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ABSTRACT

The external quantum efficiency (EQE) and internal quantum efficiency (IQE) of radiation are quantified by omnidirectional
photoluminescence measurements using an integrating sphere for two types of GaN crystals with different carbon concentrations
([C]¼ 1� 1014 cm�3; 2� 1015 cm�3). In the sample with lower [C], when the excitation density is 140W cm�2, the EQE and IQE for near-
band-edge (NBE) emission are 0.787% and 21.7%, respectively. The relationship between [C] and the IQE for NBE emission indicates that
carbon impurities work as effective nonradiative recombination centers (NRCs) in n-type GaN, and major NRCs switch from carbon impuri-
ties to intrinsic NRCs, such as vacancies, when [C] falls below 3:5� 1014 cm�3.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0207339

Developing highly efficient optical and electronic devices that
reduce total energy consumption is essential for a sustainable society.
After the wide spread of indium gallium nitride (InGaN)-based blue
and white light-emitting diodes with the external quantum efficiency
(EQE) exceeding 80%,1 gallium nitride (GaN)-based power devices
have now attracted significant attention. GaN is a suitable material for
power devices due to its excellent physical properties such as large
bandgap energy (3.4 eV), high breakdown field (3.3MV=cm),2 and
high saturation electron velocity (2:5� 107 cm=s).3 At high threading
dislocation (TD) density from 108 to 1010 cm�2, TDs work as major
nonradiative recombination centers (NRCs), which reduce the effi-
ciency of near-band-edge (NBE) emission. Hence, TDs are a factor in
device performance degradation.4 In recent years, GaN crystals with
TD density less than 106 cm�2 have been commercially available due
to remarkable improvements in GaN crystal growth technology.5–16 In
such crystals, the average distance between TDs is more than 10lm,
while the minority carrier diffusion length is the order of 1lm.17–19

This means that the major NRCs attributed to point defects, such as
vacancies or impurities, rather than TDs.

Carbon impurities, a sort of extrinsic point defects in GaN, are
well-known to degrade the performance of GaN-based devices by
forming deep levels (DLs) in the bandgap. For example, carbon impu-
rities in the n-type GaN work as Shockley–Read–Hall (SRH) type

NRCs, which reduce the efficiency of NBE emission. In addition, varia-
tions in the in-plane resistivity of n-type20 and p-type21 c-plane GaN
have been reported. Such an inhomogeneity in resistivity is attributed
to variations in the in-plane carbon concentration ([C]). Therefore,
understanding carbon-related DLs is critical to improve the reliability
of GaN-based devices. Carbon impurities in GaN are expected to pref-
erentially occupy N-lattice sites because the formation energy of
C substituting on the N site (CN) is about 2.0 eV, whereas those of
C substituting on the Ga site (CGa) and a single interstitial impurity
(Ci) are more than 5.0 eV.22,23 Several reports have comprehensively
investigated the formation energies of complexes as well as single car-
bon impurities in GaN using first-principles calculations that
employed a hybrid density functional theory.23,24 It has been reported
that under thermal equilibrium at typical growth temperatures, the
concentration of CN is an order of magnitude higher than that of
defect complexes due to the lower binding energy of the complex com-
pared to isolated CN.

24 Therefore, in this study, we focus on a single
CN. The recent hybrid density functional theory indicates that CN is
not a shallow acceptor but a deep acceptor with the 0/– transition level
at Ev þ 0:90 eV.22,25

From an experimental perspective, photoluminescence (PL)
spectroscopy has been widely used to study the effect of carbon
impurities on the optical properties of GaN.26–35 The yellow
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luminescence (YL) band peaking at about 2.2 eV is known as the
defect-related PL band in undoped and C-doped n-type
GaN.26,27,29,31 Furthermore, electrical properties have been
investigated mainly using deep level transient spectroscopy
(DLTS).36–45 The characteristics of the H1 hole trap commonly
observed at 0.85–0.90 eV above Ev by DLTS are in good agree-
ment with the acceptor level of CN.

38,39,41–43

The metalorganic vapor phase epitaxy (MOVPE) and halide
vapor phase epitaxy (HVPE) methods are widely used for GaN growth
technology. In the MOVPE method, carbon contamination is inevita-
ble due to the use of organometallics as precursors, and even with
manipulation of growth parameters, [C] is approximately
2� 4� 1015 cm�3.16,46 Also, in MOVPE GaN, there is a trade-off
between the electron trap E3 (Ev þ 0:60 eV) and carbon, and their
simultaneous reduction is difficult.39,40 Recent detailed studies have
revealed that the origin of the E3 trap is the 0/– state of Fe occupying
the Ga sites.44,45 Therefore, the trade-off between [E3] and [C] in
MOVPE GaN can be explained in terms of the inverse dependence of
C and Fe uptake efficiency on MOVPE growth parameters. The HVPE
method is one of the most effective methods for preventing carbon
contamination.10 Recently, GaN crystals with extremely low carbon
concentrations ([C]¼ 1� 1014 cm�3) have been achieved by the
quartz-free HVPE (QF-HVPE) method, which removes the quartz
parts from the high-temperature region of the reactor.47 The QF-
HVPE method overcomes the trade-off between [E3] and [C] by con-
trolling the etching of the stainless steel flange. Although high donor
concentration due to silicon and oxygen contamination is known in
HVPE GaN,8 the QF-HVPE method overcomes this problem ([Si],
[O] < 5� 1014 cm�3). For QF-HVPE GaN, the agreement between
[H1] and [C], and the Nd � Na values evaluated from capacitance–
voltage (C–V) measurements (Nd and Na are donor and acceptor con-
centrations, respectively) and [Si]–[C], has been reported.42,47

In general, secondary ion mass spectrometry (SIMS) is used to
quantify [C].48–50 However, its detection limit is 1� 1014 cm�3 even
with the highly sensitive raster changing method.48 Compared to SIMS
measurements, PL spectroscopy is attractive to determine [C] because
it is nondestructive, non-contact, and does not require electrodes for
measurements. However, general PL measurements do not allow the
absolute quantification of the two types of quantum efficiency (QE),
i.e., EQE and internal QE (IQE) for the NBE emission. This is because
general PL measurements do not detect all PL photons, but only detect
those coupled to the collecting lens. The IQE is given by
s�1
R =ðs�1

R þ s�1
NRÞ, where sR and sNR are the radiative and nonradiative

recombination lifetimes, respectively. In this study, nonradiative
recombination is defined as recombination that does not contribute to
the NBE emission. Therefore, defect-induced transitions, such as YL,
are also considered as nonradiative recombination. Using the capture
cross-section for minority carrier (r), the thermal velocity of minority
carrier (vth), and the concentration of nonradiative recombination cen-
ter (NNRC), s�1

NR is expressed by
P

r � vth � NNRC. As described above,
the IQE for NBE emission is limited by the sNR, and the sNR is directly
related to NNRC. Therefore, the IQE for NBE emission is a good indica-
tor to evaluate crystal quality. We have developed omnidirectional
photoluminescence (ODPL) spectroscopy using an integrating sphere
to quantify EQE and IQE values absolutely. It has been shown that [C]
and the QE for NBE emission are strongly correlated based on ODPL
measurements.35

In this Letter, ODPL measurements are performed at
room temperature for two samples with different [C]
(1� 1014 cm�3 and 2� 1015 cm�3). The relationship between [C]
and QE are quantitatively shown together with the results of previous
measurements. These results indicate that carbon works as the major
NRCs in most ranges of [C] from 1� 1014 to 2� 1016 cm�3, and
when [C] falls below 3:5� 1014 cm�3, complex vacancies work as the
major NRCs rather than carbon.

A schematic of the ODPL measurement is shown in Fig. 1. The
ODPL spectroscopy measures light emitted from all directions using
an integrating sphere.51 Details of the two samples measured in this
study are shown in Table I. The GaN crystals are approximately
450lm thick, grown by the QF-HVPE method on Si-doped c-plane
GaN substrates with an off-angle of 0.3 degrees. GaN substrates have
an uniform TD density from 1� 106 to 3� 106 cm�2. The concentra-
tions of transition metal impurities, such as Fe, Mn, and Cr, which are
known to work as effective SRH-type NRCs,52 were below the detec-
tion limit of SIMS analysis ([Fe], [Mn] < 5� 1014 cm�3, [Cr]
< 1� 1014 cm�3). The ODPL measurements were performed for
HV1 with [C] of 2� 1015 cm�3 and HV2 with [C] of 1� 1014 cm�3.
Here, the impurity concentrations andNd � Na values for two samples
were quantified by the SIMS raster changing method and C–V mea-
surements, respectively. As described above, we consider that Nd is
derived from silicon because [Si]–[C] and Nd � Na are in good agree-
ment for QF-HVPE GaN. For the excitation of PL, a continuous wave
(CW) laser was used with the photon energy (E) of 3.87 eV. All mea-
surements were performed at room temperature and with the integrat-
ing sphere in ambient nitrogen to prevent PL intensity attenuation.53

Typical ODPL spectra of HV1 and HV2 are shown in Fig. 2,
where the spectra consist of at least three bands. Band A with 1.38 eV
< E< 2.52 eV consists mainly of green luminescence (GL), YL, and
red luminescence (RL) bands. Band B with 2.52 eV � E � 3.04 eV
consists mainly of a blue luminescence (BL) band. The NBE emission
is 3.04 eV < E< 3.54 eV. For the RL band around 1.8 eV, the origin is
not clear, while there are reports that it has been observed in HVPE-
grown GaN with [C] down to 1� 1015 cm�3.34,54 Note that the higher
intensity in HV2 than in HV1 is not only simply due to more
RL-related DLs but also due to re-excitation to such levels by the pho-
ton recycling (PR) effects, in which photons generated by radiative
recombination are self-absorbed and experience reincarnation as
photons.55,56 This re-excitation of DLs due to the PR effect is also true

FIG. 1. Schematic of the ODPL measurement (2p configuration).
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for YL-, GL-, and BL-related DLs. For the YL band around 2.2 eV,
which is commonly observed in n-type GaN crystals, although early
first-principles calculations strongly supported VGa defects or VGaON

complexes as the cause of the YL band,57,58 recent calculations predict
that the YL band is rather due to CN.

22,25 Since HV1 and HV2 are
grown by the QF-HVPE method and the oxygen concentration is
below the detection limit of SIMS analysis ([O] < 5� 1014 cm�3), the
origin of the YL bands in HV1 and HV2 is probably carbon. For the
GL band around 2.4 eV, a nitrogen vacancy (VN) has been pointed out
as the origin by using the first-principles calculations.32 For the BL
band around 2.9 eV, several researchers have reported that the BL
band is observed in high carbon-doped GaN crystals.28,30,33 As for the
origin of the BL band, the þ/0 transition level of CN (Ev þ 0:35 eV)

has been pointed out using first-principles calculations.22 The ODPL
spectra for the NBE emission have a double-peak structure with a
trough at the fundamental absorption edge (Eabs ¼ 3.31 eV). This is
because the light extraction efficiency (LEE, gL) for E < Eabs is signifi-
cantly higher than that for E > Eabs due to the existence of the Urbach
tail.59 In the ODPL measurements, such double-peaked structures are
commonly observed in direct bandgap semiconductors such as
CH3NH3PbBr3

60 and ZnO bulk crystals.61 The ratio of the low-energy
side of the double peak is larger in HV2 because the PR effect increases
the light outcoupling on the low-energy side.

The EQE values of both samples are shown as a function of exci-
tation density (Pcw) in Fig. 3 for (a) band A, (b) band B, and (c) NBE
emission. The EQE values for bands A and B are independent of Pcw,
while the EQE values for NBE emission monotonically increase with
the increment of Pcw. In HV1, the EQE values for NBE emission
increase from 0.022% to 0.250% when Pcw increases from 2.8 to
140Wcm�2. In HV2, the EQE values for NBE emission increase from
0.017% to 0.787% when Pcw increases from 0.9 to 140Wcm�2. At all
excitation densities, there is a clear difference in the EQE values for
NBE emission between HV1 and HV2, even when an experimental
error was taken into account. Meanwhile, the EQE values for bands A
and B show little difference between HV1 and HV2.

Figure 4 shows the relationship between [C] and the EQE values
for NBE emission when Pcw is 140Wcm�2. The other data of the
EQE values are the previous results.35 Since the EQE values for NBE
emission increase monotonically with decreasing [C] with the
EQE¼ 0.02% (0.787%) at [C]¼ 2� 1016 cm�3 (1� 1014 cm�3), car-
bon impurities work as effective NRCs and reduce the EQE value for
NBE emission. Here, the experimental errors are small enough for the
figure plots when Pcw is 140Wcm�2 [same for Fig. 5(a)].

The IQE values for NBE emission at Pcw of 140Wcm�2 are
shown in Fig. 5(a) as a function of [C]. In ODPL measurements, the
EQE value for NBE emission can be converted to IQE by introducing
a direct external quantum efficiency (g0) where the escape channel is
limited by the upper-half escaping cone.51 The IQE value (g) for NBE
emission considering the PR effect can be expressed as g ¼ g0=
½g0 þ ð1� g0ÞgL� using LEE (gL) and g0. In GaN, the LEE value was
estimated to be 2.55%, taking into account the refractive index differ-
ence between GaN and air.51 As described above, the IQE can be
expressed as

g ¼ s�1
R

s�1
R þP

r � vth � NNRC
: (1)

TABLE I. Carbon and net donor concentrations.

Sample ID [C] (�1015 cm�3) Nd � Na (�1015 cm�3)

HV1 2.0 2.0
HV2 0.1 4.0

FIG. 2. Typical ODPL spectra of HV1 and HV2 under the cw excitation at room tem-
perature. The spectra consist of band A with 1.38 eV < E< 2.52 eV, band B with
2.52 eV � E � 3.04 eV, and NBE emission with 3.04 eV < E< 3.54 eV.

FIG. 3. The EQE values of both samples as a function of Pcw for (a) band A, (b) band B, and (c) NBE emission.
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The dashed curve in Fig. 5(a) is the result of using
rC � vth ¼ 2:0� 10�7 cm3=s,35 sR ¼ 40 ns,63,64 and NNRC ¼ [C] in Eq.
(1). The IQE values increase monotonically with decreasing [C] as
well as the EQE values for NBE emission. In most ranges of [C] from
1� 1014 to 2� 1016 cm�3, the results of ODPL measurements and

analytical solutions are good agreements. This result indicates that car-
bon impurities can work as effective NRCs in n-type GaN crystals. The
EQE and IQE values for NBE emission are extremely sensitive to [C],
so those values can be used for the calibration of [C] in this range. The
IQE value for HV2 is 21.7%, breaking the previous value of 14.2%.35

However, the result is below the fitted curve. This disagreement sug-
gests that the presence of major NRCs other than carbon in HV2. One
possibility is intrinsic NRCs formed by VGaVN. This divacancy is
observed in n-type GaN crystals and works as an SRH type NRCs.62

Surface recombination is another possibility. Although the material is
different, there is a report that InGaN has an extremely long surface
recombination lifetime (3.8 ns) due to surface band-bending.65 We
believe that such surface band-bending also exists in GaN and consider
only VGaVN in this study. In HV2, [VGaVN] can be estimated to be
1:1� 1014 cm�3, using rV � vth ¼ 6:4� 10�7 cm3=s.62 The relation-
ship between [C] and [VGaVN] is unclear and should be discussed in
detail in the future. The solid curve in Fig. 5(a) is the result of using
rV � vth ¼ 6:4� 10�7 cm3=s, ½VGaVN� ¼ 1:1� 1014 cm�3, and NNRC

¼ [C]þ [VGaVN] in Eq. (1), respectively. The relationship between [C]
and each recombination rates are shown in Fig. 5(b). Here, the radia-
tive recombination rate (WR), the nonradiative recombination rate by
carbon (WC

NR), and the nonradiative recombination rate by VGaVN

(WV
NR) are s�1

R ; rC � vth � ½C�, and rV � vth � ½VGaVN�, respectively. In
all [C] ranges, the radiative recombination rate is never dominant. In
the high [C] range, the nonradiative rate by carbon converges asymp-
totically to the total recombination rate. However, below
[C]¼ 3:5� 1014 cm�3, the nonradiative recombination rate by
VGaVN becomes dominant. Thus, major NRCs switch from carbon to
intrinsic NRCs, such as divacancy, when [C] falls below
3:5� 1014 cm�3.

In conclusion, the relationship between [C] and the QE for NBE
emission is quantitatively shown based on ODPL measurements. In
HV2, the EQE and IQE values for NBE emission is 0.787% and 21.7%,
breaking the previous value at Pcw ¼ 140Wcm�2. The relationship
between [C] and the IQE values for NBE emission indicates that
the major NRCs in n-type GaN are carbon in most ranges of [C] from
1� 1014 to 2� 1016 cm�3, and the major NRCs switch from carbon
impurities to intrinsic NRCs, such as divacancy, when [C] is less than
3:5� 1014 cm�3.

I am grateful to Dr. Y. Murata for his support in creating the
figure.
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Lesnik, M. P. Hoffmann, F. H€orich, A. Dadgar, and A. Strittmatter, “Two
charge states of the CN acceptor in GaN: Evidence from photoluminescence,”
Phys. Rev. B 98, 125207 (2018).

34M. A. Reshchikov, J. D. McNamara, H. Helava, A. Usikov, and Y. Makarov,
“Two yellow luminescence bands in undoped GaN,” Sci. Rep. 8, 8091 (2018).

35K. Kojima, F. Horikiri, Y. Narita, T. Yoshida, H. Fujikura, and S. F. Chichibu,
“Roles of carbon impurities and intrinsic nonradiative recombination centers
on the carrier recombination processes of GaN crystals,” Appl. Phys. Express
13, 012004 (2019).

36D. V. Lang, “Deep-level transient spectroscopy: A new method to characterize
traps in semiconductors,” J. Appl. Phys. 45, 3023–3032 (1974).

37D. Haase, M. Schmid, W. K€urner, A. D€ornen, V. H€arle, F. Scholz, M. Burkard,
and H. Schweizer, “Deep-level defects and n-type-carrier concentration in
nitrogen implanted GaN,” Appl. Phys. Lett. 69, 2525–2527 (1996).

38A. Armstrong, A. R. Arehart, D. Green, U. K. Mishra, J. S. Speck, and S. A.
Ringel, “Impact of deep levels on the electrical conductivity and luminescence
of gallium nitride codoped with carbon and silicon,” J. Appl. Phys. 98, 053704
(2005).

39U. Honda, Y. Yamada, Y. Tokuda, and K. Shiojima, “Deep levels in n-GaN
doped with carbon studied by deep level and minority carrier transient spec-
troscopies,” Jpn. J. Appl. Phys., Part 1 51, 04DF04 (2012).

40T. Tanaka, K. Shiojima, T. Mishima, and Y. Tokuda, “Deep-level transient
spectroscopy of low-free-carrier-concentration n-GaN layers grown on free-
standing GaN substrates: Dependence on carbon compensation ratio,” Jpn. J.
Appl. Phys., Part 1 55, 061101 (2016).

41H. Yamada, H. Chonan, T. Takahashi, T. Yamada, and M. Shimizu, “Deep-level
traps in lightly Si-doped n-GaN on free-standing m-oriented GaN substrates,”
AIP Adv. 8, 045311 (2018).

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 231101 (2024); doi: 10.1063/5.0207339 124, 231101-5

Published under an exclusive license by AIP Publishing

 18 July 2024 05:03:00

https://doi.org/10.1088/0022-3727/43/35/354002
https://doi.org/10.1143/APEX.3.081001
https://doi.org/10.1143/APEX.3.081001
https://doi.org/10.1063/1.360405
https://doi.org/10.1143/JJAP.37.L398
https://doi.org/10.1016/S0022-0248(01)02078-4
https://doi.org/10.1016/S0022-0248(01)02078-4
https://doi.org/10.1143/JJAP.42.L1
https://doi.org/10.1143/APEX.1.121103
https://doi.org/10.1016/j.jcrysgro.2009.01.046
https://doi.org/10.1002/pssa.201001196
https://doi.org/10.1002/pssc.201000953
https://doi.org/10.1021/cg4007907
https://doi.org/10.1149/2.015308jss
https://doi.org/10.7567/JJAP.55.05FC01
https://doi.org/10.1016/j.jcrysgro.2016.07.034
https://doi.org/10.1016/j.jcrysgro.2016.08.030
https://doi.org/10.1063/1.121581
https://doi.org/10.1063/1.5006814
https://doi.org/10.1016/j.jallcom.2021.159477
https://doi.org/10.7567/JJAP.56.061001
https://doi.org/10.7567/1882-0786/ab0da2
https://doi.org/10.1103/PhysRevB.89.035204
https://doi.org/10.1063/1.4983452
https://doi.org/10.1063/1.4932206
https://doi.org/10.1063/1.4932206
https://doi.org/10.1063/1.3492841
https://doi.org/10.1143/JJAP.19.2395
https://doi.org/10.1143/JJAP.19.2395
https://doi.org/10.1063/1.1345816
https://doi.org/10.1063/1.1518794
https://doi.org/10.1063/1.1578169
https://doi.org/10.1063/1.1856224
https://doi.org/10.1063/1.1868059
https://doi.org/10.1103/PhysRevB.90.035207
https://doi.org/10.1103/PhysRevB.98.125207
https://doi.org/10.1038/s41598-018-26354-z
https://doi.org/10.7567/1882-0786/ab5adc
https://doi.org/10.1063/1.1663719
https://doi.org/10.1063/1.117727
https://doi.org/10.1063/1.2005379
https://doi.org/10.1143/JJAP.51.04DF04
https://doi.org/10.7567/JJAP.55.061101
https://doi.org/10.7567/JJAP.55.061101
https://doi.org/10.1063/1.5011362
pubs.aip.org/aip/apl


42K. Kanegae, H. Fujikura, Y. Otoki, T. Konno, T. Yoshida, M. Horita, T.
Kimoto, and J. Suda, “Deep-level transient spectroscopy studies of electron and
hole traps in n-type GaN homoepitaxial layers grown by quartz-free hydride-
vapor-phase epitaxy,” Appl. Phys. Lett. 115, 012103 (2019).

43G. Alfieri and V. K. Sundaramoorthy, “Defect energy levels in carbon
implanted n-type homoepitaxial GaN,” J. Appl. Phys. 126, 125301 (2019).

44T. Narita, M. Horita, K. Tomita, T. Kachi, and J. Suda, “Why do electron traps
at EC �0.6 eV have inverse correlation with carbon concentrations in n-type
GaN layers?,” Jpn. J. Appl. Phys., Part 1 59, 105505 (2020).

45Y. Zhang, Z. Chen, W. Li, H. Lee, M. R. Karim, A. R. Arehart, S. A. Ringel, S.
Rajan, and H. Zhao, “Probing unintentional Fe impurity incorporation in
MOCVD homoepitaxy GaN: Toward GaN vertical power devices,” J. Appl.
Phys. 127, 215707 (2020).

46F. Kaess, S. Mita, J. Xie, P. Reddy, A. Klump, L. H. Hernandez-Balderrama, S.
Washiyama, A. Franke, R. Kirste, A. Hoffmann, R. Collazo, and Z. Sitar,
“Correlation between mobility collapse and carbon impurities in Si-doped GaN
grown by low pressure metalorganic chemical vapor deposition,” J. Appl. Phys.
120, 105701 (2016).

47T. Kimura, T. Konno, and H. Fujikura, “Substantial and simultaneous reduc-
tion of major electron traps and residual carbon in homoepitaxial GaN layers,”
Appl. Phys. Lett. 118, 182104 (2021).

48A. Ishitani, K. Okuno, A. Karen, S. Karen, and F. Soeda, in Proceedings of
International Conference on Materials and Process Characterization for VLSI,
1988.

49M. Sumiya, K. Yoshimura, K. Ohtsuka, and S. Fuke, “Dependence of impurity
incorporation on the polar direction of GaN film growth,” Appl. Phys. Lett. 76,
2098–2100 (2000).

50N. Fichtenbaum, T. Mates, S. Keller, S. DenBaars, and U. Mishra, “Impurity
incorporation in heteroepitaxial n-face and Ga-face GaN films grown by metal-
organic chemical vapor deposition,” J. Cryst. Growth 310, 1124–1131 (2008).

51K. Kojima, T. Ohtomo, K. Ikemura, Y. Yamazaki, M. Saito, H. Ikeda, K. Fujito,
and S. F. Chichibu, “Determination of absolute value of quantum efficiency of
radiation in high quality GaN single crystals using an integrating sphere,”
J. Appl. Phys. 120, 015704 (2016).

52D. Wickramaratne, J.-X. Shen, C. E. Dreyer, M. Engel, M. Marsman, G. Kresse,
S. Marcinkevi�cius, A. Alkauskas, and C. G. Van de Walle, “Iron as a source of
efficient Shockley-Read-Hall recombination in GaN,” Appl. Phys. Lett. 109,
162107 (2016).

53K. Kojima, H. Ikeda, K. Fujito, and S. F. Chichibu, “Demonstration of omnidi-
rectional photoluminescence (ODPL) spectroscopy for precise determination

of internal quantum efficiency of radiation in GaN single crystals,” Appl. Phys.
Lett. 111, 032111 (2017).

54M. A. Reshchikov, D. O. Demchenko, A. Usikov, H. Helava, and Y. Makarov,
“Carbon defects as sources of the green and yellow luminescence bands in
undoped GaN,” Phys. Rev. B 90, 235203 (2014).

55W. P. Dumke, “Spontaneous radiative recombination in semiconductors,”
Phys. Rev. 105, 139–144 (1957).

56P. Asbeck, “Self-absorption effects on the radiative lifetime in GaAs-GaAlAs
double heterostructures,” J. Appl. Phys. 48, 820–822 (1977).

57J. Neugebauer and C. G. Van de Walle, “Gallium vacancies and the yellow
luminescence in GaN,” Appl. Phys. Lett. 69, 503–505 (1996).

58K. Saarinen, T. Laine, S. Kuisma, J. Nissil€a, P. Hautoj€arvi, L. Dobrzynski, J. M.
Baranowski, K. Pakula, R. Stepniewski, M. Wojdak, A. Wysmolek, T. Suski, M.
Leszczynski, I. Grzegory, and S. Porowski, “Observation of native Ga vacancies
in GaN by positron annihilation,” Phys. Rev. Lett. 79, 3030–3033 (1997).

59K. Kojima and S. F. Chichibu, “Urbach-martienssen tail as the origin of the
two-peak structure in the photoluminescence spectra for the near-band-edge
emission of a freestanding GaN crystal observed by omnidirectional photolu-
minescence spectroscopy,” Appl. Phys. Lett. 117, 171103 (2020).

60K. Kojima, K. Ikemura, K. Matsumori, Y. Yamada, Y. Kanemitsu, and S. F.
Chichibu, “Internal quantum efficiency of radiation in a bulk CH3NH3PbBr3
perovskite crystal quantified by using the omnidirectional photoluminescence
spectroscopy,” APL Mater. 7, 071116 (2019).

61K. Kojima and S. F. Chichibu, “Correlation between the internal quantum effi-
ciency and photoluminescence lifetime of the near-band-edge emission in a
ZnO single crystal grown by the hydrothermal method,” Appl. Phys. Express
13, 121005 (2020).

62S. F. Chichibu, A. Uedono, K. Kojima, H. Ikeda, K. Fujito, S. Takashima, M.
Edo, K. Ueno, and S. Ishibashi, “The origins and properties of intrinsic nonra-
diative recombination centers in wide bandgap GaN and AlGaN,” J. Appl.
Phys. 123, 161413 (2018).

63S. F. Chichibu, K. Hazu, Y. Ishikawa, M. Tashiro, H. Namita, S. Nagao, K.
Fujito, and A. Uedono, “Time-resolved photoluminescence, positron annihila-
tion, and Al0.23Ga0.77N/GaN heterostructure growth studies on low defect den-
sity polar and nonpolar freestanding GaN substrates grown by hydride vapor
phase epitaxy,” J. Appl. Phys. 111, 103518 (2012).

64K. Kawakami, T. Nakano, and A. A. Yamaguchi, Proc. SPIE 9748, 97480S
(2016).

65S. Ichikawa, Y. Matsuda, H. Dojo, M. Funato, Y. Kawakami, and K. Kojima, in
The 14th International Conference on Nitride Semiconductors, 2023.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 231101 (2024); doi: 10.1063/5.0207339 124, 231101-6

Published under an exclusive license by AIP Publishing

 18 July 2024 05:03:00

https://doi.org/10.1063/1.5098965
https://doi.org/10.1063/1.5109237
https://doi.org/10.35848/1347-4065/abb9ca
https://doi.org/10.1063/5.0008758
https://doi.org/10.1063/5.0008758
https://doi.org/10.1063/1.4962017
https://doi.org/10.1063/5.0051692
https://doi.org/10.1063/1.126267
https://doi.org/10.1016/j.jcrysgro.2007.12.051
https://doi.org/10.1063/1.4955139
https://doi.org/10.1063/1.4964831
https://doi.org/10.1063/1.4995398
https://doi.org/10.1063/1.4995398
https://doi.org/10.1103/PhysRevB.90.235203
https://doi.org/10.1103/PhysRev.105.139
https://doi.org/10.1063/1.323633
https://doi.org/10.1063/1.117767
https://doi.org/10.1103/PhysRevLett.79.3030
https://doi.org/10.1063/5.0028134
https://doi.org/10.1063/1.5110652
https://doi.org/10.35848/1882-0786/abcd73
https://doi.org/10.1063/1.5012994
https://doi.org/10.1063/1.5012994
https://doi.org/10.1063/1.4717955
https://doi.org/10.1117/12.2211914
pubs.aip.org/aip/apl

