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ABSTRACT

Light emission in the three primary colors was achieved in cubic GaN/InGaN/GaN
heterostructures grown by molecular beam epitaxy on MgO substrates in a single growth
process. A heterostructure with four quantum wells with a width of 10 nm was grown; this
guantum wells width decrease the segregation effect of In. Photoluminescence emission
produced four different emission signals: violet, blue, green-yellow and red. Thus, we were able
to tune energy transitions in the visible spectrum modifying the In concentration in cubic In,Ga;.

«N ternary alloy.
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1. Introduction

In the past decades, nitride semiconductors have been used to fabricate electronic and
optoelectronic devices [1-17]. Among the most important applications is solid-state lighting.
Using a-GaN and a-InGaN it was possible to build a blue light-emitting diode (LED) [1]. Since
this major breakthrough, the development of methods to improve growing conditions has brought
remarkable results in light emitting devices [2-6]. Theoretically, due to band gap energy values of
a-GaN (3.4eV) and a-InN (0.7eV), the ternary InGaN alloy can be used to cover the
electromagnetic spectrum from UV to near infrared. Growing conditions that result in more than
a 30% concentration of In may lead to high defect density because of the large lattice mismatch
between GaN and InN (11%). Furthermore, high indium content leads to a strong quantum
confinement stark effect, which reduces the radiative recombination efficiency of carriers and
hinders the long wavelength range transitions. Recent reports have studied the optimization of
green-yellow emission in hexagonal InGaN-based devices [3-5]. Nonetheless, red wavelength
transitions with planar InGaN heterostructures remain difficult to obtain. Thus, to produce white
light emitting diodes, a blue or UV LED is covered with a phosphor, which absorbs the light and
reemits it with a longer wavelength. However, using phosphors such as Ce**:Y3Als01, (one of
the most common phosphors) reduces the long-term reliability and lifetime of the device [6].
Different approaches have been made to overcome this issue. One of them is to synthesize
guantum wells by varying the In mole fraction in the active layer to obtain the long wavelength
emission without phosphors [7]. Another approach to produce white light is to use the structures
such as quantum dots in wells [8], dots in wires [9], nanorods [10], nanopyramids [11] and other
nanostructures [12]. Typically, these nitride semiconductors crystallize into a hexagonal phase.
Therefore, most of the previous work is based on the InGaN wurtzite phase. Nevertheless, the
cubic phase has some advantages over the hexagonal phase, such as the lack of spontaneous
and piezoelectric polarization [9]. Moreover, B-GaN has a lower band gap energy (3.28 eV) than
a-GaN. Thus, low energy emissions in the ternary B-InGaN alloy can be obtained with a smaller
In concentration than in a-InGaN.

Although it is more difficult to synthesize InGaN and GaN cubic films, it has been possible to
grow them using the Metal-Organic Chemical Vapor Deposition (MOCVD), Metal-Organic Vapor
Phase Epitaxy and Molecular Beam Epitaxy (MBE) techniques on the 3C-SiC, GaAs, MgO and,



recently, on microstructured silicon substrates [13]. Taniyasu et al. [14] grew B-InGaN QWs on
GaAs using MOVPE that emitted in the violet-blue spectral region. Chichibu et al. [15] obtained
violet, blue and green emissions with -InGaN MQWs on 3C-SiC substrates using MBE. Li et al.
[16] demonstrated green emission from B-InGaN QWs that were grown on 3C-SiC using MBE.
Stark et al. [13] grew InGaN QWs on the v-grooved Si using MOVPE, and the device exhibited
green emission. Different wavelength emissions in cubic heterostructures have been analyzed,
but emissions in the blue to red region in a single structure have not been reported.

In this work, we characterize the cubic GaN/In,Ga; xN/GaN/ QWSs that were grown using plasma
assisted molecular beam epitaxy (PA-MBE) with the aim to obtain emissions in the violet, blue,

green and red ranges in a single heterostructure by changing the In concentration.

2. Experimental details

All samples were grown on MgO (100) substrates to induce the cubic phase. Prior to the growing
process, the substrate was degreased in trichloroethylene at 50°C for 10 min. Then, the
substrate was ultrasonically cleaned in acetone and deionized water baths (10 minutes each).
After that, the substrate was introduced into a vacuum loading chamber (~1x107® Torr). Then, it
was transferred to the growing chamber, where it was thermally cleaned in a high vacuum
environment (~3x10~® Torr) at 900°C for 30 min to obtain an atomically flat surface. Because the
cleaning process produces a MgO-H surface [18], the sample is exposed to atomic nitrogen for
10 min to replace H atoms with N atoms, which is more energetically favorable.

The high purity (99.9999%) solid sources were used to supply the indium and gallium fluxes,
while a radio frequency (RF) plasma source was used to generate atomic nitrogen. Both B-GaN
and the films were grown with a constant N, flow at a rate of 1.3 standard cubic centimeters per
minute (sccm) and the RF power of 230 W.

Three separated SQWs were synthesized as follows. First, a 300 nm thick buffer layer was
grown on the MgO substrate at 770°C. Next, a B-InxGa;.xN layer with a thickness of
approximately 4 + 2 nm was deposited on three different samples using In concentrations of
x=0.10, 0.40 and 0.47. Then, a 150 nm wide B-GaN barrier was grown on top (Fig. 2(d)).

The In segregation is a problem because the elevated temperature used to obtain the InGaN in

cubic phase; if we used a lower temperature a hexagonal phase is induced. Therefore the typical



growth of ternary alloy B-InxGa;.xN is 750 — 790 °C and to diminish the In segregation effect the

individual quantum wells were growth for a given thickness around 4 nm.

In the next step, four B-InGaN quantum wells at different In concentration with 3-GaN barriers
were grown. First, a 300 nm thick 3-GaN buffer layer was grown at 770°C using an epitaxial
layer-by-layer growth mode. Then, four 10 + 2 nm thick In,Ga;xN layers with GaN barriers were
deposited using different In concentrations. This was achieved by adjusting the indium effusion
cell temperature to produce concentrations of 11%, 17%, 35% and 47% for each QW. The
barriers were grown at 770°C with 50 nm for the first three samples and with a 150 nm thickness
for the last sample. The reason we chose a 10 nm thickness of the well is because indium
segregation is more difficult to control in a narrow QW when the growth time is longer as is the
case for multiple quantum wells. Additionally, we were interested in producing three primary
colors using different thicknesses. Details of the samples are summarized in table I.

A 12kV acceleration voltage was utilized in Reflection High Energy Electron Diffraction (RHEED)
to determine lattice constants of the samples. Then, we applied Vegard’s law to estimate the In

molar fraction.

The PL emission spectra studies were carried out by mounting the samples in a cold finger of a
closed-cycle cryostat and cooling them to 10 K. A He-Cd laser operating at 325 nm was used as
an excitation source with an output power of 1 mW. The PL signal from the samples was
analyzed using a 50 cm monochromator and was captured using a charge-coupled device
(CCD).
Table |

Concentration of In, thickness and PL signal of the four grown samples.

Concentration of In Thickness PL signal
(= 2%) (2 nm) (x0.10eV)
Sample 1 10 4 3.08
Sample 2 40 3 2.32
Sample 3 46 4 1.92
Sample 4(4QWs) 11,17,35 and 47 10 (each QW) 2.92,2.71,2.07 and 1.79




3. Results and discussion
3.1 Single quantum well with different Indium concentrations.

Fig. 1 shows the optical band gap vs. In concentration for bulk InGaN alloys at 300 K (dashed
blue line), which has been previously experimentally determined [18]. In addition to the band gap
data of InN mentioned in the reference Damian et al [18] other experimental and theoretical data

values have been published [19-21].

Because the energy band gap shifts to high values when the temperature is lowered, we
estimated an average blue shift of 47 meV for the B-InGaN bulk according to Varshni fits from
the PL measurements from -GaN (80 meV) [22] and B-InN (14 meV) [23]. The solid black and
orange lines observed in Fig. 1 result from infinite quantum well approximations for 3 nm and 4
nm, respectively. The B-InyGa;xN effective masses were interpolated using parameters for -
GaN and B-InN according to reference [24]. The values from the PL measurements at 10 K of
samples 1 and 3 (blue squares), lie on the 4 nm curve, while the sample 2 value lies on the 3 nm

curve, which is 1 nm less than the expected thickness.

Ternary alloy B-InGaixN layers with 3 or 4 nm thickness are almost completely relaxed because
the critical thickness of GaN and InN in cubic phase are 3 and 4 monolayers as was
experimentally obtained from RHEED measurements (25,26). Therefore, the ternary alloy
between GaN and InN should have a similar critical thickness. In both references, a completely
relaxed layer is found around 10 or 12 ML (2.2 or 2.5 nm). The only possible source of stress in
these samples is due to the small thermal expansion difference between GaN and InGaN.

The Fig. 2 depicts the PL spectra for sample 1 (a), sample 2 (b) and sample 3 (c). In Fig. 2(a), a
wide peak is observed, which is formed by the GaN (3.24 eV) and QW (3.08 eV) signals, with a
FWHM of 0.34 eV. In Fig. 2(b), a peak at approximately 2.32 eV is seen with a FWHM of 0.35
eV. Fig. 2(c) depicts the PL with a signal observed at 1.92 eV and a FWHM of 0.35 eV. All peak

positions are at higher energies compared with the bulk band gap due to the confinement effect.

3.2 Several quantum wells with different In concentrations

The intensity profile obtained from the RHEED patterns is shown in Fig. 1(a). Thus, we correlate
the substrate lattice constant and the distance between rods to calculate the grown layer lattice
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parameter. The intensity profile in Fig. 3(b) shows the diffraction distance variation between bars
(10) and (10) from the sample 4 RHEED pattern during growth. The MgO (red line) profile is
observe on top. For the InGaN layers (blue lines) we observe distance shrinking between bars
as indium concentration increases due to larger lattice parameter. All GaN barriers have the
same lattice constant (0.45 nm). In Fig. 3(b), we observe the buffer layer and final barrier profiles
(black lines).

Fig. 4 shows the sample 4 photoluminescence with four principal emissions at 1.79, 2.07, 2.71
and 2.92 eV from the InGaN QWs and another emission at 3.26 eV from GaN. These QWs were
wider than SQWs, therefore, less indium segregation occurred during growth. A smaller FWHM
of the peaks was obtained: 0.2, 0.26, 0.43, and 0.31 eV for the wells and 0.12 for GaN.
According to the concentration, which was calculated using the lattice constant estimated from
RHEED (Fig. 3) and Vegard’s law (equation 2) with a bowing parameter b of 1.4, the bulk energy
gaps of alloys are 2.79, 2.57, 2.0 and 1.67 eV.

Egincan = XEgmn + (1- x)Eg,GaN — bx(1—x) 2

Because quantum wells are confined, the PL emission appears at higher energies compared
with the bulk. Fig. 1 shows a dotted magenta line that corresponds to a 10 nm QW
approximation. The green triangles were plotted with the PL energy value of each peak vs. the In
concentration calculated from RHEED. The PL peak broadening is attributed to recombination

from confined states inside the QWs [27] and to possible alloy fluctuations.

4. Conclusions

In summary, individual QWs were grown using cubic ternary alloys of InGaN. By controlling the
growth parameters, different concentrations of In were used to tune the emitting signal in the
visible electromagnetic spectrum. Thereby, a heterostructure formed of four quantum wells of
GaN/InGaN/GaN in cubic phase was obtained. The violet, blue, yellow and red color emissions
were observed in the PL spectrum. This was achieved by varying only the In molar concentration

during a single growth process. We managed to grow B-InGaN films using MBE with high In



concentrations, which is necessary for generating long wavelength emissions without

phosphorous for possible light emitting diode applications or heterostructures to solar cells.
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FIG. 1. Energy gap vs. In molar fraction for InGaN alloys in bulk. The blue squares correspond to

emission of InGaN QWs for three different In concentrations.
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Table |

Concentration of In, thickness and PL signal of the four grown samples.

Concentration of In Thickness PL signal
(x 2%) (£ 2 nm) (x0.10eV)
Sample 1 10 4 3.08
Sample 2 40 3 2.32
Sample 3 46 4 1.92

Sample 4(4QWs) 11,17,35 and 47

10 (each QW)

2.92,2.71,2.07 and 1.79
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Highlights:

A3. Quantum wells;

A3. Molecular beam epitaxy;

B2. Semiconducting IlI-V materials; (InGaN in cubic phase)
B3. Heterojunction semiconductor devices
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