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 90 
S1 Additional improvements to the conventional angular, destructive interference microcavity 91 
emission zone measurement method 92 
 93 
Possible reasons for a Gaussian solution not being reported in the literature are now outlined: 94 
 95 
(a) Fitting to an error below the experimental error.  96 
This can be avoided by stopping the fitting when the fitting error is equal to the experimental error 97 
[1]. See methods section also. 98 
  99 
(b) Simultaneously fitting the EZ and the internal spectrum. 100 
The simulation in Fig.5 of this work used a fixed molecular spectrum. In [2], the molecular spectrum 101 
was varied at the same time as the EZ in the fitting, simultaneously fitting two unknown parameters 102 
in one linear equation. The resulting spectrum was named “PL spectrum” [2] but a comparison with 103 
a real photoluminescence spectrum was not shown. An extreme example of this fitting process is 104 
shown in Supplementary Fig. 20 to show the possibility of errors. If s-polarization and p-polarization 105 
experimental data are interchanged, the EZ and molecular spectrum in the simulation can 106 
compensate for the wrong experimental data and fit it well. The extracted molecular spectrum then 107 
fits the PL spectrum badly (in this work the molecular spectra, shown in Fig.5b, all follow the PL 108 
shape closely, allowing for shifts in wavelength due to concentration quenching. Even when the 109 
correct experimental data is used, the EZ and molecular spectrum could change together in a circular 110 
logic to give false results. The molecular spectrum can, as in this work, be extracted independently 111 
from bright devices (Supplementary Fig. 3) where the effect of the EZ on the emission spectrum is 112 
low (Fig. 1a). 113 
 114 
(c) The importance of the microcavity thickness accuracy. 115 
The position accuracy of the extracted EZ is directly dependent on the accuracy of the device emitter 116 
ensemble - cathode distance and so stack thickness errors should be carefully addressed. If the 117 
155 nm EML + ETL thickness in [2] would have a 10% error, which is plausible for thermally 118 
evaporated doped multilayers [3,4,5], then the resulting emission zone positional accuracy could be 119 
around half the EML thickness (similarly to the example shown in Supplementary Fig. 19). However, 120 
these previous publications [2,6] do not give a microcavity thickness error estimation or discussion. 121 
Transient electroluminescence turn-off peaks (also measured for the stacks of this work in 122 
Supplementary Fig. 13) presented as evidence of the U-shaped emission zones in [2,6], could also be 123 
explained by carriers trapped at the blocking layer interfaces existing alongside a Gaussian emission 124 
zone. The single shot method outlined in this work can be easily used to re-test these U-shaped EZ 125 
results with a more sensitive method. 126 
 127 
It should also be noted that a sensing layer study by the same group as [6] on a similar OLED except 128 
using B3PYMPM instead of B4PYMPM as electron transporter and an additional 8% concentration of 129 
Ir(ppy)2acac emitter had a result of a constant EZ across the EML [7]. 130 
 131 
 132 
 133 
 134 
 135 
 136 
 137 
 138 
 139 
 140 
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S2 Further discussion of degradation mechanisms 141 
 142 
With a higher emitter concentration, more energy processes occur on the more stable 4CzIPN 143 

emitter than the mCBP host [8], which should also increase the device stability. The larger EZ shift 144 

for emitter concentrations of 20% and 30% in Fig.5d, should be because the charge balance at 20% 145 

and 30% is closer to a less stable equilibrium, further from the interfaces, where a small decrease in 146 

hole transport allows the electron transport to dominate and shift the charge balance. Conversely, 147 

with the 10% device, even if the hole transport decreases, the EZ is still fixed at the HBL interface, 148 

due to the relative lack of electron carriers. There should also be less electron injection too from a 149 

degraded HBL, but the EZ changes observed suggest that host degradation dominates. This is 150 

surprising, by only observing the red peak, and not using the single shot EZ measurement, one would 151 

expect the EZ shift to occur in the opposite direction.  152 

The EZ peaks for 10, 20 and 30% emitter concentration with the Bpy-TP2 ETL, in Fig.5d are not 153 

exactly at the EML-HBL interface possibly due to higher interface quenching with this HBL and ETL 154 

combination, see Supplementary Fig. 11.  155 

 156 
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 157 
 158 
Fig. S1 Three emission zones (EZs), shifted by 3 nm in position in the emission layer (EML), along the 159 
layer normal of the OLED are shown in part (f). These slightly different EZs are used to check the 160 
sensitivity of the optical measurement to EZ changes. All EZs have a Gaussian width of 15 nm, 161 
however, the top one, in green, is centred 3 nm to the anode side, the middle one, in red, is centred 162 
in the centre of the EML. The lower one is centred 3 nm to the cathode side, shown in blue. 163 
Simulated spectra for these three emission zones are shown for different measurement conditions 164 
(a-e). Each emission zone’s colour is also shown as the resulting emission spectrum colour. Polarizers 165 
need to be used at angles other than layer-normal (0°) emission (the direction perpendicular to the 166 
OLED layers) to separate emitter orientation effects from emission zone effects [9]. A cylindrical lens 167 
is placed on the OLED, seen in the lower half of (g), as used in [2,6]. In the simulation, the emitter 168 
ensemble – cathode distance is set to give the destructive interference resonance most visible for 169 
normal (0°) emission (the direction perpendicular to the OLED layers). This simulation uses a 100 nm 170 
BPy-TP2 ETL. It can be seen that, for 0° emission, the destructive interference resonance is 171 
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positioned clearly on the emission spectrum, and the spectrum sensitivity to emission zone is high. 172 
One can observe, that measurement data from higher angles using a more complicated angular 173 
measurement setup do not have a good emission zone sensitivity. One cannot easily distinguish the 174 
emission spectra from the three EZs at higher angles. Therefore the highest emission zone sensitivity 175 
is obtained by measuring a single angle where the destructive interference resonance is well 176 
positioned on the emission spectrum by choosing a correct emitter-cathode thickness. Lower 177 
sensitivity would result from also using the lower sensitivity data from the higher angles in a fitting 178 
procedure. 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 
 188 
 189 
 190 
 191 
 192 
 193 
 194 
 195 
 196 
 197 

  198 
Fig. S2 Charge transport energy levels. The lowest unoccupied molecular orbital (LUMO) energy 199 
levels, where electrons can hop, are shown above in the graph and the highest occupied molecular 200 
orbital (HOMO) energy levels, where holes can hop, are shown below. These are equivalent to 201 
conduction band and valence band respectively in inorganic semiconductors. Injection energy levels 202 
from the ITO anode and the Liq /Al cathode are also sketched. Electrons should favourably inject into 203 
the EML on the 4CzIPN emitter and not on the mCBP host. If the emitter concentration is low, then 204 
there could be an electron accumulation at the EML – HBL interface. The “electron blocking layer” in 205 
this stack actually acts more as a buffer layer as Tris-PCz can quench excitons formed in the emission 206 
layer. 207 
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 208 
Fig. S3 The equation used for the extraction of the emitter ensemble molecular spectrum from 209 
bright devices to get the molecular spectrum independently from the emission zone fitting 210 
procedure. The EZ has only a small effect on the emission spectrum of bright devices (Fig.1). The 0° 211 
emission spectrum is experimentally measured and the 0° emission microcavity modulation for 212 
constant spectrum (value of 1 for all wavelengths) is simulated using the n&k and thickness values of 213 
the device layers. The 0° emission direction is shown in Fig.1. Then, the only unknown in the 214 
equation is the emitter ensemble molecular spectrum. 215 
 216 
 217 
 218 
 219 

 220 
Fig. S4 Current density-voltage curves for the 100 nm Bpy-TP2 ETL device and the 116 nm SF3-221 
TRZ:Liq ETL device, both with HTL = 30 nm and 30% emitter concentration. 222 
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 223 
Fig. S5 Spectral fitting and resulting emission zone profiles for dark SF3-TRZ:Liq devices. 224 
Above graphs of each table entry show measured (red) and simulated (black) 0° emission spectra. 225 
Simulated curves are noisy due to using an experimentally extracted molecule spectrum. Below 226 
graphs show the EZ as weighted emission source positions in EML (green bars) which give the 227 
simulated spectrum above. The simulated spectra are fitted to the experimental while varying only 228 
the EZ as a discretized Gaussian function. These are the only EZ solutions found. Each row represents 229 
a single device. The top three rows are from a single deposition with ETL = 116 nm where only the 230 
emitter concentration of each substrate quarter is varied by use of a shutter. The bottom three rows 231 
are from another deposition of ETL thickness not more than 1 nm different (see methods section for 232 
thickness accuracy details). Changes in a row of spectra are caused only by a varying EZ with current 233 
density. Spectral changes along columns are due to the EZ changing with emitter concentration and 234 
to a lesser degree, concentration-quenching shifted [10] molecular spectra (Fig.5b), which are 235 
independently extracted from bright devices (Supplementary Fig. 3) and input into each simulation. 236 
The small differences compared to Fig. 3 can be explained by the experimental error in the EZ centre 237 
position (as in Supplementary Fig.19), except for perhaps at 40 mA/cm2, which is discussed in 238 
Supplementary discussion S2. 239 
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 240 
Fig. S6 Emission zone (a) and lifetime comparison at different current densities (b,c,d) for HTL 241 
thickness variation and 20% emitter concentration with the dark BPy-TP2 ETL. EZs and lifetimes are 242 
not notably different for the different HTL thickness devices. 243 
 244 
 245 
 246 
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 247 
 248 
Fig. S7 Emission zone (a) and lifetime comparison at different current densities (b,c,d) for HTL 249 
thickness variation and 20% emitter concentration with the dark SF3-TRZ:Liq ETL. EZs and lifetimes 250 
are not notably different for the different HTL thickness devices. 251 
 252 
 253 
 254 
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 255 

Fig. S8 Spectral and emission zone changes with 40 mA/cm2 driving to 50% radiance for the two 256 

different ETLs. Fresh (green lines) and aged (red lines) spectra are shown on the left sides, 257 

experimental curves are denoted by solid lines and simulated curves dashed. Corresponding EZs 258 

which fit the fresh and aged spectra are shown on the right. Dots on the curves show the (Gaussian) 259 

discrete emission weights of the simulation. Peaks at 640 nm are emission from the HBL [11] Aged 260 

emission zones cannot be calculated for the 1% devices as the level of HBL emission is too high. 261 

These spectra are slightly different than in Fig.3 because different devices in the same deposition 262 

run, characterised to have slightly different thicknesses must be used for different lifetime 263 

measurements.  264 

 265 

 266 
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 267 
Fig. S9 Spectral and emission zone changes with 10 mA/cm2 driving to 70% radiance for the two 268 
different ETLs. Fresh (green lines) and aged to 50% radiance (red lines) spectra are shown on the left 269 
sides, experimental curves are denoted by solid lines and simulated curves dashed. Corresponding 270 
EZs which fit the fresh and aged spectra are shown on the right. Dots on the curves show the 271 
(Gaussian) discrete emission weights of the simulation. Peaks at 640 nm are emission from the HBL 272 
[11] Aged emission zones cannot be calculated for the 1% devices as the level of HBL emission is too 273 
high. These spectra are slightly different than in Fig.3 because different devices in the same 274 
deposition run, characterised to have slightly different thicknesses must be used for different 275 
lifetime measurements.  276 
 277 
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 278 
Fig. S10 Spectral changes at 1 mA/cm2 current density after 75 (1%) or 1000 hours driving for both 279 

dark ETLs. The 1% devices stopped measuring after 75 hours as the radiance reached the chosen 280 

limit level of 50%. Fresh spectra are shown with black lines and aged with red lines. HBL emission is 281 

only visible for the 1% devices where the EZ is very concentrated at the HBL interface. No significant 282 

spectral changes which would indicate EZ changes or HBL emission are visible for emitter 283 

concentrations higher than 1%. It seems that not many holes enter the HBL of the non-1% devices at 284 

this current density. 285 
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 286 
Fig. S11 Charge transport energy levels (a,d,g), EQE roll off (b,e,h) and lifetime at 1000 cd/m2 (c,f,i) 287 
are shown for different HBL and thin ETL (34 nm for BPy-TP2, otherwise 40 nm) combinations. The 288 
best choice ETL for a low driving voltage was BPy-TP2 but a very short lifetime resulted at 1000 289 
cd/m2 (f). The degraded spectra were analysed and 640 nm HBL emission occurred strongly for the 290 
BPy-TP2 ETL device, but not the SF3-TRZ:Liq ETL device (Supplementary Fig. 12). The thin BPy-TP2 291 
ETL device should have comparable EZs as the dark ETL devices as it has the same HBL emission 292 
trend with EZ in Supplementary Fig. 12. A much higher EQE roll-off, even at lower current densities 293 
resulted with structure (d) devices of less than 30% emitter concentration, but not for the other two 294 
structures (a,g). At the higher 30% concentration, where the EZ is away from EML-HBL interface, the 295 
issue is lessened. Unlike with structure (g), with the structure (d), a large spectral blue shift and so a 296 
shift of the emission zone to the HBL side (principal shown in [11]) was observed (Supplementary 297 
Fig. 12), indicating that the electron transport in the EML degraded more than the hole transport. 298 
Therefore, a different degradation process than for the other structures should dominate. 299 
Additionally, more charge detrapping was measured for the thin BPy-TP2 ETL structure (d) devices 300 
(Supplementary Fig. 13). Such a short device lifetime did not occur (c), when the HBL was replaced 301 
with T2T (structure (a)), which has the same HOMO level and a close LUMO level to SF3-TRZ 302 
(Supplementary Fig. 2). The T2T HBL device also requires a lower driving voltage. It could be that 303 
some interface charge effect occurs with the combination of SF3-TRZ and 34 nm thick Bpy-TP2 ETL, 304 
resulting in a fast ageing of the device. This effect is not significant with a 100 nm thick BPy-TP2 ETL, 305 
possibly due to a reduced capacitance. Perhaps holes can cross to the HBL-ETL interface to the 306 
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convenient HOMO level of BPy-TP2 and recombine with accumulated electrons there causing the 307 
large HBL emission/degradation and a decreasing electron transport in the EML. This phenomenon 308 
should be further studied using electrical methods.  309 
 310 
 311 
 312 
 313 
 314 
 315 

 316 
Fig. S12 Emission spectra changes with 100 hour 1000 cd/m2 device driving time for devices of 317 
various emitter concentration with different ETLs. The shown spectral data are aged spectra 318 
subtracted from fresh. Around 500 nm, spectral change due to an EZ shift [11] can be observed and 319 
around 640 nm, HBL emission [11]. 320 
 321 
 322 
 323 
 324 
 325 
 326 

 327 
 328 
Fig. S13 Charge detrapping for different ETLs. A voltage of +10 V is applied to excite the OLED, then 329 
at time = 0 the pulse is set to -10 V to pull charges out of traps in the opposite direction to 330 
recombine and emit light. More charge detrapping is observed for the thinner than the thicker BPy-331 
TP2 ETL device. Detrapping is not observed for the 40 nm SF3-TRZ:Liq ETL device. 332 
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 333 

  334 
Fig. S14 Dark device EZs at 1 mA/cm2 (left side) compared with the dark device EZs at the same 335 
current densities as the bright devices need to give 1000 cd/m2 (right side). We assume that the 336 
bright and dark device EZs are comparable, as discussed in the main paper. Different emitter 337 
concentration devices require different current densities to give 1000 cd/m2. 338 
 339 
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 340 
Fig. S15 (a) 1000 cd/m2 electroluminescence emission spectrum measured at normal direction to the 341 
layer planes, i.e., 0° emission and (b) 1000 cd/m2 CIE colour coordinates of the 30% device with a 342 
30 nm HTL and a 40 nm SF3-TRZ:Liq ETL. This device gives an EQE of 20% and measured T95 lifetime 343 
at 1000 cd/m2 of 4500 hours. 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 

 352 
Fig. S16 PLQY for different 4CzIPN concentrations in mCBP, measured from a deposited 50 nm thick 353 

film. The shown measurement error was estimated as 1% of the measured value. 354 
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 356 
 357 
Fig. S17 Steps for high accuracy thickness fitting of actual deposited microcavity, without requiring 358 
ellipsometry. Fitting of an emission spectrum measurement results in higher accuracy than 359 
ellipsometry as it is an actual measurement of the real device and not a separate sample and also 360 
offers better than 1 nm thickness accuracy of ellipsometry. Fitting for a 6 nm EML device is shown as 361 
a good example of the method’s sensitivity. The measurement current density here is 10 mA/cm2. 362 
(a) the emission zone width is varied so that the destructive interference minimum of the simulated 363 
spectrum fits the experimentally measured spectrum. Measured additional blue emission is most 364 
likely from the mCBP EML host [8,11]. (b) The ETL thickness is varied in the simulation so that the 365 
destructive interference minimum shifts to the same place as in the experimentally measured 366 
spectrum. (c) The HTL thickness has a lesser microcavity effect, due to the lesser reflectivity of the 367 
ITO anode resulting in less reflection and so interference on this side. This results in a similar spectral 368 
change being caused by a 10 nm difference rather than a 1 nm difference in the ETL variation case.  369 
 370 
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 371 
Fig. S18 A schematic of the OLED emission linear equation. When extracting the molecular spectrum 372 
from a different bright OLED, the only unknown to vary to fit to the experimental spectrum is the 373 
emission zone. For emission measured normal to the OLED layers (0°), emitter orientation effects 374 
can be neglected [9]. Further theoretical details of the linear equation are given in [13].  375 
 376 
 377 
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 378 
Fig. S19 Error range in emission zone centre position resulting from a 1 nm uncertainty in ETL 379 
thickness, for a 50% emitter concentration Bpy-TP2 ETL device. If, in the simulation, the 380 
emitter-cathode distance is incorrect, then the centre of the emission zone will shift position to 381 
compensate, so that the emitter-cathode distance is correct to fit the experimental spectrum, 382 
resulting in an error in the actual emission zone centre position. One can observe the resulting 383 
emission zone shift from the left to the right from the 99 nm ETL case to the 101 nm ETL case. 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
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 396 
Fig. S20 Varying the emission zone profile and molecular spectrum at the same time when fitting 397 
s-polarization experimental spectra and s-polarization simulation (a) and with p-polarization 398 
experimental spectra and s-polarization simulation (b). This is an extreme example which shows how 399 
errors can occur when varying two parameters (the molecular spectrum and the emission zone) 400 
simultaneously to fit a single linear equation (equation diagrammatically sketched in Supplementary 401 
Fig. 18). The measurements and simulation are for a 20% emitter concentration device with a thicker 402 
125 nm SF3-Liq ETL. The red shift of the extracted molecular spectrum in (a) is expected (see Fig. 5b) 403 
as the emitter concentration of the device measured is 20% compared with 5% for the PL 404 
measurement. However, the thinning of the spectrum in part (b) cannot be explained and should be 405 
due to an artifact error due to varying two parameters simultaneously while fitting a single linear 406 
equation. It also does not match the extracted molecular spectra in Fig. 5b. The PL measurement is 407 
from [14]. 408 
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