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We present a systematic investigation of the effects of doping on the luminescence spectra from p-type
crystalline silicon wafers. First, we explain the difference in the approaches between the line shape analysis and
the generalized Planck’s law in modeling the spectral shape, and connect the two methods together. After that,
we elucidate the separate impacts of individual phenomena including band gap narrowing, band tails and dopant
bands, Fermi level shifting, and hot carriers on the luminescence spectra in heavily-doped silicon. Finally,
employing appropriate excitation levels, we can unambiguously re-examine the growing of the band tails and
the broadening of the shallow dopant band, as well as the merging of the valence and shallow dopant bands

together, on measured luminescence spectra.

1. Introduction

Due to rich features contained in photoluminescence (PL) spectra from crystalline silicon (c-Si) wafers,
photoluminescence spectroscopy (PLS) has been employed to study many fundamental properties of c-Si, such
as the band gap at different temperatures [1] and doping levels [2,3], absorption coefficients [4-7], doping
concentrations [8], or radiative recombination rates [6,9,10]. Recently, with the advent of micro-PLS tools
equipped with confocal optics, it is feasible to pinpoint to micron-scale features in c-Si wafers and solar cells to
study the luminescence properties of the material and defects [11-15], or to characterize devices [16-19].
Recently, we have employed micro-PLS to qualitatively assess doping levels of localized heavily-doped regions
in c-Si wafers and solar cells [20], since these regions emit a distinct luminescence peak courtesy of the band-
gap narrowing effects in heavily-doped silicon at temperatures around 80 K [2,3]. In principle, such distinct
peaks could allow quantitative micron-scale PL methods for measuring doping concentrations and junction
depths. However, the detailed analysis of such spectra is complicated by the fact that there are numerous
physical phenomena occurring in parallel inside the heavily-doped c-Si, rather than just a simple narrowing of
the band gap caused by a single effect. These phenomena can be understood by a systematic investigation of the
PL spectra.

When the doping density increases, there are at least four phenomena occurring simultaneously which
impact PL spectra from c-Si. Firstly, the conduction band and valence band rigidly shift towards one another
due to increasing interactions among free carriers, and between free carriers and dopant atoms, causing a
reduction in the band gap [21-23]. Secondly, the two band edges are perturbed and band tails are formed,
yielding not only an effectively-smaller band gap but also a wider distribution of free carriers at the two band
edges [24-27]. Thirdly, the shallow dopant band, located slightly above the valence band (for p-type silicon),
broadens due to an increasing interaction among the dopant atoms. When the doping density approaches the
Mott transition (~3x10" cm™®), this dopant band slowly overlaps the valence band tail, and eventually the two
bands (dopant and valence) merge together at a doping density higher than the Mott transition, forming a deeper

and continuous band tail [26,28]. Fourthly, the Fermi level shifts towards the valence band (for p-type silicon)
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and eventually moves into the valence band (i.e. the semiconductor becomes degenerate) at a doping density
much higher than the Mott transition [29]. The effects of these phenomena on the band diagram of c-Si are

illustrated in Figure 1.
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Figure 1: lllustration of the band diagram of (a) slightly-doped and (b) heavily-doped p-type c-Si. Ec, Ey, and Eg are the
conduction and valence band edges, and the Fermi level, respectively.

In fact, many authors presented intensive experimental results on the PL spectra from heavily-doped c-Si
[2,3,30-34]. Moreover, based on the experimental PL spectra, Dumke [33], Wagner [2], and Wagner and Alamo
[34] extracted the apparent band-gap shift and the position of Fermi level as a function of doping densities.
However, although changes in luminescence spectra at heavy doping reflect complex combinations of the four
phenomena described above, these phenomena are often lumped into two simple properties of the spectra: the
energy shift of the peak, and the broadening of the width; and thus the individual effects of each phenomenon on
the spectral shape are likely to be confounded [2,3,30-34].

In addition, although Schmid et al. [32] and Wagner [2] reported the PL spectra at different doping
densities for p+ silicon, the effects of the band tails and shallow dopant band, as well as their evolutions with
doping densities, could not be observed in the spectra from these works. These features were either masked by
the deep-level emission at low excitation levels due to unintended impurities [32], or smeared out due to the
broadening of the band-to-band spectra and the relative suppression of the shallow dopant peak under high
excitation levels [2,32]. Therefore, there is still a lack of empirical luminescence data, in which the effects of
these phenomena are unambiguously revealed. Furthermore, although the so-called line shape analysis is
commonly used to study the properties of luminescence spectra at different doping densities [2,3,31,33], the
formula describing the spectral shape in this method is very different from that of the generalized Planck’s law
[35,36], which has also been widely used to model the PL spectra [4-7,9,37-40].

In this study, we systematically re-examine the experimental data and model the PL spectra in order to
separate the impacts of individual parameters on the spectral shape at both low and high excitation levels,
obtained from heavily-doped p-type c-Si wafers. Moreover, in our experiments, when the shallow dopant and
valence bands have not merged together, the use of a low excitation level (in this case around 4 W/cm?) helps
avoid the overlapping of the shallow dopant and band-to-band luminescence peaks. Once the two bands merge
into one, the use of a high excitation level (250 kW/cm?) can suppress the influence of unintentional deep-level
centers on the PL spectra, which are evident in the low excitation spectra and greatly affect the interpretation of

the PL spectral shape. First, we resolve the differences in the formulas between the line shape analysis and the



generalized Planck’s law, and connect the two methods together. We then elucidate the separate impacts of
individual parameters, including the band gap, Fermi level, hot carriers, and band tails on the PL spectra from
heavily-doped p-type c-Si wafers using both modeling and empirical results. The results show that, when silicon
becomes degenerate, these parameters have complementary impacts on the spectral shape, and thus the energy
shift of the luminescence peak cannot be simply explained by a single quantity of band-gap narrowing. Finally,
we show the impacts of the band tails as well as the shallow dopant band on the PL spectra, and clarify the
difference in the spectra between the high excitation (HE) and low excitation (LE) measurements. These
understandings of the luminescence spectra in heavily-doped c-Si, at both low and high excitation levels, are
likely to aid the further development of powerful new techniques for silicon photovoltaics based on spectral

luminescence.

2. Experimental details

The samples investigated are float-zone boron-doped crystalline silicon (c-Si) wafers having different
doping concentrations from 5.7x10% to 1.1x10% cm™. Their doping densities were measured using the
electrochemical capacitance—voltage (ECV) technique. In preparation for PL measurements, the wafers were
chemically etched in an HF/HNO; solution to remove residual saw damage. After that, they were passivated
with an 18-nm layer of Al,O5 deposited on both surfaces by plasma assisted atomic layer deposition (PA-ALD).
They were then annealed at 450 °C in forming gas consisting of argon and hydrogen for thirty minutes to
activate the surface passivation [41]. The presence of the surface passivation layers increases the excess carrier
density under illumination, leading to a stronger PL signal, even for the high excitation cases.

The experimental setups of our low excitation (LE) and high excitation (HE) systems are described in detail
in Ref. 7 and Ref. 15, respectively. Both systems utilize an excitation wavelength of 785 nm in this work. In the
LE experiments, the on-sample laser spot size, on-sample excitation power, and spectral resolution are 2.2 mm
in diameter, 150 mW (corresponding to an excitation intensity of ~4 W/cm?), and 5 nm, respectively. These
parameters in the HE experiments, in which the laser is coupled through a confocal microscope, are 1.7 pum in
diameter, 6 mW (corresponding to an excitation intensity of ~250 kW/cm?), and 0.25 nm, respectively. The
injection level is estimated to be in the range of 1x10™ and 1x10% cm™ in the LE and HE experiments,
respectively. The spectral responses of both systems were determined with the same calibrated tungsten-halogen

light source. The sample temperature was controlled by a liquid-nitrogen-cooled cryostat.

3. Connections between line shape formula and generalized Planck’s law
The so-called line shape analysis has been used to describe the band-to-band luminescence spectra from a

semiconductor by many authors [2,3,31,33]. In n-type semiconductors, the line shape formula is given by:

[ 1(E)D.(E)1,(E,)D, (€, E, "

where f,, D, and E. (f,, Dy, and Ey), respectively, are the distribution function, density of states DOS, and
amount of energy above the conduction band edge Ec (below the valence band edge Ey) of free electrons
(holes).

There are several assumptions which need to be noted in this approach. First, the above formula only

describes the ability of the material to generate photons. The emitted photon flux is also determined by the



energy distribution of photons, which is a product of the distribution function (f,) and DOS (D,) of photons, and
is given by [42]:
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where 7w and KT are the energy of emitted photons and thermal energy, respectively. Therefore, the
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spontaneous spectral shape of the thermal radiation from n-type semiconductors (i.e. without illumination)

should be determined by the following relationship:
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However, under illumination, the Fermi level Er is split into two separate levels Erc=Er+A4Erc and
Erv=Er-4Egy for electrons and holes, respectively. Therefore, the distribution functions of electrons and holes
under illumination (fe jyum and fi jium) should be written as:
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In non-degenerate semiconductors, under low excitation levels in which the quasi-Fermi levels are far
enough from the band edges, i.e. Ec-(Ert4Erc) and (Ex-4Ery)-En are several times larger than kT, we can

rewrite fg jjjum and fi jjum as:
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Therefore, under illumination, Eq. (3) should become:
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Eq. (4) is of similar form to the generalized Planck’s law for non-degenerate semiconductors [35,36]. The
first square bracket in Eq. (4) is, in principle, related to the band-to-band absorption coefficient, which is solely
determined by the distribution functions and DOS of electrons and holes in the material. Some studies did not
consider the energy distribution of photons £, xD,, and did not account for the separation of the Fermi level under
illumination, and as such their line shape formulas were different from the generalized Planck’s law [2,3,31,33].
This difference has been noticed by Daub and Wirfel [5].

However, at low temperatures, there is negligible reabsorption of the generated photons, and thus the carrier
distributions do not affect the spectral shape and we can neglect the term AErc+AEry in Eq. (4). Also, when the
silicon wafers become degenerate, the excitation levels have little impact on the band-to-band PL spectral
shapes, as empirically verified in Section 5 (see Figures 7e and 7f). Therefore, in principle, we can use Eq. (3) to
describe the spectral shape of the band-to-band luminescence from both non-degenerate and degenerate silicon

at low temperatures. For p-type silicon in this study, we simply swap the roles of electrons and holes in Eq. (3)



together, and thus the Fermi level Er will be negative if it is higher than the valence band edge Ey, and positive

if it moves into the valence band.

4. Effects of different parameters on the band-to-band PL spectra

In this section, we elucidate the separate impacts of individual parameters, including the band gap, Fermi
level, and band tails on the band-to-band PL spectra from heavily-doped silicon wafers. At relatively low doping
densities, for which the dopant band has a negligible impact on the PL spectra, and the DOS in both conduction
and valence bands is still a parabolic function, the spectral shape at 79 K from silicon can be determined by

Eq. (3). In addition, from Figure 2, we also have the relationship:
hotE, =E,+E +Eg (5),

where Ep and Eg are the phonon energy and silicon band gap, respectively. ‘+/-> denotes the

emission/absorption of phonons.
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Figure 2: Illustration of the energy relationship among emitted photons hw, phonons Ep (“+’ denotes a phonon emission
event, whereas -’ denotes a phonon absorption event), free holes Ey, and free electrons E, in p-type silicon under
illumination. See the text for descriptions of the symbols.

Figure 3a compares the modeled spectrum including three components - Transverse-Acoustic (TA)
phonons, Transverse-Optical (TO) phonons, and both TO and zone-center optical (O") phonons - with the
measured LE spectrum from a lightly-doped c-Si wafer having a doping density N, of 5.7x10% cm™ at 79 K.
The general shape of the modeled spectrum, in particular the TO component, follows the empirical spectrum
closely, except for a mismatch around 1.07 eV. The peak around 1.07 eV occurs due to free carriers

recombining through neutral shallow dopant atoms, and was reported and denoted as 83TO by Dean et al. [43].

However, in Figure 3b, the high energy side of the HE spectrum remarkably deviates from the modeling
although their low energy sides match very well. The difference can be explained by the incomplete
thermalization of hot carriers in the HE measurements. Under very high injection levels, more free carriers are
distributed further from the band edges, and the energy distribution of the luminescence is broadened [28].
Meanwhile, this incomplete thermalization of free carriers does not change the band gap, and thus the lower

energy side of the PL spectrum does not change.
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Figure 3: Comparison between measured and modeled (band-to-band, without broadening effects) PL spectra at 79 K under
(a) LE and (b) HE levels. N, = 5.7x10'® cm™®

Near the Mott transition, there is a significant overlap between the shallow dopant and the TO components,
and thus Eg. (3) does not reproduce the spectral shape well any more. When the doping density increases
further, the shallow dopant band merges with the valence band and Eq. (3) becomes valid again. However, since
a new deep and continuous band tail is formed due to the merging of the two bands, the spectrum is broadened
significantly which is not accounted for in Eq. (3). To account for the band tails, the merging of shallow dopant
band, and the incomplete ionization of free carriers, a broadening term Es is introduced into Eq. (3) via the
relationship [2,3,33]:
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In fact, the broadening model employed in Eq. (6) is a simple way to account for the band tailing effects.
Above the Mott transition, the DOS in the valence band is no longer a parabolic function, but has a complex
structure due to the combination of the shallow dopant band and valence band tail [26]. However, we found that
Egs. (3) and (6) are sufficient to qualitatively explain the effects of the band gap, Fermi level, and band tails on
our measured PL spectra, as discussed below.

Now, we investigate the separate effects of individual parameters (Eg, Er, and Es) on the PL spectra when
the doping density increases. Figures 4a-c plot the modeled PL spectra when one parameter is changed while the
other two are kept the same. In Figure 4a, the narrowing of Eg only shifts the spectra towards lower energies
without altering their shapes. In Figure 4b, Er does not affect the spectral shape until it reaches Ey and moves
beyond Ey. The increasing Er (when situated in the valence band) not only shifts the spectra to higher energies,
but also broadens all their components due to the band filling effects. Nevertheless, the low energy thresholds of
all components (marked by broken arrows in Figure 4b) are still the same since the Er shifting does not change
the band edge positions. In Figure 4c, the broadening factor Es simply broadens the spectra, causing different
components to overlap together. As a result, Eg and Er have opposing effects on the spectral peak location,

whereas Er and Eg have similar effects on the broadening width of the PL spectra.
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Figure 4: Modeling of individual effects of Eg, Er, and Es on band-to-band PL spectra at 79 K

Based on the modeling results above, one would expect that, in degenerate p-type silicon (i.e. when Eg
moves into the valence band), there is more than one single combination of {Eg, Ef, Es} giving a good fit with
the measured spectra. Indeed, Figure 5 compares the HE spectra to the modeled PL spectra with various
combinations of {Eg, Er, Es}. The fitted spectra, excluding the broadening parameter Es, are also included for
comparisons. The results from Figures 5a and 5b clearly show that the choice of {Eg, Er, Es} is arbitrary due to
the complementary effects of these parameters together. These results are consistent with the results reported by
Daub and Wirfel [5]. By comparing the absorption curves between heavily-doped and lightly-doped silicon
wafers, these authors found various amounts of apparent band-gap narrowing in the heavily-doped silicon
wafers, depending on which energy range they chose to compare. Note that, the excitation level has little impact

on the band-to-band spectral shape in degenerate silicon, as demonstrated in Section 5.
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Figure 5: Measured (under HE levels) and modeled (band-to-band) PL spectra for different combinations of Eg, Eg, and Eg
at 79 K in a degenerate silicon wafer. Nao= 2.7x10'° cm®



However, although determining the exact values of Eg and Er in degenerate silicon using Egs. (3) and (6)
has a large uncertainty, the modeling is still useful to explain the properties of the PL spectra at high doping
densities. Combining the effects of Eg and Ef, one would expect that the shifting of the spectrum peak location
is smaller than the amount of band-gap narrowing in heavily-doped silicon. In addition, the spectral width
should be broadened more quickly when the doping level is above the Mott transition than below the Mott
transition, since both Er and the band tails contribute to the broadening in the former case, whereas only the
band tails contribute to the broadening in the latter case. In order to fortify these predictions, we plot the HE
spectra with increasing doping densities at 79 K in Figure 6. When the doping density increases from 1.4x10"
cm® to 1.1x10%° cm™®, the spectrum peak energy is reduced only about 10 meV, whereas the amount of band-gap
narrowing was reported to be between 40 — 60 meV by different authors [44-46]. In addition, the full-width at
half-maximum (FWHM) of the spectra increases 24 meV when the doping density increases from 1.4x10" cm’
(FWHM = 42 meV) to 1.1x10% cm® (FWHM = 66 meV), but increases only 12 meV from 5.7x10" cm™
(FWHM = 27 meV) to 1.2x10% cm™® (FWHM = 39 meV).

In fact, the much smaller shifting of the peak energy (compared to the amount of band-gap narrowing), and
the rapid increment of the FWHM of the PL spectra above the Mott transition can also be observed in the
experimental results reported by Wagner (see, for example, Figures 3 and 4 in Ref. 2). In our work, by modeling
the separate impacts of individual parameters on the PL spectra, we can show that this modest peak energy shift
is due to the opposing impacts of the band gap and the Fermi level rather than a single quantity of band-gap
narrowing itself, whereas the rapid increasing FWHM is due to the combined effects of both the Fermi level and
the band tails.
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Figure 6: Evolution of measured PL spectra with doping density, under HE level at 79 K.

5. Evolution of PL spectra with doping densities under low and high excitations

In this section, we examine the evolution of the PL spectra with increasing doping densities, and elucidate
the difference in the spectra between the LE and HE measurements. Figure 7 shows the normalized PL spectra,
under LE and HE levels at 79 K, at different doping densities. At LE level, in Figure 7a we can observe
unambiguously four peaks. Respectively, the three peaks located at 1.14, 1.1, and 1.04 eV are the band-to-band
luminescence assisted by the emissions of Transverse-Acoustic (TA) phonons, Transverse-Optical (TO)

phonons, and both TO and zone-center optical (Dr) phonons [2,43]. The peak located at ~1.07 eV is attributed to

the free carriers recombining through neutral shallow dopant atoms [4,43,47]. When the dopant density
increases, both the shallow dopant (1.07 eV) and main TO (1.1 eV) peaks broaden due to the broadening of the
shallow dopant band and the extension of the band tails, and the shallow dopant peak also becomes more and

more pronounced (Figures 7b-d). Above the Mott transition (Figures 7e and 7f), the shallow dopant and original
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TO peaks merge together and form a new TO peak due to the merging of the shallow dopant and valence bands.
Nevertheless, the new main peak still continues broadening and moves towards lower energies with increasing
doping densities. Note that, in Figure 7b, there is another small shoulder marked by a broken arrow at ~1.09 eV.
This shoulder was reported and denoted as B™® by Dean et al. [43] at lower temperatures, and was attributed to
the recombination of excitons bound to the neutral shallow dopant atoms.
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Figure 7: Comparison of normalized measured PL spectra between LE and HE measurements with different doping
densities at 79 K.

Below the Mott transition (Figures 7a-d), the spectra captured under the HE level are significantly different
from those captured under the LE level. Compared to the LE spectra, the TO component of the HE spectra is
broader, and their shallow dopant peak is less pronounced. The broader TO peak of the HE spectra is due to the
much higher excess carrier density in the band edges, widening the energy distribution of the free carriers [28].
Meanwhile, the compression of the shallow dopant component in the HE spectra, compared to the TO
component, can be explained by the weaker dependence on the excitation intensity of the shallow dopant peak.

Since the shallow dopant band is located inside the forbidden gap, it can be considered as a defect band.



Therefore, this shallow dopant peak does not increase with the excitation level as quickly as the TO peak [19].
However, when the valence and shallow dopant bands merge together, the main TO peaks of the spectra
between the LE and HE measurements are similar (Figures 7e and 7f). Here, we did not try to model the PL
spectra because, near the Mott transition, the band-to-band spectrum is significantly affected by the shallow
dopant peak (Figures 7b-d), and as such the band-to-band spectral shape cannot be reproduced well using Eq.
(3). When silicon becomes degenerate (Figures 7e and 7f), as discussed in Section 4, there is no unique solution
of {Eg, Er, Es} to describe the band-to-band spectral shape.

Surprisingly, there is another very broad peak located at ~1 eV on the LE spectra in Figures 7c-f. This peak
is not present in Figure 7b (boron concentration N = 3.4x10'" cm™®), but then appears in Figure 7¢ (N, = 6x10*
cm®) even though the doping density increases only slightly. Therefore, this broad peak is unlikely to be related
to the boron dopants themselves. In addition, since the shape and intensity of this peak are consistent among
different locations within the same wafer, it cannot be due to extended defects such as dislocations or
oxygen/metal precipitates. Therefore, it is likely to be related to deep-level impurities introduced unintentionally
but homogeneously in the wafers. Therefore, we denoted it as “deep-level” peak in Figures 7c-f. However, this
“deep-level” peak completely disappears in all HE spectra. In order to verify that this “deep-level” peak is not
an artifact from the LE measurements, we performed the HE measurements on the c-Si wafer having N =
1.2x10" cm™ with different excitation intensities. When the excitation intensity is reduced more than one order
of magnitude, we start observing the “deep-level” peak on the normalized spectra (Figure 8). The results
demonstrate that the “deep-level” peak is, in fact, still present on the HE spectra, but is masked by the strong
luminescence signals from both the shallow dopant band and the two band edges. Furthermore, Figure 9
continues by showing the evolution of PL spectra of this silicon wafer (No = 1.2x10%® cm™) when the
temperature increases. The “deep-level” peak is completely suppressed at 150 K whereas the shallow dopant

peak is still present, although the intensity of the former is stronger than the latter at 79 K.
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Figure 8: Normalized PL spectra, measured with the HE system at 79 K, at different excitation powers.
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In fact, the properties of this “deep-level” peak are similar to the findings reported by Parsons [31] and
Schmid et al. [32]. These authors found a deep-level luminescence peak which was present in their lightly-
excited heavily-doped silicon wafers at low temperatures, but disappeared at either higher temperatures or high
excitation levels. They attributed the observed deep-level peak to the recombination of the majority carriers in
the shallow dopant band with the minority carriers, trapped by the compensating impurities introduced
unintentionally into the wafers during the ingot growth. Employing the HE system, we can avoid the influence
of this unexpected peak on the luminescence spectra, which otherwise greatly affects our modeling and
interpretation of the PL spectra from heavily-doped c-Si.

Next, we examine the impacts of temperatures on the PL spectra of the heavily-doped silicon wafers. The
LE (Figures 10a and 10b) and HE (Figure 10c) spectra show a remarkably different trend from each other. In
Figure 10a, the band-to-band PL intensity increases with temperatures, contradicting the thermal quenching
property of the luminescence from c¢-Si [6]. At low temperatures and low excitation levels, excess carriers are
trapped at the “deep-level” centers, and thus the band-to-band luminescence is suppressed. However, when the
temperature increases, the “deep-level” luminescence is quenched as the trapped carriers are thermally excited
back to their corresponding band edges. Therefore, the excess carriers in the band edges effectively increase,
leading to the increment of the band-to-band PL intensity. This increment is more than the expected thermal
quenching rate of the band-to-band luminescence up to a certain temperature. However, when the temperature is
high enough (400 K in this case), the thermal quenching becomes more dominant again, causing a reduction in

the PL intensity as depicted in Figure 10b.
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In the HE measurements (Figure 10c), since the “deep-level” luminescence has little impact on the total
spectra, the PL signal displays the expected thermal quenching property due to the known temperature
dependence of the radiative recombination coefficient [6,10]. However, one can observe two distinct trends in
the peak location of the spectra. The peak energy increases when the temperature increases from 79 to 120 K,
contradicting the expected temperature-induced band-gap narrowing in c-Si [1]. Nevertheless, with further
increasing temperatures, the peak energy displays the expected reduction due to the band-gap narrowing effects.
This property is observed in all heavily-doped wafers investigated in this study. One possible explanation of this
behavior is that, the excess carriers in the band tails are thermally excited to higher energy levels, and thus the
luminescence peak is first shifted to higher energies with increasing temperatures. Another reason could be due
to the thermal broadening of the spectra, which may effectively shift the spectral peak position into slightly
higher energies in a similar manner to Figure 4c. However, the HE spectra from slightly-doped silicon (not
shown here) show a consistent peak shift towards low energies with increasing temperatures, thus suggest that
the latter reason is unlikely to be the case. Up to a certain temperature, the amount of band-gap narrowing due to

the rising temperature dominates the spectra again, and thus the PL peak shifts back to lower energies.
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Figure 10: Temperature dependence of PL spectra, measured with both LE (a and b) and HE (c) systems. The two arrows in

Figure 10c show the shifting of the peak location.

6. Conclusion

We have investigated the effects of doping on the photoluminescence spectra from boron-doped crystalline
silicon wafers. Utilizing a low excitation level, we can avoid the overlapping of the dopant and band-to-band
luminescence components. Utilizing a high excitation level from the micro-photoluminescence spectroscopy
system, we can suppress the influence of the unexpected impurities on the spectra. Therefore, we can perform a
systematic study on the effects of different phenomena on the luminescence spectra. We have also explained the
difference between the two common approaches in studying the luminescence spectra, including the line shape

analysis and generalized Planck’s law.
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