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Abstract 

We demonstrate that interfaces can play a significant role in overcoming the diffusive and sub-

diffusive nature of exciton transport in organic semiconductors. By designing interfaces with an 

imbalance between the forward and reverse rates of energy transfer, the interface can act as a 

gate, thereby directing exciton transport. While previous work has examined from a theoretical 

perspective the function of multiple exciton gates arranged in series, here we provide a combined 

theory-experiment treatment that permits an assessment of the utility of exciton permeable, 

gating interfaces in optoelectronic devices.  In this work, the required asymmetry in interfacial 

exciton transfer rates is realized by engineering a molecular site imbalance.  The impact of 

interfaces on exciton transport is considered by optically injecting excitons into the gating 

architecture, and detecting those that migrate through the structure using a luminescent 

sensitizer.  For exciton transport in the archetypical organic fluorescent dye 2,3,6,7-tetrahydro-

1,1,7,7,-tetramethyl-1H,5H,11H-10(2-benzothiazolyl) quinolizine-[9,9a,1gh] coumarin (C545T) 

diluted in the wide gap organic semiconductor p-bis(triphenylsilyl)benzene (UGH2), a more than 

200% improvement in transport efficiency is found in an architecture with properly optimized 

gates compared to a neat film of C545T. 
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I. INTRODUCTION 

Exciton transport plays a critical role in organic optoelectronic devices, most notably in 

organic photovoltaic cells (OPVs). In an OPV, photogenerated excitons must diffuse to an 

electron donor-acceptor heterojunction where exciton dissociation occurs via charge transfer [1-

3]. Exciton transport has long been recognized as a key process limiting efficiency in the 

simplest planar heterojunction cells.  Indeed, state-of-the-art OPVs overcome this bottleneck and 

realize high efficiency through the use of a bulk heterojunction (BHJ) architecture where donor 

and acceptor materials are blended in a single layer [4-6]. While this approach circumvents the 

short exciton diffusion length (LD) by increasing the area of the dissociating donor-acceptor 

interface, several works have also attempted to directly increase the value of LD via molecular 

design and morphology engineering [7-12]. Indeed, the largest values of LD have been realized in 

large-grained polycrystalline thin films and molecular crystals [2,7,9,13-15], though the 

associated anisotropy means that crystallinity alone does not guarantee long LD in a given 

direction [8,16-19]. Prior work has also demonstrated how variations in intermolecular 

separation can lead to increases in the LD by optimizing the various parameters responsible for 

dipole-mediated F�rster energy transfer [20-23]. 

             In contrast, less attention has been paid to the more general problem of overcoming the 

diffusive and sub-diffusive nature of exciton transport in organic semiconductors. Menke et al. 

[24] have previously examined the idea of using multiple interfaces with an optimized molecular 

site imbalance to introduce asymmetry in forward and reverse exciton transport rates, pushing 

the system into a regime of anomalous diffusion.  Practically, the site imbalance was realized by 

diluting the active material of interest into a wide energy gap host by different amounts on either 

side of the interface [20,23-24].  Indeed, this previous work found a nonlinear dependence of the 
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mean square displacement (MSD) on time (i.e. <x2> ן tα, α>1), suggesting super-diffusive 

transport [24]. An imbalance in energy transport rates at an interface can also arise from a 

difference in energy gap between the two layers. In these architectures, reverse exciton transfer is 

hindered due to conversation of energy. While not frequently considered in the context of 

exciton gating, several reports of this type of structure exist in the context of energy cascade 

devices in which multiple donor or acceptor layers are combined in series to realize high 

efficiency [25-28]. For structures that rely on a molecular site imbalance, only the case of a 

single asymmetric interface has been examined experimentally. Here, we offer a combined 

theoretical-experimental study of the impact of multiple exciton gating interfaces on exciton 

transport, and hence, a practical assessment of these architectures for devices.  

This paper is organized as follows.  Section II describes the experimental methods 

including device fabrication and characterization techniques, while Sec. III describes the models 

used for data analysis.  The results are presented and discussed in Sec. IV, while Sec. V 

summarizes the conclusions of this work. 

II. EXPERIMENT 

Exciton transport is examined in multilayer structures where exciton gates are formed by 

a molecular site imbalance across an interface.  Exciton transport is probed in the archetypical 

fluorescent emitter, 3,6,7-tetrahydro-1,1,7,7,-tetramethyl-1H,5H,11H-10(2-benzothiazolyl) 

quinolizine-[9,9a,1gh] coumarin (C545T). The interfacial site imbalance is engineered by 

diluting C545T into a wide energy gap host material, p-bis(triphenylsilyl)benzene (UGH2) 

[20,23,29]. In this arrangement, UGH2 is not excited and does not quench excitons from C545T. 

The architectures of interest are shown in Fig. 1a, with the associated optical properties of each 

active material shown in Fig. 1b.  In Fig. 1a, the gating region of the device containing C545T in 
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various concentrations is sandwiched between an exciton injection layer of N, N’-di-1- 

naphthalenyl-N,N’-diphenyl [1,1’:4’,1’’:4’’,1’’’-quaterphenyl]-4,4’’’-diamine (4P-NPB) [30] 

and an exciton collecting layer of platinum(II) tetra-phenyl-tetra-benzo-porphyrin (PtTPTBP) 

diluted in UGH2 [31-35]. The PtTPTBP is diluted into a layer of UGH2 in order to increase its 

photoluminescence (PL) efficiency. The function of this architecture is discussed further in Secs. 

III and IV.  All layers were prepared by thermal vacuum sublimation (<7x10-7 Torr) at a 

deposition rate of 0.1 nm s-1.  All optical constants and thin film thickness were measured using a 

J. A. Woollam variable-angle spectroscopic ellipsometer. All of C545T, UGH2 and 4P-NPB 

were purchased from Luminescence Technology Corporation, while PtTPTBP was purchased 

from Frontier Scientific. Quartz substrates were sequentially cleaned using tergitol, deionized 

water, acetone and isopropanol. Photoluminescence spectra were measured using a Photon 

Technology International QuantaMaster 400 Fluorometer. Samples were excited at an angle of 70୭ to sample normal using a monochromatic Xe lamp. All PL measurements were made under 

a N2 purge. For PL measurements on exciton gating architectures, the emission scan was carried 

out in two stages. First, a long pass filter with a cut off wavelength of ߣ = 364 nm was used to 

prevent pump detection while sample emission was scanned from 370 nm to 720 nm. Second, 

sample emission was collected from 600 nm to 900 nm using a long pass filter with a cut off 

wavelength of ߣ = 600 nm, to prevent the detection of the 4P-NPB emission double from the 

sample. 

The exciton diffusion length of C545T in UGH2 was measured using thickness 

dependent PL quenching [34]. Thin films of C545T in UGH2 were deposited with and without 

an adjacent bottom surface quenching layer of 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile 

(HATCN) [21].  Under optical excitation at a wavelength of ߣ = 460, the fraction of C545T 
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excitons reaching the quenching interface varies depending on the thickness. A PL ratio is 

extracted as a function of C545T layer thickness as the ratio of the integrated PL spectrum with 

and without an adjacent quenching layer. The experimentally obtained PL ratios are modelled 

using a 1D steady-state diffusion equation with the exciton diffusion length as the fit parameter. 

The exciton generation profile in this model is solved using a transfer matrix formalism [35]. 

Photoluminescence efficiencies were measured using an integrating sphere with previously 

published methods [36]. Exciton lifetimes were measured using a PicoQuant time correlated 

single photon counting (TCSPC) system, excited at a wavelength of ߣ = 470 nm using 70 ps 

laser pulses. 

III. THEORY 

Exciton diffusion in organic semiconductor thin films can be treated as an ensemble of 

intermolecular hopping events. The rate of excitonic energy transfer ݇ET can be related to the 

exciton diffusivity (D) and diffusion length (LD) for transport in a simple cubic lattice as: D= ଵ ଺∑N ݀2݇ܧT(݀)= ௅ವమ
τ

      (1) 

where d is the intermolecular spacing assuming a cubic lattice, τ is the exciton lifetime and N is 

the number of molecular hopping sites [2,13,37]. In spin-singlet fluorescent materials, the 

dominant mechanism for energy transfer is usually considered to be a point-to-point, dipole 

mediated, non-radiative Förster transfer [1-3,38], with the rate given as: 

݇ி(݀) = ଵఛ ቀோబௗ ቁ଺                   (2) 

where R0 is the Förster radius, τ is the exciton lifetime and d is the distance between donor and 

acceptor molecules. The Förster radius (R0) is separately defined as [1-3,38]:         ܴ଴଺ = ଽఎುಽ఑మଵଶ଼గఱ ׬ ఒరிವ(ఒ)ఙಲ(ఒ)ௗఒ௡(ఒ)ర             (3) 
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where ηPL is the photoluminescence efficiency, κ is the dipole orientation factor (taken as 0.845ඥ2/3 for randomly oriented rigid dipoles) [2, 39], n is the wavelength dependent refractive 

index of the donor film, FD is the normalized fluorescence spectrum, σA is the acceptor 

absorption cross-section and λ is the wavelength.  For an isotropic film, there is an equal 

probability of the exciton hopping in all directions.  In a one-dimensional analog, this implies 

transport in the forward and reverse directions is equally likely.  When the exciton encounters an 

asymmetric interface with differing forward and reverse rates of energy transfer, a more detailed 

analysis is required. 

Here, we consider the case of an interface across which there is a difference in the density 

of molecular sites and intermolecular spacing for a single material species (Fig. 2). In order to 

treat energy transfer from a molecule on one side of the interface to a plane of molecules on the 

other side of the interface, we consider a rate that varies with the intermolecular separation (d) as 

d-4 and is directly proportional to the areal density of acceptor molecules [40-42]. Thus, the 

energy transfer rate across the interface is given as: 

݇௜௝ = ݇௜  ൈ  σೕ
σ೔ ൈ ௗ೔రௗ೔ೕర ൈ ோ೔ೕలோ೔ల        (4) 

where ݇௜ and ௝݇ are the respective bulk rates of Förster energy transfer in layers i and j, σi and σj 

are the areal densities of molecules in layer i and layer j, and Rij and Rji are the Förster radii for 

forward and reverse transfer across the interface. In considering energy transfer across an 

interface it is assumed that the degree of excitonic energetic disorder does not change with 

dilution [18,43-44]. Were it to change substantially, disorder could add an additional source of 

asymmetry across the interface for the rates of energy transfer. With Eq. 4, a Kinetic Monte 

Carlo (KMC) formalism was used to examine the effect of interfacial rate asymmetry on the 

exciton transport efficiency (ηT) across a gating architecture. The KMC simulation solves the 
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exciton diffusion equation without prior information regarding interfacial boundary conditions 

by using the known imbalance in energy transfer rates [24,45-46]. This approach divides each 

layer of the architecture into bins that are 1 nm thick. Each bin is assigned a set of local 

generation, energy transfer, and natural decay rates for the various events that govern exciton 

behavior during its lifetime. Generation rates are calculated using an optical transfer matrix 

formalism that takes as inputs layer thicknesses and optical constants, both determined via 

ellipsometry [35]. Energy transfer rates are extracted from the experimental value of LD as 

described in Sec. IV. The natural decay rate of the exciton is measured using transient 

fluorescence as described in Sec. II. We note that the KMC approach used here differs slightly 

from that of Ref. 24 in that long-range energy transfer between non-adjacent layers is explicitly 

included in the calculations. The KMC formalism was first verified against an analytical model 

for exciton diffusion in a single layer with an adjacent quencher (See Supplemental Material 

[47], Fig. S3). 

IV. RESULTS AND DISCUSSION 

In the architectures of Fig. 1a, the relative role of the gates on exciton transport is 

considered in terms of ηT. Excitons are injected from 4P-NPB into C545T by optically pumping 

at a wavelength of λ=355 nm, where absorption occurs mainly in the 4P-NPB layer [30]. The 

exciton transport efficiency is proportional to the ratio of excitons collected by PtTPTBP to the 

number of excitons injected from 4P-NPB. Experimentally, ηT is calculated as the ratio of 

photoluminescence from PtTPTBP and 4P-NPB, while correcting for the differences in PL 

efficiency and optical outcoupling efficiency. These calculations are discussed further in the 

Supplemental Material [47], are fully determined from experimental data, and do not introduce 

any free parameters into the analysis. 
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For the architectures of Fig. 1a, the overall thickness of the gating region is fixed at 30 nm. 

Layer concentrations are selected to maximize ηT for the overall structure. For a given series of 

exciton gates, the transport efficiency is calculated by injecting excitons from the most dilute 

layer and collecting from the neat layer of the structure. The simulation of ηT depends on the 

bulk energy transfer rate (ki in Eqs. 4) and the transfer rate between layers (kij). The ki in each 

layer was extracted using Eq. 1 and the experimentally measured value of LD (Fig. 3a) [34,42]. 

The extracted bulk LD of C545T decreases with dilution in UGH2 due to increasing molecular 

separation. This decrease occurs despite an increase in R0 with dilution. In contrast, the LD of 

molecules like boron subphthalocyanine chloride (SubPc) and boron subnaphthalocyanine 

chloride (SubNc) have been shown to increase upon dilution in UGH2 due to the prevalence of 

an increase in R0 over the increase in molecular separation [20,23]. 

The rate of energy transfer between layers (kij) is computed by considering differences in 

concentration, inter-bin distance, and R0 (Eq. 4). The R0 between layers is computed from Eq. 3 

using experimentally measured parameters such as the PL efficiency, refractive index of the 

donor medium, and spectral overlap integral, while the orientation factor is taken for randomly 

oriented dipoles [39]. Denoting layers i as j in Fig. 2 as the donor and acceptor, respectively, Fig. 

3b plots the F�rster radius for energy transfer (R0) from layer i to layer j as a function of 

acceptor concentration for different donor concentrations of C545T in UGH2. For a fixed 

acceptor concentration, an increase in R0 is observed with a reduced concentration of the donor 

C545T in UGH2.  This observation reflects a concomitant increase in the PL efficiency from (9 േ 1) % in neat film to (37 േ 2) % for 10 wt.% C545T in UGH2, as well as an increase in the 

spectral overlap integral due to at blue shift in the fluorescence with dilution. The index of 

refraction also decreases with dilution from a value of 2.5 in neat film to a value of 1.7 for 10 
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wt.% C545T in UGH2. At a fixed donor concentration, the increase in R0 with acceptor 

concentration reflects an increase in the spectral overlap integral, driven by an increase in the 

absorption cross-section of the acceptor layer of C545T in UGH2. 

 The PL intensity of PtTPTBP is tracked as a proxy for ηT as the number of layers is 

varied (Fig. 4a). Varying the number of layers changes the number of locations where the 

exciton experiences asymmetry in energy transfer rates, and the degree of gating and directed 

exciton transport. Interestingly, ηT (Fig. 4b) is maximized when the number of layers is ≥3.  This 

plateau is reproduced well by the associated KMC simulation shown in Fig. 4b as a pair of solid 

lines. The two lines are the upper and lower bound of ηT for the simulated structure accounting 

for error in the measured LD of C545T and the layer thicknesses. The good agreement between 

the simulation and experiment confirm that the model has accurately captured the physics of 

gating interfaces. An important feature of the KMC simulation used here is the inclusion of long-

range energy transfer between non-adjacent bins in the calculations. Energy transfer between 

non-adjacent layers contributes 3% and 9% of the total transport efficiency for the 3 layer and 5 

layer structures, respectively. This contribution will increase as the distance between non-

adjacent layers approaches R0. 

 In considering the impact of the results of Fig. 4b on device design, it is important to 

consider the origin of the observed plateau in ηT. The plateau is intrinsic to use of concentration 

to establish the gates, reflecting a tradeoff between the number of interfaces and strength of an 

individual gate to drive asymmetric exciton transport. While this plateau would not occur in 

energy-offset driven gates found in cascade OPVs [23-25], such structures inherently come with 

an undesirable relaxation of the exciton as it migrates. In this work, the use of concentration 

driven exciton gates leads to a >200% increase in ηT compared to a neat film of C545T with no 
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gates (Fig. 4b).  This is equivalent to an effective increase in LD from 12.7 nm to ~35 nm, further 

demonstrating the potential gains to be realized by engineering interfaces for enhanced exciton 

harvesting. 

V. CONCLUSIONS  

 In conclusion, interfacial excitonic gates are experimentally created through a molecular 

site imbalance via dilution in a wide energy gap material. The effectiveness of these gates is 

demonstrated by injecting excitons from the most dilute layer and measuring the excitons 

collected from the neat layer. Experimentally, C545T was used as a testbed to experimentally 

examine the role of interfacial excitonic gates in tailoring exciton diffusion in an organic 

semiconductor. It is shown that the incorporation of interfaces introduces asymmetry in exciton 

motion, thereby improving ߟT. However, the competition between the number of interfaces and 

the strength of an individual gate to drive asymmetric exciton transport leads to a saturation in ߟT. The approach of using interfacial gates to enhance exciton transport offers new opportunities 

in the design of organic optoelectronic devices, and especially planar heterojunction OPVs for 

improved exciton harvesting. 

 

This work was supported by National Science Foundation (NSF) Electronics, Photonics and 

Magnetic Devices under ECCS-1509121.   
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Figures: 

 

Fig. 1: (a) Layer structure for probing the role of multiple interfacial gates. Excitons are injected 

from the most dilute layer of C545T in UGH2 (concentration % noted) by energy transfer from 

an injection layer of 4P-NPB and are collected at the neat layer using a sensitizer layer 

containing PtTPTBP. The thickness for each layer is optimized to maximize collection. (b) 
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Absorption coefficient (open symbols) and normalized photoluminescence (closed symbols) of 

C545T, 4P-NPB and 5% PtTPTBP in UGH2. The absorption coefficient was calculated using the 

extinction coefficient, extracted from ellipsometric measurements on a 30-nm-thick film 

deposited on glass substrate. Excitons are injected into C545T by pumping 4P-NPB at a 

wavelength of λ=355 nm. 
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Fig. 2: A general multilayer structure having n layers between the injection layer and sensitizer 

layer. Each layer j (j=1, 2, 3, ….. , n) has a thickness dj, areal density σj of donor molecules in a 

wide gap host material, a bulk energy transfer rate kj and an exciton lifetime τj. The energy 

transfer rate between the plane of molecules in layer i and j is represented by kij . 
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Fig. 3: (a) Photoluminescence ratio versus thickness for three different concentrations of C545T 

diluted in UGH2. The LD is extracted by fitting experimental data using a 1D steady-state 

diffusion equation. (b) Förster radius (R0) as a function of acceptor layer concentration for 

different C545T donor layer concentrations in UGH2. The solid lines are guides for the eye. 
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Fig. 4: (a) Photoluminescence spectrum of the structures in Fig. 1a pumped at a wavelength of 

λ=355 nm. (b) Experimental and simulated (lines) transport efficiency as a function of number of 

layers. The two lines indicates the upper and lower bound of the simulated structure accounting 

for error in the measured LD and layer thickness. 
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