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We report on the electrical-to-optical modulation band-
widths of non-mesa-etched semipolar (1122) InGaN/GaN
light-emitting diodes (LEDs) operating at 430-450 nm
grown on high quality (1122) GaN templates, which were
prepared on patterned r-plane (1012) sapphire substrates.
The measured frequency response at -3 dB of the LEDs was
up to 1 GHz. A high back-to-back data transmission rate
of above 2.4 Gbps is demonstrated using a non-return-to-
zero on-off keying modulation scheme. This indicates that
(1122) LEDs are suitable Gbps data transmission for use in
visible-light communication applications.

© 2016 Optical Society of America

OCIS codes: (060.2605) Free-space optical communication; (060.2630)
Frequency modulation; (230.2090) Electro-optical devices; (230.3670)
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Visible-light communications (VLC) have significantly increased
in popularity with the development of solid-state lighting. This is
due to the major achievements in InGaN quantum-well (QW) ac-
tive region based visible light-emitting diodes (LEDs) [1]. With the
strong increase of wireless (Wi-Fi) applications which makes more
considerable use of the limited radio-frequency (RF) spectrum, tap-
ping into the optical portion of the spectrum alleviates the issue of
“spectral deficiency” [2]. VLC provides a harmless technique to both
private and public communications including indoor home commu-
nications, underwater communications, optical Wi-Fi for local-area-
network (LAN) applications, vehicular communications, and machine
to machine communications [2]. Additionally, VLC has no electro-
magnetic interference (EMI) to the existing Wi-Fi devices. Thus, VLC
has a significant potential to supplement the existing RF-based Wi-Fi
communications.

The frequency response at -3dB (f.34g) of conventional LEDs
(phosphor-based LEDs and single-colour LEDs) is limited by the car-
rier radiative lifetime (Tr) and the parasitic capacitance [2]. The life-
time decreases with increasing carrier density and by stimulated emis-
sion. Additionally, for InGaN-based LEDs, the spatial overlap of the
electron and hole wave-functions in the QW active region plays a role
as the built-in field in (0001) polar structures separates the carriers and
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thereby increases the radiative lifetime [3]. These devices can also be
limited by the phosphor lifetime (1-mm?2-sized chips) [2]. Together
with the output resistance of the driver circuit, f 34 of these devices
is limited to a few tens of MHz [2, 4, 5]. There has been an effort
made to increase this rate of (0001) LEDs by mesa-etching (shaping)
LEDs to um size [6-11]. Additionally, the parasitic capacitance of
U-LEDs has been found to reduce [10, 12], and hence f.34g can be
further increased [7, 10]. Recently, the highest f_3 45 of 833 MHz has
been realized for 24-pum-diameter (0001) LEDs at an injection current
density (Jipjec) Oof ~16 kA/cm? [11]. For (0001) LEDs, the efficiency
droop becomes more significant at higher Jipject [13, 14]. This droop
has been found to affect the performance and an increased error rate
of data transmission rate in (0001) LED-based VLC systems [15].

For InGaN QWs grown along semipolar oriented surfaces, the
polarization-related electric fields have theoretically been predicted
to significantly reduce that should lead to a reduced Tr [3]. This
has been experimentally confirmed in (2021) [16] and (1122) InGaN
QWs [17] by time-resolved photoluminescence. Additionally, due to
these reduced fields, the efficiency droop in semipolar LEDs in com-
parison with polar LEDs has been found to be much smaller [18, 19].
It is therefore expected that semipolar LEDs should be a good can-
didate for high-speed VLC systems. However, there are a very few
studies that have been dedicated to investigate this potential appli-
cation in blue and green (1122)LEDs operating at 450 nm [20, 21]
and 500nm [20], a violet (2021) superluminescent diode (SLD) op-
erating at 405 nm [22], a blue (2021) SLD operating at 447 nm [23],
and a violet (2021) laser diode (LD) operating at 410 nm [24]. For
(1122) LEDs [20], (2021) SLD [22], and (2021) LD [24], f.3 4 values
of 480 MHz (Jipject =110 Alem?), 807 MHz Uinject =17 kA/cm?), and
5 GHz (Jipject =92 kA/cm?) have been reported, respectively.

In this Letter, we investigated the electrical-to-optical f 34p of
unpackaged non-mesa-etched blue-emitting semipolar (1122) LEDs.
The measured f_345 of the LEDs has been found to reach 1 GHz.
A back-to-back data transmission rate has been found to reach
above 2.4 Gbps. These values are significantly higher than those of
(0001) LEDs. This suggests that (1122) LED is a strong candidate for
VLC systems.

The LED structures were grown on high quality (1122) GaN tem-
plates, which were prepared on patterned (1012) r-plane sapphire
substrates by metalorganic vapour phase epitaxy [25]. The typical
threading-dislocation and basal-stacking-fault densities of these tem-
plates were estimated to be ~2 x 108 cm? and ~1 x 103 em™!, re-
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spectively. The LED structures consisted of 1.5-pum-thick Si-doped
n-type GaN, 100-nm-thick n-Ingg;GagggN, a three- or five-period
InGaN/GaN (2.5nm/6.5nm) QW active region, 120-nm-thick Mg-
doped p-type GaN, and 15 nm heavily doped p-type GaN contact layer.
Details of the LED growth conditions are reported elsewhere [26].

To investigate the spectral characteristics and optical output power
(Popt) of unpackaged (1 122) LEDs on sapphire with different p-
contact geometries including 50-m-diameter Pd contacts (non-mesa-
etched -LEDs), 200 x 200-pm? and 300 x 300-pm? Ni/Au contacts
(macro-LEDs). The contacts were evaporated by electron beam on the
p-GaN layers. Pop of the LEDs was collected on-wafer under direct-
current (DC) conditions from the backside of the LEDs without heat
sink. A calibrated Si photodetector (Thorlabs-FDS1010) was placed
in close proximity to the LEDs. The electroluminescence peak emis-
sion wavelength of the LEDs varies from 430 nm to 450 nm with less
than 2-nm peak shift within an injection current (Iiyject) ranging from
0mA to 50 mA [20, 21, 26, 27].

Fig. 1(a) shows an example of the current-voltage characteristic
curve measured on a non-mesa-etched 50-pm-diameter (1122) LED
operating at ~450 nm. (It should be noted that this measurement has
been performed between two p-contacts. One of these contacts is
much larger than the 50-pm-diameter one being investigated. This
larger one acts as a quasi-short to the n-side.) This LED shows a typ-
ical p-n junction characteristic with a turn-on voltage of about 4.0 V
and a forward voltage of 9.8 V at 50 mA. For fully processed LEDs,
i.e. with optimized n-/p-contacts, which were grown under the same
conditions, the turn-on voltage was estimated to be 3.5V [26, 27].

Popt of a 50-pum-diameter (1 122)LED measured on-wafer be-
tween two p-contacts in DC mode is plotted as a function of I(J)jpject
shown in Fig. 1(b). The photograph in the inset of Fig. 1(a) dis-
plays bright blue-emission from this LED taken when [ijject =3 mA
is being injected to the device. When Jjyject €xceeded 2500 Alem?
(Iinject =50 mA), this LED was failed which can be attributed to de-
vice self-heating and current crowding [28]. At Jipject = 1020 Alem?
(Tinject =20 mA), Popy is estimated to be about 0.81 mW, corresponding
to an optical power density (Pp) of 415 mW/mm?. It should be noted
that this power was measured only from the substrate direction with-
out an integrating sphere. There is a plenty of uncollected light in the
forward and side directions (see the inset of Fig. 1(a)), and multiple
amounts of this power can be collected by structuring and packaging
the chips [29].

The corresponding external quantum efficiency (EQE) of the 50-
um-diameter (1122) LED increases up to Jinject =510 A/em? with a
maximum value of ~1.4%, and then slowly decreases to a value
of ~1.1% at Jjjece =2500 Alem? (Fig. 1(b)). Though the efficiency
droop in InGaN LEDs can be explained by different mechanisms such
as Auger recombination, carrier overflow, and density-activated de-
fects [13, 14], the droop of this (1122) LED is attributed mainly to
heat generation and current crowding [28, 30], as the measurements
were performed on-wafer without heat sink. This result indicates that
the efficiency droop in this (1122) LED is small, consistent with previ-
ous findings reported for (1011) LEDs operating at ~438 nm [18] and
a (2021) LED operating at ~447 nm [19]. This low droop in semipo-
lar LEDs can prevent problems for data transmission VLC systems,
e.g. areduction in transmitted signal error that has been found to be
significant in systems based (0001) LEDs [15].

The small-signal frequency response of the (1122)LEDs was
measured on-wafer from the backside of the LEDs using a high-
performance microwave probe (DC to 3.5 GHz) without heat sink. A
sinusoidal signal with low-RF power from an Agilent 8753ES vec-
tor network analyser (VNA) was applied on top of a DC bias using
a bias tee (Mini-Circuits ZFBT-6GW-FT). Keithley 2400 source me-
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Fig. 1. (a) Current-voltage characteristic curve measured on a non-
mesa-etched 50-um-diameter (1 122) LED. The inset shows a photo-
graph of this LED displaying bright blue emission at Ijpjec =3 mA.
(b) Popt and corresponding EQE of this LED measured on-wafer (in
the sapphire substrate direction) plotted as a function of I(J)ipject-

ters were used as the DC power suppliers for the LEDs and photore-
ceiver. The light output from the LEDs was collected with two 2-
cm-diameter lenses with a corresponding numerical aperture of ~0.5,
i.e. similar to that of a plastic optical fiber. SubMiniature-version-
A (SMA) coaxial cables (DC to 18 GHz) with 50 () impedance were
used as transmission lines for RF signals. A high bandwidth silicon
p-i-n photodiode (f_34p ranging from 10kHz to 1.4 GHz) with inte-
grated transimpedance amplifier (TIA) photoreceiver (HSA-X-S-1G4-
SI) was used. The frequency response curve was recorded by the VNA
at different [ipjecr. A schematic of the bandwidth measurement setup
is shown in Fig. 2(a).

Fig. 2(b) shows examples of the frequency response curves of a 50-
pm-diameter LED, 200 x 200-um? and 300 x 300-um? (1122) LEDs
measured at different Jigject (Iinject =4 mA). The measured f_3 4p value
of these LEDs increases from 42 MHz to 1030 MHz with increasing
Jinject from 4 Alem? to 204 Alem? (see also Fig. 3). This can be ex-
plained by the increased probability of bimolecular radiative recom-
bination (reduced Tr), which is proportional to Jiyjec; injecting into
the QW active volume [31]. These f 34 values are higher than those
of conventional (0001) LEDs [2, 4, 21]. This can be attributed to a
shorter Tr due to the reduced polarization-related electric fields in the
(1122) QW structures [3].

Small frequency oscillations and frequency bumps at 40- 50 MHz
are observed in the frequency response curves of the studied
(1122) LEDs (Fig. 2(b)). The oscillations are due to RF signal reflec-
tions. For LDs, such bumps have been attributed to the relaxation
resonance frequency [24]. For LEDs, though frequency bumps have
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Fig. 2. (a) A schematic of the electrical-to-optical bandwidth mea-
surement setup. (b) Normalized frequency response curves of non-
mesa-etched 50-um-diameter, 200 x 200-um?, and 300 x 300-pm?
(1122) LEDs measured at different J inject (linject =4 mA).

been also observed for (0001) LEDs [8, 10, 32], the reason for them is
still unclear and needs to be further investigated.

Fig. 3 shows f.34p values of different non-mesa-etched 50-HUm-
diameter (1122) LEDs and macro-LEDs studied here plotted as a func-
tion of Jjjec. For comparison, f_3 4 values previously reported for
mesa-etched (0001) u-LEDs [6, 8—11], (1122) macro-LEDs [20, 21],
and (2021) SLDs [22, 23] are also plotted. For the (1122) p-LEDs
studied here, the measured f_3 4 value has been found to reach 1 GHz
for Jipject range of 100 - 1000 A/cm?. Interestingly, these f.34p val-
ues are higher than values of 560 MHz [23] and 807 MHz [22] pre-
viously reported for (2021) SLDs, although those SLDs were mea-
sured at much higher Jipjec of 8 kA/cm? [23] and 17 kA/cm? [22]. For
(0001) u-LEDs, the highest f_3 g5 value of 833 MHz has been realized
for 24-pm-diameter LEDs at Jipject = 16 kA/cm? [11].

As shown in Fig. 3, despite the scattered f_3 g data points of the
(1122) macro-LEDs, f.34p - Jinject has been found to follow a power
law: f34g O Jﬁjem, with an estimated (slope) B of 0.5 (see line 1 in
Fig. 3). For (0001) p-LEDs [6, 8-11] and (2021) SLDs [22, 23], their
S-3dB - Jinject also follow trends with B=0.5 but they are shifted to
about one order of magnitude higher Jjpjec (see line 3 in Fig. 3). Ac-
cording to these trends, it is therefore possible to assume that the bi-
molecular recombination mechanism is dominant in these LEDs [33].
It should be noted that the data points of two 50-pm-diameter
(1122) LEDs studied here follow another trend with a smaller slope
B=0.15 (see line 2 in Fig. 3). For 24-um-diameter (0001) LEDs [11],

f-3aB has been found to increase with increasing Jiyject, and then satu-
rate at the three highest Jjyjec; values (e.g. see V of Ref. [11] in Fig. 3).
This saturation has been attributed to the RC limitations [11], which
can be used to explain the trend (i.e. line 2) observed for the (1122)
U-LEDs studied here.

As shown in Fig. 3, to achieve a similar f_34g value obtained for
the (1122) LEDs, (0001) LEDs have to be driven at about one order
of magnitude higher Jijject- This can be attributed to a shorter ef-
fective carrier lifetime (TR) in the (1122) LEDs, resulting in a higher
f-3ds. The TR - f-34p can be described as: Tr = v/3-(2-Ttf.345)"! [34].
According to the data points shown in Fig. 3, at Jipjec = 100 Alem?
(1000 A/cm?) a calculated Tg for (0001)LEDs is ~5.0ns (1.4 ns),
about 4times longer than that of (1122) LEDs, which is ~1.2ns
(0.35ns). This is consistent with previous results reported for (0001)
and (1122) LEDs [11, 17].

To show that the (1122) LEDs can be actually used for data
transmission, their transmission data rates were also investigated.
Data has been sent over several centimetres of free space with the
same collecting setup. A 27-1 non-return-to-zero on—off-keying
(NRZ-OOK) pseudo-random bit sequence (PRBS)-7 from a pattern
signal generator (Anritsu MP1632A) has been added at each DC
bias. The large signal properties/back-to-back data transmission rates
(i.e. “eye diagram”) were collected by a digital oscilloscope (Ag-
ilent Infiniitum DSO80804A). When a 2V peak-to-peak amplitude
is applied as the large signal modulation with these LEDs being
biased at different Iijjecr. The transmitted data rate of non-mesa-
etched 50-pm-diameter LEDs (tested on 5 different devices) has been
found to exceed 2.4 Gbps (close to the limit of the photoreceiver) at
Lipject = 10 mA (Jjpjece > 510 A/cm?). Fig. 4 shows examples of eye di-
agrams at 2.0 Gbps and 2.4 Gbps measured on a non-mesa-etched 50-
pm-diameter LED, while this LED was being biased at 10 mA. For the
300 x 300-um? LEDs, the rate has been found to exceed 600 Mbps
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Fig. 4. Eye diagrams at (a) 2.0 Gbps and (b) 2.4 Gbps of a non-mesa-
etched 50-pm-diameter (1122) LED measured at Linject = 10 mA.

measured at lipject =50 mA (Jipject =55 A/cm?). These high switching
speeds and high data rates of (1122) LEDs indicate that they can also
be used as photodetectors in the visible range to supplement to the
existing Si-based photodetectors.

Higher data rates can be achieved by using higher-level encod-
ing methods [2, 6-8, 11, 24]. Pulse-amplitude modulation (PAM)
and orthogonal frequency division multiplexing (OFDM) modulation
schemes have been used with (0001) u-LEDs (f_.34g =833 MHz) to
demonstrate data transmission over free space at rates of 3.4 Gbps and
5 Gbps, respectively [11]. Thus, it can be concluded that (1 122) LEDs
can be used to provide even faster data communication rates.

In conclusion, the electrical-to-optical modulation bandwidths
of blue semipolar (1122) InGaN LEDs have been investigated. The
measured f 34 of the LEDs was up to 1 GHz. A back-to-back data
transmission rate has been found to reach above 2.4 Gbps. This
indicates that by the use of (1122) LEDs will enable Gbps data
transmission rate for VLC systems.

Funding. This work was financially supported by the EU-FP7
ALIGHT project under agreement no. FP7-280587 and by Science
Foundation Ireland through the IPIC programme (12/RC/2276).
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