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Abstract

®

CrossMark

Positronium emission from wurtzite GaN(0001) and AIN(0001) surfaces was observed by
positronium time-of-flight spectroscopy. The positronium energy spectra contained two
positronium components distinguished by their energies. Through detailed analyses based on
Monte Carlo simulations, these two components were attributed to positronium formed from
valence and conduction electrons. The obtained results augment the previous arguments
regarding the contribution of conduction electrons to positronium emission from 4H

SiC(0001) and Si(111) surfaces.
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1. Introduction

Positronium, the bound state of an electron and a positron
[1, 2], has been extensively investigated in fundamental
physics [3-5]. Recently, some new challenges, such as positro-
nium Bose—Einstein condensation [6] and the development of
positronium beams [7], are steadily being explored. In mate-
rial physics, positronium spectroscopy plays an important role
in probing spin-polarized surface electronic states [8§—10]. In
these areas, the formation of high-density positronium is a
key technology and obtaining a comprehensive understanding
of the positronium emission process from solid surfaces is of
fundamental importance.

Through extensive studies on positronium emission from
metal surfaces, three emission processes have been identified:
(i) direct emission from the surface with a negative formation
potential, (ii) combination between positrons confined in the
surface mirror potential and surface electrons, and (iii) dynam-
ical neutralization of energetic positrons during scattering at
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the surface [11-14]. In some insulators, positronium Bloch
states like Wannier—Mott-type exciton are known to be formed
[15]. Such bulk positronium is also thought to be directly
emitted into vacuum when the positronium work function is
negative [16, 17]. As for semiconductors, several intriguing
features, such as almost 100% positronium emission from
Ge at high temperatures [11] and optical-excitation-assisted
positronium emission from Si [18], have been reported.

From the viewpoint of electrical properties, semiconduc-
tors are intermediate materials between metals and insulators.
That is, a semiconductor has a finite band gap, but its width
is considerably smaller than that of an insulator. In addition,
the dielectric constants of semiconductors lie between those of
metals and insulators. Therefore, the thermal or optical excita-
tion of electrons from the valence band to the conduction band
occurs much more easily for semiconductors than for insula-
tors. The positronium binding energy in the bulk is expected
to be small but finite (of the order of 10-100 meV), and
hence bulk positronium emission cannot be dismissed in prin-
ciple. Positronium emission from positrons in the surface mir-
ror potential and surface dangling-bond states is also possible
similar to metals.

© 2021 IOP Publishing Ltd  Printed in the UK
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To date, positronium emission from Ge, Si, and 4H SiC
surfaces has been investigated [19-22]. In contrast to the
sharp rise in the energy spectrum at the negative of the
positronium formation potential (—®ps) observed for met-
als, the energy spectra of semiconductors exhibit high-energy
tails above —®p,, implying the contribution of electrons in
the excited states to the positronium emission [22]. In this
work, we further investigated the positronium emission from
GaN(0001) and AIN(0001) surfaces using positronium time-
of-flight (PSTOF) spectroscopy. The high-energy positronium
components were also observed here.

2. Experiment

The GaN(0001) and AIN(0001) samples were undoped
wurtzite films of 2 pm thickness that had been grown by
metalorganic chemical vapor deposition on Al,O3(0001) and
purchased from POWDEC K.K. After surface cleaning with
ethanol, the samples were transferred into a vacuum cham-
ber. The PsTOF measurements were conducted at the Slow
Positron Facility of the High Energy Acceleration Research
Organization in Tsukuba, Japan [23, 24]. The sample sur-
faces were irradiated with a positron beam with an energy
of Ey = 3 keV through an aperture of 12 mm diameter
located 10 mm upstream of the sample. The average and max-
imum open angles of detectable positronium were 31° and
50°, respectively, to the surface normal. Annihilation gamma
rays from the emitted positronium were detected by two scin-
tillation detectors through slits with widths of d = 2.2 and
9 mm at horizontal lengths from the sample of L = 40 and
122 mm, respectively. The slit length (D) and beam pipe radius
(R) were 100 and 125 mm, respectively. The above effective
horizontal lengths were then Leg = L — d(1/2 + R/D) = 37
and 106 mm, respectively. The time to energy conversion was
determined with these effective lengths. The time resolution of
the electronic system was approximately 10 ns in the full width
of the prompt peak. The resolution function was approximated
by a Gaussian function with the width of 1/10 of the maximum
between the earliest and latest detection times of positronium
at the slit (o) = [L Fd(1/2+ R/D)]/+/Eps/m F 5 ns, where
Epg is the positronium kinetic energy and m is the electron
rest mass) and a factor of > exp(#/142 ns) for mono-energetic
positronium ejected perpendicularly from the surface. Then,
by converting the time scale to the energy scale, the energy res-
olution was obtained. A typical energy resolution was ~1 eV
for Ep; = 3 eV and it became better (worse) with decreas-
ing (increasing) Eps. This analytical estimation was further
confirmed by a Monte Carlo simulation assuming the above
geometrical conditions.

3. Theoretical calculation

The positron work functions, positronium formation poten-
tials, and related physical quantities were obtained from den-
sity functional theory (DFT) calculations using the ABINIT
package [25] with the projector augmented-wave method [26]
within the generalized gradient approximation (GGA) [27].

Table 1. Calculated positron affinity (A ), positronium formation
potential (®p), electron and positron work functions (¢_, ¢ ),
surface dipole barrier (Agp) and surface positron binding energy
(Eg) for GaN(0001) and AIN(0001) surfaces in eV.

Bulk calculation Slab calculation

A+ ¢Ps ¢7 ¢+ ASD EB
GaN(0001) —4.74 -206 +6.55 —-1.80 +11.99 +245
AIN(0001) —4.12 —-2.68 4797 -3.84 +15.00 +3.08

The electron—positron correlation energy functional was based
on the GGA method [28]. The positronium formation poten-
tial was determined as ®$p; = —A — 6.8 eV, where A} is
the positron affinity, using the primitive cell with full struc-
tural optimization and k-point sampling of 12 x 12 x 8. The
positron work function was determined by ¢, = —A — ¢_,
where ¢_ is the electron work function calculated for a slab
crystal of six bilayers in the surface normal direction with
the primitive cell in the surface parallel direction, with k-
point sampling of 12 x 12 x 1. The (0001) surface was
bulk truncated, and the (0001) surface was terminated with
H atoms. The initial vacuum layer was 30 A. For positrons,
only the I point was considered. The positron surface state
was also calculated with a corrugated mirror potential imple-
mented as the surface potential for positrons [29-32]. The
valence electron configurations were 3d'%4s%4p' (Ga), 3523 p'
(Al), and 25?2p® (N). Table 1 lists the calculation results. For
both GaN(0001) and AIN(0001), the positron work functions
and positronium formation potentials are negative, suggesting
spontaneous positron and positronium emission. The positron
surface states are also formed. The positron work function for
GaN is in agreement with previously determined experimental
values [33, 34].

4. Results

Figures 1(a)—(f) show the positronium energy spectra obtained
for the GaN sample. The measurement was conducted first in
the as-prepared state (300 K) and subsequently at 1000 and
423 K. The spectra obtained at the two slit positions (40 and
122 mm) were similar to each other. This means that only fast
positronium was properly detected in the measurements. In
the as-prepared state, the spectrum intensities were rather low.
In contrast, upon heating at 1000 K, the intensities increased
considerably. This implies that the surface adsorbates in the
as-prepared state prevented the positronium emission, whereas
the surface became cleaner at 1000 K and positronium emis-
sion was facilitated. At 423 K, the intensities were almost
maintained. (The intensities were normalized to each prompt
peak intensity in the PSTOF spectra.) Thus, the influence of
temperature on the positronium energy spectrum was weak. In
all of the spectra, in addition to the main parts of the spec-
tra below —®§°, high-energy tails were observed to the end
points of 67 eV. This indicates the existence of two positro-
nium components distinguished by their threshold energies at
approximately —®&' and 6-7 eV.



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 205202

A Kawasuso et al

GaN(0001)

e tEl22mm  L=40mm
300K 300K
§ o As-prepared § B As-prepared
< <
) :::W:
= o
> 3
o) |
s
2
‘»
c
9
c 1 PR I T |
- T T
|
I L . R == T
012345673280 345678

Ps Energy (eV) Ps Energy (eV)

Figure 1. Positronium energy spectra obtained for the GaN(0001)
sample in the as-prepared state ((a) and (b)), and at 1000 K ((c) and
(d)) and 423 K ((e) and (f)) by converting the time scale to the
energy scale of the PSTOF spectra at the slit positions of 40 mm
(right, (b), (d) and (f)) and 122 mm (left, (a), (c) and (e)). The
vertical axes are normalized to the prompt peak intensity such that
and hence the individual intensities are mutually comparable.

Figures 2(a)—(f) show the positronium energy spectra
obtained for the AIN sample. The measurement sequence was
the same as for the GaN sample. Once again, the intensities
were rather weak for the as-prepared state but increased after
heating, suggesting the surface-cleaning effect upon heating.
All of the spectra appeared to contain two positronium compo-
nents; the main parts of the spectra appeared below —®§¢ and
the high-energy parts emerged at threshold energies of 8—-9 eV.
These features are basically similar to the results obtained
for the GaN sample, except for the values of the threshold
energies.

5. Discussion

The present results demonstrate positronium emission from
the GaN(0001) and AIN(0001) samples, as expected from the
negative formation potentials obtained from the DFT calcula-
tions. In these calculations, valence electrons were assumed
to be the source of positronium. Hence, the main parts of the
positronium energy spectra in figures 1 and 2, which rise at
approximately —®$°, can be attributed to the combination
between positrons and valence electrons. The threshold ener-
gies of the additional positronium component observed for the
GaN and AIN samples were higher than —®§¢ by 3—4 and

6-7 eV, respectively. These energy separations are close to the
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Figure 2. Positronium energy spectra obtained for the AIN(0001)
sample in the as-prepared state ((a) and (b)), and at 1000 K ((c) and
(d)) and 423 K ((e) and (f)) by converting the time scale to the
energy scale of the PSTOF spectra at the slit positions of 40 mm
(right, (b), (d) and (f)) and 122 mm (left, (a), (c) and (e)). The
vertical axes are normalized to the prompt peak intensity such that
the and hence individual intensities are mutually comparable.

band gap energies of 3.4 eV (GaN) and 6.5 eV (AIN). There-
fore, the high-energy component observed for both samples
may be ascribed to the combination between positrons and
electrons located in the in-gap states and the conduction band.
In the previous studies of 4H SiC(0001) and Si(111), high-
energy thresholds above —®§° with separations similar to the
band gap energies were also observed [22]. The positronium
energy spectra were also found to be independent of the sur-
face orientation and conduction type. These results imply the
importance of conduction electrons as a source of positron-
ium, although surface state electrons may also contribute to
the positronium emission.

Figure 3 summarizes the data for GaN(0001) and
AIN(0001) together with 4H SiC(0001) and Si(111). (All data
were obtained at L = 122 mm. In the cases of GaN and AIN,
the spectra at 423 K and 1000 K were summed for better
statistics.) It can be seen that the two positronium compo-
nents are clearly separated for the GaN and AIN samples,
whereas this separation is somewhat ambiguous for Si and
SiC. The wider band gap energies of GaN and AIN presumably
give rise to clearer separation of the two positronium compo-
nents caused by the valence and conduction electrons. How-
ever, if that is the case, two positronium components may be
clearly separated in SiC, too, because of the wide band gap
(~3.2 eV). In this regards, the emission angle of positronium
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Figure 3. Comparison between the experimental energy spectra at
L = 122 mm and simulated spectra based on the Monte Carlo
method for (a) GaN(0001), (b) AIN(0001), (c) SiC(0001), and

(d) Si(111) surfaces. For GaN and AIN, the experimental data at
1000 and 423 K were summed to improve the statistics. The gray
and black lines represent the experimental and simulated spectra,
respectively. The broken and dashed lines show the contributions
from the valence and conduction electrons, respectively.

should also be considered. Because the bottom of the conduc-
tion band is located at the I" point in GaN and AIN owing to
their direct band gaps, positronium is ideally emitted in the
surface normal direction. In contrast, the bottom of the con-
duction band is located at the M point in 4H SiC and near the
X point in Si, and thus the positronium emission angle should
be somewhat deviated from the surface normal direction. The
positronium emission angle may be simply estimated as tan

O=k/ \/ 4mEp, | * — (k; )?, where k" is the electron wave

number parallel to the surface (k' = 1.18 and 0.8 A~ for the
bottoms of the conduction bands of 4H SiC and Si, respec-
tively, with respect to their surface orientations). Assuming
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Figure 4. Relative intensities of the valence and conduction
electrons participating in the positronium formation assumed in the
Monte Carlo simulation shown in figures 3(a)—(d). The energy of

0 eV corresponds to the top of the valence band, while the energy
position of the sharp peak corresponds to the bottom of the
conduction band. The assumed angle widths of emitted positronium
are denoted 6.

that Ep, = 5.3 eV for 4H SiC and 1.8 eV for Si, the emis-
sion angle is 6 = 45° for 4H SiC and 56° for Si. Furthermore,
the difference in the carrier recombination lifetimes between
direct and indirect gap semiconductors should also be consid-
ered. The carrier recombination lifetime is basically longer in
indirect gap semiconductors [35]. Hence, the conduction elec-
trons in indirect gap semiconductors may have more chances
to participate in the positronium formation giving rise to a rela-
tively higher intensity in the energy spectrum. Thus, the above
two factors account for the unclearer separation of the two
positronium components in the 4H SiC and Si samples than
in the GaN and AIN samples.

To confirm the above arguments quantitatively, we per-
formed Monte Carlo simulations of the positronium energy
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spectra assuming both valence and conduction electrons as the
source of positronium under the actual experimental geom-
etry and system time resolution. To mimic the experimental
spectra, the relative intensities of the valence and conduction
electrons and the positronium emission angles were varied as
the fitting parameters. The positronium formation potentials
were first fixed to the values of ®§° obtained from the DFT
calculations. However, the experimental spectra for Si(111)
and GaN(0001) were hardly reproduced with &8¢ = —0.4 eV
(Si) and —2.06 eV (GaN), and hence these were modified to
—0.7 and —3.0 eV, respectively. The solid lines in figure 3
represent the simulated positronium spectra. The broken and
dashed lines show the contributions from the valence and con-
duction electrons, respectively. The experimental spectra were
well reproduced by the above simulations.

Figure 4 presents the relative intensities of the valence
and conduction electrons and the positronium emission angles
obtained through the fitting procedure. For the valence bands,
electrons located at E = 0—®$° were assumed to be picked up
by positrons. Although the top of the valence band is located
at the I point, imposing the finite angle distribution of positro-
nium (|| < 30°) formed from the valence electrons afforded
better fitting results. Such a finite angle distribution is likely
attributable to the phonon effect since the phonon state num-
ber normally has a wide distribution in the Brillouin zone. In
all the four semiconductors, the intensity of the valence elec-
trons tends to increase with the depth of band energy. This
probably reflects the fact that the state number of the valence
band increases with the depth of band energy. As discussed
in the preceding paragraph, the emission angle of positron-
ium formed from conduction electrons is ideally 0° for GaN
and AIN, 45° for 4H SiC, and 56° for Si. To reproduce the
experimental spectra, finite angle distributions, i.e., |#| < 30°
for GaN and AIN and 25° < |0| < 50° for 4H SiC and Si,
were again required. In fact, in the case of Si, without the
angle distribution, the positronium cannot pass through the
aperture because the above emission angle is outside of the
maximum acceptance (50°). As expected from the arguments
related to the carrier recombination lifetime, the intensity of
the conduction electrons is larger in Si and SiC than in GaN
and AIN.

6. Conclusion

Positronium formation at GaN(0001) and AIN(0001) surfaces
was investigated by PsTOF spectroscopy and DFT calcula-
tions. For both surfaces, two positronium components dis-
tinguished by their threshold energies were identified. These
were attributed to positronium formed from valence and con-
duction electrons. The obtained positronium energy spectra
were compared with those for the 4H SiC(0001) and Si(111)
surfaces reported previously. The difference between the
direct-gap semiconductors (GaN and AIN) and the indirect-
gap semiconductors (4H SiC and Si) can be explained by the
difference in the emission angles of positronium formed from
conduction electrons and also by the difference in the carrier
recombination lifetimes.
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