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Two charge states of the Cy acceptor in GaN: Evidence from photoluminescence

M. A. Reshchikov,"" M. Vorobiov,! D. O. Demchenko,' U. Ozgiir,” H. Morkog,"?> A. Lesnik,> M. P. Hoffmann,>
F. Horich,® A. Dadgar,’ and A. Strittmatter’
' Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284, USA
2Department of Electrical and Computing Engineering, Virginia Commonwealth University, Richmond, Virginia 23284, USA
3 Institut fiir Physik, Otto-von-Guericke-Universitit Magdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany

® (Received 2 July 2018; published 28 September 2018)

We have found a photoluminescence (PL) band with unusual properties in GaN. The blue band, termed as the
BL¢ band, has a maximum at about 2.9 eV and an extremely short lifetime (shorter than 1 ns for a free-electron
concentration of about 10'® cm~3). The electron- and hole-capture coefficients for this defect-related band are
estimated as 10~° and 10~'° cm? /s, respectively. The BL¢ band is observed only in GaN samples with relatively
high concentration of carbon impurity, where the yellow luminescence (the YL1 band) with a maximum at 2.2 eV
is the dominant defect-related PL. Both the YL1 and BL. bands likely originate from the Cy defect, namely,
from electron transitions via the —/0 and 0/4- thermodynamic transition levels of the Cy. The BL band appears
only at high excitation intensities in n-type GaN samples codoped with Si and C, and it can be found in a wide
range of excitation intensities in semi-insulating (presumably p-type) GaN samples doped with C. The properties
and behavior of the YL1 and BL. bands can be explained using phenomenological models and first-principles

calculations.
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I. INTRODUCTION

The yellow luminescence (YL) band with a maximum at
about 2.2 eV is the dominant defect-related photolumines-
cence (PL) band in undoped and C-doped n-type GaN [1,2].
Contrary to widespread proposals that several defects can
cause the YL band with similar spectral shape and position
of maximum [3-5], we recently concluded that a single defect
(the YL1 center) is responsible for the commonly observed
YL bands in GaN, which sometimes vary in appearance and
behavior [6,7]. The YL1 band has a maximum (Awpnax) at
~2.20eV and the zero-phonon line (ZPL or Ey;) at 2.57 £
0.01 eV for transitions from shallow donors to the YL1 center
in the limit of low temperatures. The thermodynamic transi-
tion level (E o) for this defect is located at 0.916 £ 0.003 eV
above the valence-band maximum. These and other finger-
prints of the YLI1 band (electron- and hole-capture coeffi-
cients, band position, and shape) allow a reliable recognition
of this defect in the PL spectrum. We observed the YL1 band
in a variety of GaN samples grown by different techniques,
namely, in undoped, C-, Fe-, and Si-doped GaN grown by
metalorganic vapor phase epitaxy (MOVPE), undoped GaN
grown by hydride vapor phase epitaxy (HVPE), and undoped
GaN grown by molecular beam epitaxy (MBE). The identity
of the defect responsible for the YL1 band remained uncertain
for decades, and only now has a sufficient amount of experi-
mental and theoretical evidence been garnered to resolve this
long-standing puzzle.
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According to early first-principles calculations, based on
the density functional theory (DFT) in the local-density ap-
proximation, the gallium vacancy (Vg,)-related defects, such
as Vg, or Vg.On [8,9], were considered to be the best can-
didates for the YL-related acceptor in undoped GaN [10].
The attribution of the YL band to the Vg, or V5,On became
widely accepted [1] after Saarinen et al. [11] reported a
correlation between the YL intensity and the concentration
of the V,-related defects obtained from positron annihilation
experiments. In Sec. IVC, we provide the evidence that
the Vg,-related defects do not contribute to the commonly
observed YL band.

Meanwhile, numerous experiments indicate that carbon is
involved in the YL-related defect [1,2,3,12]. The idea that an
isolated carbon (Cy) is the responsible defect was initially
rejected by theorists because the DFT calculations predicted
that the Cy is a shallow acceptor [8]. However, recent first-
principles calculations, which employed a more sophisticated
hybrid density functional theory [13], indicate that the Cy is
in fact a deep acceptor with the —/0 transition level at 0.9 eV,
in excellent agreement with the YL band parameters [14].

One remaining problem is that, according to the calcula-
tions, the Cy defect is also expected to have another transition
level: the 0/+ level at about 0.4 eV above the valence-band
maximum [15,16]. Recombination of an electron from the
conduction band (or from shallow donors at low temperatures)
with a hole at the 0/+ level of the Cy is expected to cause a PL
band in the green or blue region of the PL spectrum [15,16].
In particular, for n-type GaN, transitions via the 0/+ level
may become noticeable at high excitation intensities after
the Cy acceptors are saturated with photogenerated holes,
which would then pave the way for them to capture a second
hole to become CyT. At low excitation intensities (before
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the “primary” YLI band is saturated), the intensity of this
“secondary” PL band is expected to increase quadratically
with the excitation intensity.

A green luminescence band (GL1) with a maximum at
2.40 eV was previously suggested to be a promising candidate
for the secondary band due to its near-quadratic excitation
intensity dependence [17,18]. However, after careful analyses
of a large number of GaN samples we found no consistent
correlation between the YL1 and GL1 bands. Moreover, the
YL1 band is typically very strong in MOVPE-grown GaN
contaminated with C due to growth conditions, and these
samples never reveal the GL1 band. In contrast, the GL1 band
is observed in HVPE-grown GaN in which the concentration
of C is typically very low.

The quest for the source of the secondary PL band for the
Cx acceptor has so far been unsuccessful. Although Lyons
et al. [16] proposed that the blue luminescence band observed
in C-doped GaN [19,20] is due to electron transitions from
the conduction band to the Cx™ defect, we show in Secs. III F
and IV C that the blue band observed in those experiments has
a different origin. One should note that several types of defects
could cause similar PL bands; therefore, careful analysis of PL
data is imperative to be able to pinpoint a specific defect. In
particular, the BL1 band with a maximum at 2.9 eV is related
to the Zng, acceptor [21], and the BL2 band with a maximum
at 3.0 eV is caused by carbon-hydrogen complexes [22].

In this paper, we present fairly plausible evidence that a
new PL band with a maximum at 2.9 eV in C-doped GaN
(called hereafter the BL band) is the sought secondary PL
band of the Cy defect.

II. EXPERIMENTAL DETAILS

A. Samples

We investigated in detail PL. from eight GaN samples
doped with C and nine GaN samples codoped with C and
Si. The samples were grown by the MOVPE method at the
Institut fiir Physik, Magdeburg, Germany. High-purity diluted
propane and silane were used for carbon and silicon doping,
respectively. Other details of these samples, including growth
conditions and the results of initial characterization, can be
found in Ref. [23]. For nine samples, the concentration of
carbon [C] exceeds the concentration of silicon [Si] according
to secondary-ion mass-spectrometry (SIMS) analyses, and the
samples are semi-insulating (SI). For the other eight samples,
[C] < [Si] from the SIMS data, and the Hall-effect measure-
ments show high concentrations of free electrons (nyp = 4 X
10'7-6 x 10'8 cm™?), which are approximately equal to the
difference [Si] — [C] (Fig. 1). The samples from this second
group are degenerate, n-type GaN, because the concentration
of Si exceeds 10!8 cm—3, even though the concentration of free
electrons is lower than 10'® cm ™3 in some of these samples.

From the fact that ny ~ [Si] — [C] in GaN:C,Si samples
and that ny could not be measured for samples doped with
only C, we conclude that the majority of carbon atoms are
deep acceptors (Si atoms act as shallow donors). Moreover,
this also indicates that the concentration of donors other than
Sig, (such as Oy) is negligible in the GaN:C,Si samples, and
that the concentration of residual Sig, donors is relatively low
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FIG. 1. The concentration of free electrons determined from
Hall-effect measurements as a function of the difference between
the concentrations of Si and C atoms determined from SIMS mea-
surements for GaN:C and GaN:C,Si samples. Two semi-insulating
GaN:C samples with [C] — [Si] > 10" cm™ and no &~ 0 are not
shown in the figure.

in GaN:C samples. These conclusions are supported by the
SIMS analysis of undoped reference samples, where [Si] <
10" cm=3 and [O] < 10'7 cm~3. The dependence shown in
Fig. 1 also strongly supports the assumption that the majority
of the C atoms in the studied samples are in the form of the
Cn acceptors, and only a small fraction of carbon atoms may
be in the form of the CyOy and CnSig, complexes, which are
deep donors.

Table I summarizes the parameters of representative sam-
ples studied in more detail. These are three n-type GaN
samples codoped with C and Si and having different concen-
trations of free electrons and one semi-insulating GaN sample
doped with C (MD91). Additionally, two MOVPE GaN sam-
ples grown at other facilities are included. The undoped GaN
sample (EM1256), containing small amounts of C and Si, was
grown at EMCORE Corp. [24] and studied in several works
[5,6,15,17]. The Si-doped GaN sample cvd3540 was grown
by MOVPE at Virginia Commonwealth University.

B. Photoluminescence measurements

Steady-state PL (SSPL) was excited with an unfocused
He-Cd laser (30 mW, 325 nm), dispersed by a 1200 rules/mm
grating in a 0.3-m monochromator and detected by a cooled
photomultiplier tube. Calibrated neutral-density filters were
used to attenuate the excitation power density (Pexc) over
the range of 1077-0.2W/cm?. For high excitation power
densities, up to 200 W/cmz, the laser beam was focused onto
a ~0.1-mm-diameter spot. A closed-cycle optical cryostat
was used for temperatures between 15 and 320 K, and a
high-temperature optical cryostat was used for temperatures
between 150 and 700 K.
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TABLE I. Parameters of GaN samples. nyr; is the absolute quantum efficiency of the YL1 band; C,4; and Cp4, are the hole-capture
coefficients for the Cy defect in the 1— and O charge states, respectively.

Sample number no (cm™3) [Si] (cm™3) [C] (cm™) NyL1 Cpa1/Cpaz
MD33 9.7x10"7 1.5 x 10" 6.0 x 1077 0.85+0.1 3500
MD42 7.5%10" 1.4 x 10" 7.0 x 10" 0.8+0.1 3000
MD45 3.8x10" 6.0 x 10'8 2.0 x 10'8 0.6+0.2 ~2000
MD91 <10 1.6 x 10'8 ~0.05

EM1256 2x10'° 3 x 10'6 4 x 10'° 0.1-0.2 3000
cvd3540 5%10" 0.54+0.2 1800

All the samples were measured under identical conditions,
and the PL spectra were corrected for the spectral response of
the measurement system. First, a correction function has been
found by comparing the measured spectrum of a calibrated
tungsten lamp with the known spectral irradiance of this
lamp (in units proportional to milliwatts per nanometer) as
a function of light wavelength A. Then, the measured PL
spectra, IP“()), were multiplied by A* in order to plot the
spectra in units proportional to the number of emitted photons
as a function of photon energy [A” arises from conversion
of the IP~(1) dependence to the I™"(/iw) dependence [25],
and additional factor A arises from conversion of milliwatts to
number of photons]. This last step was omitted in our previous
publications and apparently in publications by other authors in
the nitride community. As a result, the position of the YLI1
band maximum reported previously (2.20 eV at 15 K and
2.22 eV at 50 K for unstrained GaN layers) [6] will redshift
by 03.04—0.05 eV after multiplication of the PL spectrum
by A°.

The absolute internal quantum efficiency of the PL, 7,
is defined as n = I™/G, where I'" is the PL intensity (in
number of photons from a particular PL band emitted from
a unit volume per unit time) and G is the concentration of
electron-hole pairs created by the laser per second in the same
volume. To find 5 for a particular PL. band, we analyzed
temperature dependences of PL intensities in the temperature
region where a PL band with very high 7 is quenched or, in
case of low n, compared PL intensity integrated over the PL
band with the integrated PL intensity obtained from calibrated
GaN samples [26,27], as explained in Sec. III B.

The time-resolved PL (TRPL) was excited with a pulsed ni-
trogen laser (pulses with duration of 1 ns, repetition frequency
of 6 Hz, and photon energy of 3.68 eV) and analyzed with
a digital oscilloscope. The photon flux during the pulse, Py,
was varied between 5 x 102 and 5 x 10?* cm~2s~! by using
neutral density filters. At each of the photon energies, the PL
transient was measured (10 000 data points) by averaging the
signal for 1-3 min. The signal measured before arrival of the
pulse was considered the baseline and subtracted to allow for
the PL decay to be analyzed over two to three orders of mag-
nitude in intensity and time. The TRPL spectra were obtained
from these transients at selected time delays. The stability
of the signal was validated by measuring the PL decay at a
characteristic photon energy (usually at the band maximum)
before and after the PL spectrum measurement. Faster PL
transients were measured using 266-nm excitation from a
frequency tripled femtosecond Ti:sapphire laser (2 W /cm?,
repetition rate tuned from 8 to 80 MHz using a pulse picker)

and a Hamamatsu streak camera with 25-ps resolution in the
photon counting mode.

III. RESULTS

A. Photoluminescence at low excitation intensity

The SSPL spectrum at low excitation intensity for one
of the conductive n-type GaN:C,Si samples is shown in
Fig. 2. The near-band-edge (NBE) emission has a maximum
at 3.486 eV, and it is attributed to annihilation of excitons
bound to shallow Sig, donors. The peak is shifted to higher
energies by about 15 meV as compared to bulk GaN due to
compressive strain in the GaN layer. A very weak ultraviolet
luminescence (UVL) band is observed with the strongest peak
at 3.282 eV. The main feature in the PL spectrum is the yellow
luminescence (YL1) band with a maximum at ~2.2eV. A
careful analysis of its high-energy side, similar to that reported
in Ref. [6], reveals the ZPL at 2.59-2.60 eV. To analyze the
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FIG. 2. Normalized PL spectrum from sample MD42 at T =
18 K. The thick dotted line is the SSPL spectrum taken at P =
0.013 W/cm? with an unfocused laser beam. The filled circles rep-
resent the TRPL spectrum taken at 107> s after a laser pulse with
Py =5 x 102 cm~2s~! during the 1-ns pulse. The abrupt cutoff of
the YL1 band at 2.6 eV agrees with the ZPL position. The dashed
line is calculated using Eq. (1) with the following parameters: Ey* =
2.665eV, hwy =2.17¢V, and S, =7.7. The NBE peak is at
3.486 eV.
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shape of the YL1 band, we used the following expression
obtained using a one-dimensional configuration coordinate
model [28]:

2

Ey*—h
[P (liw) = 1™ (Tiwoma) exp |25, ,/%—1 ()
F

Here, S, is the Huang-Rhys factor for the excited state
(when a hole is bound to the acceptor), Apc = Eo* — fiwmay 1S
the Franck Condon shift, i and fiwg,y are the photon energy
and position of the band maximum, respectively, E¢* = Eq +
0.572, Ey is the ZPL energy, and /<2 is the energy of the
dominant phonon mode in the excited state.

The shape of the YL1 band remains the same in different
samples, both in SSPL and TRPL measurements (Fig. 2).
The YL1 band maximum and its ZPL redshift by about
30 meV with decreasing excitation power density from 0.2
to 107*W/cm?. In some n-type GaN samples with high
concentration of Si, the YL1 band maximum redshifted by
more than 50 meV and the full width at half maximum
increased by 30 meV with decreasing excitation intensity.
This shift is much larger than the shift of the YL1 band in GaN
samples with very low concentration of impurities (6 meV for
undoped GaN) [6]. The small shift in high-purity samples
can be explained by the donor-acceptor pair (DAP) nature
of transitions that cause the YL1 band at low temperature,
namely, transitions from a shallow donor to a deep acceptor
[29]. The relatively large shift in GaN samples codoped with
Si and C can be attributed to moderate potential fluctuations
in a heavily doped semiconductor [30].

B. Absolute internal quantum efficiency of photoluminescence

For samples with very high internal quantum efficiency
of PL, the absolute value of n for a particular PL band
can be found with high accuracy with a method based on
detailed analysis of PL and fitting it with a rate-equations
model [26,27]. Note that this method also provides the ab-
solute efficiency of nonradiative recombination, despite the
fact that it is not directly observed in PL experiments. An
example of finding n for sample MD42 is illustrated in Fig. 3,
where the temperature dependences of PL are analyzed in the
temperature region where the YL1 band is quenched. When
the YL1 band is quenched due to escape of holes from the
Cy acceptor to the valence band, these holes are redistributed
among the other recombination channels, and intensities of
all PL bands (as well as the nonradiative recombination ef-
ficiency) rise accordingly. The stepwise rise by a factor of
R in the temperature dependence is uniquely related to the
absolute internal quantum efficiency of the YL1 band before
quenching, nyr,0 [26,27,31]:

R—-1

nYL1,0 = T )

For two INBE(T') dependences shown in Fig. 3, R = 5 and
8, which results in nyr1.0 = 0.80-0.88. The fit of the INBE(T)
dependences with Eq. (17) from Ref. [27] is shown with thin
solid lines in Fig. 3. Quenching of the YL1 band is fitted
with the following expression (shown with thick light green
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FIG. 3. Temperature dependence of the internal quantum ef-
ficiency of PL in GaN:C,Si sample MD42. P =0.11 and
0.0006 W /cm?, as indicated in the legend. The data for the NBE band
are multiplied by a factor of 20. The NBE band efficiency nygg o de-
creases with increasing temperature up to ~500 K. The extrapolation
of this trend to higher temperatures is shown with dashed and dotted
lines for two excitation intensities. The YL1 band is quenched and
the NBE band rises concurrently at 7 > 500 K. From the value of the
step R in this dependence, the YL1 band efficiency at temperatures
before the quenching can be estimated. The thick solid green line is a
fit using Eq. (3) with the following parameters: ny;; 0 = 0.88, g = 2,
TyLr = 100 us, Cpar = 3 x 1077 cm?®/s, E4; = 840 meV.

line) [26]:

IYEN(T) _ nyLi(T)
IYEL(0) MYL1,0

_ 1
14+ (1 = nyL1,0)tyLiCpai Nyg~' exp (—%)
3)

Here, IYL!(T) and 1YY1(0) are the integrated YL1 band
intensities at a given temperature and in the limit of low tem-
peratures, nypi(7T) and nyr;,o are the corresponding internal
quantum efficiencies, tyr; is the PL lifetime of the YL1 band
at temperatures before its quenching, C 4 is the hole-capture
coefficient for the YLI1-related defect, N, is the effective
density of states in the valence band, E4; is the energy of
the —/0 transition level with respect to the valence-band
maximum, and k is Boltzmann’s constant. Deviations of the
experimental dependence from the theoretical dependence
at T ~ 400-600K can be explained by the spread of PL
lifetimes as will be discussed in Sec. III D.

The absolute internal quantum efficiency of the YL1 band
is proportional to its integrated intensity. The proportionality
factor A includes the light extraction efficiency that may be
different for different samples [32]. In order to determine
the proportionality factor more reliably, we compared the
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FIG. 4. The SSPL spectra for GaN codoped with C and Si
(sample MD42) at low and high excitation intensity (both obtained
with a focused laser beam) at 7 = 18 K. The PL intensity is divided
by the excitation intensity for convenience of comparison. The
dashed lines are calculated using Eq. (1) with the following param-
eters: I™ (Awma) = 4.1 x 108, S, = 7.4, Ey* =2.69eV, hwmx =
2.19eV (for the YL1 band) and I™* (wmay) = 2.65 x 107, S, = 2.7,
Ey* =3.2€eV, hopy = 2.87€V (for the BL band).

absolute internal quantum efficiency with the integrated PL
intensity for four GaN:C,Si samples exhibiting n > 0.6 for
which the step R in the temperature dependence (Fig. 3) could
be reliably determined. The obtained factor A was similar to
that obtained from other “calibration” samples (GaN:Zn,Si
exhibiting strong BL1 band and GaN:Mg exhibiting strong
UVL band). The standard deviation of A in a set of seven
calibration samples was about 20%. The factor A was used to
estimate the absolute internal quantum efficiency of PL for all
other samples where no steps in the temperature dependence
of PL intensity could be observed because of low quantum
efficiency.

C. Steady-state photoluminescence at high excitation intensities

At excitation intensities, sufficiently high for the YL1 band
intensity to saturate, a new PL band, which is labeled as
the BLc band, emerges at higher photon energies (Fig. 4).
Saturation of the YL1 intensity begins at about 0.1 W /cm?,
whereas no saturation of the BL¢ band (no decrease of the
BL efficiency) is observed up to 200 W /cm? (Fig. 5). The
BL band has a maximum at Ziwm.x =~ 2.9eV and can be
fitted using Eq. (1) with S, = 2.7 and Ey* = 3.2eV (Fig. 4).
Although the position and shape of the BL¢ band are similar
to those of the BL1 band attributed to the Zng, (Awmx =
2.9eV, S, =3.0, and Ey* =3.17eV) [33], we will show
below that these bands originate from different defects.

Let us consider two defects, A1 and A2, which cause
two PL bands with intensities /7" and IJ™ at low exci-
tation intensities (when the defects are not saturated with
photogenerated holes) in an n-type semiconductor with

P (W/cm?)
exc

10" 10° 10% 10" 10° 10" 10?
[T T T T T T T ]
10° =0 © 0 O & n E
E v w0 ) 1 3
-~ | O YL1(MD42) og X ]
210'L e BL¢(MD42) o Vv
o £ c A
g [ 4 YL1(MD33) o 1
& [ A BLc(MD33) ©
E10% o vi1 (MD45) E
S [ ® BLc(MD45) ]
g2 ¥ YL1(MD47) 1, os
g [ V¥ BLc(MD47) °i :
I (] 2 vV ]
10™L 2 A 1 v _
E i v V¥ v E
L vovvvnd vl vl vl v vl vl v vl

10" 10® 10*" 10%2 10%® 10* 10® 10%
G(cm'3s'1)

FIG. 5. PL quantum efficiency of the YL1 () and BL¢ (1)
bands in GaN:C,Si samples at 18 K as a function of excitation
intensity. Note that error bars are about £30%.

equilibrium concentration of free electrons ny. By using a
phenomenological model with several recombination chan-
nels, including radiative and nonradiative defects [1,26], we
can express ITF and I as

IT" =1G = Coai N no = Cpai Ny p )

and

LY =G = CoaaN3yn9 = CpaaNy, p, 5)

where 1, and 1, are the absolute internal quantum efficiencies
of the two PL bands, G is the electron-hole pair generation
rate, p is the concentration of photogenerated holes, N§, and
N,; are the concentration of bound holes at defects i and
the total concentration of these defects, respectively, and Cj, 4;
and C,,; are the capture coefficients for electrons and holes,
respectively, by defect i. In Eqgs. (4) and (5), we assume
that the defects are not saturated with photogenerated holes
(Ngl. & Ny;). After dividing Eq. (4) by Eq. (5), we obtain

m _ CpnN
L P A2 . (6)
M CpaiNy,

With increasing G, IF™ increases linearly until the defects

of type i become saturated with photogenerated holes, after
which Il.PL does not increase according to the simple model.
In this model [26], electron-hole pairs are generated uniformly
in a volume with effective thickness d = a~! near the sample
surface, where « is the absorption coefficient of GaN at the
photon energy of the HeCd laser (a ~ 10° cm™"). The critical
generation rates, Go; and G, at which the linear rises for the
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TABLE II. The capture coefficients for defects responsible for
major defect-related PL bands in GaN.

PL band Coa (cm?/s) Cpa (cm?/s)

UVL (3.24+0.3) x 10712 (1.04+£0.3) x 107
BL1 (6.8 +0.7) x 10-13 4.9+1.4)x 1077
BL¢ ~1x10°° ~1 x 10°10
YLI (1.140.1) x 10~ (.74 1.6) x 1077
RLI (43 40.4) x 1014 2.9+ 0.7) x 10~

two PL bands change into a complete saturation, can be found
from Eqgs. (4) and (5) as

Crha1 Ny ng

Go = @)
m
and
CoaoN
Goy = Snazl¥apMo 8)
n2
The ratio Go; /G, can be found from Egs. (6)—(8) as
Gor _ CaaiCpaz ©)

Go CunaCpar

The parameters C,4; and Cpu; are deduced from exper-
imental data for the main PL bands in GaN and listed in
Table I1[1,32,33]. In addition to the PL bands discussed in this
paper, the RL1 band with a maximum at 1.8 eV is included,
because for all these bands PL is caused by electron transitions
from the conduction band (at elevated temperatures) to defect
levels. Other PL bands, such as RL2, RL3, GL1, GL2, and
BL2, are caused by internal transitions (i.e., from an excited
state to the ground state of the same defect) [18,28,33,51]. In
case of such internal transition, the electron has already been
captured by the defect prior to the optical transition, and the
value of C, 4; cannot be extracted from the PL lifetime.

By using Eq. (9) and the data from Table II, we find
that the Gg,/Go, ratios for the UVL, BLI, YLI, and
RL1 bands are not more than an order of magnitude dif-
ferent from unity. For example, Go(UVL)/Go(BL1) = 2.3
and Go(BL1)/Go(YL1) =4.7. This means that saturation
of these PL bands should begin at about the same exci-
tation intensity (within an order of magnitude), which is
confirmed experimentally [32,34]. In striking contrast, the
Go(BL¢)/Go(YL1) ratio is at least 103-10%, as can be seen
from Fig. 5. This indicates that the defect responsible for
the BL¢ band has a small hole-capture cross section and a
large electron-capture cross section as compared to acceptors
responsible for the dominant PL bands in GaN, including the
BL1 band. Thus, the BL and BL1 are clearly not the same
PL band in nature, as could be erroneously concluded from
observing similar PL band positions and shapes. Moreover,
we conclude that the BL band is an excellent candidate for
the long-sought secondary PL band of the Cy defect, as will
be justified below.

Indeed, at low excitation intensities, most of the Cy ac-
ceptors are filled with electrons (Cx™) in n-type GaN:C,Si.
After a Cy~ acceptor captures a photogenerated hole from the

valence band, it becomes neutral (Cy°). The capture of the
hole is very fast (large Cp41), because of Coulomb attraction
between the negatively charged acceptor and a positively
charged hole. The fast capture of holes is responsible for
high quantum efficiency of the associated YL1 band, n; [see
Eq. (4)]. The YL1 band is caused by transitions of electrons
from the conduction band to the —/0 level of the Cy defects
at elevated temperatures (7 > 50 K). This transition is “slow”
(small C, 41), because the electrons are captured by a neutral
defect, and the PL lifetime is inversely proportional to C, 41
and ng. With increasing excitation intensity in SSPL, the
concentration of the Cy defects with bound holes increases
and eventually all the Cy defects become saturated with
photogenerated holes (Cn® &~ Cy) at G = Gy;. The capture
of a second hole by the Cy defect in a neutral charge state,
resulting in conversion of CyY into Cn*, should be slow
(small Cp4»). Finally, the radiative recombination of a free
electron with one of the holes at the Cy™ is expected to be
very fast (large C,,42) due to its attractive character. Thus, we
propose that the electron transition from the conduction band
to the 0/+ level of the Cy defect causes the BL¢ band. The
quantum efficiency of the BL¢ band is very low (17; < 1),
because C,42 < Cpai, and the BL¢ lifetime is very short,
because C, 42 > Cya1. The Cp4o for the new PL band can
be found from rate equations similar to Eqs. (4) and (5) with
Nai = Ny as

CpAZQJR@CpAl’ (10)
m

where 1, should be taken for G < Gy, and 1, should be taken
for Go; < G < Ggp. The factor R appears because the quan-
tum efficiency of the YL1 band decreases due to saturation
of the Cy defects with holes, while efficiencies of all other
PL bands (as well as nonradiative recombination efficiency)
increase by a factor of R for Gg; < G < G(p, very similar to
the increase of the NBE intensity in Zn-doped GaN samples
[27]. According to the data shown in Fig. 5, n;/n, =~ 400.
With Cpa; = 3.7 x 1077 ¢cm?/s for the YL1 band, and R ~
5-8 for this sample, we estimate C 42 ~ 1 x 1071°cm?3/s for
the BL band.

We observed the BL. band emerging at high excitation
intensities in all eight conductive, n-type GaN:C,Si samples
discussed in this paper. In some samples, the Cp,41/Cpa2
ratio was close to 500; in others it was larger (1000-2000),
because the BL¢ efficiency has not reached saturation (i.e.,
G < Go) (Fig. 5). At G < Gy, the BL¢ intensity is expected
to increase superlinearly with excitation intensity, because in
this excitation region the probability that two holes will be
captured by a particular defect in time shorter than the PL
lifetime is proportional to the square of the excitation intensity
[35]. We can see that the quantum efficiency of the BL band
is very low at G < G, where the quantum efficiency of the
YL1 band is high and constant. At G > Gy, the YL1 band
efficiency decreases with excitation intensity, while the BL¢
band efficiency reaches its maximum.

We now address the question why the BL. band has
not been discovered earlier. The reason is that this emission
is very weak in typical conditions used for PL measure-
ments. Moreover, in less pure samples or samples with low
concentrations of C, it can be obscured by stronger PL bands
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FIG. 6. The SSPL spectra for undoped GaN (sample EM1256)
at low and high excitation intensity at 7 = 100 K. The PL intensity
is divided by the excitation intensity for convenience of comparison.
The lines are calculated using Eq. (1) with the following parame-
ters: I™F (Rwmay) = 3.8 x 10°and 9 x 10°, S, = 7.4, Ey* = 2.68¢V,
Hwmax = 2.17eV (for the YLI1 band) and I™F (Fwpm.) = 1.35 x 10°,
S, =2.7,Ey* =3.18¢€V, liwn, = 2.84 €V (for the BL¢ band).

such as the UVL, BL1, or exciton emission. In n-type GaN
samples discussed in this paper, the UVL band is very weak
(Fig. 2) due to low contamination with Mg. By using the
approach described in Ref. [32], we estimate that the concen-
tration of Mg (responsible for the UVL band) is about 2 x
10" cm~3 in sample MD42, and the concentration of Zn (re-
sponsible for the BL1 band) is lower than 2 x 10'*cm ™. In
semi-insulating GaN, the carbon-hydrogen complex-related
BL2 band [22] covers the BL¢ band, as described in Sec. III F.

Nevertheless, we were able to find the BL¢ band in sam-
ples where it was not noticed initially. Previously, we investi-
gated an undoped GaN sample contaminated with C (sample
EM1256 with [C] =3 x 10'°cm™3, np =2 x 10°cm =3 at
room temperature, and n; ~ 0.2) [15,17]. From the fact that
no secondary PL band emerged after the YL1 band quenched
(Fig. 2 in Ref. [17]) we concluded that the YL1 band was
caused by the CyOn complex, for which the secondary band
was not expected. However, as part of the current study,
we performed the measurements on the same sample again
but at notably higher excitation intensities obtained with a
focused laser beam and at elevated temperatures to reduce
the contribution of the NBE band. Doing so revealed the BL¢
band at high excitation intensities (Fig. 6). This band cannot
be the BL1 band because its saturation does not begin even at
the highest excitation intensity.

From relative efficiencies of the YL1 band (at P =
0.0002 W/cmz) and the BL¢ band (at P = 100W/cm2)
we estimate 1,/n; &~ 0.0003, which agrees with the above-
mentioned Cpar ~ 1 x 107'%cm?/s. Similar results were

obtained for Si-doped GaN sample cvd3540 (Table I), for
which the BL. band was also overlooked in the earlier
preliminary study [6]. From the fact that no saturation of
the BLo band is observed at high excitation intensities,
we expect that the PL lifetime for the BLy band is much
shorter than that for the dominant defect-related PL bands in
GaN. To verify this prediction, we conducted TRPL measure-
ments by using two different setups (Sec. II B), as discussed
below.

D. Time-resolved photoluminescence excited
with a nitrogen laser

The room-temperature YL1 intensity transients after laser
pulses at several excitation intensities (Py =5 x 10205 x
103 cm~2s7!) are shown in Fig. 7(a). At lower temperatures
(not shown), down to 18 K, the PL decays are very similar to
the room-temperature data. The decays in Fig. 7(a) are not
exponential, indicating the presence of diagonal transitions
that may be caused by potential fluctuations or electric field in
the near-surface depletion region. In this case, the effective PL
lifetime, T* can be defined as a characteristic time for which
the product of PL intensity /P%(¢) and time ¢ has a maximum
[36,37]. As can be seen from Fig. 7(b), with increasing Py
from 5 x 1029 to 5 x 1083 cm~2s~!, t* decreases from ~200
to 25 us.

Such behavior of the PL data can be attributed to potential
fluctuations in a heavily doped semiconductor rather than
just to DAP transitions. In undoped GaN, the decay of the
YL1 band is nearly exponential at room temperature, and
the PL lifetime is inversely proportional to the concentra-
tion of free electrons [33]. For the concentration of free
electrons ng = 7.5 x 107 cm™3, obtained for sample MD42
from Hall-effect measurements, the PL lifetime for transi-
tions from the conduction band to the YL1 defect should
be

1

T =
noCrai

~ 12 s, (11)

where Cp4y = 1.1 x 10713 cm3/s is the electron-capture co-
efficient for the YL1 defect [33]. With increasing excita-
tion intensity, potential fluctuations are screened, and t* ap-
proaches 1.

The TRPL spectra taken at different time delays at room
temperature are shown in Fig. 8, where they are compared
with SSPL spectra. For very short time delays, about 1-10 ns,
the BL¢ band can be observed, for which the decay is very
fast. The decay of the YL1 band begins only after 1-us delay.

The TRPL spectra at T = 18 K are shown in Fig. 9. The
shapes of the BLy band in TRPL and SSPL spectra are
similar. Low time resolution (~10ns) of our TRPL setup
with a nitrogen pulse laser does not allow a detailed analysis
of fast decays of the BL¢ band. In order to resolve this
problem, additional time-resolved measurements were con-
ducted using a femtosecond Ti-sapphire laser and a streak
camera, the data for which are discussed in the following
section.
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100th point. The solid curve is the exponential decay with the characteristic time 7; = 12 us.

E. Time-resolved photoluminescence excited
with a Ti-sapphire laser

The decays of the BL¢ band after excitation with the fem-
tosecond Ti-sapphire laser at 7 = 15K are shown in Fig. 10.
The decays can be fitted with the following monoexponential

law:
LY(t) = (0)exp (—t/12), (12)

where 1, is the BL¢ lifetime. The exponential decay of PL
in an n-type semiconductor can be observed in two cases: (i)

10% | | |
F T=295K
4
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FIG. 8. PL spectra from GaN:C,Si (sample MD42) at T =
295 K. The symbols show the TRPL spectra at different time de-
lays between 107 and 107> s. The SSPL spectra at P, = 150 and
0.025 W/cm?, shown with the solid and dashed lines, respectively,
are arbitrarily shifted vertically to match the TRPL spectrum of the
YLI1 band.

for transitions from the conduction band to a defect level [37]
and (ii) for internal transitions, i.e., for transitions from an
excited state to the ground state of the same defect [18]. In the
first case (e-A-type transitions), the PL lifetime is inversely
proportional to the concentration of free electrons:

1
9
noCra2
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FIG. 9. Comparison of SSPL (P.,. = 150 W/cm?) and TRPL
(at indicated time delays) spectra for GaN:C,Si (sample MD42) at
T = 18K. The SSPL and TRPL (1 ns) spectra are normalized at
the maximum of the BL band. The dashed lines are calculated
using Eq. (1) with the following parameters: I™*(fiwpay) = 12.4,
S, =74, Ey" =2.69€eV, hwn = 2.185eV (for the YL1 band) and
IPY (wmey) = 1, S, = 2.7, Eg* = 3.16eV, hwmy = 2.83eV (for the
BL( band).
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FIG. 10. PL transients for n-type GaN samples at 7 = 15K
and hw =2.9eV. Every 3rd point is shown. The lines are fits
using Eq. (12) with the following parameters: 7, = 0.27 ns (sam-
ple MD45), 7, =0.72ns (sample MD42), 1, = 1.32ns (sample
EM1256).

whereas in the second case the PL lifetime is independent
of ng. For the BL, band, the PL lifetime of the BLc band
for sample MD45 (1, = 0.27 ns) is about three times shorter
than that for sample MD42 (t, = 0.72ns). This roughly
agrees with Hall effect measurements, according to which the
room-temperature concentration of free electrons in sample
MD45 (ng = 3.8 x 10" cm™3) is five times higher than in
sample MD42 (ny = 7.5 x 10'7 cm™3). However, for sample
EM1256 with a free-electron concentration two orders of
magnitude lower than that for the GaN:C,Si samples (Table I),
an exponential decay of the BL¢ band is observed with the
lifetime of 7, = 1.32 ns, which is much shorter than expected
from Eq. (13). The decay time for this sample increased only
slightly with temperature, from 1.32 ns at 15 K to 1.67 ns at
100-150 K.

To explain this apparent disagreement, we suggest that
transitions via an excited state and directly from the con-
duction band compete with each other (Fig. 11). The excited
hydrogenlike state originates from Coulomb potential of the
positively charged Cy. The characteristic time, 7., for the
capture of free electrons by this state is very short, since it
is expected to behave as a giant trap. The internal transition
from this state to the ground state 0/+ has a characteristic
time 7y, which is independent of ny and nearly independent
of temperature. A competing recombination channel is that
of an electron transition from the conduction band directly to
the ground state O/+ with the characteristic time t,4,. For
the former channel, the PL will decay after a pulse with a
characteristic time approximately equal to the longer of t,
and 1o when the difference between the two is large [18]. On
the other hand, both of these channels act in parallel, and the
fastest channel would dominate (the DAP-type transition can
be ignored, being much slower). Thus, the overall PL lifetime,

\ n, \
D __ Y.

BL,

YL1

G

/0 —

Ill = 0/+
1 p 1

FIG. 11. Schematic band diagram showing the main transitions
in GaN:C,Si. The upward arrow, G, shows the band-to-band excita-
tion. The solid and dashed arrows show the transitions of electrons
and holes, respectively. The YL1 band is caused by transitions of
electrons from shallow donor levels, D, or from the conduction band
to the —/0 level of the Cy defect. The BL band is caused by electron
transitions from the conduction band, shallow donors, or from an
excited state (depicted as the dashed horizontal bar) to the 0/+ level
of the Cy.

75, measured in TRPL experiments can be found from the
following expression:

1 1 1
— & + .
‘Ce+7:0

(14)
T2 TeA2

In samples with low concentration of free electrons
(such as EM1256), t.42 > 19 > 7., and 17, =~ 1. In samples
with high concentration of free electrons, 1y > t., T.42, and
T2 ~ TeA2-

An alternative explanation of the very fast PL and a moder-
ate dependence of the PL lifetime on ng for the BL¢ band can
also be offered. It is possible that e-A transitions for the BL¢
band are much slower than 1 ns, and we observe only internal
transitions with 1, &~ 7y. The decrease of 7( in samples with
high concentrations of C and Si can be explained in this case
by the energy transfer, i.e., photon reabsorption when PL
emission band overlaps with the absorption band of another
defect [38]. Indeed, not only ny is the highest in sample MD45
among analyzed samples, but also the concentrations of C
and Si (Table I). A similar effect was previously observed for
internal transitions in the N3 center in diamond [39]. The PL
from internal transitions in the N3 center decreased from 41 to
18 ns with increasing concentration of pairs of nitrogen atoms
in different samples.

We analyzed TRPL at different temperatures, excitation in-
tensities, and photon energies. The PL lifetimes were indepen-
dent of excitation power density (between 0.2 and 2 W /cm?)
and photon energy (between 2.7 and 3.0 eV) and showed
almost no variation with temperature (z, = 0.72, 0.25, and
132 ns at T = 15K and 17, =0.76, 0.27, and 1.67 ns at
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FIG. 12. Time-integrated (within 10 ns starting with the excita-
tion pulse) PL spectra for n-type GaN:C,Si samples at 7 = 15 K.

T = 150K for samples MD42, MD45, and EM1256, respec-
tively). The lack of discernable temperature dependence of 1,
in samples MD42 and MD45 is explained by the fact that both
samples are degenerate, and the concentration of electrons
does not change with temperature. For sample EM 1256, the
weak temperature dependence of t, may follow the tempera-
ture dependence of 1.

In analyses of PL decays, it is important to ensure that the
decay in question corresponds to a particular PL band. The
time-integrated PL spectra at T = 15K for selected samples
are shown in Fig. 12. These spectra support the assertion
that the emission with 7, & 0.72 ns (sample MD42), 0.25 ns
(MD45), and 1.32 ns (EM1256) belongs to the BL band with
a maximum at about 2.9 eV. Finally, we can estimate from
Egs. (13) and (14) that C,, 4, &~ 1 x 10~ cm?/s.

F. Photoluminescence in semi-insulating GaN:C

All the GaN samples in this paper for which [C] > [Si]
are semi-insulating (Fig. 1). Because the difference between
[C] and [Si] in the majority of these samples greatly exceeds
the typical concentrations of unintentionally introduced point
defects, it is safe to assume that the concentration of shallow
donors (Sig,) and other unintentional donors (including Oy) is
much smaller than the concentration of Cy acceptors. In this
case, the Fermi level is close to the —/0 level of Cy, and a
significant portion of the Cy acceptors is in the neutral charge
state in dark.

In SSPL spectra of all these samples, two defect-related
bands were observed, namely, the YL1 and BL2 bands.
The BL2 band, with a maximum at 3.0 eV and the ZPL
at 3.33 eV, was previously attributed to a carbon-hydrogen
complex, either CxyOnH; or CyH; [22]. We will show below
that the CyH; is more likely. The characteristic feature of
the BL2 band is its bleaching under UV exposure. Namely,
the BL2 band intensity decreases with time, while the YL1
intensity rises simultaneously. Such behavior is explained by

PL intensity (rel. units)

1.5 2 25 3 3.5
Photon energy (eV)

FIG. 13. SSPL spectra for semi-insulating GaN:C (sample
MDOI1) at P, = 0.2 W/cm? and different temperatures.

photoinduced defect reaction in which the CyH; responsible
for the BL2 band dissociates, and remaining Cy causes the
YL1 band [22].

The CyH; defect is a very deep donor, with the 0/4 level at
about 0.15 eV above the valence-band maximum [22]. When
the Fermi level is near the —/0 level of the Cy (0.916 eV
above the valence band), all the CyH; donors are in the neutral
charge state. Then, only the donors with energy levels above
the — /0 level of the Cy (Sig, and Oy), with a total concentra-
tion Np, will compensate the Cy acceptors so that Ny~ ~ Np
and N,° ~ N4 — Np, where Ny is the concentration of the
isolated Cy defects: Ny = [Cy] = [C] — [CyH;]. Equations
(4) and (5) for this case will transform into

" =nG = Cpa1(Ngy — Np)n = C,a1Npp (15)

and

LY =mG = CysaNin = Cpa2(Na — Np)p, (16)

where N4V is the concentration of Cy ™ (Cy' <« Cy, because
it is difficult to saturate the Cn* defects with holes). After
dividing Eq. (15) by Eq. (16), we obtain

mo_ Cpa1Np
m  Cpar(Na— Np)

Thus, the relative contribution of the BL. band in the
PL spectrum (1,/n) is expected to be higher in these semi-
insulating samples than in conductive n-type GaN:C,Si sam-
ples if N4 > Np. More importantly, the BL. band with
relatively high quantum efficiency, 1, can be observed at an
arbitrarily low excitation intensity in this case, because the
relation (17) holds in the limit of low excitation intensities.

Figure 13 shows SSPL spectra from a representative semi-
insulating GaN:C sample at 18 and 200 K. At T = 18K, the

7)
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FIG. 14. TRPL spectra for semi-insulating GaN:C (sample MD91) at Py =5 x 102 cm~2s™'. (a) T = 18K. (b) T = 200K. Symbols
are TRPL spectra taken in identical conditions at different times after the nitrogen laser pulse. Solid lines are SSPL spectra arbitrary shifted

vertically to match a particular TRPL spectrum.

BL2 band with a maximum at 3.0 eV and the ZPL at 3.33 eV is
strong. No shift of the ZPL (within 0.2 meV) was observed
when the excitation intensity was varied by a factor of 1000.
The decay of the BL2 band after a laser pulse is nearly expo-
nential, with a characteristic lifetime of about 0.3 us. These
features indicate that the BL2 band is most likely caused by an
internal transition from an excited hydrogenlike state close to
the conduction band to a deep donor level located at 0.15 eV
above the valence band. As in other semi-insulating GaN:C
samples, the bleaching of the BL2 band under prolonged UV
illumination was accompanied by the rise of the YL1 band in
this sample. The BL2 band is quenched at temperatures above
70 K with the activation energy of 0.15-0.20 eV (not shown)
and completely disappears by 150-200 K.

Another blue band with a maximum at 2.9 eV can be seen
at T = 200K (Fig. 13). Previously, we attributed this band to
the Zng, acceptor (the BL1 band) [40]. We will show below
that in fact it is the BL band with the properties determined
above. With increasing Pey. from ~107 to 100 W /cm?,
the relative efficiency (I°"/P.y) of the BL¢ band gradually
increases, by one order of magnitude in the whole range. In
the same excitation intensity range, the YL1 band efficiency
decreases by a factor of 30. Such behavior agrees well with
the model proposed here.

The YLI1 band intensity is higher than that of the BL¢
band by about two orders of magnitude at low excitation
intensities. By using Eq. (17) with the capture coefficients
found from the analyses of conductive GaN:C,Si samples, we
estimate that N4 /Np = 10 in the GaN:C sample MD91. This
estimate agrees with our expectations that [Sig,] + [On] is
equal to or less than 10'7 cm™3 and [Cy] is equal to or less
than 10'® cm™ in this sample. TRPL data discussed below
support the assertion of PL features in these samples to the
BL and BL2 bands.

The TRPL spectra obtained from the semi-insulating
GaN:C sample are shown in Fig. 14. At T = 18K, the BL2
and YL1 bands are observed at relatively long time delays
after a laser pulse (1077-107%s). At very short time delays

(a few nanoseconds), it is difficult to resolve the BL2 and
BL¢ bands [Fig. 14(a)]. However, the BL band decays
very quickly, leaving the BL2 band alone by 10~7s. The
TRPL spectrum at this long time delay is identical to the
SSPL spectrum, including the ZPL at 3.33 eV [Fig. 14(a)].
The decay of the BL2 band is nearly exponential, with the
characteristic lifetime of about 200—400 ns. With increasing
temperature, the BL2 band is quenched and disappears, so that
only the BL¢ and YL1 bands can be observed at 7 = 200K
[Fig. 14(b)]. Another TRPL setup was used to analyze faster
transients, as discussed below.

Figure 15 shows the PL spectra obtained using 266-nm
excitation from the frequency tripled Ti-sapphire laser. The
PL decay at T = 15K is biexponential, which can be fitted
with the following expression:

IP(t) = BX(0)exp (—t/72) + ;=(0)exp (—t/13), (18)

with 7 = 2.47ns and 73 = 45ns. The fast and slow com-
ponents correspond to the BLo and BL2 bands, respec-
tively [41]. This attribution is confirmed by analysis of time-
integrated spectra at different time delays: the band maximum
shifts from ~2.9eV immediately after the excitation pulse
(t =0) to ~3.0eV at t = 10ns. The slow component could
be observed even after several hundred nanoseconds, in agree-
ment with results obtained with a nitrogen laser.

IV. DISCUSSION

In this section, we will discuss the properties of the Cy
defect and compare the experimental results with the results
of first-principles calculations. Identity of defects responsible
for the YL1, GL1, BL¢, and BL2 bands in undoped and C-
and Si-doped GaN grown by HVPE will also be discussed.

A. Concentration of defects responsible for the YL1 band

Our conclusions about the origin of the YL1 band were
mostly based so far on theoretical predictions and on compar-
ison of the electrical properties of samples with the SIMS data
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FIG. 15. TRPL at different temperatures obtained using a Ti-sapphire laser (excitation at 266 nm) for the semi-insulating GaN:C sample
(MDO91). (a) Time-integrated PL spectra. (b) PL transients near 2.95 eV. The decay at 15 K is fitted using Eq. (18) with 7, = 2.47 ns and

73 = 45ns.

(Fig. 1). However, the concentration of defects responsible for
the YL1 band can also be estimated from PL analysis and
compared with the SIMS data. Estimates of the concentrations
can be obtained independently from the SSPL and TRPL
dependences on excitation intensity [32,37], as will be shown
below.

The PL intensity from defects increases linearly with the
electron-hole generation rate G until the defects become
saturated with photogenerated holes. Both in SSPL and TRPL,
the linear dependence I™-(G) changes into a sublinear depen-
dence (often close to G'/2) above the characteristic generation
rate Go; (Fig. 16). In case of SSPL,

Ny

Go = , (19)
NioT1
whereas, in case of TRPL,
Ny
Go = , (20
niofL

where 7o is the absolute internal quantum efficiency of the
YL1 band in the limit of low excitation intensities, 7; is the
YL1 lifetime, N; is the concentration of defects responsible
for the YL1 band, and ¢, is the length of the laser pulse [37].

From the SSPL data [Fig. 16(a)], by taking 59 =
0.15, 7; = 0.4ms, and Gg; =2 x 10°cm 3 s~ for sam-
ple EM1256, we obtain N; ~ 10'°cm™, and with 1,9 =
0.8, 7, = 100 us, and Go; = 1 x 102 cm~3s~! for samples
MD33 and MD42 we obtain N; ~ 8 x 10" cm~3. The slope
of the I™(G) dependence at G > Gy is closer to linear for
samples MD33 and MD42 than for sample EM1256, which
can be explained by a gradual decrease of 7; with increasing
excitation intensity (Fig. 7). This may also affect the value
of Gy; (and N;) obtained from SSPL. From the TRPL data
[Fig. 16(b)], by taking ;o = 0.8, 7, = 1 ns, and G¢; = 2.5 x
102 cm™3s7!, we obtain N; &~ 2 x 10" cm™> for samples
MD33 and MD42. By comparing these values with the SIMS
data (Table I), we can see a rough agreement between N; and

the concentration of carbon in these samples. On the other
hand, the concentration of oxygen does not exceed 10'7 cm—3
in the studied GaN:C,Si samples, which gives an additional
argument in favor of the Cy as the defect responsible for the
YL1 band. Below, we present the results of first-principles
calculations for the Cy defect.

B. Parameters of the Cy defect

The calculations were performed using the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional [13]. The HSE functional
was tuned to fulfill the generalized Koopmans condition for
defects in GaN (fraction of exact exchange of 0.25, the range

separation parameter of 0.161 A_l) [42], in contrast to other
theoretical approaches cited in Table III, where the HSE
parameters are usually adjusted to yield the correct band
gap. All calculations were performed in 300-atom hexagonal
supercells at the I point, with plane-wave energy cutoffs of
500 eV. All atoms were relaxed within HSE to minimize
forces to 0.05 eV /A or less. Vertical transitions for neutral Cy
(via —/0 level) were calculated using the neutral defect state
eigenvalues with respect to the VBM, while those for charged
CnT (via 0/+ level) used the formation energy differences
corrected for spurious electrostatic interactions following the
Freysoldt, Neugebauer, and Van de Walle correction approach
[43,44]. The ZPLs are computed by adding the defect relax-
ation energies to the PL maxima.

The experimentally found position of the PL band maxi-
mum (fwmax), the ZPL (Ey), and the defect ionization energy
(E4) for the YL1 and BL¢ bands, compared with those
calculated from first principles for the Cy defect in GaN, are
tabulated in Table III. The agreement is relatively good for the
ionization energies and ZPL of the PL bands. However, the
calculated optical transition energies are consistently some-
what lower than the experimentally found PL band maxima.

The model parameters and transitions can be illustrated
with a one-dimensional configuration coordinate diagram
(Fig. 17). The vertical axis is the total energy of the defect
system (atomic plus electron energy), and the horizontal axis
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FIG. 16. Determination of the concentration of defects responsible for the YL1 band. (a) Intensity of the YL1 band from SSPL at 300 K.
(b) Peak intensity of the YL1 and BL, bands from TRPL at 300 K. The solid lines are linear dependences, and the dashed lines are the
interpolation in the region of saturation of the YL1 band. The lines intersect at G = Gy, defined with Eq. (19) (SSPL) and Eq. (20) (TRPL).

is the generalized coordinate Q, which maps coordinates of all
atoms to an effective one-dimensional coordinate. The ground
state of the system is a parabola with a minimum at point a,
which corresponds to the relaxed atomic structure of the Cx~
defect in n-type GaN prior to excitation.

Band-to-band excitations are represented by a vertical,
dashed, upward arrow ending at point b. In the process, a free
hole and a free electron are created, whereas the defect re-
mains in the negatively charge state. The nonradiative capture
of a free hole by the Cx~ defect results in a transition from
point b to point ¢, with release of energy E,; in a form of
several phonons. The lattice around the CNO defect relaxes,
and the new equilibrium position is at point c¢. The system
stays in this state for the PL lifetime t; &~ 10 us until a free
electron is captured by the Cx” defect. The capture is radiative
(downward arrow from point ¢ to point d), observed as the
YL1 band, and it is followed by lattice relaxation and emission
of several phonons (transition from point d to point a).

With increasing excitation intensity, additional free elec-
trons and holes are generated. The vertical upward arrow from
point ¢ to point e indicates excitation of an additional electron
from the valence band to the conduction band in the vicinity
of the Cn° defect. If the free hole is captured by the Cx° defect
faster than the PL lifetime 7o, the defect becomes Cx*, and
the lattice further relaxes from point e to point g with release

of energy Ea in the form of several phonons. The defect
stays in this state for the PL lifetime 1, & 0.3—1ns until a
free electron is captured by the Cy* defect. The capture is
radiative (downward arrow from point g to point %), observed
as the BL¢ band, and it is followed by lattice relaxation and
emission of several phonons (transition from point 4 to point
¢). From point ¢, the system may take a path c-d-a with
emission of the YLI, or it repeats a cycle c-e-g-h-c with
emission of the BL¢ band if the excitation intensity is very
high.

For a semi-insulating (formally p-type) GaN:C, where the
Fermi level is close to the —/0 level of Cy, some of the
Cn defects appear as the Cn” even in dark or at low exci-
tation intensity (point ¢). These defects, after band-to-band
excitation (transition c-e), may capture free holes (transition
e-g) and cause the BLo band (transition g-h) even at low
excitation intensity. However, the capture of free holes by
the Cn" defects is less efficient than the one by the Cx~
defects, so that the quantum efficiency of the YL1 band is
higher than the efficiency of the BL. band. Although the
agreement between our calculations of optical transitions via
Cn acceptor and experiment is satisfactory, our calculations
also predict a barrier of 0.54 eV for nonradiative capture of a
hole by the Cn ™ (transition from point b to point ¢ in Fig. 17).
This is somewhat lower than the value of 0.73 eV obtained

TABLE III. Theoretical and experimental parameters of the Cy defect in GaN. All parameters are in eV.

Transitions via —/0 level

Transitions via 0/4 level

hwmax (YLl) Em (ZPL) EAI ha)max (BLc) E02 (ZPL) EA2 Source
2.14 2.60 0.90 2.70 3.15 0.35 [14,16]
1.98 2.45 1.04 2.59 3.00 0.48 [17]
Theory 2.18 2.67 0.78 ~3.05 ~0.4 [49]
2.56 0.89 [50]
2.16 271 0.79 0.50 [48]
2.08 2.57 0.93 2.73 3.14 0.36 This paper
Experiment 2.17+0.02 2.587 +£0.003 0.916 + 0.003 2.85+0.1 32+£0.1 0.3£0.1 [6], This paper
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FIG. 17. Configuration coordinate diagram for the Cy defect in
GaN. Parabola with a minimum at zero (point a) is the ground
state of the system (Cy defect is filled with electrons: Cy~). The
transition a-b is the excitation of an electron from the valence band
to the conduction band, with Cy remaining negatively charged. The
transition b-c is the capture of a hole by the defect (the Cy~ becomes
CxY). The transition c-d corresponds to the YL1 band maximum.
The transition from d to a is the lattice relaxation after a photon
is emitted. The transition from c to a causes the ZPL of the YL1
band with energy Ey;. The parabola with the minimum at point e is
identical to the parabola at ¢, but shifted upwards by E, = 3.503eV.
The transition e-g corresponds to a capture of the second hole by the
defect, which converts Cy® to Cx*. The transition g-h corresponds
to the maximum of the BL. band. The transition from g to ¢ causes
the ZPL of the BL¢ band with energy Eo,.

in Ref. [45]. In a semiclassical model of nonradiative hole
capture, this appears to predict a significant increase of the
YLI intensity with temperature. However, quantum tunneling
lowers the effective barrier for hole capture by as much as
~0.5eV [45], leading to a virtually temperature-independent
hole-capture rate, which agrees with experiment.

We also would like to note that the measured BL band
electron-capture coefficient C, 4 appears to be unusually large,
while Cp4 is unusually small. The deviation of these values
from the values for other defects (Table II) can be explained
to some extent by charges (acceptors are attractive centers
for holes, while donors are attractive centers for electrons).
However, the enhancement of the capture cross section due to
Coulomb attraction of a carrier to a defect is expected to be
by about a factor of 10 [45,46]. For the electron capture, the
discrepancy could be due to a possible internal transition, as
mentioned above. However, the unusually small value of the
hole-capture coefficient remains an open question.

C. Identification of defect-related luminescence
bands in undoped and C-doped GaN

We previously suggested that the YL band with a maxi-
mum at 2.2 eV in GaN is caused by the CyOn complexes,

whereas a similar yellow band with a maximum at 2.1 eV is
caused by isolated Cy defects [15,17]. The arguments for such
attributions were that no secondary PL band could be found
with increasing excitation intensity in MOVPE-grown GaN
samples where the 2.2-eV band dominated, while the 2.1-eV
band correlated in two HVPE-grown GaN samples with what
appeared to be its secondary PL band with a maximum at
2.40 eV. In our new classification of PL bands in undoped
GaN [33], this secondary PL band is indexed as the GL1 band
(hwmax = 2.40eV), and the two yellow bands are indexed as
the YL1 (2.20 eV) and YL3 (2.10 eV) bands. Since then, new
experimental findings became available, including the results
of this work, and we now revise the PL band attributions.

The YL1 band with the well-established fingerprints
(Tables IT and IIT) [6,32,33] is likely to be caused by optical
transitions via the —/0 level of the Cy defect. This assign-
ment agrees with the large hole-capture coefficient, the small
electron-capture coefficient (in Table II these parameters are
compared with parameters for the Mg, and Zng, acceptors
responsible for the UVL and BL1 bands, respectively), and the
dominance of this PL band in undoped GaN samples grown
by MOVPE where the contamination with C is relatively high.
Interestingly, recent studies by Iwinska et al. [47] demonstrate
that doping of HVPE-grown GaN with carbon leads to p-type
conductivity, which was measured with the Hall effect at
temperatures between 625 and 1000 K. The activation energy
of the acceptor is about 1.0 eV, and the YL band is the
dominant feature in the PL spectrum from those samples.

The assignment of the YL1 band to the CyOyn complex
[15,48] is less likely since this complex is a deep donor, which
is expected to capture holes less efficiently and electrons
more efficiently than a deep acceptor. In addition, recent first-
principles calculations predict that under thermal equilibrium
at typical growth temperatures the concentration of isolated
Cy defect should be higher than that of the defect complexes
CnSig,, and the concentration of the CyOn complexes should
be even lower [49]. The YLI1 band is also unlikely to be
caused by the CnSig, complex because only the YL1 band
(one type of defect) is observed in undoped and Si-doped GaN
grown by MOVPE [6]. Finally, the properties of the BL band
discovered in this work roughly match the properties of the
sought-for secondary PL band of the Cy defect.

The BL¢ band is proposed to be caused by optical tran-
sitions via the 0/+ level of the Cy defect (the secondary PL
band). This assignment is consistent with a small hole-capture
coefficient, large electron-capture coefficient, appearance of
this band only at high excitation intensity in n-type GaN:C,Si,
and appearance at low excitation intensity in semi-insulating
GaN:C. Moreover, in a large set of n-type GaN samples,
the BL¢ band correlates with the YL1 band (the Rny/n; =
Cpa2Na2/Cpa1 Ny ratio is about the same).

An alternative assignment could be that the BL band is
caused by a very deep donor other than Cy*. One candidate is
the CnSig, complex, for which we calculated the band max-
imum, ZPL, and ionization energy to be fiwm,x = 2.74¢€V,
Ey=3.21eV, and E, = 0.29¢eV, respectively. These pa-
rameters, which are also close to the results reported in
Refs. [49,50], roughly match the experimentally found param-
eters of the BL band (Table III). However, high intensity
of the BL¢ band in semi-insulating GaN:C samples with
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[Si] & 10" cm™ and relatively low intensity in conductive
n-type GaN:C,Si samples with [Si] &~ 10'8 cm™3 apparently
contradict this assignment. In any case, the BL band should
not be confused with the Zng,-related BL1 band and CyH;-
related BL2 band.

The BL2 band is attributed to the CxH; complex. We have
established previously [22] that this PL band is a complex
involving carbon and hydrogen; however, we could not re-
liably differentiate between the CyH; and CnyOnH; defects.
After careful analysis of the PL data from semi-insulating
GaN samples (both undoped and C doped), we now conclude
that the YL1 band emerges as a result of dissociation of the
complex responsible for the BL2 band. Since the YL1 band
is attributed to isolated Cy defect, then the BL2 band must
be due to the CyH;. This assignment roughly agrees with
first-principles calculations and is supported by the fact that
the BL2 band appears only in semi-insulating GaN samples
grown by MOVPE or HVPE where hydrogen is present in
high concentrations [22]. The experimental data in this paper
indicate that the CyH; defect has the 0/+ state at 0.15 eV
above the valence band and a hydrogenlike excited state very
close to the conduction band. The BL2 band is caused by
internal transitions from the excited state to the ground state
of this donor.

We believe that Seager et al. [19,20] observed the BL2
band, not the BLs band in semi-insulating GaN samples
doped with C. They observed that the blue band bleached
dramatically with time under UV exposure at low tempera-
ture, and it was quenched with increasing temperature above
130 K [20]. Moreover, in the experiments of Seager et al., after
pulsed excitation, the blue band decayed nearly exponentially
at T = 77 K with the characteristic PL lifetime of about 0.3 s
(according to Fig. 6 in Ref. [20]), which is very similar to the
BL2 band in our GaN:C samples.

The previously mentioned GL1 band behaves as a sec-
ondary PL band of some unknown defect [18]; however,
it is unlikely to be related to carbon. Indeed, it was never
observed in MOVPE-grown GaN where the concentration of
carbon is significant. In contrast, it is often observed as the
dominant defect-related PL band in HVPE-grown GaN where
the concentration of carbon is relatively low and in some
samples (such as sample RS280 in Refs. [17,18]) it is below
the SIMS detection limit level of 5 x 10! cm~3. After careful
analysis of PL from many HVPE-grown GaN samples, we
conclude that there is no correlation between the GL1 and
YL1 bands, as well as between the GL1 and YL3 bands. The
apparent correlation between the GL1 and YL3 bands for two
samples reported in Ref. [17] was accidental. The origin of the
GL1 band in HVPE-grown GaN samples remains a puzzle.

The YL3 band with a maximum at 2.10 eV and the ZPL
at 2.36 eV is a very special PL band, which is observed only
in HVPE-grown GaN. It is not related to the GL1 band, but
apparently related to the RL3 band with a maximum at 1.8 eV
[51]. Further investigations are under way to determine the
properties of the YL3 and RL3 bands and their mutual relation
and the defect identity.

Finally, we address the question whether the Vg, (isolated
or complexed with impurities) may be responsible for the YL
band in GaN. From a large amount of experimental and theo-
retical data, we conclude that the V,-related defects are either

nonradiative or very inefficient hole traps in GaN and thus
do not contribute to the experimentally observed YL band.
Indeed, the lifetime of the YL is always long (in microsecond
range), and if this band was caused by the radiative capture
of free holes by the 3—/2— level of the Vg, located at 2.8 eV
above the valence band [52] its intensity would be extremely
weak, because this slow radiative capture of minority carriers
(holes) cannot compete with very fast nonradiative capture
of holes by the Cy, Znga, Mgg,, and unknown nonradiative
defects and with fast formation of excitons.

Although in early experiments with positron annihilation
an apparent correlation between the concentration of Vg,
and the yellow band intensity was noted [11], further exper-
iments were unable to confidently confirm this correlation
[5], and even anticorrelation between the YL band intensity
and the Vg, concentration has been reported [53]. Recently,
we studied HVPE-grown GaN samples with PL and positron
annihilation spectroscopy (PAS) [32]. The concentration of
the Vg, from PAS measurements was estimated as 6 x 10!7
and 1 x 10" cm™> for samples H3 and H202, respectively.
However, the concentration of the defect responsible for the
YL band was only 2.4 x 10'* and 8 x 10 cm™ in these
samples, respectively. Other radiative defects in sample H3
had even lower concentrations. Although first-principles cal-
culations predict that several Vg,-related defects could cause
luminescence bands similar to the YL1 band in GaN [52], a
more detailed analysis shows that at least some of them (e.g.,
the Vg,On complex) could be centers of efficient nonradiative
recombination [54]. It should be emphasized that we were
unable to detect any YL band, other than the YL1 and YL3
bands, in a very large set of GaN samples grown by different
techniques. Thus, if any Vg,-related defect causes a PL band
with position close to the YL1 and YL3 bands, its intensity
should be much weaker.

V. CONCLUSION

We observed a PL band with unusual properties in
MOVPE-grown GaN samples doped with carbon or codoped
with carbon and silicon. This is the BL band with a maxi-
mum at 2.9 eV, which has a characteristic lifetime of about
1 ns, independent of temperature and inversely proportional
to the concentration of free electrons in n-type GaN samples.
This blue band should not be confused with the Zn-related
BL1 band (the maximum at 2.9 eV) and with the CyH;-related
BL2 band (the maximum at 3.0 eV). As compared to dominant
radiative acceptors in n-type GaN, the hole-capture coefficient
for the BL-related defect is very small (~107'9 cm?3/s), and
its apparent electron-capture coefficient is extremely large
(~107% cm?/s), which explains very low quantum efficiency
of this PL band and the fact that it was not previously detected.
We attribute the YL1 and BL¢ bands to electron transitions
via the —/0 and 0/+ transitional levels, respectively, of the
Cn defect. The characteristic parameters of these PL bands
agree with first-principles calculations.
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