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Abstract

The spectroscopic techniques of cathodoluminescence and photoluminescence are used to
study the origin of red emission in 3-Ga>0O3 grown using the edge-defined film-fed grown
(EFG) method and hydride vapor phase epitaxy. Room temperature cathodoluminescence
shows red emission peaks from samples doped with Fe, Sn, and Si and from unintentionally
doped samples. Narrow emission lines around 690 nm are seen strongly in the Fe and
unintentionally doped samples. Temperature-dependent photoluminescence analysis of the
two prominent red emission lines reveals properties similar to the R lines in sapphire for all
the samples, but with different level of existence. These lines are attributed to Cr3* ionic
transitions rather than to Fe3*, as reported previously. The most likely origin of the

unintentional Cr incorporation is the source material used in the EFG method.

1. Introduction

Two figures of merit, the Baliga figure of merit (BFOM) and Huang’s material figure of merit
(HMFOM), are often used to assess the suitability of a material and rank its performance for
power electronics applications. The BFOM estimates the direct current (DC) conduction losses

and HMFOM estimates the dynamic switching losses . Both include the breakdown field, which
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is dependent on the bandgap of a semiconductor. Larger bandgaps allow the material to
withstand a stronger electric field, making it possible to produce ultrathin devices for a given
voltage. Thinner devices can have lower resistance and thus higher efficiency. Monoclinic f -
Ga20s has attracted massive interest in power electronics device applications due to its ultra-
wide bandgap in the range of 4.6- 4.9 eV with a large breakdown field of ~ 8 MVcm * and a
BFOM three times larger than GaN and ten times larger than 4H-SiC and a HMFOM of similar
order as GaN [1]. The recent record for a Ga2Os metal oxide field-effect transistor (MOSFET)
device breakdown voltage of 1.8 kV with a power figure of merit of 155 MW/cm 2, demonstrate
its great potential as a future power electronics device material that could overtake SiC and
GaN [2,3]. In addition to the larger bandgap, the transmission of ~ 90% of visible light makes
Ga>03 a leading contender for UV optoelectronics applications such as solar-blind
photodetectors and scintillators [4,5]. All these applications require control of charge carrier
densities by controlled incorporation of various dopants using a variety of growth methods. The
knowledge and position of electronic states due to the different dopants is critical for electronic
device operation and reliability.

The control of doping in Ga>Oz is complicated due to self-compensation and defect
issues, particularly due to point defects. Study of the light emission, and thereby the associated
electronic transitions, provides an understanding of the presence of point defects and their
impact on optical and electrical properties. The optical properties of - Ga2O3 grown by various
methods with different dopants have been widely reported [5-9], primarily for emission in the
UV and blue regions of the visible spectrum. However, there are only few reports [10-14] on
emission in the red spectral region due to transition metals, which is the focus of this work. We
discuss red emission in relation to various dopants in B-GaOs. The optical spectroscopy
techniques of cathodoluminescence (CL) and photoluminescence (PL) were employed to gain
understanding the possible defect states responsible for specific red emission peaks observed

for B - Ga,0O3 samples with different types of doping.
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2. Experimental Section

This study investigates un-intentionally doped (UID), Fe-doped and Sn-doped [010] B - Ga203
grown by edge-defined film-fed grown (EFG) method [15] as well as Si-doped [010] B - Ga203
grown by hydride vapour phase epitaxy (HVPE) [16] on Sn-doped EFG p - Ga>Os substrate.
Details of the EFG and HVPE growth methods for f - Ga,O3 have been reported elsewhere
[5,15]. Crucial details required here are the estimated carrier concentration and the unintentional
dopants and impurity levels in these samples. Carrier concentrations were measured using
capacitance-voltage measurements, giving n-type carrier concentrations of 5.8 x 10 ¥ ¢m = 7
x 108 cm 3 and 1.3 x 10 ¥ cm 3, for the Sn, Si and Fe doped samples respectively. The carrier
concentration measured for the UID sample is 2.4 x 10 " cm . The impurity content is
measured by secondary ion mass spectrometry (SIMS) where the main impurities in the EFG
samples are Si, Fe and Ir. However, Cr and Al were also present [15]. Impurities such as Si, Cr
are from the source material ( gallium oxide powder), whereas Ir comes mostly from the growth
crucible. Also, the annealing gas, e.g. nitrogen, can cause background contamination, including
by carbon and hydrogen. The SIMS data for the EFG samples in this study show that in the
surface regions of the UID B - Ga,O3 sample the concentrations of Fe, Cr, Al, Si and Ir in wt
ppm are at 0.81, 0.27,0.81, 2.3 and 4.9 respectively [15].

Room temperature CL is performed in an FEI Quanta 250 Schottky variable pressure
FEG-SEM using a custom-built CL system. A Cassegrain reflecting objective is used to collect
the emitted light, which is dispersed with a 1/8 m focal length spectrometer (Oriel MS125) onto
a 1600-channel electron-multiplying charge-coupled device (Andor Newton). The CL is excited
by an electron beam energy of 5 keV. Details of the design of the CL system and its collection
optics are given in reference [17]. The CL spectra were obtained using a 400 lines/mm grating

and a dwell time of 10 seconds. The CL spectra for the Fe doped sample were recorded in low
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vacuum mode since the sample was charging under the electron beam. Low-temperature PL
spectroscopy is performed using a custom-built PL system with a closed cycle He cryostat and
a 355nm CW laser (Cobolt Zouk) with a maximum power of 20mW as the excitation source.
The light emitted from the sample was collected into a 0.67m spectrometer (McPherson 207)
with a diffraction grating with 300 lines/mm and dispersed over a cooled CCD (Andor
Technology) where each spectrum is collected for 10 seconds. A detailed description of the PL
system and the collection optics is given in reference [18].

3. Results and discussion

Figure 1a shows the room temperature CL for all the four samples measured in the region
around 500 nm, revealing two strong, broad emission peaks in the UV (373 nm) and blue region
(485 nm) and weak, narrow peaks in the near-infrared region (680 — 720 nm), especially for the
Fe-doped and UID samples. The broad UV emission is intrinsic, and is widely attributed to the
recombination of free electrons and self-trapped holes (STH) [6, 7] or the recombination of free
electrons with self-trapped excitons (STE). Generally, STEs are usually observed in alkali
halide crystals; however, they have also been observed in f -Ga>0s3 [8]. The B - Ga.Oz unit cell
consists of two distinct Ga sites, Ga (I) and Ga (Il). The Ga (I) atoms are bonded to four
neighbouring O atoms in a tetrahedral arrangement whereas the Ga (1) atoms are in an
octahedral arrangement bonded to six neighbouring O atoms. On the other hand, the O atoms
have three distinct sites: O (1) and O (Il) bonded to three Ga atoms and the O (111) is bonded to
four Ga atoms. STHs in B - Ga20s are holes trapped by an O atom in an O(l1) site with a Ga
neighbour and or in O(l) site distributed among two O sites [6]. The blue emission is attributed
to donor-acceptor pair (DAP) recombination. The donors are created by oxygen vacancies (VO),
and the acceptors are created by gallium (VGa) or gallium-oxygen vacancy pairs (VGa — VO)
[9].

The origin of the red emission is quite ambiguous, and the literature provides three plausible

explanations involving doping by transition metals or rare earth metals [10-14, 19-21] or by
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nitrogen [22, 23]. Figure 1b shows the CL spectra recorded in the region of 700 nm to provide
more detail in the near IR region of the spectrum. The broad peak is seen for all the samples
and order-sorting filters show that this is a combination of second order UV emission as well
as real red emission. The narrow peaks seen around 690 nm, on the Fe doped sample (see
black trace in Fig 1b) as well as on the other samples on increasing the beam current (data not
shown here) are not due to second order effects. These narrow peaks resemble the R lines in
ruby [24], and in order to understand more about the emission peaks around 690 nm,

temperature dependent PL is performed.
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Figure 1: Room temperature CL spectra acquired at 5 keV (a) covering the whole visible
range and (b) centre wavelength of 700 nm.

Figures 2a — 2c show PL performed at three different temperatures (290K, 125K and 10 K) for
all four samples. The sharp lines are now clearly visible in all the samples except on the Sn-
doped one, especially at low temperature. In literature, the R peaks at room temperature are at
695 nm (R1) and 688 nm (R2) [11]. At room temperature (290 K), the peak positions of the
sharp lines for the UID and Fe doped sample are at 693.6 nm and 689.4 nm and thus matched
to R1 and R2. The signal to noise is too low for the aforementioned peaks to be observed at RT
for the Si doped sample. At an intermediate temperature of 125 K, the 689.4 nm and 693.6 nm

peaks for the UID and Fe doped and Si doped samples have blue-shifted to 688.3 nm and
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695.3 nm respectively. The sharp peak observed near 710 nm in Fig. 2 is the second-order line
from the excitation source. The position of the second order line is used as a means of estimating
the accuracy of the red emission peak positions, which have an offset of = 1 nm. The two red
emission peaks could not be observed on the Sn doped sample, which may well be due to the
background shape of the spectra overwhelming the less intense red emission lines. In addition,
Sn doping can affect the formation of the interstitial point defect complexes such as divacancy-
interstitials, for example 2Vaa! — Sni complexes [25]. The high concentration of Sn may
promote the formation of such defect complexes which act as compensating acceptor-like
species that could inhibit the ionisation of rare-earth ions. This could explain the lower intensity

or absence of red emission lines at room temperature in the Sn doped sample.
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Figure 2: PL spectra at (a) 290 K, (b) 125 K, (c¢) 10 K for differently doped samples and
(d) temperature dependent PL spectra from the Fe doped sample showing various red
emission peaks. The sharp peak seen at 710 nm is the second order of the excitation
laser.
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In order to understand the peaks around 688 nm and 695 nm, temperature-dependent PL was

performed for the Fe doped sample as shown in Fig, 2d. H-the-excited-electron-state-is-within

excited—electron—witundergo—an—inter-band-transition. A number of sharp characteristic

luminescence lines in the near-infrared region has been observed previously for GaAs doped

with 3d transition-metal impurities , e.g. Cr, the origin being attributed to the zero-phonon intra-
center transitions between the energy levels of the metal ions split by the crystal field of the
host lattice [26]. These luminescence lines associated with different energy levels are very
sensitive to the field surrounding the transition metal impurities [26]. Similarly, in GaN,
transition metal ions such as Cr, Mn, Co and Fe can substitute Ga atoms and can cause sharp
emission peaks due to intra-centre ionic transitions [27]. Recently, Polyakov et al [19] reported
similar narrow emissions in 3 - Ga,Oz at 688.8 nm and 696.5 nm for Fe doped EFG samples,
similar to the present work. The authors assigned these peaks to intra-centre transitions, most
likely involving transition metal impurities. As they detect these emissions in samples doped
with Fe, they associated them with the energy levels of “T; — ®A; intra-center transitions in
Fe3*. In the present work ,the narrow red emission peaks are also observed for UID as well as
Si-doped samples. This raises an important question about the origin of these transition, which
may well be due to other transition metal impurities such as Cr [10, 24]. It is well known that
even very low concentrations, of the order of ppm, of Cr can result in strong luminescence [28,
29].

The Cr ion is known to emit two well-defined lines centered approximately at 1.78 eV (696.5
nm) and 1.80 eV (688.8 nm), the so-called R lines due to ’E — *A; electronic level transitions
[11]. Figure 3 shows the analysis of the temperature dependence of the two red emission peaks.

As shown in Fig. 3a, the 688 nm peak intensity increases on cooling from 290 K and reaches a
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maximum intensity around 120 K after which it starts to decrease and eventually vanishes at 10
K. On the other hand, the 695 nm peak (see Fig 3b and 3d) increases in intensity on decreasing
the temperature and reaches a maximum intensity at 10 K. Both peaks red shift in wavelength
as the temperature increases (see Fig 3c). These trends agree with the R lines of Cr 3* in the Cr-
doped Gax0Os reported in the literature [30]. The broad luminescence band between 700 -750
nm with quite a few tiny peaks looks very similar to the PL results of Polyakov et al [19],
however these peaks are also seen in the UID as well as the Si-doped sample. This broad red
luminesence peak is due to the T, — “Az transition of Cr3* in Ga,03 [30], similar to the peaks
seen at low temperature in the intentionally Cr-doped Ga>O3 samples reported in the work of
Luchechko et al [11]. The high concetration of Fe in the Fe doped sample appears to enhance
the CL intensity of R lines, and weak intensity is observed for the UID and Si doped samples.
It is also possible for Cr to be dissolved in the Si lattice [31]. This may be the source for Cr ions
in the Si doped HVPE sample, responsible for the R peaks. However, further work will be
required to understand the role of Cr incorporation on the optical properties of Si doped Ga;03
and on Ga>Oz grown on Si substrates.

It is also possible for Cr to be dissolved in the Si lattice [31] which could explain the

occurance of the R peaks even in the Si doped sample grown by HVPE.
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Figure 3: Temperature dependent PL spectra for the Fe-doped sample for the
transitions at (a) 688 nm, (b) 695 nm, (c) peak positions and (d) peak intensities.

4. Conclusion

In summary, red emission from Si, Fe, Sn and unintentionally doped p - Ga2Os grown by HVPE
and EFG methods, respectively, were analysed using CL and PL spectroscopy. Sharp peaks are
observed near 690 nm, and due to the higher concentration of Fe compared to the trace level of
Cr in these samples, particularly in the Fe doped sample, these red emissions might be expected
to be related to Fe3* transitions. However, on monitoring the intensity of the peaks at ~ 688 nm
and 695 nm, at various temperatures, they resemble the R1 and R2 lines due to Cr®* ions.
Doping with Sn is seen to reduce the occurance of these R lines. The origin of the unintentional
dopants on the samples in this work is likely to be the starting source material, although may

also be from the crucibles used in the bulk growth methods for B - Ga20s.
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