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First-Principles Calculations of Quantum Efficiency for
Point Defects in Semiconductors: The Example of Yellow
Luminance by GaN: C\+Oy and GaN:Cy

Hai-Shan Zhang, Lin Shi,* Xiao-Bao Yang, Yu-Jun Zhao, Ke Xu, and Lin-Wang Wang*

Point defects play an important role in the photoelectrical properties of
semiconductor materials, and they can be luminescence centers. However,
the relationships among the observed luminescence wavelengths, intensities,
and the microscopic processes are in most cases unknown, or depend heavily
on parameter fitting. In this work, the light-emitting quantum efficiencies

for point defects using ab initio density functional theory are calculated. The
study of radiation recombination for electrons and nonradiation recombina-
tion for holes is reported here. The results show that the defect Cy transition
between “~” and “0” charged levels and the defect C\+Oy, transition between
“0” and “+” charged levels both may be responsible for the yellow lumines-
cence (YL) which is observed in experiment. Moreover, the calculation shows
significant thermal quenching of the YL starting at 480 K due to re-excitation
of hole into the valence band from the point defects, which is in relatively

ascribed to the electron transition from
CBM or shallow donor to deep acceptor.
Carbon and oxygen impurities will always
be introduced unintentionally during the
samples preparation process. Since 1980,
Toshio and other researchers reported
that carbon, oxygen impurities, and gal-
lium vacancy may be responsible for
the emission (YL) with a maximum at
2.2 eV in undoped GaN.712182223 Fyr.
thermore, some researchers have reported
that the YL intensity increases with the
increasing carbon concentration by a con-
stant amount of oxygen.'”! Depending on
the growth techniques and growth condi-
tions, the concentrations can range from

good agreement with the experimentally observed value. This work shows
that it is possible to use ab initio calculations to understand the microscopic
mechanisms and the competitions among different channels for the light

emissions caused by defects.

GaN is an important third-generation optoelectronic semi-
conductor which has attracted much attention in recent years
owing to its large direct band gap,!~*! high thermal conduc-
tivity and high breakdown voltage.’! Many works have
focused on understanding the origin of the luminescence
phenomena (e.g., red, yellow, green, and blue luminescence)
in unintentionally doped GaN.*21l For the YL, which was

H.-S. Zhang, Prof. L. Shi, Prof. K. Xu

Suzhou Institute of Nano-Tech and Nano-Bionics
Chinese Academy of Sciences

Suzhou 215123, P. R. China

E-mail: Ishi2007 @sinano.ac.cn

H.-S. Zhang, Prof. X.-B. Yang, Prof. Y.-|. Zhao
Department of Physics and Key Laboratory of Advanced
Energy Storage Materials of Guangdong Province
South China University of Technology

Guangzhou 510640, P. R. China

Prof. K. Xu

Suzhou Nanowin Science and Technology Co., Ltd.
Suzhou 215123, P. R. China

Prof. L.-W. Wang

Materials Sciences Division

Lawrence Berkeley National Laboratory

One Cyclotron Road, Mail Stop 66, Berkeley, CA 94720, USA
E-mail: Iwwang@lbl.gov

DOI: 10.1002/adom.201700404

Adv. Optical Mater. 2017, 5, 1700404

1700404 (1 of 9)

10" to 10" cm™ (C)'"®1) and 10'° to
107 cm™ (0)'81)] in the samples con-
taining YL band. Nevertheless, the exact
defects and their transition states respon-
sible for this YL are still under debate. In
addition, the quantum efficiencies (QE)
of the defect luminescence have been
extensively studied in experiment,®?*?l but a quantitative
comparison between the experimental data and parameter free
theoretical calculation is yet to be achieved. Clearly, the control
of point defects is extremely important in modifying the photo-
electrical properties of semiconductor materials. Therefore, to
map out the relationship between macroscopic phenomena
and the microscopic point defect origin and its process is the
key for photoelectric material design and material improve-
ment. However, it is difficult to directly identify the microscopic
mechanism using today’s experimental optical spectroscopic
measurements, despite the existence of abundant experimental
data. Very often, models are used with heavy parameter fitting
to explain the experimental results. Such practice is extremely
useful and has yield significant understanding of the micro-
scopic processes. Nevertheless, it will be much more desirable
if pure ab initio calculation can be used to explain the experi-
mental results without parameter fitting.

In the past few decades, density functional theory (DFT)
has become a powerful method to evaluate the structures, and
as well as formation energies of point defects. As the calcula-
tion method progresses, Heyd-Scuseria—Ernzerhof (HSE)
hybrid density functional theory?®! was employed to achieve
accurate electronic structure results.1#16182527.28] The cal-
culated band gaps of GaN are in agreement with the experi-
mental data (3.50 eV).[2%l Based on such calculations, it could
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be very helpful to have ab initio calculations to directly explain
the experimental optical measurements. Van de Walle and co-
workers employed 1D quantum formula to calculate the non-
radiative recombination (non-RR) coefficient of point defect
Cy in GaN.['”l But the calculated coefficient could be signifi-
cantly smaller than the fitted value of experiment. Our previous
studies revealed that, comparing with other formalisms, static
coupling theory can provide a more accurate result for the
non-RR in point defects of 111-V compounds.?3%! However, a
complete deep-level photoluminescence process consists of two
parts: radiative recombination (RR) and non-RR. Due to their
competitions, it is insufficient to consider only the non-RR
when compared with experiments, especially for the lumines-
cence intensity. It is necessary to consider all the major pro-
cesses and channels, then solve the steady-state results due to
the balance of different channels. In the current work, we take
the defects in GaN as an example to illustrate this approach.
Nevertheless, it is still too complicated to take into all the pos-
sible channels purely ab initially given all the uncertainties in
the system. Instead, we will combine ab initio calculation with
some experimental data, and use that to explain other experi-
mental data. In particular, we will use the measured band edge
photoemission to obtain the information of band edge hole car-
rier density in the system, then use this density to calculate the
non-RR of the hole and RR of the electron to a single defect to
determine the PL due to this defect. This significantly enhances
the reliability of the approach, and also provides a platform to
test the ab initio method and confirm the hypothesis of the
microscopic defect center for an experimentally identified PL
peak. In this work, we will focus on the YL band in the optical
measurement.

Using the HSE hybrid function, some researchers have con-
cluded that the point defect Cy acts as the deep acceptor,['*1617]
and that may induce YL band in undoped GaN. However,
recently Reshchikov’s group reported that, in contrast to the
isolated defect Cy, the Cy+Oy defect complex is energetically
more favorable to be formed, and its calculated optical prop-
erties, such as photoabsorption (PA) and photoluminescence
(PL), a zero phonon line (ZPL), and the thermodynamic transi-
tion level (AE), all agree excellently with measured YL data.l'®]
They also studied the temperature dependence of the photo-
luminescence in undoped GaN films.”] Nevertheless, the key
parameters: RR coefficient (C;) and non-RR coefficient (Cy) are
obtained by fitting, instead of calculating theoretically. Further-
more, some assumptions used in the fitting procedure could
be questionable. For example, the fitted C,, parameter was kept
as a constant, independent of temperature, which might not be
a good assumption as will be shown below. To solve the issue
of Cy versus Cy+Oy for the origin of YL (they have very close
energy levels, both consistent with experiment), we like to go
beyond the energy level comparison with the experiment. We
will include the non-RR and RR dynamics. We also go beyond
the phenomenological fitting of ref. [9] by using purely ab initio
calculations.

We introduce the formation energy calculations of (C, O)-
related defects based on first-principle calculations and com-
pare the transition energies with experimental observations.
We give a detail derivation of defect-related luminescence
quantum efficiency (QE) formalism in the presence of several
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defects at an arbitrary temperature. The computational proce-
dures of RR coefficient (Cy) and non-RR coefficient (C;) are
presented in this study. For the hole capture process, we adopt
a “scaling factor” correction to describe the Coulomb attraction
between Cy and holes. The result and discussion of this work
are presented. At 480 K, the calculated YL begin to quench sig-
nificantly, and the quenching mechanism will be discussed.
The crystal structure optimizations were performed by using
the Vienna ab initio simulation package(VASP) code.313% We
have also used PWmat*334 to make self-consistent field (SCF)
calculations, to obtain the force constant matrixes, phonon
density of states (PDOS), and electron—phonon coupling coeffi-
cient (Cf)). A 128-atom (4 x 4 x 2) supercell is used to calculate
the formation energies of (C, O)-related defects by VASP code.
Both the undoped and doped GaN atomic structures were opti-
mized by using the screened hybrid functional of HSE.’! In
this work, the mixing parameter () of HSE was set to 0.30. A
kinetic energy cutoff of 450 eV was used in all calculations.
The relaxed lattice parameters of primitive cell, a = 3.21 A,
c=5.21A, u=0.377 A, are in good agreement with the experi-
mental results at room temperatures (a = 3.19 A, ¢ = 5.19 A,
and u = 0.377).3% Following ref. [37], the formation energy of
C, O-related defects AE9 are calculated and shown in Figure 1.
Here, we study the N-poor and N-rich experiment conditions.
In either case, the O substituting on the N site (Oy) acts as a
shallow donor and has a quite low formation energy, and that
may be the reason why the unintentionally doped GaN is an
n-type semiconductor. As shown in Figure 1, our calculated
—/0 and 0/+ transition energies of defect C substituting on
the N site (Cy) are at 0.79 and 0.50 eV above the valence band
maximum (VBM), respectively, which are in good agreement
with the theoretically calculated values in other works.!'*18:27]
Since the predominant tendency to form Oy as shown in
Figure 1, and all the experimental evidence for the existence
of Cy defect, it is safe to assume both Oy and Cy coexist in
the GaN. The calculated 0/+ transition level of the defect com-
plex Cy+Oy is located at 0.76 eV above the VBM, which is in
agreement with the previous computed results.l'l The experi-
mental value obtained from quenching of YL at high tempera-
ture is 0.81 eV, which is consistent with our calculated 0.79 eV
(for Cy) and 0.76 eV (for Cy+Oy). Correcting the possible error
from thermal quenching experiment, the defect energy level
was estimated at 0.85 eV in refs. [7,16]. Furthermore, the low-
temperature ionization energy determined from the observed
zero-phonon line for the YL band is 0.916 eV,?!) which is slightly
larger than the room-temperature results and our calculated
results. However, since the calculated lattice constant is closer
to high-temperature experimental values than low-temperature
values, it might be appropriate to use our calculated energy
levels to represent the high-temperature experimental results.
One can also deduce the formation energy of forming a neu-
tral Cy+Oy pair from two separate neutral Cy and Oy centers
from Figure 1. This formation energy is huge, 2.6 eV. Thus,
as concluded in refs. [16,18], it seems very likely to form the
Cx+Oy donor—acceptor pair. Nevertheless, the defect formation
energy sensitively depends on the values of the chemical poten-
tials. Different chemical potentials can produce very different
results. In ref. [27], under the n-type condition, for example,
with Ep higher than 2.4 eV, it is concluded that the Cy defect
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As shown in Figure 3, under a photoex-

6 T T ¥ T L T 6 ' T 3
| N-poor (a) |

(b) citation, the nonequilibrium electron-hole

pairs would be generated and the carrier
generation rate can be expressed as G. We
will describe the continuous photoexcitation
processes. Thus, everything is in equilibrium
under this condition. In the n-type system,
the hole is the minority carrier. Under the
optical excitation, the recombination process

Formation Energy (eV)

46 . ] . ] ) ] 6 . ] :

of the free carrier is expressed as process-a.
We will consider relatively high temperature,
thus we can ignore the exciton formation and
its process.

The recombination processes related to
YL1 (Cy+Oy)%* and YL2 (CY°) as shown in
Figure 3 include: a hole transition from VBM
to the defect level (process-b and e) and an
electron transition from CBM to ionized
defect level (process-c and f). In addition,

Fermi level (eV)

Figure 1. The defect formation energies of Cy, Oy, and Cy+Oy as a function of Fermi level at

different charge states in N-rich and N-poor growth conditions.

can have lower formation energy than the Cy+Oy complex. As
a result, both Cy+Oy and Cy could be presented in the system,
much depends on the synthesis condition. Furthermore, as will
be discussed below, the energy levels of these two defects are
very similar, thus it will be difficult to distinguish them from
the pure energy comparison with the PL energy. However, their
charge states are different. As shown in Figure 1, in n-type GaN,
the ground states of defects Cy+Oy and Cy are “0” charge state
and “~” charge state, respectively. Their excited states are “+”
charge state and “0” charge state, respectively. Such charge dif-
ference causes some difference in their dynamics. The configu-
ration coordinate diagram of Figure 2 shows a series of defect-
related photophysical processes. Within the Franck-Condon
approximation, the abscissa Q is used to represent the atomic
configuration. PA is an excited process from ground state to
excited state, PL is a de-excited process from excited state to
ground state and ZPL energy is the difference between the band
gap energy and the transition energy. df. is the lost energy in
this process of the atomic configuration which relaxes from
equilibrium Q value of excited state to the equilibrium Q value
of ground state (Figure 2). From first principles, the calculated
PA, PL, and ZPL energies are 3.11 eV (Epa), 2.23 eV (Ep;), and
2.74 eV (Ezp;) for defect complex Cy+Oy and 3.01 eV (Ep,),
2.16 eV (Epy), and 2.71 eV (Ezpy) for defect Cy. These energies
between Cy+Oy and Cy are close. As shown in Table 1, our
results are in good agreement the theoretical calculating values
of other works.['*16.18.27] Comparing the DFT calculation results
with the experimental values,”! due to the possible errors of the
former, we think both of these defects could be responsible for
the YL in experiment. Hereafter, we call the (Cy+Oy)%* as YL1
and CY° as YL2. We will calculate the quantum efficiencies of
both of these two suspected defects, and try to distinguish them
from their PL intensity and dynamics.
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there are two reverse processes related to
the above processes: the re-excitation of the
hole from the defect to the VBM (process-d
and g) and the re-excitation of the electron
from the defect to the CBM (processes-
and k). However, since the defect levels are
located far away from the CBM and much
closer to the VBM as shown in Figure 3, the processes of elec-
tron re-excite to CBM can be safely ignored due to the large
energy jump dE (the energy differences between the defect
levels and the CBM or VBM) needed in such a process. The
processes of electron transition from CBM to defect and hole

Excited
State \ /
T 4
Sy gzl """
£
5}
Lﬁ Ground .
State PA PL

AQ

Configuration Coordinate(Q) ]

Figure 2. The configuration coordinate diagram shows a series of defect-
related photophysical process. PA is an excited process from ground
state to excited state and PL is a de-excited process from excited state to
ground state. The ZPL is also represented in the diagram.
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Table 1. Calculated photoabsorption (PA) and photoluminescence (PL)
energies and zero phonon line (ZPL), and transition energies (AE) of
defects Cy and Cy+Oy using the HSE hybrid functional.

Defect Transition Epn Ep, ZPL AE
level [eV] [eV] [eV] [eV]

Cn -/0 Theory 2.95 2.14 2.6 0.81
Theory'® 2.81 1.98 2.45 1.04

Theory?] 3.04 218 2.67 0.78

This work 3.01 2.16 2.7 0.79

Cn+Op 0/+ Theory!®l 3.30 2.25 2.70 0.75
Theory?! 3.13 2.28 2.77 0.66

This work 3 2.23 2.74 0.76

Experiment [16] 3.32 2.20 2.60 0.85
Y 3.19 215 264+005  0.86

[21] 2.22 2.59 0.916

transition from VBM to defect contain both RR and non-RR,
but with very different energy dependence. The non-RR pro-
cess needs phonon participation, while the RR process does
not. According to Equation (21) of ref. [30], the non-RR has
an exponential decay dependence on dE (the energy jump),
while Equation (1) of ref. [38] reveals that the RR is propor-
tional to dE. Thus, while the RR efficiency increases with dE,
the non-RR efficiency decreases rapidly with dE. As a result,
in our following discussion, we will only consider the RR pro-
cesses for the electron transitions from CBM to defect levels,
and non-RR processes for the hole transitions between VBM
and defect levels. This will be further justified in our calcula-
tion later. Note that, in order to simplify the model, the other
competing channels (including the common visible lumines-
cence and other unknown nonradiative recombination chan-
nels) are not shown in Figure 3. However, their effects to the
YL emission have been rolled into the hole concentration which
we deduced from the experimental band edge emission density.

Conduction Band

Valence Band

Figure 3. Diagram to show the relevant excitation and recombination
processes in GaN containing Cy+Oy and Cy defects.
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All the other channels can have a role in determining this hole
concentration.

The steady-state equation for concentration of neutral defect
complex Cy+Oy (Ny14) is then expressed as

0
%:_Cvu N8L1p+N¥L1/TYL1+QYL1 Ny, =0 (1)

Here, Cy;;N{..1p is the hole non-RR (process-b) rate for holes
being captured by neutral defect complex Cy+Oy, where Cy;
is the hole non-RR coefficient for 0/+ process and p is the con-
centration of free holes in the valence band. Ny, /7y, is the
electron RR (process-c) rate, where Ny, is the concentration of
the defect complex Cy+Oy at charge “+” state and 7yy; is the
lifetime of the defect at “+” due to 0/+ transition of electron
fall into Ny, (YL1 emission). Ty; depends on electron majority
carrier concentration, as well as the photoemission oscillator
strength between CBM and the defect state. Qy;Ny,; is the
hole re-excitation (process-d) rate from impurity level to VBM.
(the Cy+Oy from “+” to neutral for a hole to jump from the
defect state to the VBM). The coefficient Qy;; of thermal activa-
tion of holes is related to the capture coefficient Cy;; through a
detail balancel'!

_ AE
Ovii=Cy1 Nug ! exp (_E) (2)
with
MuksT %
N, =2 ThtB-
(el o)

where g is the degeneracy factor of the acceptor level, N, is the
effective density of states in the valence band, and AE is the
transition energy (0.76 eV).

Similarly, the steady-state equation for concentration of defect
Cy at “=” charge state (Ny,,) is then similarly expressed as

% =—Cy, Nyi,p+ N?{LZ/TYLz + Ovi2 Nng =0 “4)

Here, Cyp, is the hole non-RR coefficient for YL2, and 7y,
is the lifetime of the Ny, defect due to electron photoemis-
sion from CBM to the defect state (YL2 emission). Qyp, is the
coefficient of hole thermal activation for Ny, (hole jumping
from Ny, to VBM), and the corresponding transition energy is
0.79 eV. Here, the sum of N9, and Ny,, is the concentration of
the defect complex Cy+Oy, and Ny, plus Ny, is the concentra-
tion of defect Cy. We then have

NYL1=N$L1+N;L1; NYL2=N§L2+N$L2 (5)

The hole non-RR coefficients Cy;;, Cyp,, lifetime of electrons
for YL1 (7yy4) and YL2 (Ty;,) will be obtained in this study. The
above transition rates depend on the free carrier concentration.
In an n-type system, while the concentration of the majority
electron carrier can be considered as a constant, the minority
hole (p) concentration will depend on excitation G, the channels
discussed above, as well as many other possible channels
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undiscussed (e.g., the band edge RR channel and other
unknown non-RR channels). At this stage, we are still unable to
include all the other channels to pin down the hole concentra-
tion p for a given G and temperature. Fortunately, the temper-
ature-dependent hole concentration is directly proportional to
band edge luminescence, which can be measured experimen-
tally. The QE of band edge luminescence can be represented as

Cfree np

Nfree (T) = G (6)

where Cp,. is the free carrier photoemission recombination
coefficient and it has been obtained from pure ab initio calcula-
tion. The detailed procedure is presented in Section 4.

We thus use this information to get the concentration p. After
taking into account all the above, we can get the temperature-
dependent concentrations of recombination center Ny,;, Ny,
N7, and Ny, using Equations (1), (2), (4), and (5), respectively.
These are nonlinear equations, but they can be solved numeri-
cally relatively easily.

Finally, we can get the QE expressions for YL1 and YL2 as

Ny
T)=——
Myt (T) G (7)
Ny,
Mz (T)=——— 8
Y12 G, (8)

If an electron is in an excited state, it may spontaneously
decay to the ground state, at the same time, releasing the
energy difference as a photon. The radiative rate between two
states can be described by Fermi's golden rule*®3°! the concrete
form of which is given by

Wi (@)= o*n|u;| B 405(0311|(i|r|j)|z B 405(4)3n|(i|p|j)|z " #
" 3meohc’ 3¢ 3¢ AElm. o)
M =4al(lrlj)|" = 4oilpli)f _
e AEm.?

www.advopticalmat.de

where o is the emission frequency, n is the index of refraction,
W is the transition dipole moment, &, is the vacuum permit-
tivity, 7 is the reduced Planck constant, ¢ is the vacuum speed
of light, a is the fine structure constant, AE; is the difference
between these two energy states, r is the position operator, and
p is the momentum operator.

For the processes of a, ¢, and f in Figure 3, the phonon-
assisted non-RR can be ignored due to the large energy differ-
ence between defect levels and CBM. The above Equation (9)
was employed to calculate the recombination rates of progresses
of a, ¢, and f. For emission frequency w=2”%1, the corre-
sponding AE;; of the band-edge, YL1 and YL2 processes are
3.50, 2.23, and 2.16 eV. The initial state i is always chosen as
CBM, and the j states are VBM, (Cy+Oy)*, and CY, respectively.
The impurity state wave functions of (Cy+Oy)* and Cy are
localized in a 128-atom supercell as illustrated in Figure 4. The
calculated results are listed in Table 2. In our case, the formula
of radiation recombination coefficient is C, = W4 X V (Vis the
volume of the supercell which is equal to 1.48 x 107! cm?), and
then we can use 7, = 1/(C, X n) to get electron lifetime. n is the
concentration of free electrons, including the concentrations of
intrinsic (ng) and photogenerated (0n). At low excitation inten-
sity condition (ny > 6n) in our simulation, we have n = n,, and
the value is taken as 2.8 x 10 ¢cm™ according to Table IV of
ref. [9]. We have treated the n-type majority electron carrier con-
centration (n) as independent of temperature. Since the experi-
mental n-doping defect binding energy is unknown, treating
the n temperature dependent can only complicate the analysis.
After this, the calculated radiation recombination coefficients of
free carrier (Cgee), YL1 and YL2 bands are 4.24 x 107, 5.22 x
10713, and 3.16 x 1013 cm? s7!, and the electron lifetime are
3.37 x 10710, 6.84 x 1075, and 1.13 X 107 s, respectively. Unfor-
tunately, the value Cp.. in the literature is not completely settled
either from experiments or theory. For example, refs. [40-42]
give this coefficient as 2.0 x 107! cm?® s7!, while refs. [43,44]
give this coefficient as 1.1 x 107 cm? s7}, all at room tempera-
ture. Our calculated value is in between.

For the hole captured processes of b and e in Figure 3, the

calculated RR coefficients are very small, about 107* cm? s71.

Figure 4. The square of wavefunctions of impurity levels of (Cy+Oy)*, and C{ in the 128-atom supercell calculated using the HSE DFT function. The
yellow is a negative isosurface of impurity wavefunctions while the cyan is a positive isosurface.

Adv. Optical Mater. 2017, 5, 1700404

1700404 (5 of 9)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Table 2. The calculation results of radiative recombination (RR) of
defects Cy, C\y+Oy, and intrinsic transition using Equation (9).

CBM-VBM Cn+On(0/+4) Cy (-/0)
AE; 35eV 223 eV 216 eV
lplp? 0.43 0.08 0.05
Wiag [s7] 2.97x10° 3.53 %108 2.14%108
Co[em? s 4.24x10° 5.22%1073 3.16x 107
T[s]?) 337x107° 6.84 X107 1.13%10°

AC, = Wieg x V; 97, =1/(C,, X n).

It means that these transitions must be phonon related. For the
phonon-induced nonradiative carrier recombination processes,
the relevant electron—phonon coupling should be between the
impurity states and the VBM states. Then we used a combined
dynamic matrix (CDM) method as described in ref. [29] to cal-
culate the phonon modes and phonon DOSs. Here, we used
R. (= 7.2 a.u.), for which the CDM describes well the impurity
DOS.?I The results are shown in Figure 5, one can see some
new phonon-mode peaks localized within the gap and at high
energy end of bulk phonon DOS. From the calculated phonon
frequency (@) and eigenvector t(R) of every phonon mode, as
well as the atomic displacement (K,) after the electron charge
transfer, and the electron—phonon coupling constant (Cy}), we
calculated the nonradiative decay probability Wj; using state
coupling formulas. The detailed formalism can be found in
our previous publications.’ The capture coefficient can be
calculated via C, =Wj; - V. The results are shown in Figure 6.
At T =600 K, we get Cyj; = 5.1 x 107 cm?® s7}, and the Cy,
is calculated as 3.9 x 107 cm?® s™', which agree well with the
experimental fitted value 3-6 x 107 cm? s~L.I6®] However,
the experimental fitting values use parameters which do not
change with temperature, while our calculated coefficients
vary significantly with temperature. The above agreements
only hold near the temperature before the quench of YL. Thus,

Bulk (a)

Phonon Densities of States

— T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800
Frequency(cm™)

Figure 5. The phonon densities for GaN bulk, Cy, and (Cy+Oy)? in
128-atom supercell.
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Figure 6. Calculated nonradiative and radiative hole capture rates C, at
the Cy and Cy+Oy defects in GaN. The shaded parts represent the experi-
mental data from refs. [9,16]. The hollow diamonds represent the “scaling
factor” corrected nonradiative hole capture rates of Cy.

for a more accurate comparison, the temperature dependence
should be included. Furthermore, since the nonradiative carrier
recombination process of Cy is from “~” to “0,” in the actual
experimental system, before the transition, the concentration
of holes close to the electronegative defect (Cy) has a higher
concentration than its average value. In other words, the hole
spends more time near the defect due to Coulomb attraction.
Previous works have introduced a correction “scaling factor”
AIT) to describe this effect.l'#® The formula is expressed as:

C, = f(T)C, == C,, where C, is the coefficient before the

T2
correction, and C is a constant determined numerically. For the
nonradiative carrier recombination process of Cy in our work,
we adopted C = 150 K/ following ref. [17]. The corrected nonra-
diative carrier recombination coefficients are shown in Figure 6,
which are in the range of a few 107® cm? s7. Because there are
no long-range Coulomb interactions between the neutral defect
and the hole, as reported in the case of GaN:(Zng,-Vy), the cal-
culated scaling factor is f=1.05,17) and we thus ignored such a
factor in the PL process of the Cy+Oy defect.

With the hole non-RR coefficients Cy;;, Cypy, lifetime of
electrons for YL1 (7y;) and YL2 (1yy,) have all been obtained,
we next employ Equation (2) to get the holes re-excite rates
from (Cy+Oy)" and Cy to VBM as shown in Figure 3 (process-d
and process-g), and the transition energies (AE) are 0.76 and
0.79 eV, respectively, and g = 2, N, = 3.2 x 10" T*2 cm™ are
adopted for GaN following refs. [9,18]. The band edge lumi-
nescence has been observed experimentally in the samples
containing YL band.! In Figure 5 of ref. [9], the QE of a total
emission in the range 3.3-3.5 eV (called “exciton band” in
ref. [9]) is presented. We know that this energy range actu-
ally includes both the contribution of exciton and band edge
luminescence. Since most excitons are dissociated at room
temperatures, we can consider this QE purely as from band
edge luminescence. Combined with the known electron

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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concentration (n) and the free carrier photoemission recom-
bination coefficient (Cpgee), we can employ Equation (6) to get
the temperature-dependent hole concentration (p). The shape
of the p curve is same as the QE curve of band edge lumines-
cence, and the concentrations are about 10° cm=3. Here, the
electron-hole pair generation rate (G = 3.0 x 10¥ cm™ s7})
was adopted. This is taken from experiment value according
to their laser intensity and absorption coefficient.’! As men-
tioned in the Introduction, the concentrations of C and O will
vary widely among different samples. We then take a wide
range of 2.0 X 10%°-2.0 x 10'® cm™ for the defect concentra-
tions for both Cy and Cy+Oy for the purpose of comparison.
All the above numbers can be plugged in Equations (1), (2), (4),
and (5) to yield a steady-state solution. From these, we can
get the temperature and defect concentration-dependent QE
of YL emission using Equations (7) and (8), and the results
are shown in Figure 7a,b. The defect concentration will only
affect the scale of the QE and will not change the overall
trend. As the defect concentrations decrease, the QE of YL1
and YL2 are gradually reduced at given temperature, while
their quenching temperatures are unchanged. The overall
trends of both YL1 and YL2 are consistent with the experi-
ment.’) As shown in Figure 7a, the YL1 is consistent with the
experimental results when the concentration of defect Cy+Oy
is 1.0 x 10'® cm™3, while Figure 7b shows that when the con-
centration of defect Cy is 2.0 x 10" cm™3, its YL2 is consistent
with experiments.

www.advopticalmat.de

We then use a larger value n = 7.0 x 10'7 cm™ in order to test
the effect of electron concentration. The temperature-dependent
QE of YL1 and YL2 are shown in Figure 7c,d. Obviously, the
YL1 and YL2 are still in good agreement with the experiments
when the defect concentrations are 1.0 x 10'® cm™ (for Cy+Oy)
and 2.0 x 107 cm™ (for Cy), respectively. This shows the final
result is not very sensitive to the electron carrier concentration.
This is because when # is higher, using Equation (6) and the
experimentally observed band edge emission nNgeo(I), and
the obtained hole concentration p will be smaller. Because of
that, the (Cy+Oy)" and Cy° will be smaller. This cancels out the
increased n in the YL emission formula, and yield similar emis-
sion strength as before. Thus, our result is relatively robust
against the electron concentration.

It is interesting to see the competition between different
channels for a given defect. As shown in Figure 8, we pre-
sent the temperature-dependent RR, non-RR, and hole
thermal activation rates of defect Cy (n = 7.0 x 10”7 cm™ and
Nyp1 = 2.0 x 10”7 ¢cm™3). While the non-RR create the C} state,
the RR and the hole thermal activation from the defect bring
it back to the Cy state. Thus, the sum of RR and hole thermal
activation equal to the rate of non-RR. The defect captured
holes at low temperature will not be thermally activated to the
valence band. Most holes will be combined with the electrons
to emit YL. As the thermal activation rate increases exponen-
tially with temperature, after about 480 K, the rate of thermal
activation becomes larger than the RR, and the RR is quenched
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Figure 7. Calculated QE of YL1 and YL2 under different defect concentrations (N;). The excitation intensity that we adopted is G=3.0 x 10" cm™3 s
The concentrations of electrons are taken: a,b) 2.8 X 10" cm™ and ¢,d) 7.0 x 10'7 cm~3, respectively. The hollow circles and diamonds are experimental
values of exciton and YL bands citing from Figure 5 of ref. [9].
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Figure 8. The temperature-dependent recombination rates of radiation,
nonradiation, and thermal activation of point defect Cy. The vertical red
dotted line indicates that the processes radiation recombination and
thermal activation have the same recombination rates at that temperature.

due to the lack of C} charge state. Surprisingly, the non-RR rate
is relatively smooth across the 480 K threshold.

In summary, we propose a practical approach to study the
quantum efficiency of point defect-related photoluminescence,
combining experimental optical measurements with ab initio
calculations. We use the YL band in GaN as an example. Based
on our DFT energetics calculation, we propose that YL1 and
YL2 (correspond to PL transitions from (Cy+Oy)* to (Cy+Oy)°
and from C} to Cy, respectively) are possible candidates for
the experimentally observed YL. Via calculating the relevant
radiation and non-RR processes, we obtain the temperature
dependences of the quantum efficiency of YL1 and YL2. The
YL1 and YL2 are consistent with the experiment when the con-
centrations of Cy+Oy and Cy are 1.0 x 10'® and 2.0 x 107 cm3,
respectively. Further studies might be necessary, for example,
with better determination of the defect concentrations, to more
definitely identify the defect type as the origin of the YL. We
expect that our approach can be applied widely to understand
the microscopic under pining of optical spectroscopy of point
defects in semiconductors.
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