor. ZnO is 

an n-type semiconductor, but the interfacial N-doped ZnO is known to be a p-type 

semiconductor, which results in a constellation similar to local p-n heterojunctions, which are 

dispersed over the whole system. Consequently, ZnO can drain the charge carriers from the 

PANI and no free-carrier tail is expected to occur. Therefore, a resulting reaction scheme, as 

depicted in Figure 5.11 can be proposed. 
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Figure	  5.10	  UV-‐Vis	  absorption	  spectra	  of	  PANI	  (black)	  and	  ZnO-‐infiltrated	  PANI	  applying	  5	  infiltration	  

cycles	  and	  120	  s	  exposure	  time	  at	  155	  °C.	  

	  

 

 
 
Figure	  5.11	  Macroscopic	  view	  on	  the	  hybrid	  material	  with	  covalently	   linked	  N-‐doped	  ZnO	  and	  Lewis	  

acid	  doped	  PANI.	  Idealized	  schematic	  view	  of	  the	  chemical	  binding	  of	  Zn	  to	  the	  PANI	  backbone	  upon	  

infiltration.	  The	  polymer	  chains	  become	  cross-‐linked	  with	  Zn-‐N	  bonds,	  while	  at	  the	  same	  time	  quinoid	  

groups	  become	  benzenoid	  groups.	  	  

 

5.4 Conclusion 
 

      Infiltration of polyaniline with ZnO from the vapor phase is an effective novel pathway 

for enhancing the conductivity of the resulting hybrid material. The increase in conductivity 
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that is observed after successful processing goes significantly beyond the additive 

contribution to the conductivity provided by the individual components. The reason for such 

improvement is considered to lie in a synergistic mutual doping of both the inorganic and the 

polymeric constituent of the hybrid material. Vapor phase infiltration enforces binding of Zn 

to the nitrogen present in the polymer backbone, which induces Lewis acid type of doping of 

PANI, whereas at the same time the ZnO becomes doped with nitrogen. The interpenetrated 

network further provides additional conduction pathways through cross-linking of the 

polymer chains with the inorganic material, additionally contributing to an enhanced 

conductivity. Although the process was demonstrated on one particular substrate-precursor 

system, the principle may be extended to further material couples as well. While a large 

variety of semiconducting polymers, all of which contain functional chemical groups of 

different types, is available, the vapor phase infiltration process can easily be applied for the 

development of a plethora of further material combinations. 
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Chapter 6 

Summary and Outlook  

 
 
             This thesis presents strategies for the ALD-derived vapor phase infiltration (VPI) and 

doping process of the conducting polymers polyaniline (PANI) and poly(3-hexyl)thiophene 

(P3HT). It can be divided into three parts: 1) single precursor (MoCl5 or SnCl4) vapor phase 

infiltration and doping of PANI; 2) single precursor (MoCl5) vapor phase infiltration and 

doping of P3HT; 3) multiple pulsed (diethylzinc (DEZ) and H2O) vapor phase infiltration and 

doping of PANI. 

             In the first part, a novel way of doping PANI by an ALD-derived single precursor 

VPI process was successfully demonstrated. This way not only allows to enhance the 

conductivity of PANI by up to 6 orders of magnitude, but also to control the conductivity 

through the choice and amount of the infiltrated precursor. More importantly, the conductivity 

of the PANI doped in our way was barely affected by the thermal treatment at 150 °C in 

vacuum, while the conductivity of the 1M HCl doped PANI was almost completely lost. This 

loss is due to a deprotonation of the doped PANI and resulting evaporation of HCl. Doping 

with MoCl5 or SnCl4 can result in an oxidation of the PANI and very likly in a complexation 

of the metal chlorides with the nitrogen in PANI. As a result, the electron mobility along the 

polymer chains was significantly enhanced and the structure was stabilized even at elevated 

temperatures. 

            In the second part, the ALD-derived single precursor VPI process was used to dope 

the conducting polymer P3HT. After the MoCl5 infiltration process, the conductivity of P3HT 

rose up to 5 orders of magnitude. The P3HT/MoCl5 thin film showed exceptional stability 

under ambient conditions, largely outperforming the stability of the reported doped 

P3HT/FTS. Doping with MoCl5 from the vapor phase results in a local oxidation of the 

P3HT. The lone electron pairs at the sulfur atoms of the thiophene rings in P3HT can donate 

negative charge to the MoCl5 with themselves becoming rather positively charged. The results 

are not only significant for the novel process to dope P3HT and obtain better stabilily, but 

also for the possibility of performing top-down doping of already pre-manufactured P3HT, 

which allows for better shaping of the material and therefore more efficient device 

fabrication. 
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            In the last part, the multiple pulsed (DEZ and H2O) vapor phase infiltration and 

doping of PANI was studied. The infiltration of PANI with ZnO from the vapor phase is an 

effective novel pathway for increasing the conductivity of the resulting hybrid material. The 

increase in conductivity was up to 3 orders of magnitude higher than upon conventional 

doping with 1 M HCl in wet chemical ways. The reason for the conductivity improvement is 

likely due to a synergistic mutual doping of both the inorganic and the organic polymeric 

constituent of the hybrid material. Vapor phase infiltration enforces binding of Zn to the 

nitrogen present in the polymer backbone, which induces Lewis acid type of doping of PANI, 

while at the same time the ZnO becomes doped with nitrogen. The interpenetrated network 

further provides additional conduction pathways through crosslinking of the polymer chains 

with inorganic material, which results in the increased conductivity. 

            In conclusion, for avoiding the negative influence of the wet chemical doping 

approaches, the research performed in this thesis successfully demonstrated a novel way of 

doping conducting polymers, by applying an ALD-derived vapor phase infiltration (VPI) and 

doping porcess. The VPI process not only allows efficient control in the doping level, but also 

allows solvent-free processing and even top-down doping of already manufactured and 

shaped conducting polymers. It can be foreseen that the results presented in this work will be 

further improved in future work, considering the vast amount of conductive polymers known 

and the equally vast amount of ALD processes that are developed and can be used for an 

infiltration process. The present work may therefore act as seminal work for future 

developments of conductive polymers. 
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