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Supplementary Figure 1. (a) Transient PL decay curves of films of TBPe and BDAVBI detected at
different emission wavelengths (coloured solid lines). The black solid line is the instrument response
function (IRF). The green dashed lines are fits by a two-exponential decay. The detection
wavelength does not affect the decay curve. (b) Frequency response of the films and comparison
with the frequency response of the system, i.e., without the films.



Supplementary Note 1. Performance of OLEDs
First generation OLED

Supplementary Figure 2a displays the current density and radiance as a function of voltage for
the G1-OLEDs. These reached external electroluminescence (EL) quantum efficiency (EQE) of 3.7% at
100 mA/cm?, which is typical for OLEDs based on fluorescent emitters. We observed blue emission
with a peak emission wavelength of 463 nm, similar to the fluorescence spectra of the TBPe films and
TBPe in polymer films! (Supplementary Figure 2b).

Second generation OLEDs

The G2-OLEDs achieved much higher current density and radiance than the G1-OLEDs (see
Supplementary Figure 2a). This improvement is due to the high thermal conductivity of the silicon
substrate?® and the reduced voltage drop in the silver contact wiring. The similar current densities for
devices of different size at voltages higher than 3.0 V indicates that the G2-OLED size does not
significantly affect its electrical characteristics. Their spectra are shown in Supplementary Figure
2b.

Third generation OLEDs

Supplementary Figure 2a shows current density and radiance of the G3- and G3-FEM-OLEDs as a
function of voltage. For a given voltage the current density for G3- and G3-FEM-OLEDs was similar to
each other showing that the use of BDAVBI in the G3-FEM-OLEDs did not significantly change charge
transport through the OLED. We attribute the slightly lower current than for G2-S-OLEDs to batch to
batch variations in the Cs doping concentration in the ETL.

It was observed that the G3-FEM-OLED had higher radiance than the G3-OLED. This cannot be
explained by the differences in charge carrier balance or difference emission efficiency of the emitters,
since the current density-voltage characteristics are similar for the G3- and G3-FEM-OLED (see
Supplementary Figure 2a) and higher PL quantum yields for the TBPe films than the BDAVBi doped
MADN films (79% for the BDAVBI films and 88% for the TBPe films), and was instead attributed to a
better out-coupling efficiency. BDAVBi was reported to show horizontal orientation in a 4,4’-bis(N-
carbazolyl)-1,1’-biphenyl matrix, and this is the preferred orientation for higher out coupling
efficiency®. This also explains the higher current efficiency of the G3-FEM-OLED in Supplementary
Figure 2c.

Supplementary Figure 2b shows EL spectra of the G3- and G3-FEM-OLEDs and the PL spectra of
the corresponding films of the emission layers. We attribute the small difference between the spectra
of devices and the corresponding emissive layer to microcavity effects in the OLEDs.

The significant reduction in current efficiency of the OLEDs at higher voltage (Supplementary
Figure 2c) is attributed to a reduction of emission lifetime due to non-radiative processes such as
exciton- exciton and exciton-polaron interactions.
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Supplementary Figure 2 (a) Current density and light output of OLEDs as a function of voltage.
(b) EL spectra of OLEDs and comparison with PL spectra of the films. (c) Current efficiency of the
OLEDs as a function of voltage.



Supplementary Note 2: Enhancement of bandwidth by reduction of device resistance

A simplified equivalent electrical model of OLEDs can be written as a single parallel capacitor (C4) and
resistor (Rq) network with a series resistor (Rs) as shown in Supplementary Figure 3a. Cq is a
capacitor equivalent to the dielectric behaviour of the organic layers sandwiched by the metals and
the junction capacitance induced by the energy barrier between the different layers. Rq represents
the resistance of organic layers and Rs represents the contact resistance and wiring resistance of the
electrodes. At low frequency, Cq results into open circuit. The sum of Rs and Rq can be estimated as a
reciprocal of the slope of the current-voltage characteristics of OLEDs, i.e., differential resistance. Rs
is due to transparent electrode, so it is expected not to vary with voltage, and the change in differential
resistance with voltage can be attributed to change of R¢. Supplementary Figure 3b shows the
measured differential resistance of OLEDs as a function of voltage. In Supplementary Figure 3b,
reduction of Rs as voltage increases, is observed. This is a typical behaviour of diodes, since they have
nonlinear current-voltage characteristics.

The frequency response of the OLED is a result of many different processes taking place, including
charge transport and emission processes. Here, we are focus on the effect of Ry, with the assumption
that other processes are fast enough to ignore them. In this scenario, the effect of R4 on frequency
response of OLED can be estimated from the transfer function of the electrical mode shown in
Supplementary Figure 3a. As EL emission is produced by recombination of charge carriers, it is
proportional to the current passing through Ry, and so its emission intensity can be estimated from
the voltage across Rq. The frequency response of OLED can be estimated from the frequency transfer
function of the electrical model. The voltage gain of the frequency transfer function of the model can
be expressed as:

1
|H(jw)| =

(1+ &)2 + (WC4R,)?

Rq4
where j?=-1 and w is angular frequency. The 3dB bandwidth of the transfer function (fsss) can be
expressed as:

1 { 1 4 1 }
faam = 2nC4 Ry ' Ry)
Thus, fs4s increases with reduction of Cq, Rs, or Rq. Importantly, Rq is usually larger than Rs (Rq >> Rs),
especially at low voltage. In this case, fzs only depends on Cs and Rs and it is the same as the 3dB
bandwidth of simple low-pass RC filter, fac=1/(21RsCq4). With increasing of voltage, R4 will decrease
with resulting increase of fsgs. This phenomenon can be quantitatively simulated as follows.
Enhancement of f3;45 can be expressed as:
R
f3dB =1+ _s.
fzaByv=0 Rq
Supplementary Figure 3a shows the enhancement as a function of Rg/R;. At R; > Rg, there is
not a significant improvement of f3.s. The enhancement become significand when R reduces to be
comparable with Ry, and increases rapidly when R reduces further, i.e. for high voltages.
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Supplementary Figure 3. (a) Enhancement of f;45 as a function of a ratio R4 to Rs. The inset shows
the simplified electrical model for OLEDs used for the calculation of enhancement. (b) Differential
resistance of OLEDs as a function of voltage.
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Supplementary Figure 4. Frequency response of the OLEDs at different DC voltage in the VLC link
((@) G1-OLED, (b) G2-L-OLED, (c) G2-M-OLED, (d) G2-S-OLED, (e) G3-OLED, and (f) G3-FEM-
OLED). The purple arrows indicate the bandwidth. Here we note that in part (d), we ignore the “dip”
that appears in the frequency response of the G2-S-OLED to estimate the bandwidth because the
signal recovers at higher frequency. Part (e) depicts with dashed lines the measured frequency
response of the G3-OLED with the photodiode with broader frequency response where the blue
arrows indicate the bandwidth at different voltages. Continuous line shows the frequency response
of the VLC link, at corresponding voltages. In part (e), no change of the bandwidth with voltage can
be seen in the VLC link but the bandwidth of OLEDs measured with the photodiode with broader
frequency response as a receiver increases with voltage. This is because the custom-made receiver
affects the frequency response of the VLC link.
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Supplementary Figure 6. (a) Frequency response with the custom-made receiver and a laser
(Thorlabs, HL6544FM). (b) Reported frequency response of the flatter photodiode (Thorlabs,
APD430A2/M). Reprinted from Thorlabs Inc. with permission. Part (a) shows that a peak at around
100 MHz in Supplementary Figure 4e is due to the resonance peak of the custom-made receiver. Part
(b) shows that the flatter photodiode has flatter frequency response up to 400 MHz, so we can reliably
measure the frequency and the bandwidth of OLEDs up to 400 MHz



Supplementary Note 3: Details of data transmission optimization

To achieve the highest data rate in the OLED-based set-up, we used orthogonal frequency division
multiplexing (OFDM), which is an efficient modulation technique. For optical communication based
on intensity modulation and direct detection (IM/DD), a modified version of OFDM, such as direct
current-biased optical OFDM (DCO-OFDM), should be used. Moreover, due to the low-pass frequency
response of the overall channel, adaptive bit loading is applied to optimise the modulation depth at
each subcarrier at a target bit error rate (BER). OLEDs are generally nonlinear components (see
Supplementary Figure 2a), and thus, a vital factor in this system is the DC operation point (i.e., DC
bias) of OLEDs. This determines how much the distortion caused by nonlinearity and clipping affects
the system performance. In the following, the details of the modulation technique are presented.

DCO-OFDM

OFDM has been a powerful modulation scheme in radio frequency (RF) that enables high spectral
efficiency and tackles challenges in RF with simple solutions®. However, modifications are necessary
to adapt the original OFDM to an optical communication system that uses IM/DD. DCO-OFDM is
chosen here because of its efficiency and simple implementation®. An OFDM signal is generally
complex and bipolar in an RF communication system. However, since the data is carried by the
intensity of light in the OLED-based system, the electrical signal fed into the OLED must be real and
positive. This can be ensured by first imposing Hermitian symmetry on the subcarrier domain data
vector. Then, a constant DC bias value is added to the resultant bipolar signal in the time domain (i.e.,
after inverse Fourier transform). Assuming there is a large enough DC bias value, which is the case in
this paper, it can be ensured that most of the time domain signal is positive. Assuming N available
subcarriers and the subcarrier data vector X = [X,]¥=3, only N/2 — 1 subcarriers are used for data
encoding because two subcarriers are reserved for DC bias Xy = X/, = 0, and Hermitian symmetry
is ensured by X, = Xy_;. Required operations are applied on the subcarrier vector, including inverse
fast Fourier transform (IFFT) and addition of cyclic prefix. The generated time domain signal is then
sent to the arbitrary waveform generator (AWG). The dynamic range of the AWG in our experiment is
-1V to +1 V. Therefore, extreme values of the signal generated by the computer are also clipped, £3.2
V in our experiment, to increase the signal resolution after scaling to the dynamic range of the AWG
and minimizing the signal distortion.

Adaptive bit loading

The overall frequency response of the system is affected by both optical and electrical components.
In this paper, the frequency response of the channel is mostly limited by the OLEDs and is
characterised as a lowpass response as shown in Supplementary Figure 4. In other words, each
subcarrier experiences a different value of signal-to-noise ratio (SNR). Assuming that the binary data
is modulated by a M -ary quadrature amplitude modulation (M;-QAM) format at kth subcarrier, the
maximum possible modulation depth M,, can be determined at each subcarrier based on the effective
SNR at that subcarrier, SNR;, and the target BER’. The BER at kth subcarrier with the effective SNR,
SNRy, is approximated by?®

4 (1 _ Mik) min(2,,/My)

ST > qf@r-n

p=1

3SNR, log, M,

BER = )
2(M, — 1)

where Q(.) is the Gaussian Q-function. SNR values at all subcarriers are estimated using a known
training sequence (e.g., 4-QAM modulated OFDM signal) prior to data transmission. Then, based on
the estimated SNR and the target BER of 3.8 x 10™3 the maximum modulation depth at each
subcarrier is calculated using the equation above. Therefore, the total data rate is estimated as®



_ Yi=1l0g, My

~ 2B(N+No)’
where B is the single-sided modulation bandwidth of the system, and N¢ is the number cyclic prefix.
Note that random data are then transmitted in 35 independent OFDM frames, with 1024 subcarriers
each, according to the designated modulation depths, and the actual BER rate is measured to ensure
that the total BER is below the target. The estimated SNR and the corresponding bit loading for the
highest achieved data rate are presented in Fig. 4.
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Supplementary Figure 7. The estimated SNR and bit loading results for the fastest G3-FEM-OLED
with data rate 1.17 Gbps and BER of 3x10-3.

The effect of bias point and scaling factor

It is well established that LEDs are nonlinear media, in the sense that the relation between their input
DC voltage and output optical intensity is not linear’®. As mentioned above and shown in
Supplementary Figure 2a, this is also the case for OLEDs. Therefore, an additional distortion
source, which reduces the effective SNR, is added to the communication system. The effect of
nonlinearity can be alleviated by selecting an optimum operation point (i.e., DC bias voltage) in the
linear OLED operation regime. Also, the signal can be scaled, by setting a signal peak-to-peak voltage
Vop, s0 that it fits in the most linear part of the voltage-intensity curve. Therefore, the highest data
rate is obtained by finding the optimum bias voltage and scaling the signal (i.e., choosing V). This
ensures that the effect of nonlinearity is minimized. Data rate results for various DC voltages are
presented in Figure 2b of the main text. For each result, various Vop values were tested and the one

that led to the highest data rate was selected.
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Supplementary Figure 8. Schematic illustration of the VLC measurement system used in this study.
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Supplementary Figure 9. (a) Photograph of the experiment to confirm that the data transmission
was due to the light emitted by the G3-FEM-OLED. (b) SNR spectra of the OLED in 5 cm data link
at a fixed voltage of 12 V without (black line) and with paper inserted to block the optical link (red
line). The SNR drops to almost 0 dB when the light is blocked, showing that the data transmission is

due to the light emitted by the G3-FEM-OLED.
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Supplementary Figure 11. BER as a function of data rate of the G2-OLEDs for different OLED
samples in a 2 m data link: (a) G2-L-OLED at Voc = 8.5V, (b) G2-M-OLED at Voc = 9.5 V, and (c)
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Supplementary Table 1. Summary of date rate measurements for each generation of OLED
in a 2m link. The table shows the effect of operating voltage and also the data rate measured
for each of several OLEDs of each type.

Voltage Number of

Data rate of each

Averaged data

Devices V] samples OLI?BS;‘STPIE rate [Mbps]
4 c 70.%,6?72’.1,0%4.9, %0
G1-OLED 45 4 89.3, 107, 109, 137 110
5 4 103, 136, 143, 188 140
G2-L-OLED 85 3 258, 264, 277 270
G2-M-OLED 95 2 444, 483 460
G2-S-OLED 9 3 538,625,663 610
8 2 663, 733 700
G3-OLED 10 2 910, 917 913
12 2 1029, 1038 1033
8 3 778, 849, 855 820
G3-FEM-OLED 10 3 968,1038, 1049 1020
12 3 1086, 1124, 1171 1130
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