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Summary 12 

Device optimization of light-emitting diodes targets the most efficient conversion of electrically 13 

injected charges into emitted light. Where charges recombine and where light is emitted from is 14 

known as the emission zone. Determining its form is key to better understanding the physical 15 

processes determining device performance. However, a thorough measurement study has not been 16 

shown. Here we present an accessible technique to visualize the emission zone in unprecedented 17 

detail at all luminescing current densities. Only a single emission spectrum must be measured (at 18 

normal direction to the device layers with no additional optics) and compared with the simulated 19 

emission spectrum. This method allows physical understanding based, instead of speculative, 20 

optimisation of LED device architectures. We demonstrate its impact by examining the device 21 

structure – emission zone – lifetime relationships of a thermally activated delayed fluorescence 22 

OLED to achieve an ultralong 4500 hour T95 lifetime at 1000 cd/m2 with 20% external quantum 23 

efficiency. 24 

 25 

Introduction  26 

Optimising organic, perovskite or quantum dot light-emitting diode (LED) stacks is a labour and 27 

material intensive, mostly trial and error process because internal nanoscale processes are often 28 

difficult to observe. Moreover, due to incomplete physical insight, learning outcomes for one stack 29 

may not be transferable to another. The emission zone (EZ) in LEDs is the relative amount of light 30 

emitted from each position along the layer normal and is the convolution of the recombination, 31 

excited state diffusion and quenching profiles. In organic LEDs (OLEDs), the EZ was strongly linked to 32 

external quantum efficiency (EQE) (via quenching at interfaces by accumulated charge carriers 33 

[1,2,3]) and a tenfold increase in device lifetime [4]. Similarly, the EZ has been linked to the EQE roll-34 

off and lifetime of perovskite LEDs [5] and quantum dot LEDs [6,7]. However, the EZ is difficult to 35 

measure because standard LED emission spectra are insensitive to emitter position (see Fig.1a). 36 

Sensing layers were used to indirectly measure the EZ [8,9], but the dyes of lower emission energy 37 

used are often charge traps and high repeatability of many devices is needed. There is a promising, 38 

destructive interference microcavity method [10,11], which utilizes optical interference to reach 39 

superresolution (see Fig.1c), as in microscopy [12]. However, only a few experimental results for 40 

modern OLEDs have been published [13,14,15]. This could be due to the complexity of the method 41 

which requires precisely aligned polarization-controlled detection of many angles, or due to the 42 

surprising U-shaped (two peaks at both sides of the emission layer) EZ results [14,15], which should 43 

require the method’s reliability to be checked. Highly efficient OLEDs are not expected to emit light 44 

mostly from interfaces, as the accumulated charges there should significantly quench the emission 45 

[1,2,3,4]. 46 
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 47 

Fig. 1 Bright and dark OLED optics and device structures (a) Left side: emission spectra for the light 48 

source positions defined in (b) and right side: the electric field modes for the bright, thin-ETL device 49 

which gives constructive interference of the standing-wave in the EML [10]. The microcavity electric 50 

field is calculated for a light source at the substrate-anode interface with |Es|= 1 for all wavelengths. 51 

For case (a), a standard constructive interference OLED, the emission spectrum is quite insensitive to 52 

the light source position i.e, the EZ.  b) Nine light source positions in the EML, with 3.9 nm spacing. 53 

(c): as in (a) but for a thicker ETL device giving, this time, destructive interference of the standing 54 

wave in the EML (d) OLED layer materials and thicknesses. Due to the differing refractive indices, the 55 

ETL thicknesses are different for each material to give the same optical path and interference 56 

conditions. In the destructive interference microcavity EZ measurement method, the microcavity 57 

thickness is chosen so that the light source, i.e., the EZ, is centred at a destructive interference node, 58 

as in (c), so small shifts in the EZ position can result in clear shifts of the destructive interference 59 

resonance in the emission spectrum.  60 

Improvements to the conventional angular method [14,15] are demonstrated here. Only a single, 61 

unpolarized, 0° emission spectrum, accessible in every optical lab, must be measured and compared 62 

with the simulated emission spectrum. This single shot method gives clear visualisation of the EZ 63 

over all device current densities, a measurement time reduced from minutes to ~ 1 second and the 64 

best performance devices have EZs less concentrated at the interfaces, as expected from [1,2,3,4]. 65 

The example OLED in this work uses the green 4CzIPN (2,4,5,6-tetrakis(carbazol-9-yl)-1,3-66 

dicyanobenze) organic thermally activated delayed-fluorescence (TADF) emitter (see Fig. 1d). Today, 67 
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commercial OLEDs feature low efficiency blue fluorescent emitters with green and red 68 

phosphorescent emitters containing the rare iridium metal which is expensive and environmentally 69 

destructive to obtain [16,17]. Conversely, purely organic TADF emitters, offer lower production costs 70 

and efficient blue emitters. However, they have not been shown to have comparable stability 71 

[18,19]. This work shows comprehensive trends of the EZ with current density, device structure, 72 

lifetime, and degradation. Thereby, a tripled lifetime and efficiency, compared with the best TADF 73 

OLED lifetime found in the literature [19] is demonstrated. This EZ measurement procedure can give 74 

accessible and clear visualisation of LED device charge dynamics allowing a deeper understanding of 75 

device physics which should accelerate OLED, perovskite, and quantum dot LED development. 76 

 77 

Results and Discussion  78 

The conventional destructive interference microcavity method of the studies showing unexpected U-79 

shape EZ solutions [14,15] will now be examined. 80 

 81 

Comparison of the conventional angular method from the literature with the single shot method 82 

Previous destructive interference microcavity EZ studies of small molecule (phosphorescent and 83 

TADF) emitter OLEDs by Regnat et al. measured emission spectra from 0° to 70° using a cylindrical 84 

lens to extract additional light and the simulated emission spectra were fitted to the experimental by 85 

varying the EZ and molecular spectrum simultaneously [14,15]. The phosphorescent emitter study 86 

gave a U-shaped EZ result and concluded that it can be a general feature of OLEDs [14], then a TADF 87 

exciplex host with a fluorescent emitter device also showed U-shaped EZs [15]. The physical 88 

explanation given for such an EZ was a build-up of charges at the interfaces, but this should 89 

significantly quench the emission of these high efficiency OLEDs [1,2,3,4]. At first, one would think 90 

that collecting more light from more angles in the device using a cylindrical lens would give more EZ 91 

information. However, the principle of the method is that the destructive interference resonance 92 

contains the light source positional information (as in Fig. 1c). The stronger this resonance is, the 93 

“darker” the emisison is. This resonance will be strongest at a single angle then weaker for diverging 94 

angles (Supplementary Fig. 1). It has been previously shown theoretically [20] and quantitatively [10] 95 

that additionally collecting the (normally trapped) higher angle substrate modes results in the 96 

interference resonance and high EZ sensitivity of the single angle mode becoming more diluted by 97 

emitted modes of other angles. This is also well illustrated in superresolution standing wave 98 

microscopy, where narrower interference fringes of the microcavity standing wave from 0° 99 

excitation give a higher source position resolution [12]. To compare the conventional angular 100 

method results with our single shot method, the emission spectra of the 120 nm ETL OLED stack in 101 

[14] are simulated (Fig. 2). A similar comparison for the devices of this work is also shown in 102 

Supplementary Fig. 1. In Fig.2, emission spectra are simulated for a U-shaped and Gaussian EZ 103 

(Fig.2g). We see that the Gaussian solution is indistinguishable from the U-shaped EZ result for the 104 

measurement method in [14] (Fig.2f), especially if experimental noise and errors from seven 105 

separate angular measurements at different time intervals (where charge dynamics could be 106 

changing) would be considered. If a different ETL thickness of 95 nm was used to concentrate the 107 

destructive interference resonance at one emission angle (here set at 0° for measurement 108 

convenience), one could easily distinguish the two EZ solutions (Fig.2c). Possible reasons that the 109 

Gaussian solution was not also reported in [14] are given in Supplementary Discussion S1. 110 
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111 
Figure 2. Comparison of simulated emission spectra with and without cylindrical lens for different 112 

emission zones The OLED stack from [14] with EML of 35 nm is simulated, using a fixed molecular 113 

spectrum, for two EZs: (g) left side – a Gaussian EZ centred at the EBL-EML interface, of width 25 nm 114 

(solid lines in all diagrams) and right side - the U-shaped EZ result at 0.5 mA/cm2 from [14] (dashed 115 

lines in all diagrams). Simulated emission spectra are shown for the original paper ETL = 120 nm 116 

(b,d,f) and alternatively with an ETL of 95 nm (a,c,e). s- polarization emission spectra of 10° to 70° 117 

emission angles are shown in (a,b), unpolarized spectra for 0° emission angle in (c,d), and s- 118 

polarization when using a cylindrical lens in (e,f). For non-0° angles, p-polarized light must be filtered 119 

as it contains emitter orientation effects [21]. The OLED stack and the optical emission paths are 120 

shown in (h), upper half: polarizer and no lens, centre: no additional optics, lower half: with polarizer 121 

and cylindrical lens (higher angle modes trapped in the substrate without a lens are outcoupled 122 

here). 123 

In conclusion, designing an LED microcavity to have a strong destructive interference resonance at a 124 

single angle and not using an additional outcoupling lens gives higher EZ sensitivity. Additionally, 125 

measuring a single 0° spectrum enables a much simpler and quicker measurement where one can 126 

measure the EZ for all luminescent current densities while minimising problems caused by device 127 

dynamics changing over many angular measurements. In the next sections, results of a study using 128 

this single shot method (as in Fig.2c) are shown.  129 

 130 

Procedure to understand and optimise LED material systems via emission zone measurement 131 

A methodology to gain an understanding of and optimise LED material systems using single shot EZ 132 

measurements to get insight into device processes will be shown using a TADF OLED example. First, 133 

the device structure of dark devices is varied to see the effect on the EZ. Then, the EZ relationship 134 

with device ageing is examined to give insight into the degradation processes. Finally, the EZ study 135 

results are used to develop an optimised bright device. 136 

Emission zone relationship to device structure 137 

In Fig. 3, experimental 0° emission spectra (red curves measured as in Fig.2c) of five dark devices 138 

with five emitter concentrations are shown at various current densities. Discrete Gaussian EZ 139 

functions (green bars) are varied to give well fitting simulated spectra (black curves). Looking at the 140 

trend in each column in Fig. 3 and the current density-voltage (JV) curves in Fig. 5a, it appears that 141 
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increasing the emitter concentration relatively increases the electron transport across the EML, as 142 

expected from the charge transport energy level structure (Supplementary Fig. 2), where electron 143 

transport should occur mainly through the emitter, resulting in an electron accumulation at the EML-144 

HBL interface when emitter concentration is low. A previous publication on this EML also made this 145 

assumption [22]. With increasing current density along each row in Fig. 3, the EML hole transport 146 

appears to relatively increase. For the low 1% concentration, additional blue emission, most likely 147 

from the mCBP (3,3′-di(9H-carbazol-9-yl)-1,1′-biphenyl) EML host [23,24] can be observed. The EZs 148 

for dark devices with a SF3-TRZ:Liq ETL, which requires a higher driving voltage than with BPy-TP2 149 

(Supplementary Fig. 4), agree well (Supplementary Fig. 5). Additionally, no large EZ or lifetime 150 

changes are observed for HTL thickness variation from 15 to 120 nm, for both ETLs (Supplementary 151 

Fig. 6 and 7). Therefore, we conclude that the electron injection into the EML is the charge transport 152 

constraint of this system, even if changing the transport layers. Accordingly, in this stack, the EZ can 153 

be sensitively controlled by adjusting the emitter concentration.  154 

 155 
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156 
Figure 3. Spectral fitting and resulting emission zones for dark devices with ETL= 100 nm BPy-TP2  157 

Above graphs of each table entry show measured (red) and simulated (black) 0° emission spectra. 158 

Simulated curves are noisy due to using an experimentally extracted molecule spectrum. Below 159 

graphs show the EZ as weighted emission source positions in EML (green bars) which give the 160 

simulated spectrum above. The simulated spectra are fitted to the experimental while varying only 161 

the EZ as a discretized Gaussian function. These are the only EZ solutions found. Each row represents 162 

a single device. All simulated spectra in the figure are for the same microcavity as device thickness 163 

uniformity < 1 nm (see methods section). Spectral changes in a row are caused only by a varying EZ 164 

with current density. Spectral changes along columns are due to the EZ changing with emitter 165 

concentration and to a lesser degree, concentration-quenching shifted [25] molecular spectra 166 

(Fig.5b), which are independently extracted from bright devices (Supplementary Fig. 3) and input into 167 

each simulation.  168 

 169 
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Emission zone relationship with device ageing 170 

Next, the EZ relationship to device ageing was investigated by measuring the lifetime of devices with 171 

various ETLs and also comparing emission spectra before and after ageing. All lifetime data shown 172 

was measured at 1, 10 and 40 mA/cm2 constant current densities and is shown in Fig. 4. The 173 

accelerated ageing assumption was not used as it was proved invalid for devices where the EZs 174 

change with current density [26]. 175 

   176 

Figure 4. Measured device lifetime with constant current driving time. The three rows represent 177 

devices with three different ETLs. The driving condition is labelled on the top of each graph. Bright 178 

devices are measured at an initial luminance of 1000 cd/m2 (between 1.55 and 2.15  mA/cm2) instead 179 

of 1 mA/cm2 as is common for display applications.The coloured legend at the bottom shows the 180 

emitter concentrations. Two devices were measured and are shown for each emitter concentration 181 

and driving condition to show device repeatability. 182 

 183 

It appears that the same degradation mechanism dominates at current densities of 10 and 40 184 

mA/cm2, as the same lifetime trend is observed - the device lifetime increases with emitter 185 

concentration for both bright and dark device ETLs. This correlates with dark device EZs being less 186 

concentrated at the HBL interface in Fig.3. We cannot measure bright device EZs (see Fig.1), 187 
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however, the lifetime trend is the same as for the dark devices, which suggests that they have 188 

comparable EZs. At low current density, (Fig.4(a,d,g)), degradation appears to occur differently. This 189 

regime will be discussed later. Next, we compare the 40 mA/cm2 dark device spectra (SF3-TRZ:Liq 190 

ETL devices are shown here, BPy-TP2 ETL devices are also shown in Supplementary Fig. 8) before and 191 

after constant current ageing to 50% radiance in Fig.5d. 192 

193 
Figure 5. Dark device JV curves, molecular spectra and spectral changes with ageing. (a) JV curves 194 

for dark devices of different emitter concentration with ETL=100nm BPy-TP2. (b) Molecular spectra 195 

extracted from bright ETL=100nm BPy-TP2 devices of different emitter concentration (c) 30% emitter 196 

concentration, thick-ETL dark device and thin-ETL bright device having overlapping JV curves. (d) Left 197 

side - fresh and aged (40 mA/cm2 constant current to 50% radiance) spectra of the BPy-TP2 ETL dark 198 

devices, experimental curves are solid lines and simulated curves dashed. Fitted fresh and aged EZs of 199 

the spectra are shown on the right. EZ changes cannot be calculated for 1% devices as the level of 200 

HBL emission [24] is too high. These spectra are slightly different than in Fig.3 because different 201 

devices in the same deposition run, characterised to have slightly different thicknesses must be used 202 

for different lifetime measurements.  203 

 204 

An additional red emission peak at 640 nm is observed. This is clearly emission from the 2,4-205 

diphenyl-6-(9,9'-spirobi[9H-fluoren]-3-yl)-1,3,5-Triazine (SF3-TRZ) HBL under electrical operation as 206 

well studied by Tanaka et al [24]. They postulate that when more holes enter the HBL (which can be 207 

tracked here with the EZ), anion and cation SF3-TRZ species form under electrical operation and 208 

recombination occurs resulting in red emission [27]. This emission process coincided with an 209 
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irreversible degradation of the SF3-TRZ as observed from a lowering of the current with time in the 210 

same device structure of this work but without the emission layer [24]. Similar spectral changes with 211 

ageing at 10 mA/cm2 are shown in Supplementary Fig. 9. In Fig. 5d, the additional red peak is largest 212 

for the 1% device where most holes should enter the HBL and smallest for 50% where the least holes 213 

should enter the HBL. That the HBL emission trend matches the measured EZs is also independent 214 

evidence for the fidelity of the single shot EZ measurement method. EZ changes are also shown on 215 

the right of Fig.5d. After ageing, the EZs at 10%, 20% and 30% are observed to become less 216 

concentrated at the HBL interface. In the literature, degradation mechanisms have been studied for 217 

the same EML of this work at 15% or 20% doping concentration: At 3 mA/cm2 current density, the 218 

host mCBP excited state, not the 4CzIPN emitter, was found to be very unstable [28]. In Fig. 3, hole 219 

currents dominate even more at current densities higher than 3 mA/cm2 so this mechanism can 220 

represent our 10 and 40 mA/cm2 ageing. Sandanayaka et al. analysed hole only and electron only 221 

devices with our EML, from 0 to 3000 mA/cm2 and also found no degradation of the 4CzIPN emitter. 222 

They also observed that injected electrons do not affect excitons but injected holes do. mCBP and 223 

4CzIPN positive cations were found to quench excitons due to their absorption spectrum overlap 224 

with the emitter but no overlap was observed for the negative anions [29]. Tanaka et al. found, over 225 

the same current density range of our work, that the main degradation mechanism was triplet 226 

polaron interactions from excess holes reaching the (SF3-TRZ) HBL resulting in quenching and non-227 

radiative centre formation [30]. Yamaguchi et al. concluded that the main degradation mechanism 228 

was exciton quenchers generated by HBL degradation products [31]. For a blue emitter system, a 229 

decrease in hole mobility with degradation of the mCBP host was found, probably due to hole trap 230 

formation [32]. A hypothesis that agrees with the results of this work and the literature is that lower 231 

emitter concentration EMLs result in more holes crossing the EML and reaching the HBL interface 232 

(Fig.3). This results in more HBL emission and degradation (Fig.5d). With ageing, this hole dominated 233 

current in the EML (for lower emitter concentrations) degrades the host more than the emitter 234 

leading to an EML charge balance shift to the anode side. This host degradation seems to have a 235 

larger effect on the EML charge balance than the HBL degradation, agreeing with the EZ-device 236 

structure findings earlier, where the EML and not transport layers is dominantly responsible for the 237 

EML charge balance. Additionally, emitters close to the HBL interface could be deactivated by 238 

exciton polaron interactions due to the electron accumulation and/or the HBL degradation products. 239 

Further discussion is shown in Supplementary Discussion 2 & Supplementary Fig. 11. At 1 mA/cm2 240 

current density, the device lifetimes for both dark ETLs follow the same order up to 20% emitter 241 

concentration, but the 30% and 50% devices show a lower lifetime, relatively, than with the higher 242 

current density trend. Using Fig.3, this can be explained by degradation processes where the EZ is 243 

concentrated at the EBL interface, being comparable to those where the EZ is concentrated at the 244 

HBL interface at 1 mA/cm2. The lifetime is longest for the most balanced EZs where the emission is 245 

least concentrated at the interfaces as predicted in [1,2,3,4]. No remarkable EZ shift is observed at 1 246 

mA/cm2 as there is not much radiance reduction after 1000 hours driving (Supplementary Fig. 10) 247 

indicating little EML material degradation, agreeing with the long lifetimes at 1 mA/cm2. 248 

 249 

Optimised Bright devices 250 

The next step is to use the dark device EZ relationships to optimise the performance of a bright 251 

device at 1000 cd/m2. The SF3-TRZ:Liq ETL material was chosen for these optimised devices due to 252 

its better performance (Supplementary Fig. 11). The EZs did not change much with the different 253 

ETL-material dark devices even though they had different JV curves, so it seems that the ETL might 254 

not strongly affect the EZs. Also, at 10 and 40 mA/cm2 current densities the bright and dark device 255 

EZs seem to match. A 40 nm SF3-TRZ:Liq ETL device has an overlapping JV curve with the 100 nm 256 
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Bpy-TP2 ETL device as shown in Fig.5c. As a first approximation, we assumed that devices with 257 

different ETLs but overlapping JV curves have closely matching EZs. At low current density, the 30% 258 

emitter bright device lifetime (Fig(4g)) is longer than the dark devices (Fig(4a,d)). This can be 259 

explained by the different EZ changes with emitter concentration at the higher currents necessary to 260 

produce 1000 cd/m2. At the 1000 cd/m2 current density, the 30% EZ becomes relatively more 261 

balanced which should result in the improved lifetime (Supplementary Fig. 14). The longest 262 

published lifetime for a TADF OLED found in the literature is T95 = 1315 hr with EQE=6.2% which was 263 

measured at 1000 cd/m2 [19]. In this work we have tripled that performance with a T95 lifetime at 264 

1000 cd/m2 of 4500 hours with an EQE of 20% for the 30% emitter doping, 40 nm SF3-Trz:Liq ETL 265 

device (Fig.6). The electroluminescence spectrum and CIE colour coordinates of this device are 266 

shown in Supplementary Fig. 15. A high emitter doping is used to increase the electron transport in 267 

the EML and balance the EZ. OLEDs with a high emitter concentration of 30% have not been studied 268 

much due to concentration quenching concerns, however the measured PLQY does not change 269 

when increasing the concentration from 20% to 30% (Supplementary Fig. 16). 270 

 271 

 272 
Figure 6. Optimised bright device efficiency and 1000 cd/m2 lifetime. (a) EQE and current efficiency 273 

and (b) 1000 cd/m2 constant current lifetime of the 30% emitter bright device. Two devices were 274 

measured and are shown to show device repeatability. 275 

 276 

Conclusion  277 

Only a few microcavity interference-based emission zone (EZ) measurements of small molecule 278 

OLEDs have been reported. These use the conventional angular method and state that a U-shaped 279 

EZ could be general for efficient phosphorescent and TADF OLEDs. In this work, errors which could 280 

have resulted in U-shape EZs are outlined along with an improved measurement method. This single 281 

shot method can be used in every optical lab, where previously, a complex optical measurement 282 

system was needed. The only measurement required is the 0° emission spectrum using no additional 283 

polarization or outcoupling optics. Additionally, the optical constants and homogeneity of the 284 

material stack need only be known in the layer-normal direction. A method to obtain actual device 285 

microcavity thicknesses by fitting the emission spectra without using ellipsometry and which gives a 286 

better thickness accuracy of < 1 nm is also established (Supplementary Fig. 17). Gaussian functions 287 

were shown to be the only EZ solutions in this work for all devices even with highly varying charge 288 

balances and a large range of current densities. Independent agreement with the optical EZ result 289 

was shown by increased emission from the hole blocking layer when the EZ is most concentrated 290 

there. A procedure was shown to quickly optimise an LED stack, through understanding the device 291 

physics, saving time and resources. The EZ relationship to device structure, current density and 292 

device lifetime and ageing for an example TADF OLED stack was visualised for the first time. Tracking 293 

of the varying EZs with doping concentration and current density allowed a directed charge balance 294 

optimisation to minimise exciton quenching and degradation processes. For this material system, 295 



11 

 

confidential 

the EZ balance is dominantly regulated by the charge transport properties of the emission layer 296 

itself. The constraint of the OLED system studied was identified as the electron injection/transport in 297 

the emission layer. A better performing host could enable a lower emitter concentration and 298 

concentration quenching and therefore, a higher emission efficiency. In this work the performance 299 

of the best TADF device lifetime found in the literature was tripled with a T95 lifetime at 1000 cd/m2 300 

of 4500 hours with an EQE of 20%. This shows that, fundamentally, TADF OLEDs can be 301 

commercialised. This single shot EZ method also opens the possibility to study the EZs of highly 302 

dynamic Perovskite LED devices, believed to vary on a second time scale due to ion migration 303 

[33,34]. This method gives an unprecedented visualisation of the EZ which should give detailed 304 

insight into the degradation mechanisms in LED stacks, accelerating their development. 305 

 306 

Methods 307 

 308 

Device fabrication 309 

Computer-controlled [35] thermal evaporation of the OLED materials was performed as in [30] 310 

resulting in 1 nm repeatability of microcavity thicknesses (see below) and high repeatability of 311 

lifetimes [35]. Devices were deposited under low water pressure of 10-7 Pa as detailed in [36]. Masks 312 

enabled separate deposition onto the four quarters of the substrate, for each layer deposition stage.  313 

 314 

Molecular spectra extraction 315 

Molecular spectra for each emitter concentration were independently extracted from bright devices 316 

where the EZ only slightly affects the emission spectrum shape (Fig. 1a). Therefore, knowledge of the 317 

EZ is not necessary to accurately obtain the molecular spectrum. The OLED multilayer microcavity 318 

modulation from different EML positions was simulated with Setfos commercial software version 5.0 319 

from Fluxim AG [37]. Layer optical constants for the simulation were measured with an n,k 320 

spectrometer (n&k Technologies 1280 Broadband UV-Vis Spectrometer) at a 0° reflectance angle to 321 

the layer normal. In Microsoft Excel, the experimental emission spectrum of a bright OLED was 322 

divided by its simulated microcavity modulation to give the bright device molecular spectrum for 323 

each emitter concentration (Supplementary Fig. 3). The microcavity modulation from the different 324 

EML positions (Fig.1) was multiplied by the molecular spectrum and added to give the emission 325 

spectra. The set EZ and microcavity thickness have little effect on the molecular spectrum extraction 326 

(Fig.1). 327 

  328 

Actual device microcavity thickness evaluation 329 

For dark OLEDs used for EZ analysis, the microcavity thickness needs to be known to an accuracy of 330 

1 nm due to resolution concerns (see Supplementary Fig. 19). Ellipsometry requires separate 331 

samples to be prepared and these may not accurately represent the actual devices. A procedure is 332 

outlined in Supplementary Fig.17 to fit the microcavity thicknesses with an accuracy of < 1 nm using 333 

only the emission spectra, so the thicknesses are measured for the actual devices. One of the four 334 

substrate quarters featured a thin 6 nm EML device which should be well modelled with a constant 335 

EZ due to exciton diffusion [38]. A constant EZ removes the EZ as a variable in the emission spectrum 336 

simulation, leaving only the microcavity thicknesses. Then, the same EML-cathode thickness is 337 

deposited for all four quarters. Finally, the only unknowns (apart from the molecular spectrum, 338 

which were independently extracted from bright devices as in Supplementary Fig. 3) when 339 

simulating the emission spectra of the 6 nm EML device would be the anode-source and source-340 

cathode distance and the EML width which have different emission features and so can all be well 341 

extracted from fitting with the experimental spectrum (Supplementary Fig. 17). Using these 342 
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microcavity thicknesses, the only unknown (apart from the molecular spectrum, which we 343 

independently extracted before) in simulating the emission spectra of the other three devices is the 344 

EZ. The other three substrate quarters can then have different emitter concentrations, for example, 345 

resulting in various EZs and emission spectrum shapes with a single microcavity thickness. The EZs 346 

can then be compared knowing that ETL thickness variation is not a problem. Using such a 347 

simultaneous equation approach enables a more accurate EZ fitting, together with the accurate 348 

thicknesses fitted with the 6 nm EML device. In Fig.3, for example, the top three rows are from a 349 

single deposition where only the emitter concentration is varied by the use of a shutter. The bottom 350 

three rows are from another deposition where the microcavity thickness was verified to be the same 351 

thickness within 1 nm (Supplementary Fig. 17). Conveniently, at 0° emission, emitter ensemble 352 

orientation effects do not need to be considered [21].  353 

Optical simulation and EZ fitting  354 

Source-cathode distances of the devices were set using the Setfos [37] simulation tool to make the 355 

destructive interference resonance visible in the centre of the emission spectrum for all current 356 

densities. The microcavity modulation from the different EML positions was multiplied by the 357 

molecular spectrum and added to give the emission spectra as in Supplementary Fig. 18. The EZ 358 

functions were normalized and multiplied by a factor for the device efficiencies at different current 359 

densities. This factor and weights for the different EML positions were varied with the Solver tool in 360 

Excel to give a minimum RMS error for the fitting. The fitting was stopped when the RMS fitting error 361 

was equal to the experimental error [13]. This means that the fitting error will not be lower than the 362 

experimental error which would result in EZ solutions having spatial frequencies below the system 363 

resolution limit [20]. An error study of the resulting EZ solutions is given in Supplementary Fig. 19. 364 

Outcoupling efficiencies were also simulated using Setfos. The microcavity electric field was 365 

simulated with the IMD software program [39]. 366 

Device characterisation 367 

The current density– voltage–luminance (J–V–L) characteristics and the external quantum 368 

efficiencies of the OLEDs were measured using an automatic IVL measurement system (ETS- 170, 369 

System Engineers’ Co., Ltd.) and a light distribution measurement system (C9920–11, Hamamatsu 370 

Photonics K. K.). The constant current density device lifetimes were measured using a lifetime 371 

measurement system (EAS-26, System Engineers’ Co., Ltd.) and a Topcon SR-3AR spectroradiometer. 372 

Red emission from the HBL layer increased during lifetime measurements and this spectral change 373 

will change the calculated brightness. Therefore, for lifetime measurements, instead of using 374 

brightness, device spectra were instead integrated from 380 nm to 600 nm for each point in time to 375 

measure the radiance. Lifetimes were very close for both the brightness and integrated partial 376 

spectra radiance for devices where the additional red emission was negligible. PLQYs were measured 377 

by a PLQY measurement system (Quantaurus-QY, Hamamatsu Photonics). The lowest unoccupied 378 

molecular orbital (LUMO) energy levels and the highest occupied molecular orbital (HOMO) energy 379 

levels were taken from measured values in the literature [19,22,24]. For the charge detrapping 380 

transient EL measurements, pulsed voltages were applied using a function generator (WaveStation 381 

2052, Teledyne Lecroy). The emitted light was detected using a photomultiplier tube (PMT) module 382 

(H10721-01, Hamamatsu Photonics) and the current signals from the PMT were amplified using a 383 

current amplifier (DHPCA-100, Femto). All signals were measured using an oscilloscope (HDO4054A, 384 

Teledyne Lecroy) with signal averaging performed over 5000 measurements. 385 

 386 

 387 
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