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the challenge of independently and reli-
ably measuring key parameters such as 
the injection energy barrier directly in 
the device geometries in which current–
voltage ( J – V ) characteristics are measured. 

 Ultraviolet photoelectron spectroscopy 
(UPS) is arguably the most successful 
and widely used method for determining 
energy level alignment at MO inter-
faces, [ 8–10 ]  however the energetics deduced 
from this method as well as its inverse 
counterpart are not in general the same as 
that in an actual device due to the differ-
ence between surface and bulk polariza-
tion energies. [ 9,10 ]  That is, the energy of a 
charge carrier near an MO interface is sta-
bilized by polarization and lattice relaxa-
tion of the surrounding molecules and 
the adjacent metal (≈0.5–1 eV), whereas 
surface-specifi c techniques such as UPS, 
Kelvin probe and scanning tunneling 

microscopy all measure the energy of charge carriers at an 
organic fi lm surface, stabilized only by polarization from the 
underlying half-space. 

 Internal photoemission (IPE) by contrast is carried out 
directly in the device of interest (i.e., device in situ) and is 
well established for measuring the injection barrier at metal-
inorganic semiconductor contacts. [ 11,12 ]  In this approach, the 
metal contact is illuminated directly with visible/near infrared 
light below the semiconductor bandgap leading to the excita-
tion of hot carriers in the metal. Those carriers with suffi cient 
energy and momenta to surmount the injection barrier, Bφ , 
are emitted into the semiconductor resulting in a photocur-
rent with yield per absorbed photon,  Y , according to the Fowler 
relationship: [ 13 ] 

    Y A h B
2ν φ( )= −   (1) 

 where  A  is a constant that refl ects the strength of the involved 
optical transitions. Internal photoemission has previously 
been applied to MO interfaces, [ 14,15 ]  however as demonstrated 
below, interpretation of the data is complicated by the fact that 
disorder and impurities in organic semiconductors lead to 
low-level absorption tails extending deep into the optical gap. 
This sub-gap absorption, together with photo-detrapping transi-
tions within the disorder-broadened highest occupied (HOMO) 
and lowest unoccupied molecular orbital (LUMO) transport 
levels leads to a background photocurrent that is diffi cult to 
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  1.      Introduction 

 Current injection and extraction at a metal-organic (MO) semi-
conductor interface is central to the operation of all organic 
electronic devices, strongly infl uencing the effi ciency of organic 
light emitting diodes (OLEDs) and photovoltaics as well as the 
drive current and turn-on voltage of thin fi lm transistors. [ 1–3 ]  
There have been many successful efforts aimed at facilitating 
injection or engineering carrier selective contact properties, [ 3,4 ]  
however the fundamental physics of injection remains unclear 
in this class of materials, preventing predictive device design 
and modeling at the level needed for widespread commerciali-
zation. Although MO interfaces are notoriously complex due 
to, for example, spatially varying disorder, [ 5 ]  interfacial chemical 
reactions, [ 6 ]  and interface roughness, [ 7 ]  the diffi culty in applying 
and testing present injection models is in large part rooted in 
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distinguish from true IPE photocurrent, resulting in the poten-
tial for error. 

 Here, we extend the conventional IPE method by coupling 
to surface plasmon polariton (SPP) modes [ 16 ]  of the metal con-
tact to resolve this ambiguity by isolating the IPE signal from 
background photoconductivity through a fundamental differ-
ence in their respective angle-dependent resonance signatures. 
We apply this approach to the interface between Au and the 
archetype small molecule hole transport material  N , N ′-bis(1-
naphthyl)- N , N ′-diphenyl-1,1′-biphenyl-4,4′-diamine (NPD) and 
fi nd a substantial difference in the barrier heights extracted 
from conventional and plasmon-coupled IPE at low electric 
fi eld. Modifying the Fowler relationship to describe IPE into a 
distribution of states, we show that the plasmon IPE data can 
be explained by the existence of a broad interface density of 
states (DOS) that is consistent with the model of injection pro-
posed by Baldo and Forrest. [ 2 ]  This technique is applicable to a 
variety of metals in both top and buried contact geometries and 
therefore should provide a basis for quantitative injection bar-
rier measurement and modeling directly in OLEDs, OPV cells, 
and OTFTs over their entire operational lifetime. 

  Figure    1  a illustrates the illumination geometry, where a col-
limated, monochromatic, and transverse-magnetic (TM) polar-
ized beam of light is Kretschmann-coupled [ 16 ]  to the SPP mode 
at the cathode/air interface of a typical, sandwich-type device 
structure consisting of an indium tin oxide (ITO)/organic 
semiconductor/Au stack. By varying the angle of incidence, the 
fi eld distribution and thus the power dissipation in each layer 
of the device changes, as shown by the transfer matrix simula-
tions [ 17 ]  in Figure  1 b. On resonance, nearly all of the incident 
power can be coupled into the SPP and dissipated in the metal 
as compared to ≈5% for conventional free space illumination. 
Assuming that the incoherent hot carrier distribution formed 
from SPP decay (within ≈100 fs) is the same as that created 
under nonresonant illumination, this leads to a factor of 10× or 
more increase in IPE signal to noise ratio.  

 A more important advantage, however, stems from the 
fact that power dissipation in the metal peaks on resonance 
whereas it reaches a minimum in the ITO and organic semi-
conductor. The angular dependence of the photocurrent thus 
provides a signature indicating whether IPE from the metal 
or background organic photoconductivity (or potentially ITO 
injection) dominates in the measurement: IPE dominates if the 
photocurrent peaks on resonance whereas spurious photocon-
ductivity (originating from the organic or ITO) dominates if the 
photocurrent dips on resonance. More generally, by measuring 
and fi tting the refl ectivity to a transfer matrix optical model as 
in Figure  1 b, the power dissipation in each layer can be calcu-
lated and subsequently used to reconstruct the measured pho-
tocurrent in order to quantify what fraction of the photocurrent 
is due to IPE and what fraction is due to absorption elsewhere 
in the device.  

  2.      Results and Discussion 

 To demonstrate this approach, we evaluate the hole injection 
barrier for an evaporated Au/NPD interface by carrying out 
both plasmon-coupled and conventional IPE measurements 

on a single layer hole-only device consisting of ITO (100 nm)/
NPD (100 nm)/Au (40 nm). The Au/NPD interface was chosen 
because it is well-characterized by UPS [ 10 ]  and because NPD has 
a large optical gap ( E 3.1G =  eV) that allows a broad range of vis-
ible and near-infrared light to be exploited in the measurement. 

  Figure    2   displays the refl ectivity and photocurrent external 
quantum effi ciency (EQE) measured using synchronous lock-
in detection (2 kHz modulation frequency) as a function 
of incidence angle at four TM-polarized laser wavelengths 
( 980, 785, 640, and 543λ =  nm), all of which are well below the 
nominal absorption edge of NPD ( 410λ >  nm). In each case, 
the SPP resonance is clearly evident from the dip in refl ec-
tivity. Beginning at an excitation wavelength 980λ =  nm in 
Figure  2 a, we observe that the photocurrent mirrors the SPP 
refl ectivity dip, consistent with the notion that photocurrent 
originates from power absorbed in the Au and therefore refl ects 
IPE. This is in contrast to the results obtained at 543λ =  nm 
in Figure  2 d, where the photocurrent dips in unison with the 
refl ectivity, qualitatively indicating that absorption in either 
the NPD or ITO layer contributes to the photocurrent at this 
wavelength.  
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 Figure 1.    a) Illustration of surface plasmon excitation in a typical thin 
fi lm device via the Kretschmann confi guration together with a schematic 
of the device structure. b) Refl ectivity and power dissipation in each layer 
of a generic thin fi lm device consisting of ITO (100 nm)/organic semicon-
ductor (100 nm)/Au (40 nm) at 980λ =  nm predicted using the transfer 
matrix method. Measured optical constants are used to describe ITO 
and Au whereas a small extinction coeffi cient is included for the organic 
layer ( n  = 1.8 + 0.001i) to model sub-gap absorption. Power dissipation 
in the metal electrode peaks at 90% on resonance whereas absorption in 
all other layers of the device reaches a minimum, thereby providing an 
angular signature from which to distinguish metal versus organic or ITO 
photocurrent contributions.
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 The relative contributions of IPE and background photocon-
ductivity to the total EQE are quantifi ed according to a linear 
superposition based on the fraction of incident power, i θ( )Γ , 
absorbed in each layer: Y Y YEQE Au Au NPD NPD ITO ITO= Γ + Γ + Γ . 
The iΓ  are determined directly from fi ts to the refl ectivity 
data at each wavelength, leaving the internal quantum yields 
 Y  Au ,  Y  NPD , and  Y  ITO  as (constant) fi t parameters used in recon-
structing the EQE. It is evident from this analysis that nearly 
half of the photocurrent at 543λ =  nm (c.f. Figure  2 d) does not 
originate from Au IPE and that this photoconductivity contribu-
tion decreases with increasing wavelength. On resonance at the 
refl ectivity minimum, where absorption in the Au maximizes, 
the IPE-related current fraction is calculated as 62 ± 4%, 69 ± 
3%, 80 ± 3%, and 100% at wavelengths of 543,λ = 640,λ =

785,λ =  and 980λ =  nm, respectively. This trend is quali-
tatively consistent with the existence of tail-state absorption 
decaying deep into the NPD optical gap [ 18 ]  although we cannot 
defi nitively rule out a contribution from ITO due the functional 
similarity between NPDΓ  and ITOΓ . 

  Figure    3   confi rms that the photocurrent is a superposition 
of different physical sources by comparing the modulation fre-
quency dependence of the EQE magnitude on and off ( offθ  = 
35°) the SPP angular resonance. For 980λ =  nm excitation 
(Figure  3 a), the frequency response on and off resonance is 

nearly identical, consistent with the sole contribution from Au 
identifi ed in Figure  2 a. By contrast, there is a substantial differ-
ence for 640λ =  nm excitation (Figure  3 b), indicating that the 
relative photocurrent contributions on and off resonance differ 
as predicted in Figure  2 c.  

 The deconvolved plasmon IPE yields on resonance are 
plotted in  Figure    4  b according to Equation   1   for different bias 
levels (Au positive) set to probe hole injection from Au into 
NPD. These data are compared with conventional IPE meas-
urements of the same device in Figure  4 a, which were car-
ried out using a monochromated Xe lamp incident from air 
onto the Au electrode at an angle  θ  ≈ 15°. Both the plasmon 
and conventional IPE follow an approximately linear depend-
ence, which is perhaps surprising in the latter case given the 
substantial NPD photocurrent contribution presumed in the 
1.5–2.0 eV photon energy range. This unfortunate coincidence, 
wherein conventional IPE data follows the Fowler relationship 
despite substantial non-IPE current contributions, may be a 
general problem for disordered semiconductors since Taylor 
expanding the exponentially decaying tail state absorption coef-
fi cient in energy inevitably leads to quadratic terms that mimic 
the Fowler prediction.  

 Consequently, it is not often possible to identify the existence 
of artifact photoconductivity let alone discern its contribution 
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 Figure 2.    Measured refl ectivity and photocurrent external quantum effi ciency (EQE) at wavelengths  λ  = 980, 785, 640, and 543 nm in sub-fi gures (a–d). 
Blue lines indicate fi ts to the refl ectivity and EQE at each wavelength. The fi tted component contributions to the EQE from the Au IPE and organic 
photoconductivity are shown by the red and green dashed lines, respectively. Whereas the EQE is due solely to Au IPE at  λ  = 980 nm, there is a sub-
stantial contribution from organic photoconductivity at higher photon energies.
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in conventional IPE applied to organic semiconductor thin 
fi lms. It is notable that the photoconductivity observed here 
persists below half of the 3.1 eV NPD optical gap, implying that 
this issue may pose an even greater problem in narrower gap 
materials. Since the magnitude of the injection barrier sets a 
lower limit on the photon energy used to generate IPE, a pho-
toconductivity contribution may be unavoidable in these cases, 
making the distinction provided by SPP coupling key to an 
accurate measurement. 

 Barrier energies ( Bφ ) corresponding to the abscissa inter-
cepts [ 19 ]  in Figure  4  are summarized in  Figure    5   as a function 
of electric fi eld,  F , according to the standard image force low-
ering relationship F K FB B0φ φ( ) = − . Here, B0φ , is the zero-
fi eld barrier,  K  is the fi eld-dependent lowering coeffi cient and 
the applied fi eld  F  is constant throughout the device according 
to capacitance–voltage (CV) measurements that indicate deple-
tion of mobile charge [i.e.,  C (V) is constant and equal to the 

geometric capacitance] over the investigated bias range. To 
accurately obtain the internal electric fi eld in the device, the 
built-in potential ( V  bi ) is measured via electroabsorption [ 15 ]  and 
found to be zero within experimental error.  

 Whereas the plasmon-coupled and conventional IPE bar-
riers are in reasonable agreement at high fi elds, the low-fi eld 
functional dependence of the plasmon data differs markedly 
from the straight line expectation of the image force lowering 
relationship. From a data analysis standpoint, this refl ects a 
larger-than-expected plasmon IPE current at low photon ener-
gies that pushes the fi t intercept to lower energy. We propose 
that this deviation is due to energetic disorder at the interface 
that leads to a distribution of injection barriers. This hypoth-
esis is supported by observation of clear plasmon IPE for λ = 
1550 nm excitation (0.8 eV photon energy) in  Figure    6  a, which 
is well below the zero-fi eld barrier extrapolated from the con-
ventional ( 1.30 0.05B0φ = ±  eV) or high-fi eld plasmon IPE 
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 Figure 4.    Fowler plot for a) conventional and b) plasmon-deconvolved 
internal photoemission data for different applied electric fi elds in the 
device. The devices are fully depleted over the investigated bias range 
and the internal electric fi eld was measured using electroabsorption. The 
increased sensitivity afforded by of plasmon coupling enables internal 
photoemission signal even at zero applied fi eld as discussed in the text.
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 Figure 3.    Dependence of the normalized photocurrent magnitude on 
laser modulation frequency obtained on and off the surface plasmon res-
onance angle for a) 980λ =  nm and b) λ =  640 nm. The difference in 
the trends at λ =  640 nm indicates that there are different sources of pho-
tocurrent that dominate on and off resonance as calculated in Figure  2 . 
Measurement at λ = 785 nm (not shown) displayed an on/off difference 
in frequency response intermediate to that shown in (a,b).
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( 1.32 0.09B0φ = ±  eV) data. This zero-fi eld result is consistent 
with the 1.4 eV barrier height measured via UPS for NPD 
deposited on pristine Au, [ 20 ]  but is lower because it includes 
the full bulk (as opposed to only the surface) polarization of the 
organic as discussed above.  

 The nominally “sub-barrier” IPE at λ = 1550 nm can be 
understood on the basis of interface energetic disorder by 
assuming an approximately Gaussian distribution of injection 
barrier heights, 1 / 2 exp / 2B B B

2 2g ( )( ) ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦φ σ π φ φ σ= − − , with 
half-width σ and mean barrier height Bφ . Integrating the Fowler 
equation over this distribution from the metal Fermi energy 
(0 eV) to the incident photon energy (hv) under the assumption 
that B�σ φ  yields a fi nite IPE yield σ≈ / 22Y A  when hv Bφ=  
instead of the zero intercept expected from Equation   1  . Figure  6 b 
re-plots the zero fi eld data from Figure  4 a including the 
 λ  = 1550 nm point and compares it to a numerical evaluation of 
the disorder-modifi ed Fowler relationship. Fixing 1.32B0φ =  eV 
from the high-fi eld extrapolation from Figure  5 , we fi nd that 
 σ  = 350 meV enables much closer agreement with the data, 
exhibiting a “soft” cutoff that asymptotes toward zero at low 
photon energy due to the lower energy states (i.e., injection bar-
riers) in the distribution. This distribution width is similar in 
magnitude to that calculated by Baldo and Forrest, [ 2 ]  who pre-
dicted that injection at MO interfaces is dominated by hopping 
through an interface DOS substantially broader than that in the 
bulk. 

 The apparent manifestation of energetic disorder in low-
fi eld IPE data can be understood to fi rst order from the location 
of the fi eld-lowered image potential maximum relative to the 
electrode interface. At high fi eld, the maximum occurs close 
to the electrode (<1 nm) enabling IPE access to the majority 
of the DOS whereas at low fi eld the maximum occurs farther 
away (>3 nm beyond the range of the initial injection event) [ 21 ]  

and thus injection in the DOS tail becomes a comparatively 
more signifi cant pathway for IPE current. The low-fi eld regime 
(<10 5  V cm −1 ) is not usually accessed in conventional IPE exper-
iments [ 14,15 ]  owing to low signal and thus the sensitivity boost 
enabled by plasmon coupling may open up a unique opportu-
nity to probe the interface DOS distribution. 

 To this fi nal point, it is notable that plasmon IPE current 
is clearly evident at short circuit despite the nominally zero 
internal electric fi eld (c.f. Figure  4 b). Indeed, we fi nd that a 
voltage of approximately 0.35 V is required to null the plasmon 
IPE current (i.e., where the photocurrent magnitude nulls and 
the phase changes by 180 degrees) under λ = 980  nm illu-
mination, increasing to 0.6 V at λ = 543  nm, independent of 
intensity. This effect has been observed and described before 
in terms of the imbalance of IPE current between electrodes, 
where for one-sided plasmon injection, the maximum voltage is 
given by /oc BV hv qφ( )= − . [ 22 ]  This equation, however, is derived 
for very thin insulating barriers <5 nm assuming ballistic trans-
port from one contact to the other, invalid for the case at hand. 
It is not yet clear to what extent this relationship still holds 
when injection is followed by drift/diffusion in the bulk, as 
our voltage data scale nonlinearly with photon energy. The very 
existence of an IPE null voltage for such a thick organic fi lm 

Adv. Funct. Mater. 2014, 24, 4775–4781

Plasmon-coupled Conventional

 Figure 5.    Injection barriers extracted from plasmon-coupled and conven-
tional IPE as a function of internal electric fi eld in the device. Whereas 
linearity at high fi elds is consistent with image force barrier lowering, 
deviation in the plasmon data at low fi elds is suggested to refl ect an 
increasing contribution from low energy injection barriers that originate 
from a broad density of states distribution at the interface. Error bars 
for the plasmon data are large due to the limited number of laser wave-
lengths available for measurement in Figure  4 b.
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 Figure 6.    a) Refl ectivity and photocurrent measured at zero applied elec-
tric fi eld and λ = 1550 nm (0.8 eV), signifi cantly below the barrier B0φ  
extrapolated from Figure  5 , suggesting a distribution of electronic states 
at the Au/NPD interface as depicted in the inset diagram of (b). There, a 
revised Fowler plot including the low energy λ = 1550 nm data is mod-
eled by assuming injection into a Gaussian distribution of states with a 
mean barrier height B0φ  = 1.32 eV and broadening  σ  = 350 meV. The 
prediction of the standard Fowler model ( σ  = 0) is labeled and shown 
for comparison.
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is nonetheless somewhat surprising and may yield additional 
insight into the interface energetics with the development of a 
rigorous theoretical treatment.  

  3.      Conclusion 

 In summary, we have demonstrated surface plasmon-coupled 
IPE as a method to obtain accurate photoemission yields in 
disordered organic semiconductor thin fi lm devices. In com-
parison with conventional IPE measurements carried out on 
the same devices, the increased sensitivity of plasmon coupling 
combined with the capability to reject spurious contributions 
from sub-gap tail state photoconductivity led to a substantial 
difference in extracted barrier heights at low fi eld. A model 
based on interface energetic disorder was proposed to explain 
this result, enabling both the mean barrier height and its dis-
order width to be estimated using plasmon-coupled IPE meas-
urements. Moving forward, it will be important to extend this 
technique over a wider and denser wavelength range in order to 
more rigorously explore the validity of this hypothesis. 

 In this context, plasmon-coupled IPE should be a broadly 
applicable tool since many of the metals used in organic elec-
tronic devices directly support SPP modes (e.g., Au, Ag, Al, 
Ni, Cu) [ 23 ]  or are included in compound contacts (e.g., Mg/
Ag, MoO 3 /Au) [ 2,24 ]  with SPPs supported by the capping metal. 
Whereas top contact injection barriers are easily probed via 
prism-coupling as demonstrated here, applying this technique 
to probe buried contacts would require an underlying grating 
to supply the larger momentum mismatch between free space 
and the metal/organic interface SPP modes. 

 More generally, the effi ciency of SPP photoinjection also 
opens up new opportunities for transient characterization, such 
as time-of-fl ight mobility directly in OLED and OPV-relevant 
fi lm thicknesses because it creates a highly localized carrier 
population in both space and time. By coupling accurate IPE 
and bulk mobility measurements together with current-voltage 
data obtained in the same device, this approach opens up an 
important opportunity to test theoretical injection models with 
more rigor and confi dence to progress toward a unifi ed descrip-
tion of injection in organic semiconductors.  

  4.      Experimental Section 
  Sample Preparation : Devices were fabricated on solvent cleaned, 

pre-patterned ITO coated glass (100 nm thick, sheet resistance 20 Ω/
square). The substrates were subsequently treated with air plasma for 
5 minutes and then immediately loaded into a thermal evaporation 
chamber (base pressure 10 −7  Torr) for deposition of NPD at a rate of 
3 Å s −1 . Contacts were defi ned using a shadow mask in a N 2  fi lled glove 
box followed by evaporation of 40 nm of Au at 1 Å s −1  to yield active 
device areas of 4 × 10  −2  cm 2 . 

  IPE Measurements : Refl ectivity and EQE measurements for plasmon-
coupled IPE were carried out using a pair of computer-controlled 
rotation stages using four diode lasers ( λ  = 640, 785, 980, 1550 nm) 
and a green HeNe laser ( λ  = 543 nm). Transverse magnetic polarization 
was used in all cases and the lasers were modulated directly (diodes) 
or chopped mechanically (HeNe) for synchronous photocurrent 
detection using a low noise current preamplifi er (SR570, Stanford 
Research Systems) and a lock-in amplifi er (SR830). Conventional IPE 

measurements were carried out using monochromated light from a 
Xe lamp (LDLS EQ-99, Energetiq) incident directly on the Au contacts 
at an angle of approximately 15°, maintaining the same photocurrent 
detection system. Use of the monochromated Xe lamp for plasmon-
coupled IPE measurements was precluded by brightness considerations: 
plasmon coupling requires highly collimated light to resolve the angular 
photocurrent dependence whereas high numerical aperture collection 
was required to gather suffi cient power from the lamp to measure the 
low-level IPE current. 

  IPE Analysis : Angular EQE data were deconvolved by fi rst fi tting the 
associated refl ectivity profi les using the transfer matrix method together 
with optical constants from each layer measured by variable angle 
spectroscopic ellipsometry. Because ellipsometry is not sensitive to low 
level absorption, we do not know the sub-gap extinction coeffi cient of 
NPD precisely. However, because the sub-gap NPD extinction is small, 
it has negligible impact on the functional form of the power dissipation 
angular profi le and so we simply fi x it at  k  = 10 −3 , leaving the magnitude 
of NPDΓ  to be lumped in with the fi tted NPD photocurrent yield, YNPD. 
Due to the functional similarity between NPDΓ  and ITOΓ , it is not possible 
to distinguish between NPD and ITO photocurrent (i.e., YNPD  and YITO  
are correlated in any fi t). We thus set Y 0ITO = , using only YNPD  and 
YAu  to fi t the photocurrent profi les in Figure  2  and acknowledge that 
some component of the nominal NPD contribution may arise from 
ITO. Accounting for the decrease in hot electron attenuation length with 
increasing photon energy [ 11,25 ]  was found to be important for enabling 
accurate photocurrent reconstruction. This effect was included to fi rst 
order in the model by calculating YAu  using only the power dissipated 
within a given distance,  x  d , of the organic interface. This distance 
impacts the functional form of the YAu angular dependence and is 
readily evident when reconstructing the photocurrent. The values used 
for the reconstructions of Figure  2  are x d =  40, 31, 27, and 20 nm for 
λ = 980, 785, 640, and 543 nm, respectively, in good agreement with 
previous measurement. [ 26 ]   
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