PHYSICAL REVIEW APPLIED 13, 064002 (2020)

Dependence of Photoluminescence Emission on Excitation Power and
Temperature in Highly Doped 6H-SiC

Abebe T. Tarekegne®,!>" Xiaodong Shi,! Yulin Gan®,” Yunzhong Chen®,?> and Haiyan Ou® "’

lDepartment of Photonics Engineering, Technical University of Denmark, DK-2800, Kgs. Lyngby, Denmark

2Deparl‘mem‘ of Energy Conversion and Storage, Technical University of Denmark, DK-2800, Kgs.
Lyngby, Denmark

® (Received 20 December 2019; revised manuscript received 6 January 2020; accepted 13 April 2020; published 1 June 2020)

The excitation power and temperature dependences of photoluminescence (PL) emission in 6H polytype
of silicon carbide are investigated extensively. A sublinear power-function dependence of the donor-
acceptor pair emission intensity on the excitation power is explained by a rate-equation model. A very
low power exponent (k = 0.3) in a power-law dependence of PL intensity on the excitation power of B-N
codoped 6H-SiC at room temperature indicates that three-particle Auger recombination is the main carrier
recombination pathway. Auger recombination in an Al-N codoped SiC does not manifest as strongly as that
ofthe B-N codoped sample due to high density of ionized impurities which capture the nonequilibrium car-
riers faster. The ionized impurities form localized potential wells due to their random distribution, which
is revealed by a blue shift of the PL band with increasing excitation intensity (approximately 16 meV per
decade) and with decreasing temperature. Low-temperature Hall-effect measurement of the Al-N codoped
sample confirms the high density of ionized impurities and significantly reduced ionization energy of
dopant states by approximately 53 meV due to the high dopant densities. These results could lead to

realization of tunable SiC-based light sources in severe operating conditions.
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I. INTRODUCTION

Silicon carbide (SiC) has unique properties such as
large bandgap, high thermal conductivity, chemical inert-
ness, large breakdown voltage, possibility of n-type and
p-type doping, and radiation resistance, which makes it
a leading semiconductor for high-power electronics [1].
Recently, it has attracted considerable research attention
for photonics applications, such as white light sources
[2—4], a host of quantum emitters [5,6], and as a mate-
rial platform for nonlinear optics [7-9]. The possibility of
achieving broadband light emission, single photon emis-
sion, and integrated photonic circuits [10—13], in addi-
tion to its mature nanoprocessing technology, makes it a
promising platform for an all-SiC-based integrated opto-
electronic chip. The possibility of rare-earth metal-free
wavelength conversion with SiC is suitable for sustainabil-
ity and in biomedical applications where biocompatibility
is relevant.

In the lighting industry, SiC is used as a substrate to
grow GaN-based high-power LEDs due to its high thermal
conductivity (approximately 10 times that of sapphire)
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[14,15] and small lattice mismatch with GaN (3.5%)
[16]. With suitable acceptor and donor doping, SiC emits
broadband visible light in the donor-acceptor pair (DAP)
recombination process [17]. Al-N codoped 6H-SiC emits
broadband blue light and B-N codoped SiC emits broad-
band yellow light, which can be combined to produce a
white light. The yellow emission from B-N codoped SiC,
where a PL quantum yield of up to 30% is achieved at room
temperature (RT) [18], has a better red spectral coverage
than even the popular yellow phosphor (yttrium aluminum
garnet doped with Ce*"). The performance degradation
and quenching at high photon flux of the well-known
phosphors lead to gradual decline in the efficiency and
color quality [19], driving the search for alternative light
converters for laser lighting where laser flux is expected.
Owing to its broadband emission and excellent thermal
attributes, SiC-based wavelength converters can be ideal
for laser lighting applications where high thermal load is
expected [20]. For practical applications of fluorescent SiC
in the high-power wavelength conversion, improving the
conversion efficiency and investigation of high excitation
power property are crucial.

An important consideration for high-power lighting
applications of fluorescent SiC is the excitation power
dependence of the PL intensity. In many other semicon-
ductors, the PL intensity follows a power-law dependence
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on excitation power [21-25]. Mathematically,
Ipp, Lgx, (D

where /Ipp is the PL intensity, Ley is the excitation power,
and k£ is the power exponent, where 1 < k < 2 for exci-
tonlike transitions and k£ < 1 for free-to-bound and DAP
transitions [26]. The value of the power exponent indi-
cates the trend in wavelength conversion efficiency with
increasing excitation power. A value of k£ as close as pos-
sible to one implies that the conversion efficiency at high
excitation powers maintains that of the low excitation pow-
ers. In other words, the conversion efficiency does not
decline with increasing excitation power. The optimization
of the power exponent in SiC requires detailed physical
understanding of the radiative recombination mechanisms.

Excitation power dependent PL measurements can also
reveal physical insight into the perturbation of bands. A
shift of the PL band with increasing excitation power is
observed in highly doped and compensated semiconduc-
tors and is attributed to the high density of ionized impu-
rities [27]. Gislason et al. reported that semi-insulating
Li-doped GaAs shows an excitation power-dependent PL
peak position that shifts to lower energies with increas-
ing compensation [28]. Similarly, Guo et al. and Baume
et al. reported that DAP emissions in ZnO and nitrogen-
doped ZnSe, respectively, show a logarithmic increase in
peak energy with the excitation power [29,30]. In highly
doped and compensated crystals, the statistically random
distribution of charged impurities creates an irregular fluc-
tuation of potential which perturbs the band states of the
semiconductor crystal [31]. This, in turn, creates local-
ized potential wells that affect the emission spectrum and
carrier-transport property. High concentrations of donors
and acceptors in excess of 10'® cm™ are required in SiC
for efficient wavelength conversion [32]. In this case, high
density of ionized impurities perturbs the band structure
[28], which affects the emission property as well as the
carrier transport property [33-35].

In this article, the excitation power and temperature
dependences of the PL intensity of highly doped 6H-SiC
are systematically investigated. The investigations reveal
that PL intensity follows a power-law dependence on the
excitation power, where the power exponent reveals the
physical carrier recombination mechanisms. Furthermore,
for highly doped and compensated 6H-SiC, we observe a
shifting PL band with the change of excitation power and
temperature that shows the formation of localized potential
wells.

II. EXPERIMENTS

Two kinds of 6H-SiC epilayers, namely boron and nitro-
gen (B-N) codoped and aluminum and nitrogen (AI-N)
codoped samples that emit broadband yellow and blue,

respectively, are used for the investigations. The samples
are grown by fast sublimation growth process (FSGP) [36]
on 1.4° off-oriented and 1° off-oriented n-type SiC (1000)
substrate for B-N and Al-N codoped samples, respectively.
The desired doping densities are achieved by introducing
the dopants during the source material growth, which is
subsequently used for the sublimation epitaxy. The growth
temperature in the FSGP process is 1920 °C for the AI-N
codoped 6H-SiC and 1950 °C for the B-N codoped 6H-
SiC. The N concentration of the Al-N codoped epilayer is
enhanced by performing the growth in 3 mbar N, ambient.
The concentrations of Al and N in the AI-N doped sam-
ple near the surface are 1.8 x 10'® and 1.1 x 10" cm™,
respectively, whereas the concentrations of B and N in
the B-N doped sample are 1.1 x 10'® and 2.9 x 10'® cm,
respectively, as measured by time-of-flight secondary ion
mass spectrometry (TOF SIMS). The thicknesses of the
Al-N epilayer and substrate are 216 and 256 um, respec-
tively, as measured by a standard micrometer caliper.
Similarly, the epilayer and substrate thicknesses of the B-N
sample are 150 and 250 um, respectively.

For the PL measurements, the samples are placed in
a vacuum chamber, which allows the variation of the
sample temperature using an Oxford cryogenic system.
The sample temperature is varied to probe different emis-
sion mechanisms that dominate the emission process at
different temperatures. For the investigations of the exci-
tation power dependence of the PL emission property, two
continuous-wave lasers from Oxxius emitting at 375 nm
are used. For the high injection level measurements, the
laser beam is focused directly on the sample, by focus-
ing lenses, down to a beam spot size of 112 um. The
laser used in these measurements has a maximum power
of 400 mW. At the highest incident excitation power den-
sity of 750 W cm2, no sign of damage or PL degradation
is observed, which establishes the prospect of fluorescent
SiC for high-power lighting. For the low injection mea-
surements, a laser with a maximum output of 50 mW
is employed. In these measurements, the near ultravio-
let (NUV) excitation is focused on the sample through
a microscope objective. The power level of the lasers is
varied using a laser control system where the lasers are
operated in a constant laser output mode so that the output
power is stabilized. The PL signal is collected by a micro-
scope objective and is coupled to an Andor spectrometer
(SR-303I-A spectrograph with DU-420-0E CCD).

The temperature-dependent free-carrier density is mea-
sured by a Hall-effect measurement system in a van der
Pauw configuration. A cryogenic measurement system is
employed to characterize the magnetotransport with tem-
perature from 2 K to room temperature and a perpendicular
magnetic field of up to 2 T. The Ohmic contacts are fab-
ricated by depositing 200 nm thick Ni using an electron
beam evaporator and subsequent rapid thermal annealing
at 1050 °C in a vacuum for 5 min.
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III. RESULTS AND DISCUSSION

A. Excitation power dependence of the PL intensity

Figure 1(a) shows the measured PL emission spectra
from the AI-N codoped 6H-SiC sample at several inci-
dent excitation power levels at 77 K. Figures 1(b) and 1(c)
shows a log-log plot of the power dependence of the PL
peak intensity of the AI-N doped sample at different tem-
peratures. The log-log plot can be fitted well with a linear
curve over an incident power range of approximately three
orders of magnitude. This means that the PL intensity
and the excitation power can be related by a power-law
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FIG. 1. PL emission properties of AI-N codoped 6H-SiC. (a)

Emission spectra at 77 K and at different excitation power lev-
els. (b) Log-log plot of the PL peak intensity versus the incident
excitation power at low-excitation power range and (c) at high-
excitation power range at several temperatures. The black solid
curves are linear fits of log(/pz) vs log(Lex). The inset in (b)
shows the normalized spectra of the PL emission with incident
power of 0.6 mW at different temperatures.

function. The slope in the linear fit of log(/pr) vs log(Lex)
is the power exponent k. The measurements show that the
power exponent for the Al-N doped sample is in the range
of 0.6 < k <1 for all temperatures, which is expected
for a DAP recombination [26]. Comparison of Figs. 1(b)
and 1(c) shows that the power exponents are higher at low
injection powers than at high injection powers at a given
temperature.

The inset in Fig. 1(b) shows the emission spectra at
an incident power of 0.66 mW and temperatures of 77,
150 and 295 K. The different power exponents at differ-
ent temperatures are partially attributed to differences in
the radiative recombination pathways, which are attested
by the spectral modifications. At low temperatures, the
dominant emission mechanisms are AI-N DAP transition
[37] and recombination of a weakly bound electron and
a tightly bound hole at an intrinsic defect known as the
Dy center [38]. At high temperatures, these two emission
mechanisms weaken significantly and the B-N DAP con-
tribution dominates the radiative recombination process.
The boron-related emission appears due to the diffusion of
boron from the substrate to the epilayer during the growth.
The evolution of the emission mechanisms is attributed to
differences between the temperature dependences of car-
rier capture rates for the different emission mechanisms
[39]. A PL emission of the AI-N sample quenches as tem-
perature increases due to thermally activated hole capture
by a nonradiative trap.

The excitation power-dependent measurement results
for the B-N codoped sample are shown in Fig. 2. Sim-
ilar to the Al-N codoped 6H-SiC, the PL intensities in
B-N codoped 6H-SiC show a power-function relationship
with the excitation power. At room temperature and a high
excitation power range, the PL intensity dependence can
be described by, Ipp o LY. At 100 K, the power expo-
nent increases such that Ip;, o< L%%7. The power exponent
is higher at low excitation powers than at high excitation
powers. Furthermore, at very low incident powers, the PL
intensity increases linearly with the excitation power, i.e.,
k=~1.

The inset in Fig. 2(b) shows the normalized emission
spectra at different temperatures with an incident power
of 225 mW. Boron doping introduces two acceptor com-
plexes (D and D* center) with two different acceptor
energy levels [40]. As a result, two B-related DAP emis-
sion mechanisms are involved. At low temperatures, DAP
recombination through the deeper (D*) acceptor is more
prominent than the shallower D center and vice versa at
high temperatures. At 300 K, the spectrum with a peak of
approximately 580 nm is mainly due to the DAP emission
involving the D center. At 100 K, the dominant radiative
emission mechanism involves the D* center and its peak
emission wavelength is located approximately at 650 nm.
To analyze the two emission mechanisms separately, PL
intensities away from their peaks are selected to reduce the
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FIG. 2. The PL peak intensity vs excitation power of the B-N
codoped 6H-SiC at several temperatures: (a) at low-excitation
power range, (b) at high-excitation power range. The inset in
(b) shows the normalized spectra of the PL emission at differ-
ent temperatures. The black solid and dotted lines are linear fits
of log(Ipy) vs log(Lex).

contributions from the other emission pathway, since the
emission spectra overlap slightly. Figure 2(b) shows the
PL intensities at 200 K as a function of excitation power
at 550 nm (mainly D contribution) and 700 nm (mainly
D* contribution). At 200 K, the two emission mechanisms
have comparable contributions. The power dependencies
of the two radiation centers are different with power expo-
nents of 0.55 and 0.73 for PL intensities at 550 and 700 nm,
respectively. The differences in slopes can be attributed to
the differences in the densities and carrier capture rates of
the acceptor complexes.

B. Modeling the carrier recombination process in SiC

The carrier recombination dynamics in 6H-SiC is com-
plicated because of the several radiative and nonradiative
transitions. A single type of radiative transition has further
dependencies on the location of dopants on inequivalent
lattice sites. For example, the donor energy levels depend
on the type of lattice site, which, in turn, affects its carrier
capture and emission properties [41]. For semiqualita-
tive interpretation of the excitation power dependences of
the PL emissions in 6H-SiC, a simplified rate-equation
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FIG. 3. Radiative and nonradiative transitions in a donor and
acceptor codoped SiC. The black circles represent electrons and
the open circles represent holes. (A) Optical excitation by above
bandgap photons, (B) free exciton recombination, (C, D) bound
exciton recombination, (E) Auger recombination (three -particle
process), (F) radiative recombination of free hole and neutral
donor, (G) radiative recombination of free electron and neutral
acceptor, (H) donor-acceptor recombination, (I, J) nonradiative
transition of free electron and hole to ionized donor and acceptor
respectively, (K) excitation of electron from neutral donor and
(L, M) nonradiative capture of free electron and hole by deep
levels. The arrow indicates the direction of electron transfer.

model proposed by Schmidt et al. [26] is applied. The
simplified free-carrier transition pathways are shown in
Fig. 3. We assume that the electron-hole pairs are gen-
erated by above bandgap photon excitation (process A)
and they can recombine by the following transitions: free
exciton recombination (B), donor and acceptor bound
exciton recombination (C and D, respectively), three-
particle Auger recombination (E), neutral donor and free
hole recombination (F), free-electron and neutral-acceptor
recombination (G), DAP recombination (H), nonradiative
capture of free electrons and holes to ionized donors and
acceptors (I and J, respectively) and nonradiative capture
of electrons and holes by deep defect levels (L, M). In
addition, the thermal excitation of electrons from the donor
states (K) can occur.

6H-SiC has a rather large exciton binding energy of
78 meV [42], which can survive dissociation at room tem-
perature. However, exciton recombination is prominent in
a crystal with fewer defects and high purity levels. The
exciton peaks are observed in lightly doped SiC sam-
ples where the doping level is below 10'7 cm™ [43].
In our samples, where the doping concentration is high
(>10'"® cm™), the exciton recombination is unlikely, and
we do not observe exciton-related emission peaks from
the samples in the temperature range of our measurements
(77300 K). Thus, we assume that recombination through
the excitons is negligible. Moreover, the known acceptor
states with the dopants in our samples are rather deep with
ionization energy higher than 200 meV [37,44]. In this
case, we assume that the thermal induced transfer of holes
from the acceptor states to the valence band is negligible.

The PL emission energies in the samples are signif-
icantly shifted from the bandgap energy. For example,
the emission peak of the AI-N sample is shifted by
approximately 0.5 eV from the bandgap energy [See
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Fig. 1(a)]. Therefore, the emissions involve deep acceptors
and are either a DAP or a free-electron-to-acceptor (FA)
recombination. Furthermore, the typical energy levels of
nitrogen donors are relatively deep, with binding energies
of about 85 meV at hexagonal and 140 meV at cubic sites
at lower doping levels [45]. It can be expected that a signif-
icant majority of captured electrons will stay on the donor
state in the temperature range of the measurement. In addi-
tion, carriers bound on the dopant states will have a higher
probability of radiative recombination as free carriers can
be quickly captured by the nonradiative trap centers. From
these considerations, one can conclude that DAP is the
main radiative recombination mechanism in our samples.

The emission intensities of DAP and FA depend on the
densities of free electrons, neutral acceptors, and donors.
The dynamic relationship between the relevant densities
can be described by the following set of coupled differen-
tial equations as proposed by Schmidt et al. [26]:

d

E’Z — aLey — en® — gnN{ — in(Np — N3) — niNgey, (2)
dN}
— 7 = in(Np = Np) = foNpy = ANIN, (3)
dn’
— 4 =ip(Na = Nj) — gnNj = hNNp. (4)

In Egs. (2)+(4), n and p are the densities of the free elec-
trons and holes, respectively; N/‘f, Ng, and Nc?eep are the
concentrations of neutral acceptors, neutral donors, and
deep defects, respectively; Np and N, are the concentra-
tions of donors and acceptors, respectively. The coeffi-
cients a, e, f, g h, i, j, [ are the transition rates of the
processes 4, E, F, G, H, I, J, L respectively.

The measurements show that the PL intensities of
the samples follow the power-law dependence on the exci-
tation power, i.e., Ip; o< LX . The PL intensity from DAP
recombination is proportional to the product of neutral-
acceptor and donor densities (N9 NJ). In a steady-state
condition and with the assumption of equal density of
free holes and electrons, the comparison of Egs. (3) and
(4) shows that the neutral-acceptor and donor concentra-
tion has similar dependence on excitation laser power, i.e.,
Ng(Lex) x Ng(Lex). From these relationships, it can be
expected that the density of ionized donors and acceptors
has a power-law dependence on the laser excitation power
with power exponent of £. Similarly, the concentration of

2
neutral donors can be defined by solving from Eq. (3) as,

n(f +10) 1
"o T

N = \/4h’inND +n2G+)% (5)
Here, N/?(Lexa) = yNg(LCX) is assumed, and A = yh,
where y is a constant. For simplicity, we consider two
limiting cases to correlate the free-electron and neutral-
donor densities. If Np > n(i + f)?/(4K'i), then it can be

deduced from Eq. (5) that N} o i/n. Similarly if Np <
n(i + f)?/(4h'i), then the neutral-donor density can have a
linear relationship with free-electron density, i.e., V g x n.

To correlate the emission PL intensity with excitation
power, the free-carrier and neutral-dopant densities need
to be defined by solving the differential equations. Direct
solution of Egs. (2)+4) is not straightforward due to the
lack of complete data on SiC carrier-transition dynamics
and complexity involving several recombination pathways
and site-dependent properties. However, important conclu-
sions can be drawn from the interpretation of the measure-
ments by considering the limiting cases. In the case of very
high injection levels, the three-particle Auger recombina-
tion process will be the main recombination mechanism.
In this case, Auger recombination rate involving two elec-
trons and a hole can be expressed as, Rauger = yehntp o
n’, where y¢" is the Auger recombination coefficient.
Applying Eq. (2) in a steady-state condition, free-carrier
density can be related to the excitation laser power as, n
Lex. At the low and intermediate injection levels, where
Auger recombination is not the limiting factor, the rela-
tionship between the free-carrier density and laser power
can be approximated from Eq. (2) as, n « L5 where B
can vary between 0.5 and 1 depending on the dominant
recombination mechanism.

The PL intensities for DAP and FA recombination can
be defined, respectively, as

Ipap o NINY, (6)
Ipa I’lNI;) (7)

Using Eqgs. (6) and (7) as well as the aforementioned
limiting cases, the PL intensities can be related to the exci-
tation power. Based on the relative comparison between
dopant density and free-carrier density (Np and n) as well
as the contribution of Auger recombination in the carrier
relaxation, four limiting scenarios can arise. For Np >
n(i+f)?/(4h'i) and a dominant Auger recombination,
Ipap o< L3 and Ira o< L%, In the low injection conditions
where Np > n(i + f)?/(4h'i) and no significant Auger
recombination contribution, Ipap L’e‘x, where 0.67 <
k < 1. If the free-to-acceptor recombination rate is negli-
gible and the portion of ionized donors is low, then & & 1.

Similarly for Np <« n(i +f)?/(4h'i) and a dominat-
ing Auger recombination, Ipap oc L%, Finally, if Np <
n(i+f)*/(4h'i) and Auger recombination contribution
is insignificant, Ipap ocL’e‘x, where 1 < k < 2, which is
the only case that results in a superlinear power depen-
dence. This scenario is unlikely in our samples where the
dopant concentrations are very high. As a result, the exci-
tation power dependence of DAP emission intensity is a
sublinear power function in SiC and other semiconductors.

With these limiting cases, the overall characteristics of
the measured excitation power dependences of the PL
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intensity can be explained. The observed trend in mea-
surements that the power exponent is higher at the low
excitation power ranges than at the high excitation power
ranges indicates the higher contribution of Auger recom-
bination in the latter. At RT, the PL power dependence on
excitation power for the B-N doped sample has a power
exponent of 0.3, which is close to 0.33 and is expected for
a dominant Auger recombination pathway involving three
photogenerated carriers. A similar incident power for the
B-N doped sample at low temperatures and Al-N doped
sample does not show such a low power exponent. We note
here that the AI-N DAP emission is quenched as tempera-
ture increases and its contribution at RT is very weak. The
power exponents in the Al-N doped sample vary within
0.6 < k£ < 1. The values imply reduced contribution from
Auger recombination or Auger recombination limited by
free-electrons from the dopants, i.e., when photogenerated
free-carrier density is much smaller than the free-election
contributions from the donors. In such cases, the Auger
recombination can be limited by the dopant concentrations,
where Rauger = vt N2p o p. Here, p o Lex and a power
exponent of 0.67 < k < 1 can be obtained.

The analysis of the PL emission spectra, which is dis-
cussed in the subsequent sections, shows that the Al-N
doped sample contains a higher density of ionized impuri-
ties than the B-N doped sample which can quickly capture
nonequilibrium carriers in competition with the Auger
recombination. At low temperatures, the emission intensity
of the AI-N sample is more efficient than the B-N samples.
The improved efficiency in the highly doped and compen-
sated SiC sample could be due to the relatively reduced
contribution from the nonradiative Auger recombination
process. The exponent value of the AI-N doped sample
could alternatively be interpreted as Auger recombina-
tion entangled with nonradiative traps such as the double
intrinsic defects known as the E1/E2 centers [46], where
the contribution of nonradiative traps increases the power
exponent to higher values.

At very low excitation powers of the order 10# mW, the
power dependence is close to 1 (kK ~ 1) for the B-N doped
sample. A power exponent value close to 1 indicates an
insignificant contribution from the Auger recombination
process. In this case, Np > n(i + f)?/(4hi) and the den-
sity of neutral donors (acceptors) will have a square root
function of the free-carrier density. The free-carrier density
increases almost linearly with excitation power according
to the Shockley-Read-Hall process. The nearly linear rela-
tionship between the PL intensity and the excitation power
is not observed for the Al-N sample due to the Auger con-
tribution involving the free carriers from the donor states
even at low excitation powers.

The different slopes (power exponents) at different
temperatures can be attributed to the differences in the
contributions of radiative recombination mechanisms and
temperature-dependent changes of carrier capture rates.

As shown in Eq. (5), the densities of neutral donors and
acceptors, thus PL intensity, depend on the carrier cap-
ture dynamics and the density of emission centers for
each radiation mechanism. High capture rate by the donors
can result in a faster trapping of the free carriers against
the Auger recombination process. In both samples, the
dominant emission mechanisms change between temper-
atures of 77 and 300 K, which will influence the power
dependence property. One can also expect that increased
density of free carriers due to thermal ionization at elevated
temperatures facilitates Auger recombination process. In
general, it is observed that the power exponent for a given
emission process decreases with increasing temperature,
which indicates an increased contribution of the Auger
recombination process.

For efficient wavelength conversion in SiC at high exci-
tation powers, the decline of the conversion efficiency as
the excitation power increases needs to be mitigated. This
requires the power exponent in the power-law dependence
to approach one. Comparison of the Al-N and B-N 6H-
SiC reveals that the power exponent can be improved by
reducing the Auger recombination process, for example,
by inclusion of a high density of donors and acceptors
and a high level of compensation. In a compensated SiC
crystal, ionized impurities capture the photoexcited carri-
ers quickly, competing against the Auger recombination
process.

This investigation clarifies the synergy between the
radiative and nonradiative carrier recombination pathways.
This is important for improving the wavelength conver-
sion efficiency which will help the realization of SiC-based
sources for future lighting applications, such as laser light-
ing, chip-level source for all-SiC-based integrated opto-
electronic circuits, and biocompatible ir vivo illumination.

C. Excitation power dependence of the PL spectrum

In addition to the PL intensity, the emission spectrum
is analyzed carefully as the excitation power changes. We
observe a peculiar shift in the emission spectra to higher
energy as we increase the excitation power for the Al-
N codoped sample. Figure 4(a) shows the dependence of
the PL peak on the excitation power for the AI-N doped
sample at 77 and 150 K. The inset shows representative
emission spectra near the emission peak at 77 K, which
depicts the PL peak (w),) shifting from 2.55 to 2.58 eV
(a shift of ~6 nm) as the excitation power changes from
21 to 662 uW. This is a significant shift of approximately
16 meV per decade increase in the excitation power. More
importantly, the emission peak energy increases logarith-
mically with the excitation power, such that Le, exp(‘;),—’s’)
where y; is a coefficient that represents the energy shift.
This dependence is expected for semiconductors with a
high density of ionized impurities, where the statistical
distribution of the ionized impurities creates fluctuating
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FIG. 4. (a) Emission peak energy vs incident excitation power

of the Al-N codoped 6H-SiC at 77 and 150 K. The black curve is
the linear fit of w, vs log(Lcx) where the slopes are 16 meV/dBm
and 21 meV/dBm for 77 and 150 K, respectively. The inset shows
the PL curves near the emission peak at selected excitation pow-
ers. (b) Emission peak energy versus excitation power for the
B-N codoped sample at 77 K.

potential. From the linear fits of the emission peak energy
versus logarithm of the incident power, the value of y; is
estimated to be 6.9 meV at 77 K and 9.1 meV at 150 K.

The emission peak shift for the B-N sample at 77 K is
shown in Fig. 4(b). The peak shift with increasing excita-
tion power is less than 4 meV, while the excitation power
changes by two orders of magnitude. The dependence of
the peak energy on the excitation power does not show
a clear logarithmic dependence on the excitation power
for the B-N doped sample as is in the fluctuation potential
model. The lack of significant shift in the emission spec-
trum for the B-N sample is due to the lower density of
ionized impurities.

The high density of randomly distributed ionized impu-
rities results in the smearing of the energy states [27]. This
phenomenon is shown schematically in Fig. 5. Shallow
donors and acceptors lose their identity by mixing with the
respective conduction and valance bands, forming band-
tail states. The deep acceptor and donor states of those
presented in the Al-N codoped SiC are strongly bound
and their energy levels shift along with the perturbed band
states. As a result, the DAP emission energy is reduced as
shown in Fig. 5(b). The average depth of the potential well

(a) Conduction band (b) Conduction band

EI).U’ ]:‘A7 El

Valence band
Position

Valence band
Position

FIG. 5. Schematic representation of the perturbation of the
band states due to charged impurities: (a) lightly doped crystal,
(b) highly doped crystal with high density of charged impurity.
E, is the bandgap energy in a pure crystal, E4 is the acceptor
energy level, and Ep is the donor energy level. Epap is emit-
ted photon energy in a donor-to-acceptor transition. £y, ,p is the
reduced emitted photon energy in a in perturbed band.

for n-type semiconductors depends on the free-electron

density (n) and total density of charged impurities N;,
2

and is given by ¢(n,N,) = ( ¢

N} h
Imege —T | where e, €, €
n3

are the electronic charge, the dielectric permittivity, and
the dielectric coefficient, respectively [31]. It can thus be
expected that the potential-well depth increases with the
concentration of the charged impurity but decreases with
the free-charge density.

Considering the effect of the fluctuation potential, the
photon energy Av of the DAP emission is lowered by
twice the average potential-well depth ¢ (n, N;), such that

hv = E; — (AEp + AEy) + 2%~ — 2¢, where E,, AEp,

4mer

AE,, and 4;2€r are the bandgap energy, the donor ionization
energy, the acceptor ionization energy, and the Coulomb
potential, respectively. As we increase the free-carrier den-
sity with the laser excitation, the average depth of the
potential well decreases due to the screening of the fluctu-
ating potential by the photogenerated electrons and holes.
As aresult, the PL emission shifts to higher energy, which
is consistent with the measurements shown in Fig. 4(a).
The lower value of the energy shift coefficient at 77 K than
at 150 K is due to the smaller capture rate of deep wells at
lower temperatures.

It can also be expected that increasing the excitation
intensity favors the DAP recombination through close
pairs such that the Coulomb potential increases and sub-
sequently shifts the emission energy to higher energies.
However, the contribution is expected to be less than the
measured shift. This is supported by the measured shift
in the B-N doped sample, where the shift is measured to
be less than 2 meV per decade change of the excitation
power. Therefore, the main PL band shifting mechanism is
attributed to the perturbation of the band states due to the
high density of charged dopants.

To examine the level of compensation in the Al-N doped
sample directly, we perform the Hall-effect measurement
that enables us to estimate the free-electron density, the
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FIG. 6. Free-electron density of the epilayer and substrate

(naL—N and ngupsirate TESpectively) as a function of temperature
for the Al-N doped sample measured by the Hall-effect system in
a van der Pauw configuration. The black curves are the fits of the
measurement data by the neutrality equation (Eq. 8).

density of compensating centers, and the donor ioniza-
tion energy. The measured densities of free carriers of the
epilayer and the substrate of the AI-N doped 6H-SiC are
shown in Fig. 6. The measured data are fitted using the
least-square method with the neutrality equation where the
free-carrier density # is given by [47]

Np

1 + (gpn/Nc) exp(AEpx/kpT)
Np,

1+ (gpn/Nc) exp(AEp,/kgT)’

where Neomp,4 1s the density of the compensating centers
including acceptors, Np; and Np . are the density of donors
at the hexagonal and cubic sites, AEp; and AEp . are the
ionization energies of nitrogen donors at the hexagonal and
cubic sites, gp is the degeneracy factor for donors, and N¢
is the effective density of state in the conduction band,
which is given by N¢ = 2Mc(2numg.kT/h?). Here, Mc
is the number of conduction band minima (M = 6) and
mg. 1s the effective electron mass for the density of states
in the conduction band (mg, = 0.27my), mq is electronic
mass, 4 is the Planck constant, T is the temperature, and
kg is the Boltzmann constant. For the fitting, it is assumed
that there are three kinds of inequivalent lattice sites (two
cubic and one hexagonal) in equal proportions [45]. The
two cubic sites have approximately the same ionization
energy [48] and are treated as one site with twice the den-
sity of the hexagonal site. Furthermore, we assume that the
dopant ionization energy decreases equally for the cubic
and hexagonal sites at high doping levels.

As shown in Fig. 6, the measured free-electron densities
are well fitted with the neutrality equation. The deviation
of the fit from the measurement data at low temperatures
is due to instability in the high resistance measurements in
the Hall-effect measurement system. At low temperatures,

n—+ NCOmp,A =

+ ®)

the free electrons are bound to the donors and the sample
conductivity decreases. The Hall-effect measurement also
provides temperature dependence of the carrier mobility
(not shown) which shows that carrier mobility decreases
with decreasing temperature below approximately 200 K.
This decreasing trend has been reported in other experi-
ments and it indicates strong contribution of ionized impu-
rity scattering in the carrier-transport dynamics [9,47,49].

The fitting of free-carrier density of the AI-N sam-
ple using Eq. 8 results in the doping concentration of,
Np=131x10" em™ and Neomp 4 =3.37x10" cm™ for
the epilayer of the Al-N sample. While the dopant concen-
tration is in good agreement with the TOF SIMS measure-
ment, the density of compensating centers is higher than
the acceptor concentration. This indicates that in addition
to the Al acceptors, intrinsic defects are contributing to the
compensation, boosting the density of ionized impurities
and subsequently smearing the band structure. This sup-
ports the shift in emission band with increasing excitation
power in the Al-N codoped sample.

The fitting results of the Hall-effect measurements
also provide the ionization energies of the N dopant
states where AEp; =32 and AEp.=287 meV, which
are smaller than the typical values in low doped 6H-
SiC. Similarly, for the n-type substrate, on which the
Al-N epilayer is grown, Np=3.97x10"® cm™ and
Neomp.a =9.6x10" cm™, which is in reasonable agree-
ment with the TOF SIMS measurement results, where the
N concentration is 5.37x10'"® ¢cm™ and the B concen-
tration is 9.5x10'7 cm™. The corresponding ionization
energies at the hexagonal and cubic states are 47.2 and
104.2 meV, respectively. These estimates of the ioniza-
tion energy agree with the reduction of the ionization
energies of dopants (AEg,,) for highly doped semicon-
ductors. AEgy,, reduces with the dopant density (Ng,)

1

according t0 AEqy, = AEgpp o — 8Nd§0p where AEyy 0 is
the dopant ionization energy at low doping levels and §
is a constant. The estimated value of § is 2.3x 1078 and
2.4x107% e V cm for the epilayer and substrate of the Al-
N codoped 6H-SiC sample, respectively. These values are
similar to those reported by Kimoto ef al. [1] and Bustarret
et al [50].

D. Temperature dependence of the PL spectra

Finally, we observe that the PL spectra red shifts
with increasing temperature at a given incident power.
Figure 7(a) shows the normalized PL spectra of an Al-
N codoped sample at different temperatures. It can be
clearly observed that the PL peak shifts toward lower
energy as we increase the temperature. We note that spec-
tral shift can also be caused by changes in the emission
mechanisms. To exclude the impact of the change of the
ratio of the different mechanisms, the emission spectra
of each emission component is analyzed by resolving the
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FIG. 7. (a)Photoluminescence spectra of the AI-N doped sam-

ple at various temperatures. The PL spectra are shifted vertically
for clarity. (b) Emission peak energy of the AI-N DAP emission
and D; emission as a function of temperature. The green and the
light green curves indicate the bandgap of 6H-SiC as a function
of temperature offset vertically by 0.46 and 0.51 eV, respectively.
The curves are plotted following the reported empirical formula
for the bandgap narrowing [1].

measured spectrum into its components. All the emission
components are shifted to lower energies with increas-
ing temperature. In the temperature range of Fig. 7, the
prominent emission mechanisms are DAP and D; center
emissions. The observed shifts of the PL emission peaks as
a function of temperature are shown in Fig. 7(b). The PL
peak shifts by approximately 5 nm for DAP emission and
by 10 nm for the Dy emission as the temperature increases
from 65 to 160 K.

Bandgap narrowing with increasing temperature would
also result in red shift of the PL emission and the
extent of the shift is expected to follow the bandgap
narrowing, which is given by the empirical expres-
sion, Eq(T) = Eq0 — %, where T is the temperature,
E,=3.02¢eV,a=82x10"*e VK", and b=1.8x10° K
[1]. The bandgap energy as a function of temperature
with vertical offsets to match the measured emission peaks
of the AI-N DAP and D; emissions are shown with the
green and light green curves, respectively. The change in
bandgap between 77 and 160 K is only 8 meV while the
measured shift in AI-N DAP emission is 30 meV. It can

be clearly seen that the bandgap narrowing alone cannot
account for the measured peak shifts.

The peak shift toward lower energy with increasing
temperature can be explained by the fluctuation potential
model. The capture cross sections of free carriers at the
recombination centers are not uniform due to the randomly
distributed potential wells of various depths. The capture
probability of the free carriers by the impurities is smaller
in the deeper potential at low temperatures [27]. In the
presence of the fluctuating potential, the distribution of
carriers cannot be defined by a single Fermi level but a
quasi-Fermi-level of states. With increasing temperature,
the situation relaxes with eventual establishment of a sin-
gle Fermi level. Therefore, photon energy obtained with
a constant excitation power shifts to the lower energies
with an increase of the temperature because of a higher
involvement of the deeper potential wells.

Both the temperature and excitation power-dependent
PL-spectra analysis demonstrate the formation of potential
fluctuations due to the high density of ionized impurities
in SiC. Low energy states near the conduction band are
formed at regions of low potential and the high states near
the valence band are formed at regions of high potential,
which means that they are spatially separated [51]. Con-
sequently, the DAP recombination in the distorted band
states will involve the tunneling process. The tunneling
process slows the radiative recombination process and thus
affects the emission efficiency [34].

The potential fluctuation affects both photon emission
and absorption properties and thus alters the optical spec-
troscopy of highly doped and compensated semiconduc-
tors, such as intrinsic and extrinsic defect analysis. Fur-
thermore, in the presence of potential fluctuations, charge
transport changes from band conduction to hopping trans-
port, which influences electronic and photonic device per-
formances. The depletion regions in the p-n and Schottky
junctions have typically high density of ionized impurities.
Thus, potential fluctuations play a big role in optoelec-
tronic device characteristics. The demonstrated emission
wavelength shifts can be used to develop tunable photon
sources in SiC. For example, by controlling the free-
carrier density in an optical excitation, potential fluctuation
can be used to achieve wavelength tunable single phonon
emission in integrated quantum photonic circuits [52].

IV. CONCLUSION

Detailed investigation of the excitation power and tem-
perature dependences of the PL emission in Al-N codoped
and B-N codoped 6H-SiC samples are performed. A
simplified rate-equation model where several electron-
hole recombination mechanisms are considered explains
a sublinear power-law dependence of PL intensity on
the excitation power. We show that the exponent in
the power-law fitting carries essential information about
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carrier relaxation mechanisms. A very low power exponent
(k=0.3) in a B-N codoped sample at RT indicates that
Auger recombination involving nonequilibrium free carri-
ers is the dominant nonradiative carrier-dissipation mech-
anism. In the AI-N codoped sample (0.6 < k < 1), the
contribution of Auger recombination manifests as weaker
than that of the B-N codoped sample. This is attributed
to the high density of ionized impurities, which leads to a
rapid capture of the free carriers to the acceptor and donor
states in competition with the Auger recombination and
strong contributions from nonradiative traps.

In addition, the excitation power-dependent analysis of
emission spectra of the Al-N codoped sample shows a band
shift to higher energy with increasing excitation intensity
and a shift to lower energy with increasing temperature.
The peak emission wavelength decreases by up to 10 nm
as the sample temperature increases from 65 to 160 K. A
significant peak shift of approximately 16 meV per decade
increase in excitation power is measured. We explained the
band shifts by the electrostatic potential fluctuation due to
the high density of ionized impurity. Hall-effect measure-
ments confirm the high density of ionized impurities. The
Hall-effect measurement also reveals that dopant ioniza-
tion energy decreases by approximately 53 meV due to the
high dopant density. The potential fluctuation influences
not only the photoemission property but also the nonequi-
librium charge transport. Thus, it has broad implications
for SiC-based electronic and photonic devices and needs
to be considered in future device designs.

The investigations could lead to realization of wave-
length tunable SiC-based light sources for many potential
applications where the excellent material property of SiC
is essential, such as high-power LEDs, all-SiC-based inte-
grated circuits, biocompatible in vivo illumination, and
single photon sources for quantum technologies.
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