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2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ) is investigated as a 

molecular p-type dopant in two hole-transport materials, 2,2′,7,7′-Tetrakis(N,N-

diphenylamino)-9,9-spirobifluorene (Spiro-TAD) and Tris(4-carbazoyl-9-ylphenyl)amine 

(TCTA). We determine the electron affinity of F6-TCNNQ to be 5.60 eV, one of the strongest 

organic molecular oxidizing agents used to date in organic electronics.  p-Doping is found to 

be effective in Spiro-TAD (ionization energy = 5.46 eV) but not in TCTA (ionization energy 

= 5.85 eV).  Optical absorption measurements demonstrate that charge transfer is the 

predominant doping mechanism in Spiro-TAD:F6-TCNNQ. The host-dopant interaction also 

leads to a significant alteration of the host film morphology.  Finally, transport measurements 

done on Spiro-TAD:F6-TCNNQ as a function of dopant concentration and temperature, and 

using a highly doped contact layer to ensure negligible hole injection barrier, lead to an 

accurate measurement of the film conductivity and hole-hopping activation energy.   
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1. Introduction 

Molecular doping has been extensively investigated as a mean to enhance bulk conductivity, 

reduce carrier injection barriers, and alter gap state occupation in organic semiconductors.[1-4] 

Conceptually, p-doping is realized by charge transfer from the highest occupied molecular 

orbital (HOMO) of the host material to the lowest unoccupied molecular orbital (LUMO) of 

the dopant. For a one-electron oxidizer, this charge transfer becomes energetically favorable 

when the electron affinity (EA) of the dopant is about equal to, or is larger than, the ionization 

energy (IE) of the host. As an example, 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4-TCNQ) (Figure 1a) with an electron affinity (EA) of 5.24 eV[3] was shown early on to be 

an effective p-type dopant in host materials such as metal phthalocyanines (MePc) (IE~5.20-

5.35 eV) and N,N,N',N'-tetrakis(4-Methoxy-phenyl)benzidine (MeO-TPD) (IE = 5.10 eV).[5] 

However, its efficiency drops considerably in host materials with IE larger than 5.40 eV.[5-7] 

Since large band gap hole transport materials (HTM) with higher IE are ubiquitous in many 

organic devices,[8,9] strongly oxidizing molecular dopants with larger EA, such as Mo(tfd)3
[10] 

or fluorinated C60
[11] were developed with the goal of providing good p-doping efficiency to 

an increasing number of HTMs.  

A frequently employed strategy to increase the EA of a molecule is to substitute hydrogen 

atoms with strongly electronegative fluorine atoms. Kanai et al.[12] showed that the EA of 

tetracyanoquinodimethane can be increased from ~4.20 eV for TCNQ to ~5.10 eV for F4-

TCNQ, following a nearly linear correlation with the number of fluorine substituents.  In the 

present study, we investigate 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-

TCNNQ) (Figure 1b), a molecule first synthesized by Koech et al. as F6-TNAP, which was 

predicted to have a larger EA than F4-TCNQ by density functional theory (DFT) calculations 

and cyclic voltammetry (CV) measurements.[13] In this early work, the molecule was used to 
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p-dope N,N’-di-1-naphthyl-N,N’-diphenyl-1,1’-biphenyl-4,4’diamine (α-NPD, IE~5.5 eV) 

and shown to significantly increase the current density sustained by these films. It was then 

introduced by Tietze et al.[14] and Lüssem et al.[15] in electronic structure and device 

investigations, and found to efficiently p-dope MeO-TPD or pentacene (IE~4.95 eV). Yet, the 

EA of the dopant and its doping limit were not fully established.  We use here two molecular 

hosts that are more challenging to p-dope (higher IE), i.e., 2,2′,7,7′-Tetrakis(N,N-

diphenylamino)-9,9-spirobifluorene (Spiro-TAD, Figure 1c) and Tris(4-carbazoyl-9-

ylphenyl)amine (TCTA, Figure 1d). These HTMs are standard OLED materials due to their 

superior stability and high glass transition temperatures (Tg).[16,17] The energy levels of the 

dopant and the hosts are determined using a combination of ultra-violet and inverse 

photoemission spectroscopy (UPS, IPES). Doping efficiency is assessed through Fermi level 

shift and current-voltage measurements as a function of incorporated dopant concentration. 

F6-TCNNQ is found to efficiently p-dope Spiro-TAD but not TCTA, which has an IE slightly 

beyond the thermodynamic reach of the F6-TCNNQ.  Finally, the impact of the dopant on the 

host film morphology and charge carrier transport is evaluated.  

 

2. Results and Analysis 

Unoccupied states and electron affinity of a molecule are of major interest to assess its ability 

to function as a p-type dopant. Therefore, detailed IPES measurements were performed on F6-

TCNNQ films prepared on different substrates by thermal deposition as well as spin coating, 

to measure F6-TCNNQ films with different morphologies [Section S1 in the Supporting 

Information]. The LUMO and unoccupied states of the films are shown in Figure 2a. The 

LUMO edge, extracted from a linear approximation of the LUMO onset, is ~ 0.03 eV above 

the Fermi level (EF).  Combined with the F6-TCNNQ UPS spectrum (shown in Figure 3a), the 

band gap of F6-TCNNQ is found to be around 1.93 eV, in good agreement with estimations 
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from DFT calculations.[13] The onset of photoemission (not shown here) leads to the 

determination of the vacuum level (EVAC) position and of the film work function, equal to 

5.63 eV (Figure 2b). The IE and EA of the F6-TCNNQ film, defined as the energy difference 

between EVAC and the HOMO and LUMO edge, are 7.53 eV and 5.60 eV, respectively.  The 

F6-TCNNQ EA is therefore 350 meV larger than its F4-TCNQ counterpart,[1] and about equal 

to that of another powerful p-dopant, Molybdenum tris-[1,2-bis(trifluoromethyl)ethane-1,2-

dithiolene] (Mo(tfd)3),[10] pointing to its strong oxidizing potential. 

The combined UPS (left) and IPES (right) spectra measured from 10 nm thick films of pure 

Spiro-TAD, TCTA and F6-TCNNQ are plotted in Figure 3a, normalized and with all energies 

referenced to EVAC. Figure 3b gives an expanded view of part of Figure 3a, with the grey 

rectangle indicating the overlap between the occupied states in Spiro-TAD or TCTA and the 

unoccupied states in F6-TCNNQ.  The HOMO edges of Spiro-TAD and TCTA give IE equal 

to 5.46 eV and 5.85 eV, respectively. The energy overlap between the top of the occupied 

states of Spiro-TAD and the bottom of the unoccupied states of F6-TCNNQ (Figure 3b) 

suggests that electron transfer from the former to the latter would be energetically favorable. 

On the other hand, the IE of TCTA is 250 meV larger than the EA of F6-TCNNQ, the HOMO 

of TCTA does not overlap with the LUMO of F6-TCNNQ, suggesting that electron transfer 

would be energetically unfavorable.  

The combined UPS-IPES spectra obtained from 10 nm Spiro-TAD and TCTA films doped 

with increasing amounts of F6-TCNNQ are plotted in Figure 4a,c. Both cases show dopant-

induced shifts in the photoemission cutoff (left panels) as well as in the HOMO and LUMO 

regions (right panels). All energy levels are referenced to EF = 0 eV.   

With increasing dopant concentration from 0.0 mol% to 11.0 mol% in Spiro-TAD (Figure 4a), 

the work function of the film φ increases from 4.05 eV to 5.10 eV, and the UPS and IPES 
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spectra shift to the right, indicating a corresponding shift of EF within the gap towards the 

HOMO of the host, as expected for p-type doping. The smallest F6-TCNNQ concentration 

investigated here (~0.5 mol%) results in a 0.42 eV EF shift, suggesting efficient doping by F6-

TCNNQ even at low concentration.  Further increase in dopant concentration to ~5.0 mol% 

results in pinning of EF at about 380 meV above the HOMO edge.   

Similar measurements conducted on doped TCTA films (Figure 4c) reveal a different 

evolution. EF shifts by only 20-30 meV with 1.4 mol% and ~200 meV with 2.7 mol%, with 

the majority of the shift occurring at higher F6-TCNNQ concentrations. At 15.0 mol%, the 

work function φ reaches 5.18 eV with EF remaining 0.75 eV above the HOMO edge.   

A summary of these results is given in Figure 4b,d, where φ and EF - HOMO edge are plotted 

against dopant concentration. Dashed lines indicate corresponding energies for the undoped 

materials. Two different regimes are identified for Spiro-TAD (Figure 4b). The initial EF shift 

towards the HOMO edge is rapid for F6-TCNNQ concentrations below 2.0 mol%, consistent 

with efficient doping and release of carriers to gap states and the tail of the HOMO density of 

states. The second regime, for concentrations above 2.0 mol%, is characterized by a smaller 

shift as EF approaches the large density of states of the HOMO.  In TCTA (Figure 4d), on the 

other hand, EF hardly moves at low F6-TCNNQ concentrations and the largest shift occurs 

above 2.7 mol%. The difference is consistent with distinctly different doping abilities, which 

can be inferred from the energetics presented in Figure 3b. Charge donation to the TCTA 

HOMO is energetically less favorable than in Spiro-TAD, and is initially limited to the 

deepest gap (trap) states present within the host or introduced by the dopants.  The EF position 

corresponding to the largest dopant concentration investigated here is still 0.6-0.7 eV above 

the HOMO onset, a clear sign that F6-TCNNQ is unable to provide sufficient carrier 

concentration in TCTA. These results are corroborated by the transport measurements 

presented below. 
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UV-Vis-NIR spectroscopy is a useful tool to shed light on doping mechanisms and to 

qualitatively analyze doping efficiencies.[18-20]  The absorption spectrum of undoped Spiro-

TAD (Figure 5a) shows a strong peak centered at 350 nm corresponding to the π-π* 

transition.[21] The introduction of F6-TCNNQ leads to an additional absorption peak at 480 

nm and a broader feature that extends from 800 nm to 1800 nm, the intensity of which 

increases with concentration. This broader feature is attributed to Spiro-TAD+ superimposed 

on F6-TCNNQ− absorption features (960 nm and 1140 nm).[13,21,22] The 480 nm feature can 

also be assigned to Spiro-TAD+, possibly superimposed on F6-TCNNQ and F6-TCNNQ− 

features.[13] Despite the overlapping absorption signatures of Spiro-TAD+ and F6-TCNNQ− 

between 400 nm and 600 nm, these results still imply an intermolecular charge transfer 

between the Spiro-TAD HOMO and the F6-TCNNQ LUMO. In contrast, the doped TCTA 

shows no fingerprint of F6-TCNNQ−(Figure 5b), even for a 1:1 host:dopant mixture, showing 

no evidence for intermolecular charge transfer. The new absorption feature between 400 nm 

and 600 nm can be attributed to the non-ionized F6-TCNNQ. Finally, the electronic structure 

of the TCTA:F6-TCNNQ system could possibly be described in terms of the formation of 

hybrid orbitals in the charge transfer states;[23] however, further experiments are necessary to 

ascertain this point. 

We examine next the impact of doping on the morphology of the host films, an aspect that is 

important in the context of correlating increase in carrier concentration with film conductivity 

and carrier transport characteristics.  In a study of pentacene p-doped with both F4-TCNQ and 

F6-TCNNQ, Kleemann et al. found doping-induced formation of amorphous domains and a 

significant drop in crystallite size in films formed under co-deposition.[24] They further 

correlated the loss of the polycrystalline structure with a strong decrease in hole mobility in 

the doped pentacene. Lin et al. reported increased disorder in CuPc films doped with 
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Mo(tfd)3.[25] Doping-induced change in morphology was also reported for solution processed 

polymer thin films, such as poly(3-hexylthiophene) (P3HT). Duong et al.[26] directly 

visualized the dopant distribution in P3HT:F4-TCNQ blend films using conductive-AFM (C-

AFM), and showed that both dopant distribution and film morphology depend on the strength 

of the doping process.   

AFM measurements of the morphology of Spiro-TAD and TCTA vacuum-deposited films are 

presented in Figure 6 as a function of increasing F6-TCNNQ concentration. In the case of 

Spiro-TAD, a clear change in surface morphology is observed as a function of the dopant 

concentration.  The AFM micrograph of the undoped Spiro-TAD surface (Figure 6a) shows 

the predominance of ~150 nm large grains (or island).  The incorporation of 2.0 mol% F6-

TCNNQ appears to reduce the average size of these grains by more than 60% (Figure 6b,d). 

The trend is maintained for higher dopant concentrations, as can be seen for the 11 mol% film 

(Figure 6c,d).  Doping also correlates with the broadening of the Spiro-TAD HOMO region of 

the UPS spectrum and the progressive loss of the resolution of the doublet (Figure 4a).  As 

discussed by Lin et al.[25] in the case of p-doped CuPc, such broadening of the valence density 

of states results from increased structural disorder as well as from the electrostatic disorder 

due to the random position of the ionized dopants.[27] In contrast, the introduction of F6-

TCNNQ barely changes the morphology of the TCTA films. The surface root mean square 

(RMS) roughness and typical grain size remain almost unchanged even for the 15.0 mol% 

doped TCTA film (Figure 6e-h). Figure 4c shows no significant broadening of the TCTA 

HOMO in the UPS spectrum, consistent with considerably less doping-induced structural and 

electrostatic disorder. The distinctively different morphologies of doped Spiro-TAD and 

TCTA films would therefore suggest in these cases that disorder induced by doping is 

predominantly due to dopant-host interaction (charge transfer) instead of the presence of non-

ionized dopant.  
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Charge transport in organic disordered systems is described in terms of thermally activated 

hopping between molecules. The materials conductivity is typically expressed as a function of 

temperature and hopping activation energy (Ea)[28-30] as  

     (1) 

where  is a prefactor,  is the Boltzmann constant, and T is the temperature. By measuring 

the conductivity of each sample at different temperatures, the impact of doping on Ea is 

investigated. As discussed in the experimental section, the conductivity is measured from the 

Ohmic region (low bias) of the I-V characteristics recorded on a planar structure made of 

multiple gold interdigitated electrodes (Figure 7a), with inter-electrode gaps of 80 µm. Under 

such conditions, leakage currents, which typically dominate at low bias in diode-like 

structures,[31] are negligible. Additionally, the symmetric gold-organic-gold structure ensures 

that there is no built-in potential in the measured device.  Finally, we introduce a new 

procedure to resolve the problem of the electrode-organic injection barrier,[32] and form 

Ohmic contacts in the planar structure, without which the Ohmic region of the I-V 

characteristics cannot be accessed.  The lack of ohmicity is clearly shown with the black 

curve of Figure 7b, which corresponds to the current obtained using Au only as the hole-

injection contact for Spiro-TAD.  The current density shows a non-linear dependence on the 

applied voltage, indicating that the current is injection-limited. As a result, it is difficult to 

determine the conductivity, and the Ea extracted from the measurement will be overestimated.  

To address the injection issue, we insert a very thin (5 nm) layer of Spiro-TAD heavily doped 

with 20 mol% of F6-TCNNQ between the 100 nm organic film to be measured and the 

substrate and interdigitated electrodes (Figure 7a).  This doped injection layer, deposited by 

co-evaporation of Spiro-TAD and F6-TCNNQ on the quartz substrate, covers the Au 

electrodes fairly uniformly (Figure S2), and is shown below to form Ohmic contacts with the 
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organic film. While it is also deposited on the entire quartz substrate, its morphology in the 

inter-electrode space is one of discontinuous islands where the average lateral separation 

between islands is around 200 nm (Figure S2).  The lateral conductivity of this ultra-thin 

injection layer is measured separately, and found to be negligible (similar to the one obtained 

from the pristine substrate) (Figure 7b). The organic film under test is then deposited on top of 

the heavily doped Spiro-TAD injection layer. The morphology of the organic film is 

confirmed to be unchanged by the injection layer [Section S2 in Supporting Information]. 

However, as a result of this injection layer and elimination of the effective injection barrier, 

the I-V characteristic in the Ohmic region of the undoped Spiro-TAD layer becomes linear 

with a slope equal to unity and the current density increases by more than three orders of 

magnitude (Figure 7b). Furthermore, the data presented in SI (Figure S5) show that, whereas 

injection from the Au electrodes is greatly enhanced, the highly doped injection layer does not 

significantly affect the measurement of the transport properties of the thick Spiro-TAD layers.  

Indeed, if interface doping did dominate the lateral transport results, increasing the doping 

ratio in the injection layer would affect both measured conductivity and Ea. Figure S5 shows, 

that this is not the case. Similarly, if lateral interface transport did dominate the measured 

current, it would mitigate the impact of increasing dopant concentration on conductivity and 

Ea in the 100 nm spiro-TAD layer under test, which is not the case either (Figure 7c and S5). 

Finally, the samples show essentially unchanged I-V characteristics and conductivity after a 

waiting period of 48h, indicating that dopant diffusion from the injection layer into the tested 

film is not an issue [Section S3 in SI]. In the section S3 in the Supporting Information, we 

demonstrate that the method is general and can be applied to other host-dopant systems.    

Using the injection layer, variable temperature current–voltage (VTIV) measurements are 

performed on Spiro-TAD for F6-TCNNQ concentrations ranging from 0.0 mol% to 10.0 

mol%. The Spiro-TAD conductivity increases by more than 2 orders of magnitude with 5.0 
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mol% F6-TCNNQ.  All the conductivity plots vs. T follow an Arrhenius relationship (Figure 

7c), which allows the determination of the activation energy Ea using Equation (1). The 

dependence of Ea on the dopant concentration is shown in Figure 7d. Ea decreases from 0.29 

eV to 0.24 eV with as little as 1.0 mol% F6-TCNNQ, and further to 0.18 eV with 10.0 mol%.  

In analogy to previous work on n-doping of C60
[33] and p-doping of CuPc[25], this evolution is 

attributed to the filling and deactivation of trap and tail states by holes generated from the F6-

TCNNQ molecules.  As more dopants are introduced, EF moves toward the Spiro-TAD 

HOMO into a region of higher density of states where the activation energy for the hopping 

process is lower. 

VTIV measurements are also performed on TCTA under different doping conditions [Figure 

S4 in Supporting Information]. A large hole injection barrier exists between Au and TCTA, 

leading to a severely injection-limited conduction.  An appreciable increase in conductivity is 

observed only when the F6-TCNNQ concentration is higher than 15.0 mol%. However, due to 

the large injection barrier and low doping efficiency in the TCTA:F6-TCNNQ system, the 

injection layer method is not applied in VTIV measurements of TCTA.  

3.  Summary 

We showed that F6-TCNNQ, with an EA of 5.60 eV, is a powerful oxidizing molecule. It 

functions as an efficient p-type dopant when co-evaporated with Spiro-TAD, but not with 

TCTA, which is consistent with the fact that its EA is larger than IE(Spiro-TAD) (5.46 eV), 

but smaller than IE(TCTA) (5.85 eV).  The energy overlap between the F6-TCNNQ lowest 

unoccupied states and the Spiro-TAD highest occupied states results in an efficient charge 

transfer, with the doping mechanism confirmed by UV-Vis-NIR spectroscopy to be 

intermolecular charge transfer. F6-TCNNQ dopes TCTA much less efficiently due to the 

energy mismatch of the corresponding levels. Doping with F6-TCNNQ also induces a 
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significant structural change only in Spiro-TAD, whereby the apparent grain size of the doped 

film decreased by more than 60% upon introduction of 2.0 mol% F6-TCNNQ dopants. In 

doped Spiro-TAD, both the doping induced morphology change and the broadening of the 

density of states indicate a strong interaction between the Spiro-TAD and F6-TCNNQ 

molecules. Finally, hole transport measurements performed on Spiro-TAD as a function of 

F6-TCNNQ concentration and temperature show a doping-induced increase in conductivity 

by more than two orders of magnitude and a decrease of the hole hopping activation energy Ea 

from 0.29 eV to 0.19 eV when the F6-TCNNQ concentration reaches 5.0 mol%.  

 

4. Experimental Methods  

Sample Preparation: F6-TCNNQ was provided by Novaled AG Dresden. Spiro-TAD and 

TCTA were received from Lumtec. All the source materials were used as received.  RCA 

cleaned n++ Si wafers (0.001-0.005 Ohm-cm, University Wafer Inc.) were used as substrates 

for dopants and undoped and doped host films evaporated at room temperature under 

ultrahigh vacuum conditions (UHV) (base pressure 1 × 10-9 Torr), transferred under UHV to 

the analysis chamber and investigated via UPS and IPES. The doped Spiro-TAD and TCTA 

films (10 nm) were thermally co-evaporated, with host and dopant evaporation rates 

controlled by two independent quartz crystal microbalances (QCMs). The doping 

concentrations used here are given as molar ratio (mol%), defined as the percentage of 

dopant molecules per total number of host molecules, i.e., (NA/N0)x100%. Pure F6-TCNNQ 

films (10 nm) were deposited on top of Spiro-TAD and PEDOT:PSS (AI 4083) buffer layers 

to improve coverage. Dopant films were also spin-coated from acetone (5 mg mL−1) under 

N2 onto a n++ Si wafer covered with a 10 nm P3HT buffer layer. These samples were then 

transferred into the vacuum system without exposure to the air. The UPS and IPES results 
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from thermally evaporated and spin-coated dopant films gave consistent IE and EA. [Section 

S1 in the Supporting Information]  

UPS and IPES: Samples were measured in UHV UPS/XPS/IPES analysis system (p < 5x10-10 

Torr) connected to the growth/doping chamber for the thermal co-evaporation. Occupied 

electronic states were measured with UPS using the He I (hv = 21.22 eV) photon line of a He 

discharge lamp. For each UPS spectrum, the emission features due to satellite line excitations 

of the He discharge lamp were subtracted. The experimental resolution for UPS was 0.15 eV, 

determined from the width of Fermi step of sputtered Au. Unoccupied electronic states were 

measured with IPES in the isochromat mode, with a resolution of around 0.45 eV.[34] The 

measurements were kept as short as possible to avoid degradation of the organic materials. 

The Fermi level reference for both UPS and IPES were determined with a clean Au substrate. 

The vacuum level was determined by the low-energy secondary-electron cutoff seen in the 

UPS spectra.   

AFM: AFM was done on the samples prepared for UPS, employing a Bruker Innova AFM. 

Silicon cantilevers with a spring constant of 40 N m-1 and a resonance frequency of 300 

kHz were used in tapping mode; data were further processed using Gwyddion[35].  

Variable-temperature current-voltage (VTIV) measurements: VTIV measurements were 

carried out on 95 nm thick films evaporated on a quartz substrate pre-patterned with inter-

digitated gold electrodes. The spacing between electrodes was 80 µm.  These samples were 

transferred from the doping chamber to the UHV (base pressure < 2x10-10 Torr) VTIV 

chamber without exposure to ambient air, and measured in the dark with a Keithley 2400 

SourceMeter.. The samples were initially cooled to 200 K and warmed back to 300 K at a rate 

of 2 K min-1, and I-V measurements were recorded. Each sample was re-measured after 24 h 

and 48 h to check the reproducibility of the data. [Section S4 in Supporting Information] The 
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conductivity of each sample was determined at low electric field from the Ohmic region of the 

I-V characteristics.   

UV-Vis-NIR: Measurements were performed under ambient conditions using an Agilent 

Cary 5000 UV−Vis−NIR spectrophotometer for films prepared on solution-cleaned 

(ultrasonic bath in acetone, isopropanol and deionized water) quartz substrate.  
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Figure 1. Molecular structures of a) F4-TCNQ; b) F6-TCNNQ; c) Spiro-TAD and d) TCTA.  
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Figure 2. (a) IPES spectra of F6-TCNNQ prepared on different substrates. (b) Energy level 
diagram, including ionization energy (IE) and electron affinity (EA), of the F6-TCNNQ films 
deduced from the UPS and IPES measurements.  
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Figure 3. (a) UPS and IPES spectra of films of F6-TCNNQ (bottom), and TCTA (middle) 
and Spiro-TAD (top). Energies are referenced to the vacuum level EVAC; (b) Expanded view 
of part of (a), showing the overlap of the occupied states in TCTA and Spiro-TAD with the 
unoccupied states in F6-TCNNQ enclosed by the grey rectangle.  
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Figure 4. (a, c) Combined UPS (He I) and IPES spectra of doped Spiro-TAD and TCTA 
films, measured as a function of increasing doping concentration. Each figure shows the 
photoemission cut-off (left panel), and the edge of the HOMO states and the edge of LUMO 
states, respectively; (b, d) change in work function and HOMO edge position with respect to 
the Fermi level upon doping, deduced from (a, c).  
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Figure 5. UV-Vis-NIR spectra of Spiro-TAD (top) and TCTA (bottom) mixed with 
increasing amounts of F6-TCNNQ.  The absorption fingerprints of F6-TCNNQ, F6-TCNNQ 
anion, and Spiro-TAD cation are shown.  
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Figure 6.   2x2 μm AFM images of (a) intrinsic Spiro-TAD and doped Spiro-TAD doped 
with (b) 2.0 mol% and (c) 11.0 mol% F6-TCNNQ.  1x1 μm AFM images of (e) intrinsic 
TCTA and doped TCTA with (f) 1.4 mol% and (g) 15.0 mol% F6-TCNNQ.  (d, h) show the 
evolution of the grain size, Ra roughness, and RMS roughness for Spiro-TAD and TCTA 
films as a function of dopant concentration 
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Figure 7. (a) Schematic of the diode structure for VTIV measurements. Gold interdigitated 
electrodes with inter-electrode separation of 80 µm are used. The 5 nm injection layer and 100 
nm organic film are deposited in ultra-high vacuum.  (b) Log-log plot of the J-E 
characteristics of various thin films recorded at 300K. (c) Arrhenius plot of Spiro-TAD 
conductivity as a function of temperature and doping concentration. (d) Activation energy (Ea) 
of the hole hopping process in Spiro-TAD as a function of doping. 
 
 
 
 
 


