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Abstract: In this letter, we report the first demonstration of monolithically integrated ultraviolet
(UV) light emitting diodes (LEDs) and visible-blind UV photodetectors (PDs) employing the
same p-GaN/AlIGaN/GaN epi-structures grown on Si. Due to the radiative recombination of
holes from the p-GaN layer with electrons from the 2-D electron gas (2DEG) accumulating at the
AlGaN/GaN heterointerface, the forward biased LED with p-GaN/AlGaN/GaN junction exhibits
uniform light emission at 360 nm. Facilitated by the high-mobility 2DEG channel governed by a
p-GaN optical gate, the visible-blind phototransistor-type PDs show a low dark current of ~1077
mA/mm and a high responsivity of 3.5x10°> A/W. Consequently, high-sensitivity photo response
with a large photo-to-dark current ratio of over 10® and a response time less than 0.5 s is achieved
in the PD under the UV illumination from the on-chip adjacent LED. The demonstrated simple
integration scheme of high-performance UV PDs and LEDs shows great potential for various
applications such as compact opto-isolators.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic integrated devices operating at UV spectrum can be utilized for many applications
such as visible-blind light communication, bio-chemical detection and environment monitoring
[1,2]. Benefitting from the direct wide bandgap material properties, GaN-based heterostructures
have been widely used to build photonic devices such as light emitting diodes (LEDs) [3-6],
photodetectors (PDs) [7-10] and laser diodes [11-13]. In recent years, the monolithic integration
of these photonic devices to achieve multifunctional systems have drawn extensive research
interests. Various approaches were employed such as the integration of LEDs and PDs sharing
the same multi-quantum-well (MQW) [14—19] and the combination of high electron mobility
transistors (HEMTs), LEDs and Schottky PDs with selective area epitaxy [20]. However, most of
the PDs in these integration schemes showed limited responsivity and small photo-to-dark current
ratio, which strongly affect the signal receiver performance such as detectivity and sensitivity.
To increase the responsivity of the PDs, several structures were developed, such as avalanche
photodetectors (APDs) [21-23], and transistor-type photodetectors [9,10,24-29]. Very recently,
we have demonstrated a high-performance visible-blind UV PD using p-GaN/AlGaN/GaN
heterostructures grown on Si, benefitting from the phototransistor-like operation mechanism [30].
In this study, taking advantage of the high-performance PD, we further demonstrate a monolithic
integration of the PD with an on-chip UV light emitter employing the same p-GaN/AlGaN/GaN
heterostructures. As a result, the PD exhibits a high photo-to-dark ratio of 1.5x10° and reasonable
response time less than 0.5 s under the UV illumination from the adjacent integrated LED.

2. Heterostructure design and device fabrication

The p-GaN/AlGaN/GaN heterostructures used in this work were grown on a 6-inch Si (111)
substrate by metal organic chemical vapor deposition. The epilayers, from bottom to top, consist
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of a 5-um high-resistivity GaN buffer, a 400-nm i-GaN layer, a 10-nm Aly,Gag gN barrier, and
a 70-nm p-GaN cap layer with a hole concentration of ~1x10'® cm™. The heterostructure
design is typically used for normally-OFF p-GaN gate HEMTs applications [31], which was
employed here to ensure a low dark current in the PD. A 3-D schematic of the monolithically
integrated devices is shown in Fig. 1. The phototransistor-like PD consists of an optical p-GaN
gate (length/width=6 um/100 um) between two Ohmic electrodes placed on the AlGaN/GaN
heterostructure. The distance between the electrodes and p-GaN is 3 um. More information on
the operation principle of the PD can be found in our previous paper [30]. Operation of the LED
using the p-GalN/AlGaN/GaN heterojunction is based on radiative recombination of electrons
supplied by the 2-D electron gas (2DEG) at the AlIGaN/GaN heterojunction and holes from the
p-GaN, under forward bias. The light emitting area of the LED is 30 um X 100 um, with the
short side of the LED facing the PD. The cathode electrode of the LED is also 3-um away from
the p-GaN edge. The distance between LED and PD is 20 um. The process started with p-GaN
patterning to define the anode of the LED and the optical gate of the PD. The Ohmic-contact
electrodes for the PD and the cathode of the LED were then formed on the exposed AlGaN
barrier using an alloyed Ti/Al/Ni/Au metal stack, followed by device isolation using fluorine ion
implantation. The LED and PD were thus electrically isolated with each other by the fluorine ion
implantation. The resistance between the LED and PD was measured to be larger than 1 GQ. The
devices were then passivated with a 50-nm SiO, via plasma-enhanced chemical vapor deposition
(PECVD). Transparent Ohmic-contact metal on the p-GaN of the LED part was formed using a
thin Ni/Au metal stack annealed at 575°C for 5 min in nitrogen/oxygen mixture. At last, a thick
pad metal of Ni/Au was deposited on the Ohmic electrodes for device measurements.
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Fig. 1. 3-D schematic of the monolithically integrated LED and PD on the p-
GaN/AlGaN/GaN/Si platform.

3. Results and discussions

The performance of the PD was first evaluated under the illumination of a commercial UV LED
(Nichia NCSU276AT-0365) with center emission wavelength of 365 nm. Figure 2(a) compares
the dark and photo current of the PD (normalized to the PD width). At 5-V bias, the PD shows a
low dark current of 3.9x10~7 mA/mm, and a high photocurrent of 0.43 mA/mm under the UV
LED illumination with an intensity of 0.024 mW/cm?, resulting in an excellent photo-to-dark
current ratio of around 1.1x10°. The low dark current is attributed to the depletion of 2DEG
at the AIGaN/GaN interface resulting in a high-resistivity channel underneath the p-GaN layer,
despite a 5-V bias applied. Under UV illumination, the 2DEG channel underneath the p-GaN
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optical gate is restored and a high Ohmic photocurrent is thus achieved [10,30]. The photocurrent
and extracted responsivity of the PD as a function of the incident light intensity are shown
in Fig. 2(b). An ultrahigh responsivity of 3.5x10° A/W is achieved in the PD. Such a large
responsivity combined with the high photo-to-dark current ratio of the PD enables the device for
high-sensitivity light detection on signals from the on-chip small-size LED light source even if
with a relatively low output power.
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Fig. 2. (a) Dark current and photocurrent under 365-nm UV illumination of the PD. (b)
Photocurrent and responsivity as a function of the UV intensity with a 5-V bias on the PD.

The forward current-voltage (/L gp-V1gp) curve of the integrated LED in linear and semi-log
scale is plotted in Fig. 3(a). The device shows a relatively large turn-on voltage (V1) of ~4.65V,
due to the depleted 2DEG in the p-GaN/AlGaN/GaN heterojunction. The operation principle of
the LED can be explained as follows. When the Vi gp is > Vr, the 2DEG restores underneath
the p-GaN region. Electrons from the 2DEG and holes from the p-GaN overcome the AIGaN
barrier and recombine [32,33]. Unlike conventional diode LEDs, the current saturation in the
lateral access regions of the AIGaN/GaN heterostructure leads to the reduced slope in the forward
I-V characteristics for Vi gp > 6 V. A large Iy gp of 267 A/cm? (normalized by the area of light
emitting region) can be achieved at Vi gp of 10V, leading to uniform light emission in the p-GaN
area, as shown in the inset of Fig. 3(a). Figure 3(b) shows the wavelength-dependent photo
responsivity of the PD and the electroluminescence (EL) spectrum of the on-chip UV LED
with different LED biases. The emission intensity of the LED as a function of wavelength was
measured with a spectrometer (Ocean optics USB2000+ UV-NIR Spectrometers). The PD
exhibits a cutoff wavelength of ~400 nm suggesting visible-blind operation, while the center
emission wavelength of the LED is around 360 nm with a full width at half maximum of around
7nm. The overlap of response spectrum of the PD and the emission spectrum of the LED
suggests that the light emitted by the on-chip LED can be well detected by the adjacent PD.

The photo response of the PD to the UV emission from the on-chip LED is investigated as
a function of bias on both the LED and PD. Figure 4(a) plots the current of the PD biased at
5V as a function of the Vigp. Similar to the photo response of the PD to the external UV
light source, the PD exhibits a low dark current of ~10~7 mA/mm before the LED turns on (for
Viep < 4.6 V) and a high photocurrent in the PD controlled by the LED bias is like the on/off
switching of a transistor by its gate bias. Mimicking the conventional transistor operation, the
current in the channel is controlled by the gate bias through the gate capacitor coupling. In
our integrated system, modulation of the current in the “channel” of the PD by the spatially
separated “optical gate” by the LED is realized by the transmission of UV light in the SiO,,
GaN and AlGaN between LED and PD. The Vi gp (“gate bias”) determines the LED current
thereby the intensity of the emitted UV light, which then affects the photo carrier concentration
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Fig. 3. (a) I-V curve of LED in log and linear scale. The inset is the image of the device
under optical microscope when the LED is under high bias. (b) Responsivity of the PD at
different wavelengths (solid-dot line) and the EL spectrum (solid line) of the on-chip UV
LED with LED bias of 4V, 5V, 6V and 10 V.

(conductivity) of the PD. Therefore, the integrated LED and PD together can be regarded as a
fully functional transistor. Figure 4(b) shows “output” curves of the “transistor” under varying
“gate” bias (corresponding to varying UV light intensity). A high maximum photocurrent of
~0.27 mA/mm is achieved in the PD at both a Vpp and Vi gp of 10 V.
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Fig. 4. (a) Photocurrent (semi-log and linear scale) of the PD at 5-V bias as a function of
the LED bias. (b) Photocurrent of the PD versus the voltage drop on the PD under varying
LED bias.

Figure 5 shows the photocurrent and coupling efficiency (Ipp/ILgp) at a PD bias of 5V as a
function of the LED current. A high coupling efficiency of 0.022 is derived, which is much
higher than that of previous reports in literature, for instance, 1.1x107% in the Si opto-coupler
[34], ~1x107* in the GaN-based integrated device [15,35,36], and ~4x1073 in the AlGaN-based
integrated device [17].

To evaluate the frequency response of the PD to the on-chip LED, a test platform was built with
discrete and external components, as shown in Fig. 6(a). The on/off of the LED was controlled
by the gate signal of a Si MOSFET, and the corresponding current in the PD was converted to a
voltage signal using a resistor in series. The input gate signal of the Si transistor and the output
voltage signal of the PD are presented in Fig. 6(b). The rise time (#,) and fall time (#;), defined as
10% to 90% of the maximum voltage, are determined to be 0.41 and 0.36 s, respectively. The RC
time of the PD part of the integrated system is derived to be ~100 ns, much smaller than the rise
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Fig. 5. Photocurrent and coupling efficiency (Ipp/I; gp) of the PD at 5-V bias as a function
of the LED current

and fall time. The relatively large time constant is mainly due to a persistent photoconductivity
effect in AlIGaN/GaN heterostructure [37]. The longer response time of the PD in this work,
compared with our previously reported device [30], may be induced by the traps in the dielectrics
and the run-to-run variations in etching damage control during the p-GaN removal process. We
will further optimize the p-GaN etching and surface passivation process to suppress the trapping
effect thereby enabling a faster response in the PD. Applying additional gate bias on the optical
p-GaN gate may also be an alternative approach to enhance the time response performance.

(a) Vi 15v (b)
S‘ 0.4}

3 0.2}
>

0.0

n

V_ (V)

0 5 10 15 20 25

Fig. 6. (a) Circuit diagram of the frequency response test platform for the monolithically
integrated UV LED and PD. (b) Waveforms of the input gate signal of the Si transistor
controlling the LED and the output signal of the PD.

4. Conclusion

In conclusion, we have demonstrated a monolithically integrated UV LED and visible-blind
UV PD unit, fabricated from the same p-GaN/AlGaN/GaN heterostructures grown on silicon.
The UV light emitted from the LED can be well detected by the adjacent low-dark-current
high-responsivity PD, with a high photo-to-dark current ratio of ~10°. The photocurrent in the
phototransistor-like PD can be effectively modulated by the forward bias of the LED, which
controls the intensity of the emitted UV light. The integrated system shows a rise and fall time
of 0.41 and 0.36 s, respectively. The monolithically integrated UV LEDs and PDs demonstrate
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great potential for various applications including on-chip optical interconnect and opto-isolators
working in UV regime.
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