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such, they are uniquely simple to inte-
grate with other components to generate 
compact devices for optical analytical 
applications. [ 3,4,8–12 ]  Indeed, the unique 
characteristics of OLEDs resulted in 
their incorporation in various sensing 
schemes. [ 13–18 ]  As an example, OLEDs were 
used as excitation sources in optical gas 
and liquid phase (bio)chemical sensors, 
including O 2  sensors. [ 3,8–12,19 ]  The latter 
play a crucial role in e.g., food packaging, 
medical testing, and biological applica-
tions, including cell cultivation, marine 
biology, and enzymatic biosensing. [ 20–22 ]  
OLEDs, together with organic photodetec-
tors (OPDs), address a growing need for 
more compact, fi eld-deployable integrated 
devices, though challenges associated with 
such all-organic platforms still exist. [ 3,13 ]  

 In attempts to improve OLEDs for 
solid-state lighting and display applica-
tions, devices with many different con-
fi gurations were explored. [ 23,24 ]  The focus 
of OLED R&D, however, has been mainly 
on devices emitting in the visible range. [ 24 ]  
Signifi cantly less research has been aimed 
at developing effi cient OLEDs emitting in 
the near UV or near IR regions. [ 25–27 ]  Yet 

effi cient deep-blue/near UV OLEDs and arrays with pixels emit-
ting at different wavelengths in this range are of strong interest 
for analytical applications. [ 3,10 ]  For these applications, micro-
cavity OLEDs (µcOLEDs) are advantageous as the otherwise 
broad electroluminescence (EL) band of the OLED [ 3 ]  narrows 
and can be tailored to a desired peak emission wavelength  λ  max  
by tuning the cavity modes. [ 28–30 ]  Moreover, the sharper OLED 
emission bands minimize interference with the photolumines-
cence (PL) of sensing probes. In addition, the microcavity struc-
ture allows fabrication of a combinatorial array of OLED pixels 
with tunable narrower emission bands on a common, small-
size substrate, [ 30 ]  which can be adapted as an on-chip spectro-
meter and for simultaneous detection of multiple analytes. 

 The optical O 2  sensor comprises three major components: 
the excitation source, the sensor fi lm, and the photodetector 
(PD). Sensing is based on monitoring the PL whose inten-
sity and decay time depend on the dose of the quenching ele-
ment. [ 3,8–12 ]  PL quenching occurs via O 2 –dye collisions in a 
dynamic process; [ 31 ]  ideally it is described by the Stern–Volmer 
(SV) equation [ 3,8–11 ] 
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  1.     Introduction 

 Organic light emitting diodes’ (OLEDs’) attributes include many 
promising features such as compatibility with simple and fl ex-
ible substrates [ 1–5 ]  and easily adaptable size and design. [ 6,7 ]  As 
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 where  I  0  and  τ  0  are the PL intensity and decay time, respec-
tively, at 0% oxygen, and  I  and  τ  are the values in the presence 
of oxygen.  K  SV  is the SV constant. The sensitivity  S  is defi ned as 
 τ  0 / τ (100% O 2 ) or  I  0 / I (100% O 2 ). 

 Several approaches have been developed to increase the sen-
sitivity of the sensor as well as the PL intensity. Pt octaethylpor-
phyrin (PtOEP) embedded in a polystyrene (PS) matrix is often 
used, but PS is only moderately permeable to oxygen. [ 3 ]  Studies 
show that polyethylene glycol (PEG) blended with PS (PEG:PS) 
at ratios of 1:9 to 1:4 and PtOEP:PEG:PS sensing fi lms enhance 
OLED outcoupling and the PL intensity, respectively. [ 8,32 ]  

 In this work novel near UV 4,4′-bis(9-carbazolyl)-1,1′-
biphenyl (CBP)-based µcOLEDs were fabricated by using, 
inter alia, Al/Pd cathodes, and they were successfully used 
for improved O 2  sensing. Additionally, a combinatorial array 
of tunable CBP-based µcOLEDs emitting in the 370–430 nm 
range was used in an on-chip spectrometer. The O 2  sensor was 
a structurally integrated all-organic OLED/sensing fi lm/OPD 
device. The OLED’s peak emission was tuned to 385 nm, where 
the PtOEP has a strong absorption peak. [ 33 ]  The sensing fi lm 
was a PtOEP:PEG:PS blend; it was drop cast on the back side 
of the OLED’s glass substrate. The OPD, in the front detec-
tion confi guration, [ 3,8 ]  was based on the standard P3HT:PCBM 
(where P3HT is poly(3-hexyl thiophene) and PCBM is phenyl-
C 61 -butyric acid methyl ester) or a more sensitive one, which 
was based on polythieno [3,4-b]-thiophene-co-benzodithiophene 
(PTB7). The choice of the µcOLED eliminates the issue related 
to the OLED’s EL tail that is otherwise detected by the OPD, 
generating an interfering background. The blend sensing fi lm 
results in enhanced PL signals. [ 8 ]  The utility of the combina-
torial array of the OLED pixels is demonstrated by using it to 
measure the absorbance spectrum of an Alexa Fluor 405 fi lm. 
The 370–430 nm range presented here is a step toward expan-
sion of the range covered by µcOLED pixels emitting in the 
493–639 nm visible range, [ 30 ]  and the integration with an OPD, 
fi rst undertaken here for the on-chip OLED-based spectro-
meter, presents a step toward achieving a compact, economical 
spectrometer. 

 Simulations of emission from OLEDs, which assisted in 
device design, were performed with our scattering matrix 
approach, described previously. [ 34 ]   

  2.     Results and Discussion 

  2.1.     µcOLED Design 

 Due to strong optical absorption by ITO [ 35 ]  and most common 
metals in the UV, the standard near-UV OLED and the 
µcOLEDs, where a very thin metal layer is used as the semi-
transparent anode, have a high loss at the electrode/organic 
interface, which results in reduced device effi ciency. Thin Ag 
metal has been extensively used as a semitransparent anode in 
µcOLEDs emitting in the visible because its high refl ectance 
and low absorption in that region provide a very good lossless 
microcavity. [ 28,30,36 ]  However below 400 nm, the absorption 
of silver increases rapidly and its refl ectance decreases. [ 37,38 ]  
Despite being lossy, Al is well suited for fabricating a strong 
optical near UV microcavity due to its uniform refl ectance in 

this wavelength range.  Figure    1   shows the irradiance  R  versus 
voltage for CBP-based standard and µcOLEDs of the struc-
ture anode/MoO x  (5 nm)/CBP (25 nm)/bathophenanthroline 
(BPhen) (35 nm)/LiF/Al with three different anodes: ≈140 nm 
ITO, [ 11 ]  25 nm Ag, and 15 nm Al. 

  One of this work’s goals was to obtain an easy-to-fabricate 
anode that provides a good microcavity and a low turn on 
voltage for the near-UV OLED. The work function of Al is 
≈−4 to −4.2 eV, so to improve hole injection, a very thin layer 
of palladium was added. Adding just 5 nm of Pd on top of 
the Al anode improves the hole injection due to Pd’s deeper 
Fermi level (≈−5.2 to −5.6 eV) without signifi cantly affecting 
the EL full width at half maximum (FWHM), which is 25 nm, 
with the EL peak red-shifting by ≈5 nm (from 382 to 387 nm). 
The addition of the Pd layer also prevents the formation of a 
thin insulating Al oxide layer.  Figure    2   compares  R  and cur-
rent density ( J ) versus voltage for devices with Al versus Al/
Pd anodes. 
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 Figure 1.    Irradiance  R  versus  V  for UV CBP OLEDs with ITO, Ag, or Al 
anodes.

 Figure 2.     R  and  J  versus  V  for µcOLEDs with Al or bi-layer Al/Pd anodes 
with the structure anode/MoO x  (5 nm)/CBP (25 nm)/BPhen (35 nm)/
LiF/Al.
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  In the µcOLEDs, the thickness of the MoO x  layer is not 
suffi cient to prevent exciton quenching by the metal anode. 
Additionally, though CBP has a relatively high electron 
mobility  µ  e  ≈ 3 × 10 −4  cm 2  V –1 s –1 , it is still much lower than 
the hole mobility  µ  h  ≈ 2 × 10 −3  cm 2  V –1 s –1 , so charge balance 
in the device needs improvement. Device performance indeed 
improved when we added a 20 nm 4,4′-cyclohexylidenebis [ N , N -
bis (4-methylphenyl) benzenamine] (TAPC) layer on the MoO x , 
where the anode was Al, and 30 nm (optimized thickness) of 
TAPC for the device with the ITO anode. The improvement 
is likely due to reduced exciton quenching at the anode in the 
microcavity device and excellent electron and exciton blocking 
due to TAPC’s shallow LUMO level (≈–2.0 eV).  Figure    3   shows 
the  J – R- - V  characteristics of µcOLEDs with and without TAPC 
as a hole transporting layer (HTL), as well as the energy level 

diagram of the devices. The external quantum effi ciency (EQE) 
without the TAPC layer is very low. In contrast, the EQE of 
the devices with TAPC is about 0.2%, which is comparable to 
previous reports on conventional UV OLEDs. [ 25,27 ]  The charge 
imbalance in the device may be associated with the higher 
hole mobility of CBP (×10 larger than the electron mobility), 
which can result in accumulation of holes near the CBP/BPhen 
interface in the absence of TAPC. This charge accumulation 
likely quenches excitons formed near that interface. [ 39 ]  Adding 
a TAPC layer may reduce the exciton quenching by improving 
charge balance in the device. 

  We note that the reduced current with added TAPC stems 
from an increase in the resistance, which increases with 
increasing TAPC thickness.  

  2.2.     Gas-Phase Oxygen Sensing 

 Four different PtOEP-doped sensing fi lms were evaluated for 
achieving the largest PL intensity and sensitivity fi rst with a 
photomultiplier tube (PMT) in a back detection confi guration. 
The four sensing fi lms are low  M  w  PS (45 000), high  M  w  PS 
(288 000), 1:9 PEG:high  M  w  PS, and 1:4 PEG:high  M  w  PS. 
 Figure    4   shows the PL decay signal for each sensing fi lm fol-
lowing application of a 1 ms voltage pulse to the OLED excita-
tion source. As seen, the PtOEP-doped 1:9 PEG:PS fi lm shows 
the highest PL intensity. Figure  4  shows also the largely linear 
SV plots of  τ  0 / τ  versus [O 2 ] with  R  2  values of 0.991, 0.987, 
0.983, and 0.998, respectively. The 1:9 PEG:PS fi lm shows the 
best performance with the highest PL intensity and detection 
sensitivity  S  = 20.4. The results are in good agreement with 
the OLED outcoupling and PL intensity enhancement reported 
by Liu et al. [ 8,32 ]  The scattering centers on the surface and in 
the bulk of the 1:9 PEG:PS fi lm increase light absorption and 
hence the PL. [ 8 ]  Moreover, the dye–O 2  interaction is likely 
increased due to the increased surface area of the sensing fi lm, 
which increases  S . 

    2.3.     Integration with an Organic Photodetector 

 Standard and microcavity green tris(8-hydroxy quinoline) Al 
(Alq 3 )-based OLEDs (≈530 nm peak emission) were used suc-
cessfully for O 2  and related sensing applications. [ 8–11 ]  However, 
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 Figure 3.    a)  J – R – V  curves of OLEDs with and without a TAPC hole trans-
port layer. b) The energy level diagram of the device.

 Figure 4.    PL decay curves at 0% O 2  (left) and SV plots (right) with pulsed OLED excitation using different sensing fi lms.
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when replacing the PMT with an integrated OPD, the [O 2 ] range 
that can be detected is limited. [ 8,40 ]  As the absorption of PtOEP 
(or the Pd analog PdOEP) is stronger in the near UV region 
(≈385–395 nm), a standard near UV [ 11 ]  or µcOLED can serve 
as a very effi cient excitation source.  Figure    5   shows the sche-
matics of the integrated all-organic sensor.  Figure    6  a shows the 
SV plots for all-organic O 2  sensors using a PTB7-based OPD 
with a power conversion effi ciency (PCE) of 6.2%. These plots 
show linear SV relations and the use of the UV µcOLED ena-
bled increased dynamic range with the OPD. We note that with 
the green µcOLEDs in conjunction with an OPD the signal-to-
noise was relatively poor even in the low [O 2 ] range, unlike the 
situation with the UV µcOLED. The PTB7-based OPD is prefer-
ably chosen for this experiment over the standard P3HT:PCBM-
based OPD due to its higher sensitivity in the long wavelength 
range. Figure  6 b compares the EQE of both OPDs along with 
the EL of the UV µcOLED and the PL of the sensing fi lm. 

     2.4.     Near-UV Spectrophotometer 

  2.4.1.     Measurements 

 The resonant wavelength of an optical cavity is described by 
 mλ  r  = 2Σ n  i ( λ ) L  i cos θ , where  λ  is the resonant wavelength of 
the  m th mode, and  n  i  and  L  i  are the refractive index and thick-
ness of the  i th layer, respectively. The thickness of the optical 
medium determines the cavity mode or the normal emis-
sion of a µcOLED. Using CBP-based microcavity structures, it 
was possible to tune the emission wavelength producing nine 
different discrete and relatively sharp peaks ranging from 

370 to 430 nm on a common substrate. The combinatorial 
array was fabricated by varying the thickness of the CBP and 
BPhen layers. The structure of the devices was 15 nm Al/5 nm 
MoO 3 /20 nm TAPC/ x  nm CBP/ y  nm BPhen/1 nm LiF/Al, 
where 15 ≤  x  ≤ 30 nm and 25 ≤  y  ≤ 40 nm.  Figure    7  a shows the 
EL spectra of these devices. The FWHM of these bands ranged 
from 24 to 48 nm, with the broadening of the EL spectrum at 
longer wavelengths due to the shape of the reference (cavity-free) 
CBP EL spectrum across this wavelength range (Figure  7 (a)). 
All these devices exhibit comparable  J – R–  V  characteristics with  
R  ≈ 0.8 mW cm –2  at  J  ≈ 1 A cm –2 , except for the thinnest device 
that showed a slightly reduced  R . 

  Figure  7 b shows the schematics of the all-organic on-chip 
spectrometer. Figure  7 c shows the absorption spectrum of an 
Alexa fl uor 405 fi lm using this all-organic on-chip spectro meter 
with the P3HT:PCBM-based OPD. As seen, the measured 
absorption is in good agreement with that of a reference meas-
urement using the Ocean Optics spectrometer. The current 
near UV array expands the range of the on-chip spectrophoto-
meter described by Liu et al. from the visible [ 30 ]  to shorter 
wavelengths. The Alexa fl uor 405 dye was chosen to show the 
potential of the all-organic on-chip spectrometer in biological 
applications, as this dye is extensively used in biological fl uores-
cence imaging. The fi lm (≈500–750 nm thick) was made from 
0.1 mg mL –1  dye in water. Since the standard concentration of 
Alexa fl uor 405 used in imaging is 0.5 mg mL –1 , [ 41 ]  the inte-
grated spectrometer is promising for various future sensing/
imaging applications.  

  2.4.2.     Simulations 

 Simulations of the OLEDs’ emission were performed with 
our scattering matrix approach described previously. [ 34 ]  In this 
approach Maxwell’s equations are solved in Fourier space, 
i.e., within a plane wave basis for the OLED architecture that 
contains emissive sources within the OLED. The OLED is 
composed of layers stacked in the  z  direction. In each layer of 
the OLED stack, the materials are represented by realistic fre-
quency dependent absorptive dielectric functions obtained from 
experimental measurements of Al, [ 42 ]  MoO x , [ 43 ]  and ITO. [ 37 ]  
The simulations are performed with all layers being planar in 
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 Figure 5.    Schematics of the integrated all-organic sensor. (not to scale)

 Figure 6.    a) SV relation in oxygen sensing with a green (circles) or UV-µcOLED (squares) as the excitation source and PTB7-based OPD. b) EQE of 
P3HT:PCBM (green circles) and PTB7:PCBM (black squares) OPDs; the EL of the UV µcOLED (violet; ≈385 nm peak emission), and the normalized 
PL of the 1:9 PtOEP:PEG:PS sensing fi lm (red; ≈645 nm) are also shown.
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the ( x ,  y ) plane as in the experiment. However, this approach is 
more general allowing the layers to have a periodic structure in 
the ( x ,  y ) direction with a repeat vector  R  =  n  1  a  1  +  n  2  a  2 , where 
the primitive lattice vectors are  a  1  and  a  2 . This general for-
malism allows for the investigation of outcoupling of trapped 
modes using periodic microlens structures or grating struc-
tures, which is an important aspect for later work. 

  ITO-Control OLED : We fi rst determined the thickness of the 
ITO layer on the glass substrates, by measuring the transmis-
sion and refl ectance of ITO-coated glass and comparing these 
to simulated refl ectance and transmission. The measured 
transmission exhibited 85%–90% transmission over most of 
the optical spectrum, with a broad peak near 450 nm and a 
sharp dip at shorter wavelengths, in conjunction with a min-
imum refl ectance near 450 nm, and increasing refl ectance at 
shorter wavelengths. These features were best modeled by an 
ITO thickness of 110 nm. Larger ITO thicknesses shifted the 
broad peak position to longer wavelength, whereas thinner ITO 
moved this peak feature to shorter wavelength. Using this ITO 
thickness we simulated the emission from the control ITO-
based structure composed of glass ITO/MoO 3  (7 nm)/TAPC 
(20 nm)/CBP (15 nm)/BPhen (25 nm)/LiF (1 nm)/Al. A single 
wavelength-dependent refractive index  n  +  ik  was used for all 
the organic layers taken from ellipsometry measurements of 
organic materials, [ 41 ]  since the optical properties of each indi-
vidual organic constituent were not available. This approxima-
tion may be justifi ed given the small variations expected for  n  
of the individual organic materials. It successfully simulated 
the measured emission that peaked at 375 nm. 

  Microcavity OLEDs : Next we simulated the OLED stack 
composed of Al (15 nm)/MoO 3  (5 nm)/TAPC (20 nm)/
CBP ( x  nm)/BPhen ( y  nm)/LiF/Al (100 nm), utilizing avail-
able  n  and  k  values. [ 44 ]  We utilized an emissive source at 
the CBP/BPhen interface. First, the emitted intensity  E  0  ( λ ) 
below the glass was simulated assuming the source inside the 
OLED has a featureless emission profi le. This approach yields 
the dependence of the emission on the optical cavity length 
without added assumptions on how the emissive source 
emits at different wavelengths. Since  x  and  y  were varied to 
tune the microcavity wavelength, we found it convenient to 
plot the emission peak as a function of the optical length 
 L  =  x  +  y  (as distinct from the full optical microcavity length, 
which extends into the bottom and top Al electrodes [30] ). The 
emission intensity exhibits a peak value that increases as the 
optical cavity length is increased (Figure  7 (d)). The position 
of the shortest wavelength emission at 370 nm ( x  = 15 nm; 
 y  = 25 nm;  L  = 40 nm, the shortest optical length) is in excel-
lent agreement with simulation. The longer optical cavities 
( L  = 60 nm with  x  = 25 nm,  y  = 35 nm and  L  = 65 nm with 
 x  = 30 nm,  y  = 35 nm) also exhibit good agreement of the peak 
emission wavelengths between experiment and simulation 
(Figure  7 d). Simulations at intermediate  L  underestimated 
the positions of the peak wavelengths relative to the experi-
ment. The measurements displayed an almost linear increase 
of peak wavelengths with  L , whereas the simulation showed a 
more quadratic dependence. As found in our earlier work [ 30 ]  
the complete optical microcavity length must include contri-
butions from the penetration of fi elds in the Al cathode and 
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 Figure 7.    a) EL spectra of OLEDs of the structure 15 nm Al/5 nm MoO 3 /20 nm TAPC/CBP/BPhen/1 nm LiF/Al with different CBP and BPhen layer 
thickness of 15–30 nm and 25–40 nm, respectively. b) Schematics of the all-organic on-chip spectrometer (not to scale). c) Absorption of an Alexa fl uor 
405 fi lm on glass, measured with the near UV microcavity OLEDs and the ITO/PEDOT:PSS /P3HT:PCBM /Ca/Al photodetector (squares) and with the 
ocean optics system (circles). d) Comparison of the experimental and simulated peak emission wavelengths versus the optical length  L . The lines are 
smooth fi ts to the simulated and experimental points.
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anode, and is larger than the simple optical lengths within the 
electrodes. 

 The foregoing results suggest that the source CBP emission 
profi le  I  s  ( λ ) is strongly wavelength dependent. Accordingly, we 
used the experimentally measured emission  E  exp ( λ ) and the 
simulated emission intensity  E  0 ( λ ) to obtain the emission pro-
fi le of the emissive CBP species  I  s ( λ ) from  E  exp ( λ ) =  E  0 ( λ )* I  s ( λ ). 
We obtain the source profi le  I  s ( λ ) to be sharply peaked near 
370 nm for short optical lengths ( L  = 40 nm) and a broad 
profi le with a peak at 425 nm at the longest optical length 
( L  = 70 nm) in accordance with the experimental results of 
Figure  7 a. As the microcavity length increases, the CBP emis-
sion broadens and red shifts signifi cantly, as would be expected 
for strong microcavity effects.    

  3.     Summary and Conclusions 

 We demonstrated simple fabrication and characterization of 
improved near UV microcavity OLEDs, with peak emission at 
≈385 nm, using CBP as the emitting layer. BPhen and TAPC 
layers at the cathode and anode, respectively, strongly enhanced 
device performance improving electron-hole recombination in 
the emitting layer. A relatively low turn-on voltage of ≈3.8 V—
only 0.58 V above the 385 nm photon energy—was achieved 
via the use of an Al/Pd bi-layer anode, rather than Al only. We 
also demonstrated the structural integration of this device with 
an OPD to generate an all-organic compact O 2  sensor. The use 
of the near UV µcOLED improved the sensor performance in 
comparison to the previously used green µcOLED for probe 
excitation, where the [O 2 ] dynamic range was limited. In addi-
tion, we tuned this near UV microcavity device to produce a 
multicolor µcOLED array by gradually changing the thickness 
of the CBP and BPhen layers. This array was utilized in an all-
organic spectrometer on a chip for measuring the absorption 
spectrum of an Alexa fl uor 405 dye fi lm. Two different OPDs, 
i.e., P3HT:PCBM- and PTB7:PCBM-based, were utilized; the 
latter improved the sensing performance. Simulations based 
on the scattering matrix approach were in good agreement with 
the experimental results and contributed to device fabrication.  

  4.     Experimental Section 
  Materials : PtOEP, PS (molecular weight  M  w  ≈ 45 000 and 288 000) 

and PEG ( M  w  ≈ 1000) were used to prepare the sensing fi lms. The dye 
was purchased from H. W. Sands and PS and PEG were purchased 
from Sigma–Aldrich. MoO 3 , the hole injection material, was purchased 
from Sterm Chemicals, TAPC, the hole transport and electron-blocking 
material, and CBP, the emitting material, were purchased from 
Luminescence Technology Corporation. The hole- and exciton-blocking 
material BPhen was purchased from Sigma–Aldrich and used as the 
electron transport material. Alexa fl uor 405 dye was purchased from Life 
Technologies. 

  OLED Fabrication : OLEDs were fabricated on cleaned and UV-ozone 
treated glass substrates inside a thermal evaporation chamber with 
a base pressure of ≈10 −6  mbar within a glovebox. Al electrodes and 
all organic materials were deposited by thermal evaporation. The Al 
cathode was deposited through a shadow mask containing either 
1.5 mm diameter circular holes or 3 mm wide stripes. The combinatorial 
array for the spectrometer was fabricated by varying the thickness of 

organic layers using a sliding shutter. The devices were all encapsulated 
using a glass cover bonded to the glass substrate with epoxy. 

  Film Fabrication : PtOEP, PS, and PEG were dissolved in 1 mL toluene 
at different weight ratios to generate solutions of 1:40 PtOEP:PS 
( M  w  ≈ 45 000), 1:40 PtOEP:PS ( M  w  ≈ 288 000), 1:4:36 PtOEP:PEG:PS 
( M  w  ≈ 288 000), and 1:8:32 PtOEP:PEG:PS ( M  w  ≈ 288 000). The sensing 
fi lms were prepared by drop-casting 200 µL of the solution on the back 
side of OLED glass substrates. The OLEDs (excitation source) were 
driven by a pulse generator (Avtech AV-1011B) generating 1 ms pulses 
at a rate of 50 Hz. Various concentrations of oxygen were generated by 
mixing high purity Ar and O 2 , using mass fl ow controllers, at a constant 
fl ow rate. The Alexa fl uor 405 fi lms, 500–750 nm thick, were made from 
0.1 mg mL –1  dye in water and baked at 120 °C for two h. 

  Measurements: OLED Characterization : Characterization of the 
OLEDs was done using a Keithley 2400 source meter to apply a voltage 
and measure the current. A Thorlab PM100 power meter was used for 
measuring the irradiance. The EL spectra were obtained using an Ocean 
Optics CHEM2000 spectrometer. The raw spectra were obtained in the 
“SCOPE” mode, but were corrected to the radiometrically calibrated 
mode; the spectra shown are the corrected spectra. 

  PL and Absorption Measurements : The PL decay curves of the 
sensing fi lm at different oxygen concentrations were monitored by a 
Hamamatsu R6060 photomultiplier tube (PMT). The PL intensity of 
the 1:4:36 PtOEP:PEG:PS sensing fi lm was monitored with standard 
P3HT:PCBM and PTB7:PCBM OPDs and the current from the detector 
was measured by a Keithley 2400 source meter. In the latter case 
the OLED was driven by a constant voltage generated by a KEPCO 
(Abc-125 1 dm) power supply.  
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