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ABSTRACT

We have demonstrated hole injection through a tunnel junction embedded in the GaN-based light emitting diode
structure. The tunnel junction consists of 30 nm GaN:Si** and 15 nm InGaN:Mg"* grown on a GaN-InGaN quantum
well heterostructure. The forward voltage of the light emitting diode, including the voltage drop across the reverse-
biased tunnel junction, is 4.1 V at 50 Alcm?, while that of a standard light emitting diode with a conventional contact
structure is 3.5 V. The light output of the diode with the tunnel junction is comparable to that of the standard device. We
then employed the tunnel junction in vertical cavity surface emitting laser structures and dual-wavelength light emitters.
In the vertical cavity structure, a good lateral current spreading was accomplished, resulting in uniform emission pattern.
The dual-wavelength light emitter has been operated as a three-terminal device with independent electrical control of
each LEDs to a nsec time scale.

1. INTRODUCTION

AlGalnN is one of the most promising material systems for short wavelength optoelectronic devices and high power
electronic devices because of its wide direct bandgap. Blue and green InGaN light emitting diodes (LEDs),' including
high-power LEDs,” and near-ultraviolet laser diodes™> have been demonstrated and are now commercially available. In
addition, optically-pumped vertical cavity surface emitting lasers have been demonstrated.®’

One of the remalmng issues in GaN-based material research is the low hole concentratlon and the high resistivity of p-
type layers.®® InGaN layers with very high carrier concentrations (p~1x10]9 cm” at 300K) have been demonstrated,'® but
the resistivity of p-GaN is typically 100 times higher than that of n-GaN, resulting in poor lateral current spreading
within p-GaN layers. For instance, to achieve reasonable current spreading and light extraction simultaneously in a top-
emitting LED structure, a semi-transparent (semi-absorbing) p-type electrode is typically employed. However, this
approach leads to a trade-off between forward voltage and light extraction efficiency, which both depend sensitively on
the electrode thickness. Instead, a substrate-emitting LED, employing a flip-chip structure, could evade this issue
because light emission is extracted from the other side of the electrode, which can be made thick and reflective.?
However, the flip-chip structure normally requires a separate submount carrier or special package for electrical
interconnection, which adds cost and manufacturing complexity, especially for smaller-area chips. Additionally it is very
difficult to obtain low resistivity p-AlGaN, especially with more than 10% AIN molar fraction,'" limiting the realization
of shorter wavelength laser diodes as well as GaN-based vertical cavity surface emitting lasers (VCSELSs).

Recently hole injection through a reverse-biased tunnel junction has been used to provide low-resistance lateral current
flow in InGaAs VCSELs and resonant-cavity LEDs employing oxide-based ditributed Bragg reflectors.'? This technique
has been similarly employed to minimize the portion of p-type material in an InP-based VCSEL'>" since the InP-based
p-layer has relatively high resistivity, leading to serious heating problems. The hole injection through the tunnel junction
is also conceivable in GaN-based material for alleviating problems related to the highly resistive p-layers. Recently S.-R.
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Jeon et al. demonstrated a lateral current spreading at the top n-GaN layer in the LED structure with a GaN tunnel
S 1S
junction.

In this paper, we demonstrate hole injection through a GaN:Si**/InGaN:Mg"" tunnel junction in the LED structure,
showing reasonably low voltage drop at the tunnel junction and no observed penalty for light output intensity.”® We also
employ this tunnel junction in VCSEL structures” and dual-wavelength light emitters,”? leading to significant
improvements of the device performances.

2. EXPERIMENTS

All the samples here were grown on sapphire (0001) substrates with low-temperature-deposited buffer (LT-buffer)
layer'® by low-pressure metalorganic chemical vapor deposition. TMGa, TEGa, TMAI, and TMIn were used as group-III
sources, and NH; was used as a group-V source. Cp,Mg and SiH, were used as dopant precursors for p-type and n-type,
respectively. InN and AIN mole fractions in layers were determined from X-ray diffraction patterns assuming that the
layers are fully relaxed in this experiment. Hall effect measurements were performed to determine hole carrier
concentrations after thermal annealing at 700 °C for 5 min.” Mg and Si concentrations in the layers were determined by
secondary ion mass spectrometry (SIMS) analysis.

3. RESULTS AND DISCUSSION

3.1 Mg-doped InGaN, GaN, and AlGaN

Generally very high carrier/doping concentrations are required to obtain lower voltage drop across the reverse-biased
tunnel junction,. We first investigated the electrical properties of our Mg-doped InGaN, GaN, and AlGaN. The sample
structure for Hall effect measurements consists of a 30 nm GaN LT-buffer layer, a 3 um undoped GaN, and a 0.4-0.6 um
Mg-doped InGaN, GaN, or AlGaN. Mg concentrations of all the samples are 1-5 x 10'® cm™, confirmed by SIMS. Figure
1 shows hole carrier concentration at room temperature as a function of InN or AIN mole fraction. The hole carrier
concentration was increased as the bandgap was narrower, that is, less AIN and more InN mole fraction. The highest
hole carrier concentration, 1.9 x 10" cm™, was obtained with Ing 3Gagg,N in this experiment, while the hole carrier
concentration of GaN was 3.9 x 107cm™. On the other hand, the hole carrier concentration of AlGaN was very low, 4.0
x 10" cm™, with 14 % AIN mole fraction. This clearly explains the difficulty of the realization of the shorter wavelength
lasers and VCSELs both require the AlGaN layers with high (over 10 %) AIN mole fraction. As a result, we concluded
that InGaN is more suitable material than GaN as the p-layer in tunnel junctions.
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Fig. 1  Hole carrier concentration at room Fig.2  Schematic of GaN-based LED
temperature as a function of InN or AIN mole structure with the tunnel junction.

fraction.
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3.2 InGaN/GaN tunnel junction

Figure 2 shows the LED structure with the tunnel junction, consisting of a 30 nm GaN LT-buffer layer, a 3 um bottom n-
GaN layer, four InGaN quantum wells with GaN barriers, a 30 nm p-AlGaN layer, a 100 nm p-GaN layer, a 15 nm
InGaN:Mg*" layer, a 30 nm GaN:Si** layer, a 0.5 um top n-GaN layer and a 50 nm n*-GaN contact layer. The InN mole
fraction in the tunnel junction layer is kept lower than that in the quantum wells to prevent optical absorption of emission
from the wells. We prepared four LED structures with tunnel junctions having different doping levels. We also prepared
a standard LED structure for comparison, which has a p*-GaN contact layer on the top of the 100 nm p-GaN layer,
instead of the tunnel junction and the top n-GaN layer. After finishing the growth, we then removed the upper layers by
dry etching to expose the bottom n-GaN layer for the bottom n-contact. The diameter of the top n-contact was 100 pm.
We measured the light output intensity from the substrate side using a Si photodetector under DC bias at room
temperature. The peak emission wavelength of all the samples was around 480nm.

As shown in Figure 3, the highest doping concentrations, approximately 2 x 10*° cm™ Mg and 3 x 10* cm™ Si, were
achieved, while we found that a Mg memory effect resulted in a large amount of Mg (~ 1 x 10" cm™) incorporating into
the following Si-doped GaN layers. Table 1 shows the various doping concentration levels of Mg and Si at tunnel
junctions in four LED structures and their forward voltages at current density of 50 A/cm®. We found that very high

doping concentrations (over 2 x 10%° cm™) for both n- and p-layers are crucial to achieve a lower resistance of the
reverse-biased tunnel junction.

Figure 4 shows the comparison of voltage vs. current density characteristics between the LEDs with tunnel junctions and
the standard LED with the conventional p-contact. Our standard LED with the semi-transparent current-spreading
contact exhibited a forward voltage of 3.5 V at 50 A/cm® This value is similar to previous reports."* The LED with the
lowest doping levels at the tunnel junction (sample A) showed very high forward voltage, 6.7 V at 50 A/cm?. On the
other hand, the forward voltage of the LED with the highest doping levels at the tunnel junction (sample D) was
reasonably low, 4.1 V. We conclude that the voltage drop at the tunnel junction with the highest doping levels is about
0.6 V at 50 A/cm’, subtracting the forward voltage of our standard LED from that of the LED with the tunnel junction.
This value is still very high compared to the values of InP-based'>'* and GaAs-based tunnel junctions.'”" This could be

due to a large bandgap as well as the difficulty in achieving a sufficiently high acceptor and hole concentrations in GaN-
based materials.
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Table 1 doping concentrations of Si and Mg at tunnel junctions and forward voltages at current density of 50 Alem®.

Si in GaN (x 10° cm?) Mg in InGaN (x 10% cm™) Voltage at 50 A/cm’ (V)

sample A 0.6 1 6.7
sample B 1 1 4.9
sample C 1 4.5
sample D 3 2 4.1

Figure 5 shows light output vs. current density characteristics for the LED with the tunnel junction (the highest doping
levels), and for the standard LED. Note that light output was measured through the sapphire substrate. No light output
penalty was observed by inserting the heavily doped tunnel junction on the top of the quantum wells with the 100 nm p-
GaN spacer layer, indicating that the hole injection through the tunnel junction is sufficient and the optical ?uality of the
active region remains high. Therefore, assuming that the current spread at the top n-GaN layer is sufficient,” one can
estimate that the light extraction efficiency of the top-emitting LED with tunnel junction could compare to that of a flip-
chip LED, which for large-area (~ 1 x 1 mm?) devices is 1.6 times higher than that of the standard top-emitting LED
with semi-transparent p-contact.”

3.3 Vertical cavity surface emitting laser structure

Figure 6 shows a VCSEL structure with the tunnel junction as well as the crack-free GaN/AlGaN distributed Bragg
reflector (DBR). Following the growth of a GaN layer using LT-buffer, a 60 pair GaN/Aly»;Gag7sN DBR was grown
using AIN strain relief layers.23‘  This AIN layer greatly reduces the number of cracks even in such a thick (~5 pm)
GaN/AlGaN heterostructures so that crack-free region was obtained over several cm’. A peak reflectivity of 0.99 was
obtained with approximately 15nm spectral bandwidth. The active region consists of IngosGag 9 N/GaN 7QWs designed
for the emission at 410 nm, surrounded by 100 nm AlGaN cladding layers. Then the 15nm InGaN:Mg""/30nm GaN:Si**
tunnel junction and a 200 nm n-GaN layer were grown to obtain an intracavity lateral current spreading. The InN mole

collimated output

T " T A J beam
L - ---tunnel-junction LED with highest dopin .
standard LED ¢ P Sio/Hfo, t tunnel junction

L . DBR current spreading layer
= 300K, BC ~.-71  TiAVT/Au ring contact ] .
o o Si0, insulating layer
\é’ L e - T Ti/Al/Ti/Au n-contact
2 4 .
= InGaN active |
° )
Pl 4 medium
S (7QWs)
3 ,’

V.
- ) -
V.
V.
Vi
0 —= p ('J 5 . > (I)o . 200 in-situ grown AlGaN/GaN DBR
Current density (A/cmz)

Fig.5 Light output vs. current density . . )

characteristics of the LED with the highest doping Fig. 6 Schematic of the VCSEL structure with

concentrations at the tunnel junction compared to the tunnel junction as well as GaN/AlGaN DBR.
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fraction in the tunnel junction is slightly lower than that of the active region InGaN. The doping concentrations in the
tunnel junctions are the same as those in the LED structures described in section 3.2. Finally the vertical cavity was
completed with a dielectric SiO/HfO, DBR deposited by reactive ion beam sputtering. The top dielectric DBR was
patterned so that the device had an effective optical aperture varying from 10 to 30 um. Standard lithographic and dry
etching techniques were used to provide the electric contacts, in form of a Ti/Al/Ti/Au annular ring to the top n-GaN and
a deep etched contact area for the bottom n-GaN. The deep etch step defined the diameter of the mesa in Figure 6 in the
range of 20 to 50 pm.

Figure 7 shows the current density vs. voltage characteristics of a typical device, at two levels of continuous injection at
room temperature. In the low injection regime, characteristic of a LED (~100 A/cm?®), the presence of the tunnel junction
typically added up to 1 V to the forward voltage characteristics, which is consistent with the previous LED result as
shown in Fig.4. At higher injection levels (~1 kA/cm?), we saw evidence of additional series resistance, assigned in part
to the presence of the tunnel junction. Nonetheless, the lateral current spreading was clearly accomplished so that the
light emission from the devices was uniform in its average intensity across the emitting aperture, as illustrated in the
photograph in the inset of Fig. 8. However, when examining the emission under high spatial resolution (~1 um) we have
found evidence of some tendency towards “filamental” vertical conduction, reflective perhaps of the influence of local
compositional or doping inhomogeneities within the tunnel junction.

Figure 8 shows the output spectrum of a typical device at operating current density of 0.2 kA/cm® The emission was
observed in the direction normal to the planar device, with apertures and imaging optics restricting the angular view to
approximately 10 degrees. While the cavity is rather thick (over 10 A), only two vertical cavity modes are seen,
indicating the restrictively narrow spectral bandwidth of the GaN/AlGaN DBR. The dominant mode at 413 nm has a
spectral linewidth of approximately 0.6 nm. This value is comparable to the linewidth previously measured in our best
structures that were designed for optically pumped VCSEL operation.”

3.4 Dual-wavelength light emitter

Figure 9 shows a novel GaN-based LED configuration in which two electrically independent InGaN QWs of different
indium composition are built into a single vertical heterostructure. The device incorporates the InGaN/GaN tunnel
junction which separates the two active regions so that a three-terminal device can be implemented which permits the
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operation of the LEDs as a time-multiplexed two-color source. The bottom LED segment was grown on a n-GaN layer,
with the active region composed of four InGaN/GaN QWs, designed for emission at 530 nm. The tunnel junction
segment was grown on the top 100 nm p-GaN, consisting of 15 nm InGaN:Mg"*/30 nm GaN:Si**. Then the top LED
segment was grown on the tunnel junction with the top 200 nm n-GaN. The active region in the top LED composed four
InGaN/GaN QWs with the composition aimed at emission wavelength of 470 nm. The structure was completed with a
50 nm heavily doped p-GaN cap layer for fabricating the Ni/Au electrical contact. The fabrication of the three-terminal
device involved standard lithography and etching steps to define a circular emitter. Two etch steps were required, to
reach the bottom LED’s n-GaN layer and the common ground for the two LED segments, respectively. The diameter of
the top and bottom LEDs are 60 and 80 pm, respectively. Note that we collected the emission through the sapphire
substrate.

Figure 10 shows the current vs. voltage characteristics of the top and bottom LEDs. As similarly seen in section 3.3, the
presence of the tunnel junction in the bottom devices typically added about 1V to the forward voltage characteristics,
when compared with the top LED without the tunnel junction in the low injection regime (~100 Alem®). We also found
the additional series resistance at the high injection level and the “filamental ” vertical conduction under the high spatial
resolution.

Spectral characteristics of the device structure are shown in Figure 11, where the light solid curve was obtained by
turning each LED on by a separate pulsed bias supply in a time sequential manner, while the bold line was obtained by
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operating the device as a simple two terminal device with a constant voltage applied across the top p-GaN and lowest n-
GaN. Their electrical independence allowed us to program the 470 nm and 535 nm LEDs at any time sequence that we
desired, up to speeds of nearly 100 MHz, without optimizing the impedance of terminal configuration. However, as the
current voltage characteristics as well as their effective current apertures of the two LEDs were different, the applied
voltage for each LED needed to be adjusted to obtain a comparable optical output from the devices.

4. CONCLUSION

We have demonstrated GaN-based tunnel junctions for hole injection in optical devices. The electrical properties of Mg-
doped InGaN, GaN and AlGaN were investigated and the highest hole carrier concentration of 1.9 x 10'™%cm? was
achieved in Ing3Gagg,N. By employing the InGaN:Mg'"/GaN:Si*™* heterostructure with the very high doping
concentrations, a reasonably low voltage drop (0.6 V at 50 A/cm?) at the reverse-biased tunnel junction was obtained.
There is no observed penalty in light output intensity by using the tunnel junction in the LED structure. The tunnel
junctions were also utilized in the VCSEL structure and the dual-wavelength light emitters. In the vertical cavity
structure, the good lateral current spreading was accomplished, resulting in the uniform emission pattern. The dual-
wavelength light emitter has been operated as a three-terminal device with independent electrical control of each LEDs.
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