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Abstract

The dissociation of the CnHi complex in GaN is studied in detail by using
photoluminescence measurements and first principles calculations. The BL2 band
with a maximum at 3.0 eV is caused by electron transitions from an excited state
located at 0.02 eV below the conduction band to the ground state of the CnHi donor
with the 0/+ level 0.15 eV above the valence band. The dissociation releases hydrogen
atom, and the remaining Cy defect with the —/0 state at 0.92 eV above the valence band
is responsible for the YL1 band with a maximum at about 2.2 eV. The dissociation of
the CyHi complex can be caused by the photo-induced defect reaction mechanism
under UV illumination at low temperatures (~20 K), leading to the bleaching of the
BL2 band and simultaneous rise of the YLI band. The bleaching is reversible.
Alternatively, the complex dissociates after annealing at temperatures above 600 °C.
The activation energy of this process (3-4 eV, depending on the annealing geometry)
corresponds to the removal of hydrogen from the sample and not to the dissociation of

the complex itself.



I. INTRODUCTION

Point defects in GaN affect the properties of the material and the performance of GaN-based
devices. Photoluminescence (PL) is an efficient, non-destructive tool in studying point defects in
semiconductors,! yet still, the assignments of several PL bands in GaN are lacking or unreliable.
First-principles calculations help identify the defects associated with particular PL bands, and in
return accurate experimental results provide unique information for validation of theoretical
methods. In this study, we systematically investigated the carbon-hydrogen complex (CnyH;) in

GaN by using the combination of experimental and theoretical methods.

A blue luminescence (BL) band with a maximum at 2.9-3.0 eV is often observed in PL
spectra from GaN, especially from layers grown by metalorganic chemical vapor deposition
(MOCVD) technique.' In undoped n-type GaN samples, the BL band with a maximum at 2.9 eV
and the zero-phonon line (ZPL) at 3.10 eV (labeled BL1) appear due to contamination of GaN
with Zn during growth. The BL1 band is caused by transitions via the Znga acceptor with the —/0
level at 0.40 eV above the valence band. In other samples (usually highly resistive), a similar BL
band (labeled BL2) appears with a maximum at about 3.0 eV and the ZPL at 3.33 eV. The
characteristic feature of the BL2 band is its gradual disappearance under UV illumination at low
temperatures, known as the PL bleaching. The BL2 bleaching is accompanied by the rise of the
yellow band with a maximum at 2.2 eV (the YL1 band).! We proposed earlier that the CxH;
complex may be the origin of the BL2 band in GaN, and dissociation of this complex under UV

light produces isolated Cx defects responsible for the YL1 band.*?

Recent reports further clarify the origin of BL2 band in GaN. Wu et al.* demonstrated

that annealing at 1000 °C for 1 hour of semi-insulating GaN grown by MOCVD results in the



disappearance of the BL2 band and an increase of the YL1 band. These results supported the
hypothesis that the CnH; complex and isolated Cn cause the BL2 and YL1 bands. The reduction
of the H concentration below the detection limit after the annealing was directly confirmed by
secondary ion mass spectrometry (SIMS) measurements. By repeating annealing at temperatures
from 600 to 1000 °C with an increment of 100 °C, the authors of that paper observed that the
BL2 band disappears between 600 and 800 °C and estimated the activation energy of the
complex decomposition as 2.3-2.5 eV. The dissociation of the CxH; complexes in Mg-doped
GaN grown by MOCVD after annealing at 700 °C in nitrogen ambient was also observed from

analysis of infrared absorption peaks attributed to vibrational modes of this complex.’

The dissociation of the H-containing complexes in GaN and the diffusion of hydrogen in
n- and p-type GaN attracted significant attention in the past.® The most studied case of
dissociation of H-containing complexes in GaN is the behavior of Mg-doped GaN grown by
MOCVD. Nakamura et al.” demonstrated that after thermal annealing in an N> ambient at
temperatures above 700 °C, the resistivity of GaN:Mg grown by MOCVD decreased by a factor
of 5x10°. After annealing in NH3 ambient at 7> 600 °C, the high resistivity was restored.®
Similarly, the introduction of Hz into MBE-grown GaN:Mg substantially reduces the
concentration of free holes.” The high resistivity of as-grown GaN:Mg and its significant
reduction after annealing were attributed to the formation of the Mg-H complexes in GaN grown
by MOCVD and their dissociation at 7> 600 °C.”3*1%1L12 Diffysion of hydrogen in GaN
strongly depends on its conductivity type. While in p-type GaN, hydrogen diffuses readily at 7>

600 °C, no diffusion could be observed in n-type GaN up to 1020 °C.'!3



Early first-principles calculations predicted that the barrier for diffusion of the H" ions in
the ¢ direction is 0.94 eV and that for the H ions is 1.99 eV.!* More recent calculations using the
generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA PBE) and Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional methods revealed that the HSE barrier for diffusion of the H
diffusion along the ¢ axis is 1.08 eV, and the barrier for the dissociation of the Mga.H; complex

is 1.88 eV."

In addition to the complex dissociation and H" diffusion barriers, there is a barrier for
hydrogen to leave a GaN sample. Myers et al.'® estimated the activation energy for
recombinative desorption of hydrogen to be at least 2 eV. The results of that work show that the

release of hydrogen is limited by a surface permeation barrier, not by dissociation or diffusion.

In this work, we aim to understand the details of the CnH; complex dissociation and its
effect on PL by using the latest first-principles calculations approach, annealing of samples under

different conditions, and detailed analysis of PL.

II. THEORY
A. First-principles calculations

Theoretical calculations were performed using the HSE hybrid functional,'” tuned to fulfill the
generalized Koopmans condition for carbon acceptor Cy in GaN (the fraction of exact exchange
of 0.25, the range separation parameter of 0.161 A™").'® Calculations were performed in 300-atom
hexagonal supercells at the I'-point, with plane-wave energy cutoffs of 500 eV. Defect formation
energies were computed following an established procedure.'® All atoms were relaxed within
HSE to minimize forces to 0.05 eV/A or less. Spurious electrostatic interactions in calculated

total energies were corrected using the Freysoldt-Neugebauer-Van de Walle approach.?%2!



Adiabatic potentials used to plot the configuration coordinate diagrams were obtained by fitting
into HSE computed energies using harmonic approximation. The diffusion barriers for the
dissociation of hydrogen from the carbon-hydrogen complex were calculated using the nudged
elastic band method with the above HSE parametrization in 128-atom hexagonal supercells.
Elemental chemical potentials used in defect formation energy calculations were obtained from

the total energies of the GaN growth competing phases. For example, in a Ga-rich growth

regime, the chemical potential of nitrogen is set to 44 (N,)+AH (GaN), while that of gallium is

setto . (Gametal), where AH{(GaN) is the formation enthalpy of GaN. In the presence of

nitrogen, the chemical potential of hydrogen is assumed to be limited by the formation of

ammonia NHs.

Figure 1 shows the formation energies of the CxH;i complex and its constituents, isolated
Cx and H; defects, computed assuming Ga-rich growth conditions, which favors the formation of
N-substituting defects, such as Cn and CnyHi. Hydrogen interstitial has several sites in GaN lattice
with similar formation energies.” Among these, the lowest energy site for Fermi energies, Er,
below about 3 eV is the bond-center site, where a positively charged hydrogen is located in the
middle of the Ga-N bond along the wurtzite c-axis, labeled BCj site. Positively charged hydrogen
occupying the antibonding nitrogen (ABnN) site has very similar formation energies to that of the
BCj site. For EF> 3 eV, the lowest energy configuration of interstitial hydrogen is the
antibonding Ga site (ABga) in a singly negative charge state. Interstitial hydrogen is forming a
negative-U defect with the calculated value of U of about —0.25 eV, changing its geometry from
BCj or ABn in the positive charge state to the ABaa in the negative charge state. The energies of
the neutral hydrogen in BC| or ABn sites are also similar. Notable differences in values of the

formation energies shown in Fig. 1 and those in Ref. 2 stem from the differences in choices of



the elemental chemical potentials. Also, larger values of U were reported previously for
hydrogen interstitial, i.e. -0.77 eV in Ref. 2 as obtained using bandgap tuned HSE, and -2.4 eV as

obtained by local approximations to the density functional theory.??
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Fig. 1. Formation energies of the Cx, CnHi, and H; defects as a function of the Fermi energy
in the GaN bandgap, calculated for Ga-rich conditions.
The Cn acceptor has been extensively discussed before as a source of the yellow PL band

(YL1) associated with the 0/- acceptor level at 0.916 eV above the valence band maximum
(VBM).>**?4 In addition, the C also forms a deep donor +/0 level at about 0.3 eV above the
VBM, responsible for the BLc band with a PL maximum at 2.9 eV, which appears in n-type GaN
only at high excitation intensities, after all 0/- levels are saturated with holes.* 2°2%?” The HSE
calculations show that Coulomb attraction between negative Cn and positive H; leads to forming
a stable CnH; complex, which is a deep donor with a calculated +/0 transition level at 0.18 eV. In
its lowest energy configuration, the interstitial hydrogen occupies an antibonding carbon (ABc)

site (see inset to Fig. 2). Hydrogen at a C-Ga bond center site has formation energy that is about



0.5 eV higher. Bader charge analysis,?® based on HSE computed charge densities along the
hydrogen removal path (shown in Fig. 2), suggests that a neutral CxH; complex dissociates into a
negative Cn acceptor and a positively charged interstitial hydrogen H;, regardless of the Fermi
energy. Therefore, the calculated binding energy of the CnH; complex, defined as the energy
difference between the neutral CyHi complex and its oppositely charged isolated constituents, is

1.3 eV, suggesting a stable complex.
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Fig. 2. Configuration coordinate diagram and calculated optical transitions for the CnH;
complex. Filled circles show direct HSE calculation of the CxH;® adiabatic potential. Filled
squares show energy along the diffusion path as a function of configuration coordinate Q. The
HSE calculated diffusion pathway with hydrogen moving from the ABc site to the BC; site is

also illustrated.

The HSE calculations suggest that optical transitions via the +/0 transition level of the
CnH; complex form the BL2 band. Figure 2 shows the configuration coordinate diagram of this
defect. In the dark, the complex is in a neutral charge state (Fig. 1), shown as a lower adiabatic
potential CxHi” in Fig. 2. A photogenerated electron-hole pair raises the energy of the system by

the energy of the bandgap (3.5 eV), shown with an upper dashed adiabatic potential labeled



CnHi%+E,. The photogenerated hole is captured nonradiatively (dashed arrow) at the +/0
transition level at 0.18 eV above the VBM with no barrier for the capture, transferring the defect
into the positive charge state shown as an upper adiabatic potential labeled CxHi". The path for a
nonradiative transition to the ground state involves a barrier of about 0.5 eV; i.e., the intersection
of the + and 0 adiabatic potentials. This suggests that the low-temperature transitions via the +/0
transition level are predominantly radiative. The nonradiative transition barrier of 0.5 eV is
higher than the energy of 0.18 eV needed to thermally eject the hole into the valence band. This
also suggests that the CnHi complex remains radiative before thermal quenching of the BL2 band
occurs. The subsequent radiative recombination of the localized hole with a free electron leads to
the BL2 band with the calculated ZPL at 3.32 eV and the PL. maximum at 2.88 eV, in good

agreement with the experiment.

Figure 2 also demonstrates the experimentally observed photo-bleaching of the BL2 band.
The removal of hydrogen along the lowest energy diffusion path was calculated using the nudged
elastic band method with HSE hybrid functional for a neutral CxH;j complex. Starting with
hydrogen occupying the ABc site, Hi moves towards the ABn site and subsequently to the lowest
energy BC site. As shown in Fig. 2, the computed dissociation energy barrier of the CnH;
complex is 1.3 eV (unrelated to the complex binding energy of the same value). The transitions
forming the lower energy side of the BL2 band, which leave the CnHi complex in a highly
strained state, provide the relaxation energy sufficient for the complex dissociation following the
optical transition with the energies roughly below 2 eV (i.e., the energy of the ZPL minus the
energy of the complex dissociation barrier). However, the direction of configuration coordinate
Q for the effective vibrational mode of the neutral CnH; complex is sufficiently different from

the direction of the lowest energy dissociation path. The energies along these two configuration



directions are compared in Fig. 2 as filled circles and filled squares. The direct HSE calculations
in the direction of O immediately following the optical transition (filled circles) show
continuously increasing energies that are significantly larger than those in the direction of the
lowest energy dissociation path (filled squares). This suggests that the photobleaching of the BL2
band is significantly less efficient than what could be expected from the calculated complex
dissociation barrier of 1.3 eV and lattice relaxation energies. Furthermore, the lowest energy
dissociation path is not a straight line in a multidimensional space of configuration coordinates.
This path can be followed as a result of diffusion rather than lattice relaxation following the
optical transition in the effective vibrational mode of the defect. Therefore, the dissociation of
the CnHi complex due to the excess of the lattice relaxation energy following the optical
transition could happen in a weaker vibrational mode, which would promote the hydrogen in the
direction of the lowest energy dissociation path. This is indeed observed in the experiment (see
Sec. IVC), where photo-bleaching dissociation is estimated to occur only for every 107-th
transition with energy below 1.4 eV. Upon dissociation, the barrier for the diffusion of the
interstitial hydrogen is relatively low (0.3 eV). However, at low temperatures for which the PL
measurements are performed (about 20 K), this value suggests limited diffusion, and that the
hydrogen is located close to the next nearest neighbor site of the Cn acceptor following the
photo-induced complex dissociation. As shown in Fig. 2, in the vicinity of the Cn acceptor, the
energy of interstitial hydrogen increases by 0.66 eV in the ABn site and by 0.84 eV in the BC;
site. These values are lower than the complex binding energy of 1.3 eV (which assumes infinite
separation of Cn and Hi) due to the long-range Coulomb interaction between Cn™ and H;'. The
barrier for the complex restoration is about 0.65 eV, suggesting the possible BL2 restoration in

samples at room temperature.
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In the experiment, the BL2 band can also be quenched as a result of annealing. The 0.3 eV
barrier for the diffusion of the interstitial hydrogen indicates that it easily moves in the GaN
lattice, even below room temperature. The dissociation barrier of 1.3 eV suggests that CnH;
complex is dissociated at about 500 K. At the same time, a relatively low restoration barrier of
0.6 eV suggests that the Coulomb interaction can also lead to the complex restoration at room
temperatures. This means that unless the hydrogen out-diffuses as a result of annealing, the
dissociated complexes can restore during the sample cooling or over several days at room

temperature.
B. Phenomenological model

By using the Shockley-Reed-Hall approach to analyze rate equations in application to PL in
semiconductors,>”** we construct a model and write rate equations for GaN with four
recombination channels. The radiative recombination includes three PL bands: the YL1, BL2,
and near-band-edge (NBE) emission, labeled with indexes 1, 2, and 3, respectively, and the

nonradiative recombination channel represented by the most efficient nonradiative defect labeled

S (Fig. 3).
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Fig. 3. The band diagram accounting for three types of defects (Cn, CyHi, and the nonradiative
center S) and the NBE emission. The solid and dashed arrows show transitions for electrons

and holes, respectively.

The studied samples are n-type so that all the defect levels in the gap below shallow donors
are filled with electrons in the dark. For low excitation intensities (below the saturation of defects
with photogenerated charge carriers), the concentrations of holes bound to the defects are small
and can be ignored compared to the total concentrations. Then, the rate equation for free holes in
the valence band in steady-state conditions is

P

T
P

G= - Clep+Cp2N2p+Bnp+Cpstp > (1)

where

-1
7,=(C,N,+C,,N, +Bn+C,N;) . 2)

P

Here G (cms™) is the electron-hole generation rate, p and # are the concentrations of free holes
and electrons, 7, is the characteristic lifetime of holes in the valence band, and the terms on the
right side of Eq. (1) are the hole-capture rates by the corresponding four recombination
mechanisms: via the Cn acceptors with the concentration N, and hole-capture coefficient Cy1, the
CnH;i donors with corresponding parameters N2 and Cp2, the NBE channel with the effective

capture coefficient B, and the nonradiative recombination channel with effective parameters N

and Cps.

The dissociation of the CnHi complex due to extended illumination at low temperatures

or annealing at high temperatures results in isolated Cn defects. The total concentration of the
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carbon-related defects remains constant: N =N, + N,. The quantum efficiencies of the three

radiative recombination channels are n, =7,C,N,, n,=7,C,N,,and n, =7 Bn. We will

describe the dissociation of the CnH; complex with a function D, which is equal to 1 in an as-

grown sample and decreases according to a specific dissociation mechanism. Then, in general,
N,=N,,+N,,(1-D,) 3)
and
N,=N,,D,, 4)

where N1o and N2 are the concentrations of the Cn and CyH; defects in the as-grown sample,
respectively, and the index i indicates the dissociation mechanism: i = @ for the annealing at high
temperatures, and i = b for the bleaching at low temperatures. The expressions for D; for the two

cases are derived below.

With increasing temperature, the CnH; complexes dissociate with the probability

w:tmvexp(—#] s (%)

ann

where #.q, 1s the time of annealing at temperature 7uq, v is the dissociation attempt frequency
(can be taken as the phonon frequency, about 10'* s™), and E is the activation energy of the
dissociation. Note, however, that the barrier for the hydrogen diffusion in bulk GaN and the
barrier for the thermal removal of H from the surface may be the limiting factors in the removal

of H. We expect that the concentration of CxHi complexes decreases with annealing as !-32:33:34

E
N, =N,,D, =Ny eXp|:_tannV exp(_k . j} ) (6)

ann
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and the concentration of the isolated Cn defects increases as
N1:N10+N20(1_Da)~ (7

Here, D, is the probability of converting a CnH;i complex to an isolated Cn defect after annealing,
and E, is the effective activation energy, which in general may include dissociation, migration,
and hydrogen out-diffusion barriers. Note that the PL. measurements are conducted at low
temperatures, and the complexes may form again during the cooling process unless hydrogen is

removed from the sample.

In PL experiments at low temperatures, we observe the bleaching of the BL2 band
simultaneously with the rise of the YL1 band. This phenomenon can be explained by the
dissociation of the CxHi complexes.? The rate of transitions via the CxHi complexes in steady-

state conditions is 77,G . The radiative recombination rate for a given CxH; center is 77,G/ N, . If

the fraction of recombinations leading to the dissociation of the CxH;i complex is v, and it is

much smaller than the radiative recombination rate, then the rate of the complex dissociations is

2=197 ®)
N2

In the first approximation (neglecting the reverse process), the concentration of the CnH;i

complexes is expected to decrease with the time of laser exposure as
N, (1) = N3y D, = Ny, exp(—ﬂt), 9)
where Dy is the BL2 bleaching function.

From Egs. (1)-(4), we can find the quantum efficiencies 7; of the radiative recombination

channels accounting for the dissociation of the CnH; complexes:
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T
Nory =M, =1y — D, (10)
7,
T N
My =T :ﬂlo_p|:l+i(l_Di):|a (11)
Tho Ny
o
Mg =T =Th —, (12)
7,

-1
T C
where —2 = {1 + 17 {C—”l — J(l — Di)} , and the dissociation function D; is given by Eq. (6) for

T

po p2

annealing and Eq. (9) for bleaching.

Analysis of the BL2 band bleaching dynamics and the YL1 band rise with laser exposure
allows us to determine the hole-capture coefficient for the CnH; defect when such coefficient for
the Cn acceptor is known. Indeed, the concentration of the CnHi complexes changes by —AN, and
the concentration of the Cn defects increases by the same amount. Then, the intensities of the

YL1 and BL2 bands change by An, =7,C

p - pl

AN and An, =-7,C AN , respectively. By defining

the ratio R of these changes as R =—An, / An,, we find that

An
c,=-C, _An? =RC,,. (13)

Thus, from quantitative analysis of the BL2 bleaching and the YL1 rise, the C,2 can be
determined. In principle, the C,2 can also be found from the analysis of the BL2 and YLI

intensities after annealing. However, as will be shown below, the latter method is less reliable.



15
ITII. EXPERIMENTAL DETAILS

Nominally undoped GaN layers with a thickness of 3.5-3.8 um were grown on sapphire substrate
by MOCVD. Two 2-inch wafers (s1564 and s1587) were cut into 5x5 mm samples for detailed
study. Low-temperature PL measurements confirmed the uniformity of properties in these
samples. From the SIMS measurements, the C, H, O impurities concentrations in sample s1587
are ~1.7x10'7, ~3.0x10'7, and ~1.3x10'7 cm™, respectively. The concentration of Si was below
the SIMS detection limit (<10'¢ cm™) in similar samples. From the Hall-effect measurements, the
samples are n-type with moderate conductivity. In particular, sample s1587 has the concentration
of free electrons n = 2.6x10'6 cm™ and the electron mobility s, = 400 cm?/Vs at room-
temperature. Note that only some carbon impurities exist as the Cn acceptors, while the CnH;
complexes, being deep donors, are inactive in electrical measurements. Assuming that the total
concentration of shallow donors (On and Sica) is Np = 1.4x10'7 cm™ and their effective
ionization energy is 20-30 meV, we obtain that the total concentration of acceptors is 1.05x10"

cm™. This value agrees with the estimates of the Cn concentration from PL and SIMS (Sec. I1IF).

For annealing experiments, selected samples were annealed at SUNY in N> ambient
under the pressure of 1 atm for one hour and temperatures from 300 to 800 °C. The ramp rate
was ~100 °C/min. After the anneal, no changes were observed in the measurements of the Hall
effect, SIMS, or AFM for any sample. At VCU, three types of annealing were explored. The first
type is nearly identical to SUNY's annealing procedure using a single-zone quartz tube furnace.
The samples were loaded at the center of the quartz tube. The quartz tube was first evacuated to
pressure around 1 Torr by a vacuum pump and then flushed with N> gas three times before
raising the N» pressure to slightly above 1 atm. Once the N2 flow was stabilized around 15 sccm,

the annealing procedure started. The heating ramp rate was 20 °C/min. At target temperature,



16

annealing was conducted for one hour. In the second type, the annealed sample was covered with
another GaN layer on a sapphire substrate (the face-to-face configuration). In these experiments,
the annealing temperature range was increased to 1100 °C. In the third type, No+H> ambient was
used instead of pure nitrogen. In this type, the quartz tube was evacuated and flushed with N>
and then introduced H> and N gases as the annealing environment. The H> gas flow was kept
fixed at 5 sccm while N> was at about 15 sccm to maintain the pressure inside the tube to be

slightly above 1 atm. The samples were annealed at 850 °C for one hour.

Steady-state PL was excited with a HeCd laser with the power density Pex. = 0.13 W/cm?.
The laser power was attenuated with neutral-density filters to achieve lower excitation
intensities, and the laser beam was focused with a lens to achieve higher Pex.. The measured PL
spectrum was corrected for the spectral response of the measurement system and multiplied by
1> (where A is the PL wavelength) to present the spectra as the number of emitted photons as a
function of photon energy Z®. The absolute internal quantum efficiency for each PL band was
estimated by comparing the integrated intensities of these bands with the ones in calibrated GaN

samples. All the measurements were conducted in identical conditions. Other details can be

found in Ref. 1.

IV. RESULTS AND DISCUSSION
A. Photoluminescence spectrum

PL spectra from GaN samples before and after annealing were analyzed in detail, including the
bleaching effect and the restoration process. In this section, selected PL spectra are analyzed to

support the attribution of the studied PL bands and tabulate their parameters. Figures 4-6 show
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low-temperature PL spectra from as-grown GaN and after annealing at 1050 °C. The NBE
emission consists of the donor-bound-exciton (DBE) peak at 3.480 eV, the free exciton (FE)
peak at 3.488 eV, followed by two longitudinal optical (LO) phonon replicas, and the n = 2 state
of the FE line at 3.513 eV (the inset to Fig. 5). The details of the NBE spectra can be better
resolved at high Pey.. From positions of the DBE and FE lines, and assuming the binding energy
of the FE to be 25 meV,> the bandgap energy (E,) in the studied sample was calculated as E, =

3.513 eV, blue-shifted by 10 meV from the value in thick, unstrained GaN.*
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Fig. 4. PL spectra at 7= 18 K and P... = 10* W/cm? before and after annealing at 1050 °C (in
the face-to-face geometry). The oscillations (with separations between maxima of ~0.07 eV)

are caused by Fabry-Pérot interference in the 3.8 pm-thick GaN layer.
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Fig. 5. The BL2 and NBE bands in as-grown GaN. P, = 0.16 W/cm?. The dashed line is

g *
calculated using Eq. (14) with the following parameters: S. = 4.6, 9, =0.38 eV, Eo =3.38
eV, A=0.005eV. The inset zooms in the high-energy part.
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Fig. 6. The YL1 band in GaN (sample s1587) annealed at 1050 °C (face-to-face). The BL2 band
is subtracted. The solid red line is calculated using Eq. (14) with the following parameters: S, =

g .
7.3, 40 =0.50 eV, EO =2.66 eV, A=0.005. The inset shows the high-energy part of the YL1

band and the fine structure obtained after subtracting the smooth component described with Eq.
(14). 1 and 2 are pseudo-local phonon replicas with energy 40 meV.
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The main defect-related PL bands are the YL1 band with a maximum at 2.2 eV and the

BL2 band at 3.0 eV. The shapes of these broad bands were fitted with the following expression

136

obtained in the one-dimensional configuration-coordinate mode

" h 28 1| (14)

g *
Here, S, is the Huang-Rhys factor in the excited state of the defect, 4z = E, — h is the
Frank-Condon shift in the ground state, EO =E,+0.51 | Eyisthe ZPL energy, 7 is the

energy of the effective phonon mode in the excited state, 7 and 7 are the photon energy

and position of the PL band maximum, respectively. The A is the PL band shift due to sample-
dependent reasons such as in-plane biaxial strain in thin GaN layers grown on sapphire

substrates.

The YL1 and BL2 bands have been recognized by their positions, shapes, ZPLs, and
characteristic phonon-related fine structure. The ZPL was observed at 2.595 eV for the YL1 band
and at 3.340 eV for the BL2 band. In a sample with low intensity of the BL2 band (decreased
due to annealing at 1050 °C and additional exposure to laser for several hours), a weak
ultraviolet luminescence (UVL) band was observed with the ZPL at 3.290 eV. The ZPLs of the
three PL bands did not shift (with the uncertainty of +0.2 meV) with a variation of Pex by
several orders of magnitude. After careful analysis of the behavior of the ZPL and phonon-
related fine structure with temperature and excitation intensity, we concluded that the ZPLs of

the YL1 and UVL bands are caused by electron transitions from the conduction band to the
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acceptors with the ionization energies 918 and 224 meV, respectively. The bands are attributed

to the Cx and Mgca defects. *2437

The BL2 band is attributed to transitions from an excited state of the CnH; complex
located at about 20 meV below the conduction band to the ground state located at 0.15 eV above
the valence band. The excited state's position was estimated from analysis of the BL2 spectra at
different temperatures in a C-doped, semi-insulating GaN sample with a lower NBE emission

contribution (Fig. 7).
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Fig. 7. Evolution of the high-energy side of the BL2 band in MOCVD GaN:C sample
(MD9856) with the temperature at P, = 0.02 W/cm?. The shoulder labeled e-D is attributed

to electron transitions from the conduction band to the ground state of the CxH; donor.

Since the CyH; defect is a deep donor, an excited hydrogenic state may appear close to
the conduction band when it captures a hole. In n-type GaN, with the Fermi level close to the
conduction band, the CyH; defects are neutral. Thus, a photogenerated hole must be captured

first. Then a free electron is quickly captured by the excited state. Finally, an internal transition
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from the excited to the ground state causes the BL2 band. This transition's characteristic time
equals the PL lifetime measured in time-resolved PL experiments (> = 300 ns). The exponential
decay of the BL2 band (and its ZPL) after a laser pulse, even at the lowest temperature (18 K)
and the same PL lifetime in different samples (including semi-insulating and weakly conductive)
support the assumption on the internal transition. With increasing temperature, transitions from
the conduction band contribute to the BL2 band as evidenced by a shoulder at high-energy side

of the ZPL at T = 60 K (Fig. 7).

B. Thermal quenching of photoluminescence

With increasing temperature, the BL2 intensity starts decreasing above ~50 K (Fig. 8).
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Fig. 8. Temperature dependence of the BL2 intensity (normalized at 7= 30 K) at selected Pex.
The lines are calculated using Eqgs. (15) and (16). The inset shows the dependence of the

critical temperature 7o on G.
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The "X(T) dependence is usually described by the following expression >

IPL(O)
( Ej (15)
1+ Cexp| —
kT

where C is a constant and E4 is the activation energy. According to the Schon-Klasens

) (T) =

mechanism of PL quenching, typical for defects in n-type GaN,?%3%-3
C=(1—770)TOCPNV/g_ (16)

Here, C, and g are the hole-capture coefficient and degeneracy of the defect, respectively, 7 and
1 are the absolute internal quantum efficiency (IQE) and lifetime of PL at temperatures before
the quenching begins, and N, is the effective density of states in the valence band. The activation
energy as obtained by fitting to the data shown in Fig. 8 (E4 =165 meV) is very close to the
distance from the CyH; level to the valence band (expected to be 0.15 eV from the position of the
BL2 band’s ZPL). However, the parameter C is inversely proportional to Pex; 1.€., the quenching
is tunable by the excitation intensity,*° and attempts to use Eq. (16) lead to unreasonably large

values (up to C, = 102 cm?/s).

The tunable and abrupt quenching of PL is explained by a sudden transition from a
nonequilibrium condition (often with population inversion) to a quasi-equilibrium condition at a
characteristic temperature 7 increasing with excitation intensity.?**® This mechanism of PL

quenching is common for semi-insulating materials.*® The To(Pex) or To(G) dependence reveals
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the ionization energy E; of the defect from which holes are emitted to the valence band and

restore the equilibrium condition: *°

E

Ty=——"~t— 17
*  kIn(G/B) (7
with
1 N
B=C,,(——lj(NA—ND) x (18)
o g

where Np and N, are the concentrations of shallow donors and defects responsible for the PL

quenching (in our case, the CxH;), respectively.

Two fits of the experimental 7o(G) dependence are shown in the inset to Fig. 8. The best
fit (dashed line) reveals unreasonable parameters (£; = 300 meV and B = 10°¢ cm>s™"). Indeed,
with 770 # 0.1, N4 — Np ~ 107 cm™, and Ny/g ~ 10'® cm™, we obtain C, = 1 cm®/s. However, by
fixing E; = 165 meV, we find a less perfect fit (the solid line) but reasonable B and C, values
(6x10?® cm>s! and ~10”7 cm?/s, respectively). This departure of the fit with reasonable
parameters from the experimental dependence can be explained qualitatively by the surface
effect, which is not accounted for in the simple model. The depletion region and electric field
may be significant even under above-bandgap illumination at 7= 20-100 K.! Unblocking of the
nonradiative channel will occur at higher temperatures than 7y because the electric field sweeps
holes to the surface. Moreover, the quenching region will stretch in temperature because the band

bending and the depletion region width increases with increasing temperature.

Interestingly, the Hall effect measurements indicate that the studied GaN samples are not

semi-insulating but n-type with the room-temperature concentration of free electrons n = 2x10'¢
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cm™. PL data also indicate that the samples are n-type. In particular, the YL1 decay is nearly
exponential at room temperature (t = 50 us), and the DBE line increases linearly with Pex. at 7=

20 K.

When PL quenching occurs with the tunable mechanism, the /72(T) dependence can
formally be fitted with Eq. (15), yet the coefficient C (and also C, in Eq. (16)) becomes
ridiculously large.***® For deep acceptors, the parameter E4 becomes abnormally large and lacks
physical meaning: the PL intensity simply drops at 7' = Ty. After the drop, the PL intensity is
nearly temperature-independent (if the sample is p-type) or decreases with the slope equal to the
defect's ionization energy (if the sample is high-resistivity n-type). Interestingly, for defects with
low ionization energy, the magnitude of the abrupt drop is small so that the activation energy of
the quenching is close to the ionization energy.*® In this case, the I”(T) dependence can be
explained with Eq. (15), in which C = B/G.! The quenching of the BL2 band occurs by this

mechanism.

C. Bleaching of the BL1 band

From the analysis of the BL2 bleaching and the YL1 rise in about 20 samples, including undoped
and C-doped GaN grown by MOCVD and hydride vapor phase epitaxy (HVPE) methods, we
obtained R =-An,/An, =0.12+0.02. Note that only relative quantum efficiencies or relative
integrated PL intensities for the BL2 and YL1 bands are needed for this estimate. Then, by using
Eq. (13) and Cp1 =(3.7£1.6)x10”7 cm?/s for the YL1 band,* the value of C,> = (4.4+2.0)x10®

cm’/s is found for the capture of holes by the CxH;j complex. We emphasize that in the process of
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the BL2 bleaching, the total number of the Cn-containing defects is conserved, while the total

intensity of the YL1 and BL2 bands changes due to different values of C, for these two defects.

Examples of the evolution of the YL1, BL2, and NBE quantum efficiencies with the time
of exposure with the HeCd laser are shown in Figs. 9 and 10. The dependences in Fig. 10 are
fitted using Egs. (8)-(11) with the only fitting parameter y (other parameters, estimated in Sec.
IVF, play a minor role). As the Pex increases by a factor of 10°, the BL2 bleaching rate increases
by about the same amount (Fig. 10). The obtained value of y = 5x107® indicates that only one out
of 107-108 electron-hole recombinations via the CxHi complex leads to the dissociation, in
agreement with earlier estimates.** We suggest that only electron transitions with energy /o <

E.. = Eo — Ep can cause the dissociation of this complex after emitting a photon (Fig. 2).

PL intensity (rel. units)

I IR AV R T I B
1.5 2 2.5 3 3.5
Photon energy (eV)

Fig. 9. PL spectrum from as-grown GaN (sample s1587) measured at 7= 18 K and Pexc =
10* W/cm? before and after exposure with P = 0.13 W/cm? for 80 min. The thin dashed lines

< .
are calculated using Eq. (14) with the following parameters: S, = 7.5, 4z = 0.50 eV, EO =

2.66 eV, A=0.01, I"(h@ma) = 0.6 x10'° (before) and 1.2x10'° (after) for the YL1 band and
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. .
S.=4.6, d,c=038eV, £, =3.0eV, A=0.005, I"“(-homax) = 1.6 x10° (before) and 0.58x10°

(after) for the BL2 band.
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Fig. 10. Evolution of PL quantum efficiency for the YL1 and BL2 bands in as-grown GaN (sample
s1587) with the time of exposure with the HeCd laser with P.,. = 0.13, 0.16 and 100 W/cm? at T= 18

K. The lines are calculated using Egs. (8)-(11) with the following parameters: y = 5x10%, 1= 0.3, m
=0.05, Nip=7x10" cm™, Nog = 1x10' cm™, R = 0.12. The bleaching of the BL2 band and concurrent

rise of the YL1 band at P... = 100 W/cm? occurs at about 103 times shorter time scale.

The fraction of these transitions can be found as the ratio of the BL2 intensity integrated

between 7w =0 and /i@ = E., to the total integrated intensity of this band. From Eq. (13)

describing the shape of the BL2 band, we find that y = 5107 corresponds to E.- = 1.4 eV; i.e.,

the effective barrier for the dissociation is 1.9 eV. Note that from first-principles calculations we

obtained £ = 1.3 eV for the lowest-energy dissociation barrier (Sec. [IA). The discrepancy can

be explained by the fact that the theoretically calculated dissociation barrier Ez = 1.3 €V is

located in a direction that is substantially different from the direction of defect relaxation

following the optical transition.
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D. Annealing of GaN

The Arrhenius plots for several annealing experiments are shown in Fig. 11. For two samples
annealed at SUNY, the BL2 intensity abruptly decreases between 600 and 675 °C. For one of
these samples (s1587) annealed at VCU, the abrupt drop of the BL2 intensity begins at slightly
higher temperatures (by about 60 °C). The difference could be attributed to the specifics of the
setups and slightly different annealing conditions (ramping rate, nitrogen pressure). Interestingly,
when the GaN sample surface was covered by another undoped GaN sample (the face-to-face
annealing geometry), the BL2 decrease began at much higher temperatures (above 1000 °C),
suggesting that the out-diffusion of hydrogen from the sample causes this decrease, rather than

dissociation of the CnH; complex. The latter process is likely reversed during the sample cooling.
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Fig. 11. Dependence of the BL2 intensity on the annealing temperature. The lines are
calculated using Egs. (6) and (10) with the following parameters (from left to right): £, = 4.2
eV, 3.18, and 2.95 eV.

The annealing temperature dependences for the BL2 band were fitted with Egs. (6) and
(10) with the only fitting parameter £, (Fig. 11). For uncovered GaN sample, E, = 3.0 eV,
while for the sample covered with another GaN piece, E, = 4.2 eV. Examples of PL spectra
before and after face-to-face annealing are shown in Fig. 4. The expected from Eq. (11)
increase of the YL1 and NBE intensities after annealing at high temperatures is small and
could not be reliably confirmed in the experiments. The YLI intensity uncontrollably
increased or decreased by up to half an order of magnitude after annealing at a particular
temperature. Other factors, such as the formation or dissapearance of nonradiative defects or
the surface changes, probably affect these PL bands more significantly than the dissociation
of the CnH; complexes. For this reason, the values of R and C,. cannot be reliably found
from the annealing experiments. However, the BL2 intensity decreases by orders of
magnitude above a critical annealing temperature (Fig. 11), so that the activation energy for

the process leading to its decrease is determined fairly accurately.
E. Restoration of the BL2 band

After exposing GaN samples to HeCd laser light at P.x. = 0.13 W/cm? for one hour at 7= 18 K,
the BL2 intensity decreased by Algi2, and the YL1 intensity increased by Alyri, with Algro/Alyii
=R ~0.1-0.2 (Sec. IVC). Then the temperature was raised to 300 K, and the sample was kept in
the dark for 15 hours. After that, the sample was cooled down to 18 K in the dark, and PL
measurements were conducted at very low Pe,. to avoid the saturation of the PL bands and

bleaching during the experiment. After this cycle, the original spectra were partially restored.
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Such experiments were repeated multiple times, both with as-grown and annealed samples. The
intensity of the YL1 band was restored by (0.6£0.2)Alyr1, and that of the BL2 band by
(0.610.3)Als12. After keeping the sample for only 0.5-1 hour at 7= 300 K following prolonged

low-temperature bleaching, the restoration of PL intensities was insignificant (by about 10%).

In Sec. IIA, we attributed the PL restoration to hydrogen moving from one of the near local
potential minima (Fig. 2) back to the global minimum, thereby re-forming the C~xH; complex. To
find the probability of the CyH; complexes restoration at room temperature after the low-
temperature BL2 bleaching, Eq. (5) can be used, in which 7., =300 K and £ in this case is the
barrier for the complex restoration (Fig. 2). The experimental results indicate that £1 = 1.0 eV,
not much different from the value predicted by theory (0.65 eV). On the other hand, the PL from
GaN samples annealed at high temperatures was measured again after prolonged storage of the
samples at room temperature (for more than two months). No significant changes were observed,

which indicates that the annealing caused the removal of hydrogen from the sample.

To find whether the CyHi complexes can be restored by hydrogenation, we annealed samples
in Ho+N>2 ambient at 850 °C for 1 hour. Figure 12 shows a PL spectrum of as-grown GaN after
annealing in the N> ambient and after the subsequent annealing at 850 °C in the H>+N; ambient.
After the first annealing (in N2), the BL2 band disappeared (its intensity decreased by at least
three orders of magnitude). After the subsequent hydrogenation, the BL2 intensity was restored
to almost the initial intensity (Fig. 12). The intensities of all bands slightly decreased after this

cycle, likely due to the formation of some nonradiative defects.
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Fig. 12. PL spectra of GaN (sample s1587) at 7= 18 K and P... = 10* W/cm?. After annealing
in N at 850 °C for 1 hour, the BL2 intensity decreased by at least a factor of 1000. After
additional annealing in H>+N, at 850 °C, the BL2 band was almost completely restored. The
shape of the BL2 band is calculated using Eq. (14) with parameters given in Fig. 5. The BLc
band with the maximum at 2.8 eV is caused by electron transitions from the conduction band

to the 0/+ level of the Cy defect.’

F. Concentrations of defects contributing to photoluminescence spectrum

The concentrations of defects contributing to PL can be estimated from PL intensity dependence
on excitation intensity.3>*! The PL intensity or IQE for the i-th type of defect depends on photon

flux P as

L7P) _nP)_E” (P (19)
. ,

PL - cr
L o R

where the critical excitation intensity at which saturation of PL begins is
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Ccr Nl
P = n o™ (20)
10T,

Here, N; is the concentration of the related defect, '™ is the longest time in the recombination
process (usually, 7™ is the PL lifetime 7o), 70 and Zio”” are the IQE and PL intensity in the limit
of low excitation intensity, and « is the absorption coefficient for GaN at 3.8 eV. When the
concentration of one type of defect is found or known, the concentrations of defects responsible
for other PL bands can be found by comparing their integrated PL intensities and knowing the

hole-capture coefficients. '>%3°

N G 1)
N, Gl .f '

The excitation intensity dependences were analyzed for as-grown GaN and GaN annealed
at 1050 °C in face-to-face geometry (Fig. 13). For the as-grown sample, the measurements were
done with a short laser exposure for high excitation intensities to avoid the bleaching-related
drift. On the other hand, the annealed sample was exposed to Pex. = 100 W/cm? for an hour to
achieve the lowest contribution of the BL2 band before taking the I”2(P...) dependence. Note
that the BL2 band still could be observed in the latter case, yet with larger uncertainty (see error
bars in Fig. 13) because it overlapped with the Cn-related BLc band with a maximum at 2.85 eV.
By fitting the excitation intensity dependences for the BL2 band with Eq. (19), we have

estimated that Npr2 = 5%10'° cm™ in the as-grown sample and Ngr2 = 5x10'* cm™ in GaN

annealed at 1050 C° (after one hour of bleaching).
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Fig. 13. The dependence of the PL quantum efficiency at 7= 18 K on excitation intensity for
as-grown GaN and GaN annealed in face-to-face geometry at 7= 1050 °C (sample s1587).
The lines are calculated using Eqs. (19) and (20) with the following parameters. 7710 = 0.5, NV;
= 10" em, 7™ = 300 ps for the YL1 band, 7720 = 0.07, N> = 5x10'7 ¢cm?, '™ = 0.3 ps for
the BL2 band in as-grown GaN, and 7720 = 0.0025, N> = 5x10' cm?, /"™ = 0.3 us for the BL2

band after annealing at 1050 °C.

The parameters for the YL1 band obtained from fitting the excitation intensity dependence with
Eq. (19) (given in the caption of Fig. 13) also have considerable uncertainty. Indeed, the YL1
band decays nonexponentially after a laser pulse at 7= 18 K. It was assumed in the fit that Ny
=10" cm™, and %™ =300 ps. The latter value may be considered as the effective PL lifetime for
the DAP-type transitions. The saturation of the YL1 efficiency begins at lower excitation
intensities than the theoretical curve because of a longer lifetime for more distant pairs. The
deviation at high excitation intensity can be explained by the increased contribution of close
pairs, which are difficult to saturate because of their short lifetime. At room temperature, the

YL1 decay becomes nearly exponential with the PL lifetime of about 50 pus.
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More accurate estimates of the defect concentrations can be obtained by using Eq. (21)
with Cppr2/CpyL1 = 0.12 calculated in Sec. IVC. For sample s1587 with the total concentration
of carbon Npr2 + NyrLi = Nc = 1.7x10"7 ¢cm™ found from the SIMS measurements, we estimate
that Nar2 ~ 1x10'7 cm™ (CnHi complexes) and NyLi = 0.7x10'7 cm™ (isolated Cn) in the as-

grown sample before UV exposure.
V.SUMMARY

1. The BL2 band is caused by internal transitions of electrons from an excited state (~20
meV below the CBM) to the ground state (0.15 eV above the VBM) of the CnHi complex, which
is a deep donor. A photogenerated hole is first captured at the ground 0/+ level of the CxH;
defect. The excited hydrogenic state appears close to the conduction band when the defect is
positively charged. This state quickly captures a free electron. The electron-hole recombination
results in the BL2 band with the ZPL at 3.330 eV (in strain-free GaN), the band maximum at 3.0
eV, and the characteristic phonon structure on its high-energy side.

2. Under the above-bandgap illumination at 7~ 20 K, the CxH; complexes dissociate with
probability y = 510 in the process of electron-hole recombination via this defect. This results
in the bleaching of the BL2 band and concurrent rise of the YL1 band associated with the
isolated Cn defects. The dissociation is reversible so that after storing a sample for several hours
at 7=300 K, the intensities of the YL1 and BL2 bands at 7= 20 K partly restored to the original
values (complete restoration is observed after approximately a month).

3. In the photo-induced dissociation process, the H component departs from the CnH;
complex, overcomes a potential barrier with the height 1.3-1.9 eV, and becomes trapped in one
of the near interstitial locations. The barrier for the complex restoration is 0.65-0.9 eV, and the

complexes re-form after storing samples at room temperature for several hours.
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4. The BL2 band disappears after the annealing at temperatures above 600 °C. The
activation energy of this process is about 3.0 eV. This activation energy is obtained from Eq. (6),
which accounts for the time of annealing. The BL2 band does not restore after several months of
storing the annealed sample at room temperature. We conclude that the activation energy of 3
eV corresponds to the removal of hydrogen from the sample. The activation energies for the
complex dissociation and diffusion of the H" ions are calculated to be much smaller (1.3 and 0.3
eV, respectively).

5. In the face-to-face annealing geometry (a GaN sample is covered with another one), the
BL2 band disappears at significantly higher temperatures (above 1000 °C), which corresponds to
an activation energy of 4.2 eV. We explain the increased barrier for the hydrogen removal by
adsorption of the released hydrogen atoms by the top GaN layer and the exchange of H between
the two layers.

6. The BL2 band in samples annealed at 7> 600 °C can be restored by hydrogenation.
Additional annealing of GaN at 850 °C in the N>+H> ambient causes almost complete restoration
of the BL2 intensity. Thus, annealing in the hydrogen-containing ambient introduces hydrogen to
GaN, and the CnH; complexes are formed with concentrations comparable to the Cn
concentration.

7. The CnHi donors capture holes efficiently with the hole-capture coefficient Cp 512 ~
4.4x10° cm®/s. This agrees with the result of first-principles calculations that there is no barrier
for the hole capture by a neutral CnHi complex. The knowledge of the hole-capture coefficients
for the CxHi donors and Cy acceptors (Cp yz7 = 3.7x107 ¢cm?/s) allows us to find relative

concentrations of these defects in GaN. To find the absolute concentration of one or both defects,
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PL's excitation intensity dependence should be studied, and the absolute internal quantum
efficiency for at least one PL band be found.

8. Finally, the BL2 band is quenched by the tunable (but not abrupt) mechanism, differently
from the Schon-Klasens and Seitz-Mott mechanisms. The activation energy of the quenching is
about 165 meV, which corresponds to the thermal emission of holes from the 0/+ level of the
CnH; to the valence band. The critical temperature at which the quenching begins increases with

increasing excitation intensity.
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