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Continuous-wave (cw) electron paramagnetic resonance (EPR) at both X-band and W-band frequencies,
pulsed-EPR, and pulsed electron nuclear double resonance (ENDOR) were used to study phosphorus shallow
donors in 3C-, 4H-, and 6H-SiC doped with phosphorus (P) during chemical vapor deposition (CVD) growth.
In 3C-SiC, a spectrum with D,; symmetry and the principal g values, g,=2.0051, g, =2.0046, was detected.
The 'P hyperfine (hf) constants of the center, Aj=0.53 MHz and A, =—0.13 MHz, were determined from
pulsed-ENDOR measurements. A doublet with C3, symmetry (g,=2.0065, g, =2.0006, and 3P hf constants
A=8.24 MHz, A | =5.89 MHz) was detected in P-doped 4H-SiC. In the 6H polytype, the same P; and P,
doublets [Greulich-Weber, Phys. Status Solidi A 162, 95 (1997)] or dPy,, dP.;, and dP., doublets [Baranov et
al., Phys. Rev. B 66, 165206 (2002)] previously reported in material doped with P by neutron transmutation
were detected. Our cw-EPR, two-dimensional EPR, and electron spin-echo envelope modulation (ESEEM)
results confirm that the dP.; and dP, doublets are related to different allowed and forbidden transitions of the
P, center with S=1/2 and /=1/2. Based on the observed 3P hf interaction (for three polytypes) and the Bc
hf interaction with nearest neighbors (for 4H- and 6H-SiC), the P-related spectra are assigned to the ground
states of the isolated shallow P at Si site. The valley-orbit splitting of the shallow P donors was estimated from
the temperature dependence of the spin-lattice relaxation time and of the cw-EPR signal intensities. Based on
the ab initio supercell calculations of the spin localizations on the P atom and the nearest C neighbors in
4H-SiC and the similarity between the spectra in the 4H and 6H polytypes, we reassign the spectrum in 4H
-SiC to the shallow P donor at the quasicubic site (Py) and the two doublets P; and P, in 6H-SiC to the shallow

P donors at two quasicubic sites, Py; and Py,, respectively.

DOI: 10.1103/PhysRevB.73.075201

I. INTRODUCTION

Controlling the conductivity via doping of shallow donors
or acceptors is essential for the fabrication of semiconductor
devices. In silicon carbide (SiC), nitrogen (N) shallow do-
nors, which substitute for carbon, are easily and unintention-
ally incorporated during the crystal growth. Phosphorous (P),
which is expected to substitute for silicon, is an alternative
shallow donor to N in SiC. Due to its higher level of electri-
cal activation, P has advantages over N in the high doping
range (>3 X 10" cm™), where the electrical conductivity in
N-doped SiC is being saturated.'

SiC has many polytypes differing in the stacking se-
quences of Si-C bilayers. In the cubic lattice of 3C-SiC, each
silicon and carbon has one site. However, in the hexagonal
lattice of 4H-SiC, each silicon and carbon has two inequiva-
lent lattice sites called hexagonal (k) and quasicubic (k)
sites, which differ from each other by their surrounding ar-
rangement beyond the second neighbors. In the 6H polytype,
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there are one hexagonal (k) and two quasi-cubic (ki,k,)
sites. A shallow donor occupying different inequivalent lat-
tice sites can have different electronic structure as shown in
the case of the shallow N donors, which can be studied by
magnetic resonance techniques such as electron paramag-
netic resonance (EPR) and electron nuclear double resonance
(ENDOR) (see Ref. 2 for a review).

EPR studies of P in SiC have mainly been performed in
6H-SiC doped with P by neutron transmutation of *°Si in the
host crystal to *'P (Refs. 2—6) or by P ion implantation.”:8
These doping techniques and the required high-temperature
annealing are known to introduce also intrinsic defects and
their associated complexes. The detection of P involving in a
paramagnetic center is based on the observation of *'P (I
=1/2, natural abundance 100%) hyperfine (hf) interaction.
Unfortunately, in these studies, the identification of the sub-
stitutional site of P was severely hampered by the interfer-
ence of strong EPR signals of N donors in the host crystal
and by the complexity of the presence of additional deep
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defect centers such as residual lattice damages and their as-
sociated complexes. Until the recent theoretical study,’
which pointed out that a considerable fraction of P might end
up in occupying the carbon site after high-temperature an-
nealing required in these doping methods, P involved in the
observed P-related EPR centers in neutron-transmuted
6H-SiC had always been assumed to substitute for silicon.
The labeling and interpretation of reported EPR spectra are
controversial. In the first EPR study of neutron-transmuted
6H-SiC,? the P, (4,=5.63 mT, A, =5.55 mT), and P, (4,
=5.17 mT, A =5.17 mT) spectra observed at 77 K were
suggested to be related to the shallow P donors occupying
the k;, k,, and the & sites, respectively, and the P+V spec-
trum (A;=0.92 mT, A, =0.72 mT) was assigned to a com-
plex involving P and a vacancy. The P, P, centers were later
labeled P, and P, and were attributed to the excited state of
the shallow P donors, whereas two other spectra [originally
labeled 7, and I, (Ref. 4) and later changed to P, and P,
(Refs. 2 and 5)] observed at low temperatures (7<<10 K)
were assigned to the ground state of the shallow P donors
with P, corresponding to P on the /% site and P, to P on the k;,
k, sites of the Si sublattice.>> In a later EPR study,® both sets
of low- and high-temperature P-related centers were simul-
taneously observed at 4.2 K, excluding the possibility that
the P, and P, are related to the excited states as proposed in
Ref. 2. The P,, P, and P+V centers were instead reassigned
to the ground state of the shallow P donors at the cubic and
hexagonal sites of Si sublattice and labeled sP,;, sP.,, and
sP,.° Also in these X-band EPR experiments,® the P,
doublet>> was suggested to be contributed from two overlap-
ping spectra, labeled dP; and dP_,. Based on the observation
of their satellites, which were attributed to the hf interaction
with one »Si nucleus, the low-temperature spectra, P; and P,
(or I; and I,), in Refs. 2 and 5 were assigned to deep level
complex defects involving P at the Si site (Pg;) and the car-
bon vacancy (V), (Psi-V), at three inequivalent silicon sites
in 6H-SiC with new labels dP}, (A;=0.10 mT, A , =0.05 mT),
dP., (A;=0.62 mT, A, =0.38 mT), and dP,, (A;=0.48 mT,
A, =0.19 mT).® Recent EPR studies on P-ion implanted
6H-SiC (Refs. 7 and 8) also used the assignment that the P,
and Py, centers were the ground state of the shallow P donors
at Si site and estimated their valley-orbit splitting. The sum
of the concentrations of P, and P, corresponded to only
~0.08 of the implanted P ions in the samples annealed at
1650 °C after the implantation at 800 °C. Optically detected
EPR of 6H-SiC doped with P during sublimation growth'”
was reported but the nature of these broad signals is still
unclear. In sublimation-grown samples, the concentration of
the shallow N donors was often rather high (similar or orders
of magnitude higher than that of the shallow P donors), giv-
ing rise to the strong EPR signals of the shallow N donors.
The P-related EPR signals were therefore obscured by strong
N spectra and could hardly be studied.!" In recent
calculations,’ the P-related centers with small (P,, P,) and
large (P,, P,) hf constants were reassigned to the shallow P
donors occupying Si and C lattice sites, respectively. In in
situ P-doped sublimation-grown 6H-SiC, only the strong
EPR signals of the N donors and two weak shoulders, which
were believed to be the fingerprint of the P+V center, were
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detected. Therefore it was suggested that the amount of elec-
trically active isolated P incorporated during growth is insig-
nificant and P may form diamagnetic complexes.’

In our preliminary studies,'”> we observed the EPR spectra
P, and P, (Refs. 2 and 5) or dP,, dP,,, and dP,, (Ref. 6) in
6H-SiC doped with P during chemical vapor deposition
(CVD) growth.!3 We followed the site assignment of Ref. 2
that the P, (or dP_; and dP,,) doublet corresponds to the P
substituting for Si at the k; and k, sites, and the strong an-
gular dependence of the signal intensity of the dP.; and dP,
doublets remains unexplained.

In this paper, we study 3C-, 4H-, and 6H-SiC doped with
P during CVD growth using continuous-wave (cw) EPR,
electron spin-echo (ESE) detected EPR, electron spin-echo
envelope modulation (ESEEM), two-dimensional (2D) EPR,
and pulsed ENDOR. In our pure CVD freestanding layers,
the P spectra can be observed without interference from other
EPR signals such as the shallow N donors in the
sublimation-grown material or N and radiation induced de-
fects in neutron transmuted and P-implanted materials.
Therefore we could detect clear hf structure due to the inter-
action with nearest-neighbor C atoms in 4H- and 6H-SiC
and unambiguously identify the shallow P donors occupying
the Si sublattice. Section III presents experimental results in
6H-SiC confirming that (i) the P, and P, centers®>’ (i.e., I,
and I, centers* or dPy, dP,,, and dP., centers in Ref. 6) are
related to the ground state of P occupying the Si sublattice,
(ii) the P,(Ref. 2) (or dP,; and dP., (Ref. 6)) doublet is not
arising from two different P centers but correspond to al-
lowed and forbidden transitions of one P center with
§=1/2 and I=1/2. In this section, EPR and ENDOR results
of P in 3C- and 4H-SiC were presented. We also show that
the P centers in 3C-, 4H-, and 6 H-SiC exhibit features char-
acteristic of having a low-lying excited state. The energy
separation between the ground state and the excited state has
been estimated from the temperature dependence of the EPR
signal intensity and of the spin-lattice relaxation time. In Sec.
IV, the theoretical studies of the spin localizations on the P
atoms and the nearest-neighbor C atoms of the shallow P
donors in 4H-SiC are presented. The assignment of P centers
to the shallow P donors occupying different inequivalent lat-
tice sites and their electronic structure are discussed in Sec.
V.

II. EXPERIMENT

In order to avoid the interference from N and other de-
fects, which can be introduced during neutron transmutation
or P ion implantation and subsequent high-temperature an-
nealing, we used high-purity 3C-, 4H- and 6H-SiC layers
doped with P during CVD growth.!® In 4H- and 6H-SiC
layers, the concentration of shallow P donors was about
1-4X10'® cm™ as determined from secondary ion-mass
spectrometry (SIMS),'? and from capacitance versus voltage
(CV) measurements. In 3C-SiC epitaxial layers, the P con-
centration is estimated to be in the 10'7-cm™ range. The
concentration of the shallow N donors is in the low 10'
-cm™ range for 4H- and 6H-SiC. The N-doped n-type sub-
strate was removed by polishing in order to eliminate the
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FIG. 1. (Color online) PL spectrum of P bound excitons in a
6H-SiC CVD layer measured with polarization E L ¢ at 2 K, show-
ing no-phonon lines (Ph?, Ph®, and Ph¢) and their phonon replicas.
The subscript number denotes the phonon energy in meV. Weak
no-phonon lines R and S of the N-bound excitons (NBE) are
indicated.

interference from the EPR spectra of the N donors. The
thickness of the freestanding layers was about 150 um.

The cw-EPR measurements were performed on a Bruker
ELEXSYS E580 X-band (~9.75 GHz) spectrometer and on
a home-built W-band (~95 GHz) setup. The pulsed experi-
ments such as echo-detected EPR, inversion-recovery, ES-
EEM, pulsed-ENDOR, and two-dimensional (2D) EPR were
also performed on the ELEXSYS E580 spectrometer. In the
pulsed experiments, we used the microwave pulse with the
magnetic field B;~ 0.5 mT. The echo intensity was obtained
by integrating the echo signal within the range of the gate
centered on the top of the echo. By changing the width of the
gate, either nonselective detection which collects responses
from all the signals within the excitation bandwidth of the
microwave pulses or a selective detection which virtually
eliminates the contribution from off-resonance signals is
chosen. In the echo-detected EPR, the intensity of Hahn echo
(90°—7—180°—7r—echo) was measured as a function of
the external magnetic-field strength B. By using a selective
detection, the resolution similar to that of cw EPR is at-
tained. For the pulsed ENDOR measurement, Mims
sequence'* in which radiofrequency pulse (duration 10 us)
was inserted between the second and the third pulses of
stimulated echo (90°—7—90°—T—180°—7—echo, 7T
=1.2 us, T=16 us) was used.

III. EXPERIMENTAL RESULTS AND ANALYSIS

In all P-doped 3C-, 4H-, and 6H-SiC CVD layers, the
photoluminescence (PL) of the P-bound excitons has been
observed. Figure 1 shows as an example the band-edge PL
spectrum in a 6H-SiC layer with strong no-phonon lines and
phonon replicas of the P-bound excitons measured in the
configuration with the electromagnetic waves of photons po-
larized perpendicular to the ¢ axis (E L c¢). Detailed struc-
tures of the spectra were reported elsewhere.'*!> The R and S
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FIG. 2. (Color online) High-frequency EPR spectra in P-doped
6H-SiC freestanding layers measured at 6 K for (a) Bllc and (b)
B Lc. The '*C hf line due to one nearest-neighbor C atom of the
Py center can be seen in the X 10 scale.

no-phonon lines of the N-bound excitons were also detected
but very weak. The observation of the strong PL of P-bound
excitons indicates the high purity of our CVD layers. [In the
sublimation-grown material, the PL of the P-bound excitons
was usually not seen and only the broad PL band from the
donor-acceptor pairs was detected (Ref. 10).] In our 3C-,
4H-, and 6H-SiC CVD samples, the EPR signals of the shal-
low N donors were not observed.

A. EPR spectra and hyperfine interaction
1. 6H-SiC

Figures 2(a) and 2(b) show the W-band (~95 GHz) EPR
spectra in P-doped 6 H-SiC measured at 6 K for the magnetic
field B along and perpendicular to the c axis, respectively.
The spectrum consists of two doublets, each due to *'P hy-
perfine structure. We will show later in Sec. V that these
doublets correspond to the shallow P donors occupying the
two quasicubic lattice sites of silicon and therefore give the
P, and P, spectra new labels Py; and Py,, respectively. The
observed *'P hf splitting are Py; (0.11 mT) and Py,
(0.615 mT) at Bllc and Py, (not resolved) and Py, (0.22 mT)
at B L c. From the symmetry (Cj,), the g values and the 'P
hf constants shown in Table I, it is concluded that these dou-
blets are identical to the P; and P, spectra in Refs. 2 and 5 or
the 7, and I, spectra in Ref. 4.

As shown in X10 scale spectrum in Fig. 2(b), a weak
satellite line on the low-field side of the Py, line could be
detected. The intensity ratio between this satellite line and
the main Py, line is about 0.6% which is approximately a
half of the natural abundance of *C (I=1/2, 1.1%). This
satellite is therefore attributed to the low-field component of
the '3C hf structure of the C atom along the ¢ axis in the
nearest-neighbor shell. Within the experimental error, the *C
hf splitting (~0.37 mT X 2=0.74 mT) was isotropic.

In the X-band EPR spectra of P-doped 6H-SiC at 8 K,
three doublets Py, Py,,, and Py, are observed as shown in
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TABLE I. The principal values of g and hf tensors of the shallow P donors in 3C-, 4H-, and 6H-SiC. The
error in the g values is +£0.0002. The values of the hf splitting are given in mT. The values in parentheses are
in MHz. The principal g values were determined from X-band and W-band cw EPR.

Center 8l g ACP)  ACP) AC) AC) A(Cry) A(Cry

P(3C) 20051 20046  (0.53)* (=0.13)2

P (4H)  2.0065 2.0006 0.294 ¢4 0.21¢d 0.72¢ 0.72¢
(8.24)>4  (5.89)°4  (20.18)° (20.18)¢

P (6H) 2.0046 2.0028 0.114 0.014 0.74¢ 0.74¢
(3.168)*  (0.0654)*  (20.7)°  (20.7)¢

P, (6H) 2.0039 20025  0.619¢ 0.22¢ 1.09¢ 1.09¢ 1.09¢ ~0.61°  ~0.61°
0.615¢ 0.22¢ (30.6)°  (30.6)° (17.1)°  (17.1)
(17.012)  (6.155)a>

*Determined from pulsed ENDOR with a higher accuracy.
"Determined from pulsed ESEEM with a higher accuracy.

‘Determined from X-band cw EPR.
4Determined from W-band cw EPR.
“Determined from X-band echo-detected EPR.

Fig. 3. At Bllc [Fig. 3(a)], two doublets Py, Py,, are ob-
served. With rotating the magnetic field away from the ¢
axis, the intensity of the P,, doublet rapidly decreases while
the Py, doublet appears and dramatically increases. For the
intermediate directions (between 20° and 70°), all the Py,
Py,,, and Py, doublets can be seen [see Fig. 3(b)], whereas
at B 1 ¢, the Py, doublet reaches its maximum intensity and
the Py,, signal is not detectable [Fig. 3(c)]. The *'P hf split-

3 B¢
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FIG. 3. (Color online) X-band EPR spectra in P-doped 6H-SiC
freestanding layers measured at 8 K for (a) Bllc, (b) B is 40° from
the ¢ axis and (c) B L ¢. The scaled-up spectra show the '*C hf lines
of nearest-neighbor C atoms.

ting of the P,; and P, doublets observed at W band agree
with those of Py, (0.11 mT) and Py,, (0.619 mT) at X band
for Bllc and with those of P,; (not resolved) and
Pyop (0.22 mT) at X band for B L c.

As shown in the X 10 scale, two pairs of satellite lines
centered at the Py,, signal were also detected for some angles
close to the ¢ axis [Fig. 3(a)]. The outer pair has a nearly
isotropic splitting of ~1.09 mT and the intensity ratio be-
tween the sum of the outer pair of the satellite lines and the
main line is about 0.9—1.3 % which corresponds to the natu-
ral abundance of '3C. The outer satellites are therefore attrib-
uted to the "*C hf lines of one nearest-neighbor C atom along
the ¢ axis (C;). The intensity ratio between the sum of the
inner pair of the satellite lines and the main line is about
2.7-3.4%. The inner satellites with a nearly isotropic split-
ting of ~0.61 mT are therefore assigned to be the '*C hf
lines of three nearest-neighbor C atoms in the basal plane
(C,_4). The anisotropy of these hf splitting is too small to be
detected with the resolution of cw EPR. Two sets (outer and
inner pairs) of '°C satellites with both the hf splitting and the
intensity relative to the main line similar to those of the Py,,
doublets were also detected for the Py,, doublets for the di-
rections close to B L ¢ [Fig. 3(c)]. A better analysis of the
intensity ratio was possible, confirming that these hf lines are
due to the interaction with one and three C atoms in the
nearest-neighbor shell. The intensity of the inner hf line on
the low-field side in Fig. 3(c) is much higher than expected
for the hf interaction with three C nuclei on the Py, line.
This is due to the overlapping between the inner hf line of
Py, (with a half hf splitting ~0.305 mT) and the outer hf
line of the Py; line with a half hf splitting of ~0.37 mT as
determined from the W-band experiments [see Fig. 2(b)].

Figures 4(a) and 4(b) show the pulsed-ENDOR spectra of
the Py, center measured for Bllc and B L ¢, respectively. For
B L ¢, the Py line overlaps with the low-field component of
the Py, doublet in the X-band EPR spectrum and therefore
ENDOR frequencies from both doublets, P,; and Py,,, were
detected [Fig. 4(b)]. The angular dependence of the ENDOR

lines of Py, with B rotating in the (1100) plane is shown to
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FIG. 4. ENDOR spectra in P-doped 6H-SiC measured for (a)
Bllc and (b) B L ¢. The magnetic field was set on the P,; EPR peak.

have axial symmetry and therefore can be described by the
following equation:'®

Venpor(Ms = +1/2) ={[(+ 1/2)(A“Sin20+ Alcosz 6)
= ("D + [(4, - A )sin 6 cos 1%}
(1)

Here Mg is the magnetic quantum number of the electron
spin, v (*'P) is the nuclear Zeeman frequency of *'P corre-
sponding to the applied magnetic field, and the angles 6
=0° and #=90° correspond to the directions Bllc and B L ¢,
respectively. The *'P hf constants obtained from the least-
squares fitting of the observed ENDOR frequencies of Py ; by
using Eq. (1) are given in Table I and are in good agreement
with the values determined for the P; center in Refs. 2 and 5.

There is a remarkable difference in the signal intensity
and its angular variation of the Py, doublet measured at dif-
ferent frequencies. At 142 GHz, the intensity of the P, signal
was found to be double as compared to that of P, and was
therefore attributed to the unresolved spectra originated from
two P centers occupying the two quasicubic sites (k;,k,) of
6H-SiC lattice.>*> In our W-band (~95 GHz) experiments,
the intensity of the Py, doublet is comparable to or smaller
than that of the Py, signal (see Fig. 2). This does not support
the assignment of the P, doublet in Ref. 2. At high frequen-
cies (95 and 142 GHz), the change of the signal intensity
with the crystal directions is small and completely different
from the strong intensity variation of the Py,, and Py,, dou-
blets measured at X-band frequency. At the directions be-
tween 40° and 60°, the separation between the Py,, and Py,
lines in the X-band spectra is about 0.10—0.11 mT. However,
in the Py, lines of the W-band spectra (the line width
~0.1 mT), no indication of an overlapping of two signals
such as splitting or broadening could be detected. We there-
fore suspect that the Py,, and Py,, doublets seen in X-band
experiments are not related to two different P centers as pre-
viously suggested>*%!2 but may be corresponding to al-
lowed (AMg=+1, Am;=0, here m, is the magnetic quantum
number of the nuclear spin) and forbidden transitions
(AMg==1, Am;=+1) of one P center with S=1/2, I=1/2.
This may happen for a system with an anisotropic hf inter-
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FIG. 5. Two-pulse ESEEM time-domain spectrum of the
Py»./Pyoy, doublets in P-doped 6 H-SiC measured at 5 K for B being
40° off the ¢ axis.

action, which is comparable in magnitude to the nuclear Zee-
man interaction, when the direction of the hf field is different
from that of the external magnetic field. In such a case, ES-
EEM arising from the interference between allowed and for-
bidden transitions, which are excited simultaneously by mi-
crowave pulses, may be observable.!”

Figure 5 shows the two-pulse echo decay spectrum mea-
sured at 5 K for the magnetic field direction being 40° off
the ¢ axis. In the measurement, the intensity of Hahn echo
(90°—7—180°—7—echo) was measured as a function of
the interpulse delay 7 by using the microwave pulses suffi-
ciently strong to excite all four lines of the Py,,/Py,, dou-
blets simultaneously and by using nonselective detection. As
can be seen in the figure, a very strong modulation on the
two-pulse echo decay was observed. In the two-pulse ES-
EEM experiment, the modulation frequencies are the EN-
DOR frequencies, v venpor(Ms=+1/2)] and
Vel Venpor(Ms=—1/2)], and the combination frequencies,
v, = vg (Ref. 18). After subtracting the slow decay due to the
spin-relaxation processes, the time-domain spectrum (Fig. 5)
is converted to the frequency-domain spectrum by Fourier
transformation (FT). In the FT-ESEEM spectrum shown in
Fig. 6, the first and the third frequencies (lines 1 and 3)
correspond to the ENDOR frequencies whereas lines 2 and 4

(b) 6H-SiC:P
1 T=5K
6 =40°

1,3: ENDOR frequencies
2: difference of 1,3

ESE Intensity (linear scale)

4:sumof 1,3
3
k 2 4
Lol be s s Lo e Lo e loaa bl oy
2 6 10 14 18
Frequency (MHz)

FIG. 6. Two-pulse ESEEM frequency-domain spectrum of the
Py>./Pyop, doublets in P-doped 6 H-SiC measured at 5 K for B being
40° off the ¢ axis.

075201-5



N. T. SON et al.

T T T T T T T T
~ 3506 i
E 0
E 3504 | 0 i
E 350.2 |- ®) 0 =}
= I
.9 3500 4
E 349.8 - @) 0 0 b4
b ;
= 3496 —
1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16
Modulation field (MHz)

FIG. 7. (Color online) A 2D-EPR spectrum showing the contour
plot of the modulation intensities with respect to the modulation

frequency and the magnetic field measured at the same angle as in
Fig. 6 (B is 40° off the ¢ axis).

correspond to the difference and the sum of the frequencies 1
and 3, respectively.

In the ESEEM experiment, only one set of ENDOR fre-
quencies was obtained from the four lines of the P,,/Py,
doublets. The sorting of the four lines of the two doublets,
Pys, and Py, to the allowed transitions (Am;=0) and for-
mally forbidden transitions (Am;==x1) of a center with
S=1/2 and I=1/2 is clearly demonstrated by using the 2D-
EPR technique.'® In our 2D-EPR experiment, the time-sweep
mode spectra, echo intensity versus 7, of the Hahn echo were
measured as a function of the external magnetic-field
strength B at the same orientation as the above ESEEM ex-
periment, i.e., 40° off the c¢ axis. All four lines of the
Py»./ Py, doublets were excited by strong microwave pulses
and a selective detection was used to extract the modulation
from the particular EPR transition. For the latter purpose, the
echo intensity was obtained by integrating the echo shape
sampled in the range of 400 ns with a step of 4 ns. The
FT-ESEEM spectra as a function of B were obtained by con-
verting each time domain spectrum to the frequency domain
spectrum. Figure 7 shows a contour plot of the modulation
intensities with respect to the two axes: the modulation fre-
quency and the magnetic field. The *'P ENDOR frequencies
of 2.7 and 12.6 MHz are observed at the field positions of
both Py,,/Py,, doublets. The difference of the ENDOR fre-
quencies 9.9 MHz occurs only at the field positions of the
Py, doublet (~349.95 and ~350.3 mT), while the sum of
the ENDOR frequencies 15.3 MHz occur only at the field
positions of the Py,, doublet (349.85 and 350.4 mT). Thus
the Py,,/Py,;, doublets are clearly arising from one P center
with S=1/2, I=1/2. Although being excited by the micro-
wave pulses, the P,; doublet does not give any modulation
and therefore gives rise to no peaks in the 2D-EPR spectrum
in Fig. 7.

The angular dependence of the modulation frequencies
with B rotating in the (1100) plane is shown in Fig. 8. The
modulation was not observed at 0° (Bll¢) and 90° (B L ¢)
since at these principal directions of the *'P hyperfine tensor
(C5, symmetry), the Amy==+1 transitions should have zero
transition probability. In Fig. 8, the splitting of the Py,, and
Py,, doublets in the X-band cw-EPR spectra is also plotted.
The splitting of the Py,, and Py, doublets corresponds very
well to the fourth (line 4) and second (line 2) modulation
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FIG. 8. (Color online) Angular dependences of ENDOR fre-
quencies (1 and 3), their difference and sum (2 and 4) obtained from
ESEEM (open circles) and the hf splitting obtained from cw EPR of
the Py,, and Py, doublets (filled triangles) in 6H-SiC. The solid
curves are calculated from the obtained hf parameters using Eq. (1).

frequencies, respectively. This confirms that the two doublets
Py,, and Py,, belong to the same P center with S=1/2 and
I=1/2. The angular dependence of the ENDOR frequencies
(lines 1 and 3) were fitted using Eq. (1) and the principal
values of the *'P hf tensor, A;=17.012MHz and A,
=6.155 MHz, were obtained. The same values of the hf con-
stants were also obtained from the least-squares fitting of the
second and fourth modulation frequencies, v,—vg and v,
+vg. It should be noted that the 3P hf tensor obtained from
the angular dependence of the ESEEM frequencies agrees
with that obtained for the Py, center from the W-band cw-
EPR measurements. Thus the four Ilines of the
Pi»./Piopdoublets are arising from the Py, center. The simu-
lation of the angular dependences of the ESEEM frequencies
using the obtained hf coupling constants are plotted as solid
curves in Fig. 8.

The relative intensities between the Py, and Py, doublets
change with the direction of the magnetic field indicates that
their associated transitions change from allowed to forbidden
transitions and vice versa. This happens in the case when the
hf interaction is anisotropic and comparable in strength with
the nuclear Zeeman interaction. Figure 9 shows the energy-
level scheme for S=1/2 and /=1/2 and the allowed and

Ms=+172/ mi=+12—5—1 Ms=+12/ m=-1/2 77—
mI:71/2 7'y 2 m1=+1/2 F'y 2 2

Ms = —1/2 my = —1/2

(@
8B:BMs + AeMsm — g:B:Bmy

gBeBMS* ganBmI + AeffMSmI

FIG. 9. Energy-level scheme for a system with S=1/2, I=1/2
for the cases (a) Ag>2g,BaB >0, and (b) 2g,B,B>A>0. Here
Mg and my are the magnetic quantum numbers of the electron and
nuclear spins, respectively. The equations of the energy for the case
of high magnetic field and isotropic hf interaction is valid only at
the principal directions of the hf tensor (see text for explanation).
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FIG. 10. (Color online) The angular dependences of the line
positions of P centers in 6H-SiC measured at X-band frequency
(9.7558 GHz) with B rotating in the (1100) plane. The curves rep-
resent the calculated line positions for all possible EPR transitions
of Py; and Py, centers using the parameters in Table I and the spin
Hamiltonian Eq. (2). For the Py, center, all the EPR transitions
become allowed or partly allowed and can be detected at most of
crystal directions. For the Py center, the transitions (1+4) and
(2++3) corresponding to the outside lines (dashed curves) are not
detectable.

forbidden transitions depending on the magnitude of the hf
coupling constant and the nuclear Zeeman interaction. The
levels are split by the electron Zeeman interaction g8.BMg,
the hf term A ;M gm; and the nuclear Zeeman term —g,, 3,Bm;
(Aer>0, g,>0). HereB, and B, are the Bohr magneton and
nuclear magneton, respectively. It should be noticed that the
simple equation (gB.BMg+A M gm;—g,B,Bmy) for the case
of high magnetic field and isotropic hf interaction is only
valid at the principal directions of the hf tensor of Py, and is
used for an easy understanding of the energy-level scheme.
For an arbitrary direction of the magnetic field, the energy
levels are described by more complicated terms.'® Figure
9(a) shows the case for A.4>2g,B,8. The allowed transi-
tions 1++4 and 2+ 3 (indicated as thick arrows) are deter-
mined by the selection rule AMg==+1 and Am;=0. For Ay
<2g,B,B, the transitions 24 and 1+ 3 become allowed
as shown in Fig. 9(b). When the anisotropic hf interaction is
comparable to the nuclear Zeeman interaction, the selection
rules are relaxed and all four transitions may be detectable.
The intensity of the forbidden transitions is determined by
both the relative magnitude between the anisotropic hf cou-
pling constants and g,/3,B and the relative direction between
the anisotropic hf and B.

The angular dependences of the Py, doublet (Py,, and Py,
doublets) in 6H-SiC measured with B rotating in the (1100)
plane are plotted as open circles in Fig. 10. The spin Hamil-
tonian parameters g and A of *'P, both having C5, symmetry,
were determined by fitting the observed line positions of
X-band measurements to the spin Hamiltonian

H=BeB'g'S+S'A’I_ganB'Iv (2)

where S=1/2 and I=1/2, and g,=2.2632 for >'P. The least-
squares fitting of the line positions and the calculations of the
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FIG. 11. (Color online) Angular dependence of the relative EPR
intensity of all the transitions of the Py; and Py, centers in 6H
-SiC calculated at X-band frequency (9.7558 GHz). At W-band fre-
quencies, the intensity dependence of both the Py; and Py, centers is
similar to that of the Py, center at X-band frequency.

transition probabilities to be described later were carried out
by computer program EPR.FOR using numerical diagonaliza-
tion of the spin-Hamiltonian matrix. The principal g and A
values of the Py, centers obtained are given in Table I. The
analysis of the angular dependence of the line positions mea-
sured at W-band frequency gives the same principal g values
and similar *'P hf coupling constants for Py,. Our g values
are about 0.0003 smaller than that reported in Refs. 2 and 5
and are close to the values given in Ref. 6. In our experi-
ments, the magnetic field was calibrated by measuring simul-
taneously the signals arising from the substitutional P in Si
(g=1.9985, isotropic) in P-doped Si which was co-mounted
with the P-doped SiC sample. The simulated angular depen-
dences of these doublets using the obtained values and the
spin Hamiltonian Eq. (2) are plotted as solid and dashed
curves in Fig. 10. The angular dependences of the relative
intensity of all the four EPR transitions are calculated and
shown in Fig. 11. If we assume that the Py,, and Py, dou-
blets were arising from two different centers and obtain the
spin-Hamiltonian parameters from the line positions ob-
served for the limited range of the orientations, the obtained
parameters (g,=2.0039, g, =2.0025, A;=0.615mT, A,
=043 mT for Py, and g=2.0038, g, =2.0025, A,
=0.396 mT, A | =0.22 mT for Py,;) correspond well to those
of dP, (g=2.0037, g,=2.0025, A;=0.62mT, A,
=0.38 mT) and dP., (g,=2.0037, g, =2.0024, A;=0.48 mT,
A =0.19 mT), respectively.®

From Figs. 10 and 11, it is clear that at both X-band and
W-band frequencies and for all crystal directions the Py cen-
ter follows the energy-level scheme in Fig. 9(b) and only two
allowed transitions 2«4 and 1 < 3 can be detected. The two
forbidden transitions 1+ 4 and 2+ 3 have nearly zero tran-
sition probability and cannot be observed (dashed curves in
Fig. 10). Therefore the hyperfine patterns of the Py, spectra
at X band and W band are similar. The situation of the Py,
center is, however, different. In the case of the Py, center at
X-band frequency, the 'P hf interaction is larger than
2g,.B.B for the crystal directions between 0° and~50°, and
therefore splitting follows the scheme in Fig. 9(a) in which
the 14 and 2+« 3 transitions are allowed. Between ~50°
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FIG. 12. X-band EPR spectra in P-doped 3C-SiC CVD layers
measured at 8 K for (a) BI[100] and (b) BII[011]. The inset shows
the spectrum in (b) measured with a four-time-smaller field modu-
lation (0.005 mT). The microwave power is ~0.006 mW. (c), and
(d) The corresponding spectra measured at W-band frequency,
respectively.

and 90°, the *'P hf interaction is smaller than 2g,3,B and the
energy levels are described by the scheme in Fig. 9(b) in
which the 2++4 and 1+ 3 transitions become allowed. At
directions between 20° and 70°, all four EPR transitions can
be detected (Fig. 11). The analysis of the angular dependence
of the Py, center at W-band frequency shows that at higher
magnetic fields (nearly ten times compared to that at X-band
frequency), the hf term is much smaller than 2g,8,B at all
directions. The system therefore follows the energy-level
scheme in Fig.9(b) and only the transitions 2<~4 and 13
can be detected. The calculations also show that the angular
variation of the intensity of the Py, signal at W-band fre-
quency is similar to that of the P center.

2. 3C-SiC

Figures 12(a) and 12(b) show the X-band EPR spectra
observed in a P-doped 3C-SiC CVD freestanding film at 8 K
for BII[100] and BII[011], respectively. For BII[100], a spec-
trum with two lines was detected. These two lines coincide at
BII[111] and move away from each other when rotating to
the [011] direction. At BII[011], these lines almost overlap
with each other and can be slightly resolved when using low
microwave power (0.006 mW) and low-field modulation
(0.005 mT) [see the inset in Fig. 12(b)]. The corresponding
spectra measured at W-band frequency are shown in Figs.
12(c) and 12(d). From X-band to W-band frequency, the
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FIG. 13. (Color online) Angular dependence of the line posi-
tions of the P center in 3C-SiC measured at (a) 9.7592 GHz and (b)
94.887 GHz with B rotating in the (011) plane. The curves repre-
sent the calculated line positions using the parameters in Table I.
The angles 0° and 90° corresponding to the magnetic-field direc-
tions BII[100] and BII[011], respectively.

splitting between the two lines at BII[100] increases nearly
ten times, indicating that the separation between the two
lines is not due to the hf splitting but due to the difference in
the g value. The angular dependence of the line positions

with B rotating in the (011) plane was measured at both
X-band and W-band frequencies and shown in Figs. 13(a)
and 13(b), respectively. The center has two magnetically dis-
tinguishable sites both at BlI[100] and at BlI[011], and only
one at BI[111]. From the pattern of the rotational plots
shown in Fig. 13, it is determined that the symmetry of the
center is D,4. Thus the center has three sites which are axi-
ally symmetric about [100], [010], and [001], respectively.
The line positions of two sites of which the symmetry axes
are [010] and [001], respectively are identical in the rotation

with B _L[011]. From the least-squares fitting of the line po-
sitions observed, the same principal values, g,=2.0051, g,
=2.0046, of the g tensor (with D,4 symmetry) were obtained
for both rotations. The simulations of the line positions using
the obtained parameters are plotted as solid curves in Fig. 13.

In order to extract weak °'P hyperfine interaction hidden
underneath the linewidth, we performed pulsed-ENDOR ex-
periments. Figures 14(a) and 14(c) show the pulsed-ENDOR
spectra for BII[100] and BI[011] with the magnetic field
fixed at the EPR line position of the site which is axially
symmetric about [100]. For both directions, two ENDOR
lines centered at v(*'P) were detected. For BI[100], the
separation of the two ENDOR lines was the same as Fig.
14(c) when the magnetic field was fixed at the high-field
EPR line arising from the two sites which are axially sym-
metric about [010] and [001], respectively. The angular de-

pendence of the ENDOR lines in the (011) plane shown in
Fig. 14(b) indicates that the *'P hf tensor is axially symmet-
ric about the (100) direction. From the least-squares fitting of
the angular dependence of the ENDOR frequencies to Eq.
(1), we obtain the principal values of the hf tensor A
=0.53 MHz and A | =—0.13 MHz. The *'P hf tensor has also
D,y symmetry. The principal values are very small and the
hyperfine splitting changes the sign when passing the (111)
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FIG. 14. (Color online) ENDOR spectra and the angular depen-
dence of ENDOR frequencies of the P center in 3C-SiC. The angles
0=0° and #=90° correspond to the directions BI[100] and
BII[011], respectively. The solid curves in (b) represent the fit using
the hf parameters in Table L.

direction. Since the pulsed-ENDOR measurements confirm
that the center is related to P, the center is labeled the P
center.

3. 4H-SiC

In 4H-SiC layers doped with P during CVD growth, an
EPR doublet was detected. The X-band spectra measured at
8 K for Bllc and Bllc are shown in Figs. 15(a) and 15(b),
respectively. Although there are two inequivalent silicon sites
(h and k) in 4H-SiC, only one spectrum was detected in both
X-band and W-band experiments. We label the spectrum as
P, and the assignment of the center to P at the k site will be
shown later. For B L ¢ or angles between 60° and 90° a sat-

4H-SiC:P

Bllc

EPR Intensity (linear scale)

T=8K u
9.750781 GHz

346 347 348 349
Magnetic Field (mT)

FIG. 15. (Color online) EPR spectra in P-doped 4H-SiC free-
standing layers measured at 8 K for (a) Bllc and (b) B L¢. The
isotropic broad signal at ~347.85 mT is not related to the P} center.
The '3C hf line of one nearest-neighbor C atom could be detected
for the high-field line of the *'P doublet.
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FIG. 16. (Color online) X-band echo-detected EPR spectra of Py
in 4H-SiC measured at 6 K for B along and perpendicular to the ¢
axis showing the hf structure of 31p. The 'C hf lines of one C atom
is also observed and shown in X10 scale parts of the spectra.

ellite line was observed on the high-field side of the Py line
[see the inset in Fig. 15(b)]. Its intensity ratio with the main
line is about 0.5-0.6 %, indicating that the structure is due to
the high-field component of the '*C hf structure of the C
atom along the ¢ axis in the nearest-neighbor shell. Similar to
the hf line of P centers in 6H-SiC, this hf splitting is also
isotropic. The low-field component of the hf structure could
not be detected due to overlapping with a broad and isotropic
signal at ~347.8 mT [see Fig. 15(b)]. For angles close to the
¢ axis, the Py signal becomes weaker and the 13C hf structure
could not be observed. In W-band EPR experiments, the
broad signal is well separated from the P signal, but we could
not detect the '*C hf lines as clear as in X-band experiments.

In Fig. 16, echo-detected EPR spectra of Py in 4H-SiC
measured for Bllc and B L ¢ are shown. In the echo-detected
EPR spectra the broad signal was effectively eliminated by
utilizing the difference in the phase memory time which is
the time constant of the two-pulse echo decay. As can be
seen in the X 10 scale spectra in Fig. 16, weak hf lines simi-
lar to that in cw-EPR spectra could be detected. Within the
experimental error, the hf splitting is isotropic(~0.72 mT).
The intensity ratio between the hf line and the main line is
also about 0.5-0.6 %. A part of the simulated spectrum in-
cluding the hf interaction with one '*C nucleus plotted as a
smooth curve at the high-field side of the P, line at B L ¢
shows an excellent fit to the experimental data (the grey
curve underneath). This confirms that the satellite lines are
due to the >C hf interaction with one nearest-neighbor C
atom, which we assign to be the nearest C atom along the ¢
axis. The hf interaction with three nearest-neighbor C atoms
in plane was not resolvable from the main line.

From the angular dependence of the line positions shown
in Fig. 17, it is determined that the symmetry of the P, center
is Cs,. In Fig. 17, each open circle represents an EPR line
position measured in the X-band spectra and the solid curves
are the simulated angular dependence using the EPR param-
eters (see Table I) obtained by fitting of the observed line
positions to the spin Hamiltonian Eq. (2). The analysis shows
that at both X-band and W-band frequencies, the nuclear Zee-
man interaction is larger than the hf interaction and the split-
ting follows the scheme in Fig. 9(b). Only the transitions
24 and 13 corresponding to the inner doublet can be
detected. The calculations of the relative intensity show that
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FIG. 17. (Color online) Angular dependence of the P center in
4H-SiC measured at 9.75048 GHz with B rotating in the (1100)
plane. The curves represent the calculated line positions of all the
four possible EPR transitions of the Py center (S=1/2 and I=1/2)
using the parameters in Table I and the spin Hamiltonian of Eq. (2).
The dashed curves represent the transitions with the intensity close
to zero and cannot be detected. The relative intensity of the transi-
tions is similar to that of the Py center in 6H-SiC shown in Fig. 11.

the transitions 1+ 4 and 2+ 3 (dashed curves in Fig. 17) are
forbidden and could not be detected in our X-band and
W-band experiments.

4. LCAO analysis

Since the hf interactions of *'P and '*C have either axial
symmetry or isotropic we can estimate the isotropic and an-
isotropic parts of the hf tensor and hence the corresponding s
and p spin densities using one-electron linear-combination-
of-atomic-orbital (LCAQO) approximation. The isotropic part
is the trace of tensor A and is related to the spin density in
the s orbital (77a?) by the expression

a=1/3(A;+24 ) = (2/3) g BeguBam @’ 3)

The anisotropic part is the traceless part of an axial tensor
with principal values (2b,—b,—b), where b is expressed via
the spin density in the p orbital (7?5%) as

b=(113)(A= A ) = (2/5)(ue/Am)8 BegnlBa B 7).
4)

Here, 77 is the spin density on the corresponding atom and
the contribution of the d orbital was not considered (o
+ Bz= 1). The obtained hf values a and b for P centers in 3C-,
4H-, and 6H-SiC are given in Table II. The spin densities on
the s and p orbitals then can be calculated using atomic
constants, [(0)|* and (r—),, given by Morton and Preston.?’
The obtained spin densities at the P atom and the nearest-
neighboring C atom(s) are also shown in Table II.

B. Temperature dependence of signal intensity and spin-lattice
relaxation time

Below we show that the P centers in 3C-SiC, Py in
4H-SiC, and P, and Py, in 6H-SiC exhibit features charac-
teristic of having a low-lying excited state. The energy sepa-
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TABLE II. The hf parameters a and b and the corresponding s
and p spin densities of the unpaired electron located on the P atom
and their nearest-neighbor C atoms. The anisotropic part of 13C nf
interaction which could not be resolved by cw-EPR measurements
was assumed to be 0. The total spin density for C,_4 is the triplex
value of the sum (s+p).

Center a (MHz) b (MHz) s (%) p (%) Total (%)
P (30)

3p 0.09 0.22 0.0007  0.06 0.06
Py (4H)

3lp 6.67 0.78 0.05 021 0.26
c, 20.18 0 0.53 0 0.53
Py, (6H)

3p 1.492 0.838 0.01 0.23 0.24
c, 20.7 0 0.55 0 0.55
Py, (6H)

3p 9.774 3.169 0.07 0.86 0.93
c, 30.6 0 0.81 0 0.81
Co 17.1 0 0.45 0 135

ration between the ground state and the excited state has
been estimated from the temperature dependence of the cw-
EPR signal intensity and of the spin-lattice relaxation time.
Later, after assigning the P centers to be the shallow donors,
the splitting is ascribed to valley-orbit splitting.

In our studies of the temperature dependence of the cw-
EPR signals, the measurements were performed at W-band
frequency using very low microwave powers to achieve the
stability in coupling of microwave in the cavity. The tem-
perature dependence of the EPR signal of the P center in
3C-SiC, Py and Py, in 4H-, and 6H-SiC is very similar as
can be seen in Fig. 18. The signal gradually decreases with
increasing temperature and disappears at temperatures above
30-34 K. The Py, doublet in 6H-SiC behaves differently
and can be detected only at temperatures below 12 K [see
Fig. 18(c)].

Here, we consider a simple model consisting of only two
states, the ground state and the excited state with the energy
difference AE, by neglecting higher excited states and the
conduction-band states. The temperature dependence of the
EPR signal intensity of the ground state is given for the case
of AE which is much larger than the Zeeman splitting &,

1(T) = no(DA(T). (5)

The temperature dependence of the population of the ground
state due to thermal excitation to the excited state is

no(T) = N[go/(go + g1) exp(= AE/kgT)], (6)

where N is the concentration of the EPR center, g, and g, are
the degeneracy without including electron spin of the ground
state and excited state, respectively, and kg is the Boltzmann
constant. The fraction excess population of the lower level of
the electron Zeeman levels is
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F(D) =[1—exp(— SlkgD) /[ 1 + exp(— kgT)] = tanh(82ksT),
(7)

where 6~ 0.39 meV at the W-band frequency. The calibrated
intensities of the P center in 3C-SiC, Py in 4H-SiC and Py,
Py, centers in 6H-SiC are plotted as a function of the recip-
rocal temperature in Fig. 19. The fits to the EPR intensities
using Egs. (5)—(7) are also shown as solid curves in Fig. 19.
The energy separation AE determined for the P centers are
5.4 meV for 3C-SiC, 4.8 meV for P, in 4H-SiC, 4.2 meV,
and 7.0 meV for P, and P, in 6H-SiC, respectively.

The energy separation between the ground state and the
excited state can also be determined from the temperature
dependence of the spin-lattice relaxation time 7' in the tem-
perature range where 7 is governed by the Orbach process
which is the resonant two-phonon process involving an ac-
tual excited energy level lying at AE above the studied
level.?! In this process, the temperature dependence of T is
described by the relation

1/T1 x exp(— AE/kBT) . (8)

For measuring 7, we performed inversion-recovery experi-
ments in which a pulse sequence (180°—7r—90°-7—180°—7

[4H(P): 4.8 meV 6H(P,,): 4.2 meV |
¥

—_
TTTT

Calibrated EPR Intensity
o

O. | I S N T TN T T N T T T T T 1
0.05 0.1 0.15 0.2
Reciprocal Temperature (1/K)

FIG. 19. (Color online) Calibrated EPR intensity of the P signals
in 3C-, 4H-, and 6H-SiC as a function of reciprocal temperature.
The deduced energy separations between the ground and excited
states of the P-related centers are indicated. The solid curves repre-
sent the fits using Egs. (5)—(7). The data were obtained from
W-band experiments.

—echo) with fixed 7 and scanned 7 was used. The first pulse
creates a nonequilibrium population. The Hahn echo gener-
ated by the second and third pulses monitors the recovery to
the thermal equilibrium population.

Below 10 K, the inversion-recovery curves of the
P-related centers in 4H- and 6H-SiC could be well fitted by
a single exponential function. The temperature dependence
of 71 measured for B L ¢ is shown in Fig. 20 for P, in 4H
-SiC and for Py; and Py, in 6H-SiC. As can be seen in the
figure, the logarithm of 1/7 in both polytypes is linear to the
reciprocal of the temperature with the slope determined by
an energy separation AE. The obtained AE values are
4.2 meV for P in 4H-SiC, 4.3 meV and 6.0 meV for P, and
Py, in 6H-SiC, respectively. These values are in good agree-
ment with those determined from the temperature depen-
dence of the cw-EPR signal intensity.

It should be noted that AE is obtained from the measure-
ment of 7 in the low-temperature region where the decrease
of the signal intensity due to the population onto the excited
state is not significant. One of the main sources of errors in
the determination of the energy separation via the tempera-
ture dependence of 7} comes from the measurement of tem-
perature. In the studied temperature range 5—10 K, a small
error in measuring temperature, e.g., 0.5—1 K, would result

6H(P,_): 6.0 meV
106k 6H(P,): 4.3 meV
»
~
S 10°F
4H(P): 4.2 meV
10°F
ko
0.1 0.14 0.18 0.22

Reciprocal Temperature (1/K)

FIG. 20. (Color online) The dependence of the spin-lattice re-
laxation time 7'; on the reciprocal temperature of P centers in 4H
-SiC and 6H-SiC. The solid lines represent the fits to experimental
data. The corresponding energy separations between the ground and
excited state of P centers are indicated.
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in an error of ~0.6—1.0 meV in AE. In cw-EPR experi-
ments, the AE values of the P center in 3C-SiC, Py in 4H
-SiC, and Py; in 6H-SiC were determined in a larger tem-
perature range (6—30 K) and were therefore less sensitive to
the temperature error. In our W-band experiments, the
sample and the cavity are in contact with a thick copper
holder, where the temperature sensor is attached, and the
temperature can be kept stable within 0.05 K during the
measurement. The temperature stability in our X-band spec-
trometer is also similar. However, the temperature sensor
mounted outside of the resonator for the pulse experiments
and its reading could be slightly different from the real tem-
perature of the sample which is in a small quartz tube inside
the resonator. We expect that the error in measuring tempera-
ture can be ~0.5 K and less than 1 K in both X-band and
W-band experiments.

In the T, measurements of P in 3C-SiC, the obtained in-
version recovery curves at the studied temperatures could not
be fitted to a single exponential function. For successful es-
timation of AE from measurements of 7, P-doped 3C-SiC
samples with higher quality and lower doping may be re-
quired (our P-doped 3C-SiC CVD layers were grown in the
conditions optimized for 4H- and 6H-SiC but not for the 3C

polytype).

IV. CALCULATIONS
A. Methodology

Ab initio supercell calculations were carried out to inves-
tigate the shallow phosphorus donor at the Si site in
4H-SiC. The donor wave function can spread out large dis-
tance from the donor atom in semiconductors. By using the
effective-mass state theory the radii of the donor wave func-
tion associated with the ground state can be estimated to be
11 A.22 We have used a 576-atom supercell (6 X 6 X2 mul-
tiplication of the primitive cell) to model the 4H-SiC crystal
where the average diameter of this supercell is somewhat
bigger than 20 A. (Here, we note that 6 X 6 X 2 multiplica-
tion of the 6H-SiC primitive cell would result in a 864-atom
supercell.) In a small supercell the donor wave function can
strongly overlap with its periodic images. This is manifested
by the accumulation of the localization of donor wave func-
tion at the edge of the supercell. We have inspected the lo-
calization of the donor wave function at the edge of the 576-
atom supercell and we have not found any peaks. Therefore
we believe that the calculated spin distribution in this super-
cell can be qualitatively compared to the experimental val-
ues. (We note that the donor wave functions of the excited
states may spread out at larger distances, therefore the inac-
curacy of the calculation could be larger for the excited
states.) The effective-mass donor states are split off from the
conduction-band states at the edge of the conduction bands.
The minimum of the conduction-band edge (CBM) of
4H-SiC is at the M point.?® In order to study the shallow
donors in 4H-SiC, the donor wave functions should be cal-
culated at the M point. In the above-mentioned 576-atom
supercell calculations the M-point is folded into the I" point
of the reduced Brillouin zone of this large supercell. Since
the I'-point sampling provides convergent charge density in
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an 576-atom supercell>* we have used this single k point only
in the calculations.

The calculation on defects in a 576-atom supercell (even
with a single k point) at ab initio level is computationally
almost prohibitive but it is possible by using supercomputers.
We have used the parallel version of the code SIESTA? to
accomplish this task. This program implements density func-
tional theory (DFT) combined with the pseudopotential ap-
proximation to eliminate the core electrons, and uses a basis
set consisting of numerical orbitals centered on the atoms. In
the calculations of Pg; defects Troullier-Martins pseudopo-
tentials were employed.’® The program requires the use of a
grid to compute some of the contributions to the matrix ele-
ments and also for performing the Fourier transform to
evaluate the Hartree potential and energy by solving the
Poisson’s equation in reciprocal space. We have used a grid
fine enough to represent plane waves with kinetic energy
cutoff up to 90 Ry. A high quality basis set was used, con-
sisting of double-{ plus polarization functions for the valence
electrons. These calculations have been carried out using the
Ceperley-Alder functional’’ as parametrized by Perdew and
Zunger.”® We have used spin polarized calculation but it was
beyond of our possibility to take the spin-orbit interaction
into account. We have used the scissor operator to correct the
“band-gap” error of this method. In order to optimize the
geometry of the donors the forces acting on the atoms have
to be calculated which is computationally demanding. To ac-
celerate this process we have first optimized the defects in a
smaller 96-atom supercell and insert the resulting geometry
into the large 576-atom supercell. Then, those atoms were
again post-relaxed in the 576-atom supercell until the forces
were below 0.04 eV/A. Since we have used pseudopoten-
tials to treat core electrons a direct calculation of hyperfine
constants of the paramagnetic defect is beyond the possibil-
ity. However, the spin localization on P and nearest-
neighboring C atoms can be calculated by this method and
compared to the values derived from experiments.

B. Results

We have investigated P occupying the Si site at both hex-
agonal (h) and cubic (k) lattice sites in 4H-SiC. We have
found that the relaxation effect is relevant in the first two
neighbor shells around P atom: the distance between the first
neighbor C atoms and P atom is shortened to 1.82—-1.83 A
while the bond length between the second neighbor Si atoms
and first neighbor C atoms is stretched to 1.91 A. In the outer
shells the bond lengths are practically identical to those in
the perfect crystal (1.88 A). We do not find significant dif-
ference in the geometry of Pg;(k) or Pg;(h) defects: Pg;(k) is
somewhat more symmetric possessing bond length of 1.82 A
between P and every neighbor C atom while Pg(h) has
0.01 A longer P-C bond along the ¢ axis. The calculated
donor level at & site (Py) is at Ec-17 meV with A; symmetry
where E( is the conduction-band edge. (We note here that we
obtained this symmetry without applying the spin-orbit cou-
pling.) The calculated first excited E state is lying 8 meV
higher in energy. The situation is different at the / site (Py):
the ground state has E symmetry with the level at
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Ec-19 meV while the first excited A; state is lying above
only with 4 meV. We have to note here that the LDA Kohn-
Sham levels are not the ionization energies. One can have a
reasonable value for the ionization energies by using the so-
called ASCF method, i.e., the energy difference between the
neutral state and the ionized (single positively charged) state.
By using this method we have obtained the vertical ioniza-
tion energies at Ec-76 meV/56 meV for the k/h sites, re-
spectively. These values are close to the ionization energy of
60.7 meV for P at the & site determined recently from fitting
the donor-acceptor luminescence due to Al-P pairs.?’ As a
check, we have calculated the vertical ionization energies of
N donors. The obtained values at Eq-142/44 meV should be
compared to the recently measured ones at ~E¢
-125 meV/61 meV (Refs. 29 and 30) at k/h sites, respec-
tively. The N donors have a nondegenerate ground state fol-
lowing by the E state at both sites in agreement with the
experiment. We note that these values are also close to the
recently reported thermal ionization energies calculated in a
smaller supercell.’!

Based on these results we can say that both P, and P, are
shallower than the N(k) donor in 4H-SiC. For Py, the differ-
ence between energies of the £ and A, states are very small.
We could not check whether the order of the levels would
change in a bigger supercell. Nevertheless, we could look at
the trend by using a smaller supercell. In a 96-atom supercell
(its average diameter is about 5 A) the A, state of P, is
deeper by 101 meV than the E state. (The level of the A,
state is at E--128 meV in the 96-atom supercell because of
the over localization of the donor state due to the relatively
small size of the supercell.) This means that by increasing
the supercell size the E state becomes more stable than the
A, state for P;. The difference between the A; and E states
also slightly decreases for P, but the former one remains the
ground state in the large supercell. We incline to claim that
the ground state of P} is nondegenerate while the ground
state of P, has E symmetry. Still, the energy difference is
small for both sites. Therefore we have calculated the local-
ization and the corresponding s,p,d character of the donor
wave function for both the A, and E states. The results are
summarized in Table III. As can be seen in Table III, the d
component is relatively big on the P atom. It is not unex-
pected because the d orbitals of the silicon atoms contribute
significantly to the lowest conduction-band state.

V. DISCUSSION

In all the studied 3C-, 4H-, and 6H-SiC samples, only the
P-related EPR centers were observed whereas the EPR signal
of the N donors was not detectable. In our P-doped 4H- and
6H-SiC layers, the concentration of P measured by SIMS
(Ref. 13) correlates well with the donor concentration deter-
mined by current-versus-voltage (CV) measurements, indi-
cating that P introduced into the layer during CVD growth
acts as shallow donors. This is also supported by the obser-
vation of strong PL emissions of the P-bound excitons in our
4H- and 6H-SiC CVD layers. The PL lines in 3C-SiC
samples are broad and it is difficult to separate the lines
belonging to N-bound excitons and/or to P-bound excitons.
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TABLE III. The localization and s, p, d character of the donor
wave function at different sites in 4H-SiC obtained by the ab initio
supercell calculations. The fotal spin density for C, 4 is the triplex
value of the sum (s+p+d).

Center/

symmetry s (%) p (%) d (%) Total (%)
P/A,

P 0.05 0.70 0.46 1.21
C, 0.88 0.01 0.00 0.89
Coy 0.00 0.00 0.00 0.00
P,/E

P 0.00 0.16 0.37 0.53
C, 0.00 0.00 0.00 0.00
Cyy 0.02 0.07 0.00 0.27
P,/E

P 0.00 0.31 0.80 1.11
C, 0.00 0.00 0.02 0.02
Cos 0.70 0.03 0.00 2.19
P/A,

P 0.16 0.21 0.75 1.12
C, 0.07 0.16 0.00 0.23
Coy 0.14 0.02 0.00 0.48

The 3C-SiC layers are more conducting compared to the 4H-
and 6H-SiC samples. Since the EPR signal of the N donor
was not detected, we believe that P is responsible for the
conductivity of the 3C-SiC layers.

The observation of the *'P hyperfine interaction provided
evidence that P is involved in the centers. The Py center in
4H-SiC and the P,y and Py, centers in 6H-SiC exhibit the
3P hyperfine structure in their cw-EPR spectra. The involve-
ment of >'P in the P, and Py, centers in 6H-SiC was previ-
ously identified by ENDOR,?>> and also confirmed by our
pulsed-ENDOR and ESEEM experiments. The involvement
of 3'P in the P center in 3C-SiC is confirmed by pulsed-
ENDOR.

The detection of the '>C satellite lines in the EPR spectra
in 4H- and 6H-SiC elucidates that carbon atom(s) is/are the
nearest neighbor(s) and P substitutes for Si. The low concen-
tration of both intrinsic defects and common impurities such
as N in our CVD layers enabled us to observe weak satellite
lines arising from the '*C hf interaction with nearest-
neighboring C atom(s). From the covalent radii (0.77 A for
C, 1.11 A for Si, and 1.06 A for P), it is natural to assume
that P resides at the Si site. In previous studies of P in
neutron-transmuted 6H-SiC,'~® P was assumed to occupy the
Si site since the neutron irradiation transmutes *°Si to *'P on
site. Therefore the P,/P, (Py,/Py, in our notation) and the
P,/Py, centers®> were all assigned to the shallow P donors at
the Si site although no hf structure due to the interaction with
neighboring C atoms was observed. However, recent theoret-
ical studies® pointed out that P doped by neutron transmuta-
tion is incorporated favorably into the carbon sublattice
through kinetic effects during the high-temperature annealing
process which is required for the activation of the P donors.

075201-13



N. T. SON et al.

The P,/Py, centers are assigned to P at the C site or a pair of
P at the C site and a carbon antisite (Cg;), PcCg;.° In our
samples of 6H-SiC doped with P during CVD growth, only
the Py, /Py, spectra were detected and the P,/P, centers were
not observed. In 3C-SiC, no direct evidence, such as the hf
structure due to the interaction with the nearest neighbors,
indicating the site occupation of the P center was observed.
However, it is reasonable to expect that the introduction of P
into 3C-SiC lattice during CVD growth is similar to that into
4H- and 6H-SiC and P also substitutes for Si.

The observed EPR centers are not likely to be a pair of P
and a Vi, Pg-Ve. In our samples, we could not detect any
EPR signals of the silicon vacancy (Vg;) and the carbon va-
cancy (V{), which can be seen sometimes in substrates
grown by high-temperature CVD or by sublimation tech-
nique. The near-infrared PL of the silicon vacancy?®? was also
not detected. We therefore believe that in our CVD films the
concentration of vacancies must be a few orders of magni-
tude less than that of P. This is also supported by recent first
principles calculations of P doping in 4H-SiC,*! in which the
concentration of complexes between P and vacancies is pre-
dicted to be four to five orders of magnitude less than the
total P concentration in equilibrium. The involvement of V¢
in the P-related dPy,, dP,;, and dP., centers (or Py; and Py,
centers in our notation) in 6H-SiC as previously suggested®
is therefore unlikely. The model of Pg;- V- pairs was based on
the observation of satellite lines which were attributed to 2°Si
hf of two equivalent neighboring Si atoms.® The splitting of
these satellite lines corresponds to the *C hf lines of one
neighboring carbon atom in our spectra. In Ref. 6, the inten-
sity ratio between the satellites and the main line was ob-
tained by fitting the line shape with assuming the overlap-
ping of three spectra of N, dP, and dP_, centers. It is likely
that their determination of the intensity of very weak satellite
lines were hampered by the presence of N (~1.2
X 10'® cm™) and possibly other intrinsic defects in the
P-doped samples by neutron transmutation using the neutron
dose as high as 1 X 10*° cm™2. Another argument against the
model of the Pg;-V( pairs is that only the centers with Cs,
symmetry which matches the vacancy at the nearest carbon
site along the ¢ axis were detected and no Cj,-symmetric
centers which should be expected for the configuration with
the vacancy at the nearest carbon site of one of three basal
carbon atoms could be seen.

These EPR centers exhibit the temperature dependence of
the signal intensities due to the presence of a low-lying ex-
cited state which is attributed to the valley-orbit splitting. We
have estimated the valley-orbit splitting also from the tem-
perature dependence of the spin lattice relaxation time.’
There are three equivalent conduction-band minima (valleys)
in 3C-SiC in which the conduction-band minimum is at the
X point of the Brillouin zone. In the effective-mass approxi-
mation, the hydrogen-atom-like 1s ground state of the shal-
low donors has threefold degeneracy due to the three
conduction-band minima. Under the 73 symmetry of the do-
nor site, the 1s ground state either remains threefold degen-
erate with a triplet state 7, or splits into a singlet state A; and
a doublet state E. The symmetry of the P center in 3C-SiC is
lowered to D,y. A T, state under the 7y symmetry gives a
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singlet state B, and a doublet E. An E state under the
Tysymmetry splits into a singlet state B; and a singlet state
A;. In 4H-SiC in which the conduction-band minimum is
located at the M point, the threefold degeneracy of the s
ground state is split into a singlet state A; and a doublet state
E under the Cz, symmetry of the donor site. In 6H-SiC in
which the conduction-band minimum lies along the M-L
line, the sixfold degeneracy of the 1s ground states splits into
two singlets A, and two doublets £ under the C;, symmetry
of the donor site. While the other hydrogenlike excited states
(2py,2s,2p.,...) lie well above these 1s states, the separa-
tion between the ls states (valley-orbit splitting) is rather
small. Thus the intensity of the EPR signal arising from the
donor electrons bound in the ground state of the valley-orbit
splittingdecreases with the increase of the temperature ac-
cording to the thermally excited population on the low-lying
excited state. In the PL studies of P-doped 6H-SiC,! a fea-
ture associated with the Ph® no-phonon line was assigned to
be related to the valley-orbit level lying at 5.2 and 6 meV
above the ground level. In a recent electronic Raman study,
Piische and co-workers®* determined the valley-orbit split-
ting for P centers to be 2.2 and 4.3 meV for 4H-SiC, 3.5 and
53 meV for 6H-SiC. These values are close to ours
(4.2/4.3 meV for Py, and 7.0/6.0 meV for Py,). As tempera-
ture increases, not only the relative population of the excited
state increases but also the jumping rate between the ground
and the excited states increases. If the excited state was in-
dependently observed, the EPR parameters should be differ-
ent from those of the donor ground state. Thus the jumping
between the ground and excited states causes line broadening
unless averaging is achieved. The presence of the low-lying
excited state provides an efficient spin-lattice relaxation pro-
cess known as Orbach process which contributes to line
broadening as the temperature increases. At higher tempera-
tures, a certain fraction of the donor electrons are thermally
excited into the conduction band. The exchange scattering
between the donor electrons and the conduction electrons
might also cause the line broadening.®> With these mecha-
nisms ofthe line broadening, EPR spectra of donors are ob-
servable only at relatively low temperatures.

Since the isotropic part of the *'P hf interaction of the P
center in 3C-SiC is very small, it is likely that the donor
electron wave function has a node at the phosphorus nucleus.
Thus the ground state of the P center in 3C-SiC is likely to
be originated from the E state or the 7, state under Ty sym-
metry. As described above, the twofold degeneracy of the E
state is split into A; and B; and the threefold degeneracy of
the 7, state is split into a singlet B, and a doublet E under the
D,4 symmetry. Thus the nondegenerate ground state (B, or
B, under the D,y symmetry) is achieved by the tetragonal
distortion in the P center in 3C-SiC. Our theoretical studies
for the P occupying the Si site in 4H-SiC has suggested that
the ground state of the / site should be a doublet £ while the
ground state of the & site should be a singlet A;. The assign-
ment of the Py spectrum to the k site is also supported by the
calculations of the localization of the donor wave function.
As shown in Table III, the spin densities on the P atom and
on the nearest-neighbor carbon atoms are calculated for both
A; and E states of both k and £ sites. The 576-atom supercell
might be not large enough to make a direct comparison be-
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tween the theoretical values and the experimental data. Since
the localization of the donor wave function decays at the
edge supercell, the results obtained in this supercell may be
used qualitatively. It can be seen that the calculated localiza-
tion on the P atom is somewhat overestimated compared to
the experiments which could be due to the supercell size.
Nevertheless, only the spin density of the A; ground state of
the k site fits the experimental data of the Py center in which
only one set of 1°C satellites corresponding to the interaction
with one C atom has been observed. In all the other combi-
nations, the localization on three carbon neighbors (C,_4) is
much stronger than that on one carbon neighbor (C,), which
is in contradiction with the experimental findings.

The results of calculations in 4H-SiC may be not trans-
ferable to the polytype of 6H-SiC because of two reasons: (i)
the CBM in 6H-SiC is along the M-L line*® and not at the M
point as in the 4H-SiC therefore the character of the donor
wave function can differ, (ii) the radii of the donor wave
function is around 11 A while the lattice constant of 6H
-SiC along the ¢ axis is around 15 A. This means that the
donor wave function “feels” locally the 6H-SiC environment
differently from that in the 4H polytype.

In previous studies,>> the P, doublet in 6H-SiC was be-
lieved to be the coincidence of two different P spectra from
the 1:2 intensity ratio between the P, and P, doublets mea-
sured at 142 GHz. It was therefore naturally to assign the P,
doublet (Py, in our notation) to be related to P at two qua-
sicubic sites in 6H-SiC and the P; doublet (Py; in our nota-
tion) to P at the & site. The assignment was supported by
recent calculations,” which predicted well the hf coupling
constants for P; (P,) and P, (with nearly the same hf splitting
for P at the k; and k, site). However, as shown in the previ-
ous section, the Py,,/Py,;, doublets indeed belongs to allowed
and forbidden transitions of the Py, center, and therefore the
P, doublet is not contributed from two different P centers
with similar g value and hf splitting as previously
suggested.>>%!12 It is reasonable to assume that the properties
of P centers at two quasicubic sites may be similar and can
be quite different from that of the P center at the 4 site. If P
at one of the two quasicubic sites is detected, one would
expect to observe also the EPR spectrum belonging to P at
the other quasicubic site. In 6H-SiC, only two P-related
spectra were detected. It is therefore likely that these two
spectra belong to P at the two quasicubic sites and the miss-
ing spectrum is related to the P donor at the hexagonal site,
P,. The P, center in 4H-SiC is indeed similar to the Py,
center in the 6H polytype in temperature dependence and the
spin localization on the P donor and surrounding C atoms. In
the electronic Raman study by Piische and co-workers,3* the
P centers in 4H-SiC have the valley-orbit splitting of 2.2 and
5.3 meV. In 6H-SiC, only two Raman lines corresponding to
the valley-orbit splitting of 3.5 and 5.3 meV were observed
in the whole energy range between 10 cm™' (~1.24 meV)
and 2000 cm™! (~247.97 meV).3* The valley-orbit splitting
corresponding to the third P center in 6 H-SiC may be smaller
than 10 cm™! so that the Raman line is too close to the laser
line and is technically not detectable. The missing of the
EPR signal of P at the 4 site in both 4H- and 6H-SiC is likely
to be related to the E ground state whose degeneracy is not
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lifted under the site symmetry of C;, or the energy separa-
tion between the A; and E states is very small (~2.2 meV or
less, Ref. 34). The degenerate or near-degenerate ground
state is sensitive to local strains and the EPR spectrum might
easily be broadened beyond observation.

In the recent EPR study of in situ P-doped 6H-SiC by
sublimation technique,” besides the strong signal of the N
donors, only the fingerprint of the P+V center was believed
to be detected (as weak shoulders of the central line of N
spectrum). Therefore it was concluded that in the P-doped
samples during sublimation growth the amount of electri-
cally active isolated P is not significant and P may mainly
form complexes, which may be in diamagnetic states and
could not be detected by EPR. However, our studies show
that P incorporated during CVD growth substitutes for Si and
acts as shallow donors. The formation of P-related com-
plexes during the growth if occurred should be a minor pro-
cess and the concentration of P-related complexes is insig-
nificant compared to that of the isolated shallow P donors.
We believe that in the P-doped sublimation samples the sig-
nals of the shallow P donors are obscured by the strong sig-
nal of the N donors.

VI. SUMARY

In summary, we have observed P-related EPR spectra in
3C- (P center), 4H- (P, center), and 6H-SiC (P, and Py,
centers) doped with P during CVD growth. All the centers
are identified to be related to the ground state of the shallow
P donors at the Si site. From the g anisotropy, it is deter-
mined that the P, center in 4H-SiC and the Py, and Py,
centers in 6H-SiC have Cs, symmetry and the P center in
3C-SiC has D,4 symmetry. The central *'P hf interaction is
resolved in cw EPR for the Py center in 4H-SiC and the Py,
and Py, centers in 6H-SiC and is extracted by ENDOR for
the P center in 3C-SiC. The >!P hf interaction of the P,; and
Py, centers in 6H-SiC is confirmed by ENDOR. The '*C
satellite line(s) of the nearest-neighboring C atom(s) which
are evidence that the P atom occupies the Si sublattice are
observed for the Py center in 4H-SiC and the P; and Py,
centers in 6H-SiC. The valley-orbit splitting of these shallow
P donors were determined from the temperature dependence
of the intensity of cw-EPR signals and of the spin-lattice
relaxation time. In 3C-, 4H-, and 6H-SiC, the obtained
valley-orbit splitting are in the range 4—7 meV and close to
the value determined from electronic Raman studies in 4H-
and 6H-SiC and from PL spectra of the P bound excitons in
6H-SiC.

The Py, and Py, centers in 6 H-SiC were found to be iden-
tical to the EPR doublets P;, P, (or dPy,, dP,, and dP,) which
were previously reported in neutron transmuted material.
Our ESEEM results show that the previously reported dP;
and dP, doublets observed in X-band EPR or the P, doublet
measured at high frequencies are not originated from two
different P centers occupying two inequivalent quasicubic
silicon sites of 6H-SiC lattice but belong to allowed and
forbidden transitions of one P center, P,,, with S=1/2 and
I=1/2. The analysis of the angular dependence including the
nuclear Zeeman interaction provides a satisfactory explana-
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tion of the angular dependence of the intensity of the Py,
doublet in6H-SiC. The ESEEM and new ENDOR data pro-
vide a more precise determination of the hf coupling con-
stants of the shallow P donors in 6H-SiC.

Comparing spin densities on the P atom and surrounding
C atoms determined by EPR experiments and by ab initio
supercell calculations, we assign the Py center in 4H-SiC to
the A; ground state of the shallow P donor occupying the
quasicubic site. Expecting that the P centers at the two qua-
sicubic sites have similar properties, which can be quite dif-
ferent from that of the P donor at the hexagonal site, we
attribute the Py, P, centers in 6H-SiC to the shallow P
donors at the k; and k, quasicubic sites. The missing EPR
spectrum in both 4H- and 6H-SiC is ascribed to the shallow
P donor at the hexagonal site P, with the degenerate or near-
degenerate E ground state. From the identification of P cen-
ters at the silicon site in 4H- and 6H-SiC CVD layers, it is

PHYSICAL REVIEW B 73, 075201 (2006)

expected that P introduced into 3C-SiC during CVD growth
also occupies the silicon site.
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