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The Improvement in Modulation Speed of GaN-Based
Green Light-Emitting Diode (LED) by Use of n-Type

Barrier Doping for Plastic Optical Fiber (POF)
Communication

J.-W. Shi, H.-Y. Huang, J.-K. Sheu, C.-H. Chen, Y.-S. Wu, and W.-C. Lai

Abstract—We demonstrate a high-speed GaN-based light-emit-
ting diode at a wavelength of around 500 nm for the application
to plastic optical fiber communication. By use of the n-type doping
in the GaN barrier layers of the In Ga1 N–GaN-based multiple-
quantum-well (MQW), superior performance of modulation-speed
(120 versus 40 MHz) and output power to the undoped control
under the same bias current has been observed. According to the
measured electrical-to-optical bandwidths and extracted RC-lim-
ited bandwidths of both devices, the superior speed performance
can be attributed to higher electron/hole radiative recombination
rate in the n-doped MQW than that of undoped MQW.

Index Terms—Light-emitting diode (LED), optical fiber.

I. INTRODUCTION

PLASTIC optical fiber (POF) is very suitable for short-reach
optical fiber communication due to its low cost and better

tolerance to misalignment of interconnections than glass op-
tical fiber. Recently, POF has become a “killer application”
in the auto industry. Groups of automobile manufacturers
and suppliers have developed a POF data bus standard for
in-car data transmission called Media Oriented Systems Trans-
port (MOST) [1]. When commercial polymethylmethacrylate
(PMMA) POF is used, the most popular wavelength for such
applications is 650 nm [1], and the high-speed resonant-cavity
light-emitting diode (LED) in this wavelength regime are both
readily available [2]. However, for such an operation window,
the optical bandwidth is narrower and the propagation loss is
higher (0.125 versus 0.09 dB/m) than in the high-performance
POF system [3], [4] operating under another PMMA loss
minimum window, which has a wavelength of around 500 nm
[1]. The III-nitride-based green-amber or green-blue LEDs
[3]–[7] thus offer a promising choice for such applications. As
compared to the performance of diode-pump solid-state green
laser, the III-nitride-based LED enjoys the unique advantages
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of direct current modulation, compactness, and has the potential
to serve as a monolithic integrated transceiver module at around
500-nm wavelengths for POF communication [8]. In this letter,
we demonstrate an In Ga N–GaN-based high-speed LED
at the wavelength around 500 nm and study its dynamic per-
formance in detail. According to the measurement results, the
device with n-type barrier-doping in the multiple-quantum-well
(MQW) region has superior modulation speed and output
optical power to the undoped control under the same bias cur-
rent. The extracted RC-limited bandwidths and measured net
electrical-to-optical (E-O) bandwidths of both kinds of devices
reveal that the superior speed performance can be attributed to
higher electron/hole radiative recombination rate in the n-doped
MQW than that of undoped MQW [9], [10].

II. DEVICE STRUCTURE AND FABRICATION

In order to study the influence of n-type barrier doping on the
speed performance of LEDs, two kinds of devices have been
fabricated. Devices A and B have similar epi-layer and geom-
etry structures, except for the MQW region. Device A has n-type
doping with around cm doping density in the GaN
barrier layers and Device B does not. The epi-layer structures of
both devices were grown by metal–organic chemical vapor de-
position (MOCVD) on sapphire substrate. The total thicknesses
of In Ga N–GaN-based MQW, bottom n-type GaN layer,
and topmost p-type GaN layer is around 110, 400, and 400 nm,
respectively. Regarding the MQW region, it is composed of
GaN barrier with 135- thickness and In Ga N well with
25- thickness. Such an epi-layer structure is similar with that
of typical GaN-based visible LEDs [5], [6]. Fig. 1 shows a top-
view of the demonstrated devices. We fabricated the demon-
strated device using standard photolithography, metallization,
liftoff, and dry etching processes. We adopted a thick Si N
film (600 nm), which can reduce the leakage current and par-
asitic capacitance, to passivate the fabricated devices and inte-
grated them with the coplanar waveguides (CPWs) for on-wafer
high-speed measurement. As shown in Fig. 1, one unit LED is
integrated with two CPW pads, which have “U-shaped” elec-
trodes on the topmost p-type Ni–Au contact. During on-wafer
measurement, these two CPW pads were parallel to uniform
the current distribution and reduce the device resistance. The
inset in Fig. 2 shows the current–voltage (I–V) curves of De-
vices A and B with similar active area ( 14 000 m ). The
turn-on voltage of Device A was around 3.7 V and it has
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Fig. 1. Top-view of the demonstrated LED. The active area of the device shown
in this figure is about 14 000 �m . (Color version available online at: http://
ieeexplore.ieee.org.)

Fig. 2. Measured output optical power (P) versus the bias current (I) of Devices
A (closed circles) and B (closed squares). The inset shows the measured I–V
curves of Devices A (closed circles) and B (closed squares) under forward bias.

much lower differential resistance than that of Device B due to
that the n-type doping in the barriers can improve the quality of
interfaces between In Ga N wells and GaN barriers during
MOCVD growth [11].

III. MEASUREMENT RESULTS AND DISCUSSION

During dc and ac measurement, we used a POF to serve
as the optical probe and collect the output power from LED
directly without using any lens. The measured electrolumi-
nescence spectra of Devices A and B under the same bias
current (100 mA) are given in the insets of Fig. 3(a) and (b),
respectively. As compared to the center wavelength of Device
B ( 518 nm), the center wavelength of Device A ( 496 nm) is
slightly blue-shift, which can be attributed to the screening of
piezoelectric field in the n-type doping In Ga N–GaN-based
MQW and the renormalization of quantized states in the well
region [12]. Fig. 2 shows the collected optical power (P) versus
injected current (I) of Devices A and B. Both devices have
similar active areas ( 14 000 m ). We can clearly see that
Device A has much higher output optical power than Device
B under the same bias currents. Furthermore, the value of
collected optical power ( 100 W under 50 mA) in POF of
Device A is large enough for data transmission [3]. The superior
P–I performance of Device A to Device B is possibly due to
that the superior interface quality of n-doped MQW to undoped

Fig. 3. Measured frequency responses under different bias current (10, 50, and
100 mA) of (a) Device A and (b) Device B. The insets in (a) and (b) show
the measured electroluminescence (EL) spectra under 100-mA bias current of
Devices A and B, respectively.

MQW [11] and lower device turn-on resistance with less device
heating, as shown in the inset of Fig. 2. In order to further
improve the optical coupling efficiency between POF and both
devices and achieve better P–I performance, the light-emitting
areas and shape of apertures of our demonstrated LEDs should
be optimized [3]. During ac (modulation-speed) measurement,
we injected the RF signal into both LEDs and the modulated
optical power was collected by POF and then fed into a low
noise Si-based photoreceiver with a 125-MHz electrical band-
width, which was connected with an RF spectrum analyzer.
The influence of used RF cables, photoreceiver, and bias tee, on
the measured frequency responses was de-embedded carefully.
Fig. 3(a) and (b) shows the measured frequency responses of
Devices A and B with similar active areas ( 14 000 m ) under
different bias currents, respectively. We can clearly see that
when the bias current is over 50 mA, Device A exhibits much
higher 3-dB electrical bandwidth than that of Device B ( 120
versus 45 MHz). There are two major modulation-speed-lim-
iting factors of LED; one is RC time constant and the other
is spontaneous recombination time. In order to clarify which
one results in the observed significant bandwidth enhancement
of Device A, we have performed the capacitance–voltage
(C–V) and I–V measurement on both devices to obtain their
RC-limited bandwidths. Both devices with similar active areas
exhibited similar values of capacitance under forward bias and
Device A has around two times smaller differential resistance
than that of Device B under the same bias current. However,
even the calculated RC-limited bandwidth of Device B with

14 000 m active area is around 200 MHz, which is much
larger than the obtained net E-O bandwidth ( 45 MHz). Fig. 4
shows the measured frequency responses of Device B with
different active area ( 14 000 versus 123 000 m ) under
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Fig. 4. Measured frequency responses of Device B with different active area.
Closed squares: device with around 123 000 �m active area; open squares:
device with around 14 000 �m active area.

the same bias current (100 mA). We can clearly see that even
with a much larger active area and more serious RC-limited
bandwidth, these two devices have similar 3-dB electrical
bandwidth. Such measurement results indicate that the domi-
nant bandwidth limiting factor of Device B is the spontaneous
recombination time in the undoped In Ga N–GaN-based
MQW instead of its RC delay time and the improvement in
speed performance of Device A is due to the enhancement of
radiative recombination rate in n-type doped MQW layers [9],
[10]. The significant enhancement of radiative recombination
rate in n-type-doped In Ga N–GaN-based MQW as com-
pared to undoped control has also been reported and studied
by the time-resolved photoluminescence technique [10]. The
space charge field, which is induced by the n-type doping in the
GaN barrier layer, can screen the piezoelectric field and result
in higher degree of electron/hole wave function overlapping
[9]–[12] and higher spontaneous emission rate [9]–[12] in
the MQW region. According to our dc and ac measurement
results, as shown in Figs. 2–4, we can conclude that the n-type
doping in the In Ga N–GaN-based MQW can improve the
speed and power performance of green LED very effectively.
Such a useful result is possibly originated from the fact that
n-type barrier doping can improve the interface quality [11],
screen the piezoelectric field, which plays an important role in
the nitride-based laser or LED even under forward-bias [13],
and increase the radiative recombination rate, in the MQW
region. On the other hand, the improvement in both speed and
output power of our device is contrary to the normal behavior
of traditional red LED for POF communication [14], which
usually has a tradeoff in its speed and power performance due
to the incorporation of defects in its active MQW layers and the
increase of nonradiative recombination rate [14].

IV. CONCLUSION

We demonstrate the high-speed performance of GaN-based
LED at green wavelength regime. By utilizing the n-type doping

in the barrier layers of In Ga N–GaN-based MQW layers,
significant enhancement of speed and output optical power has
been observed. Such improvement can be attributed to the en-
hancement of spontaneous recombination rate in the MQW ac-
tive region. The promising E-O measurement results ensure its
application to 150-Mb/s POF data transmission.
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