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Optical study of the band structure of wurtzite GaP nanowires
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We investigated the optical properties of wurtzite (WZ) GaP nanowires by performing
photoluminescence (PL) and time-resolved PL measurements in the temperature range from 4 K to
300K, together with atom probe tomography to identify residual impurities in the nanowires. At
low temperature, the WZ GaP luminescence shows donor-acceptor pair emission at 2.115eV and
2.088 eV, and Burstein-Moss band-filling continuum between 2.180 and 2.253 eV, resulting in a
direct band gap above 2.170eV. Sharp exciton o-f3-y lines are observed at 2.140-2.164-2.252 ¢V,
respectively, showing clear differences in lifetime, presence of phonon replicas, and temperature-
dependence. The excitonic nature of those peaks is critically discussed, leading to a direct band gap
of ~2.190eV and to a resonant state associated with the y-line ~80 meV above the I'gsc conduction
band edge. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4959147]

I. INTRODUCTION

The electronic band structure of a semiconductor is
determined by the periodicity of the crystal structure. When
the atomic planes are stacked differently, the opto-electrical
properties of the material will be changed. Among the indi-
rect band gap III-V semiconductors with zinc blende (ZB)
crystal structure, GaP is predicted to become a direct band
gap material when grown with wurtzite (WZ) crystal struc-
ture.'™ Semiconductor nanowires (NWs) have shown excel-
lent control of the growth of ZB-WZ phases,’” allowing
crystal structure band engineering.'®'? Recently, the Au-
seeded growth of high purity WZ GaP nanowires via vapor-
liquid-solid (VLS) method was demonstrated, and the optical
properties have been investigated.'*™'® Photoluminescence
(PL) measurements on patterned arrays of WZ GaP wires
showed optical emission at 2.09eV with a short lifetime of
~0.8 ns, indicating a direct band gap semiconductor.'
Strain dependence of the optical emission'’ and estimation
of the dielectric constant'® provide additional information on
this material system. Furthermore, efficient water reduction
in WZ GaP nanowires resulting from an enhanced optical
absorption further indicates the direct band gap nature of
WZ GaP."” However, a detailed study of the optical proper-
ties of WZ GaP and a correlation with the predicted band
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structure is still missing. The electronic band structure calcu-
lated for WZ GaP with the density functional theory (DFT)
simulating the excitation aspect within the local density
approximation (LDA)-1/2 approximation predicts three
valence bands for the heavy-hole (I'y,), light-hole (I'5,,),
and split-off (I';,.) bands, as shown in Fig. 1(a).>*° The Tq,
and I'7,, valence bands are non-degenerate at the I'-point
due to the crystal field. In the conduction band, the I'g. band
edge at the '-point is the lowest band, with a considerably
lower energy than the I';. band, resulting in a fundamental
I'y—T'g. band gap of 2.123 eV and in transitions with the I,
band above 2.888 ¢V.?* This situation is fundamentally dif-
ferent from other III-V materials such as WZ GaAs and WZ
InP, where the minimum in the conduction band is predicted
with T symmetry.>>2° In addition, the indirect M-
minimum of WZ GaP is predicted at 2.233eV; hence, the
band gap is expected to be direct. The transitions between
the I'gy, I'7y, and I'7,_ valence bands and the I'g. conduc-
tion band in WZ GaP are labelled as A-B-C in Fig. 1(a). A
correction to the values for the band splitting in Ref. 20
results in  band distances Apg=42.5meV and
Agc=132.5meV. At the I'-point, only the A transition is
weakly allowed due to the hexagonal crystal field for light
polarized perpendicular to the c-axis, while the B—C transi-
tions are completely forbidden (see Fig. 1(e)).*" The wave-
vector dependence of the transition matrix elements of the
A-B-C transitions in WZ GaP is shown in Figs. 1(b)-1(d), *°
where a non-zero transition matrix element at the I'-point is
observed only for the A transition. However, a substantial
increase of the matrix element is predicted along the I'-M
direction. As a consequence, excitons bound to impurities
can relax the selection rules®” since a strong localization in
real space results in a considerable extension in k-space. This
results in an average over the k-dependent matrix elements
that leads to a non-zero transition probability, with the oscil-
lator strength f given by f o< |Zxp(K)A(K)|%,>* where p(k) is

Published by AIP Publishing.
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FIG. 1. (a) Band structure of WZ GaP calculated with the DFT LDA-1/2
method,?° with the A-B-C transitions indicated by arrows. ((b)—(d)) Plot of
the transition matrix elements as a function of k-vector for the A-B-C transi-
tions for the polarization perpendicular (L) and parallel (||) to the c-axis.®
(e) Selection rules (k= 0) for the optical transitions with Tg..2! The energy
values for the A-B-C transitions are estimated from DFT LDA-1/2
calculations.

the momentum matrix element. In the case of a free exciton,
A(k) is the Fourier transform of the envelope function.
Instead, for a bound exciton, A(k) can be interpreted mainly
due to the envelope function of the particles bound to the
point defect. A striking example is the case of an exciton
bound to an iso-electronic nitrogen impurity in ZB GaP.**

In this work, we present power- and temperature-
dependent micro-PL and time-resolved PL (TRPL) measure-
ments on WZ GaP nanowires, combined with atom probe
tomography (APT) to identify the presence of residual impu-
rities. We show that, although the matrix element for the
A transition is predicted to be very weak at k=0, the
WZ GaP nanowires still feature a very rich photolumines-
cence spectrum, showing sharp peaks labeled o-f-y at 2.140
—2.164-2.252eV. This provides a deeper insight into the WZ
GaP material system, where material parameters, such as
experimental data for fundamental gap, spin-orbit splitting,
crystal field splitting, or binding energies of donor, acceptor,
or exciton, are unknown.

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The WZ GaP NWs are grown using the VLS growth
method in a low-pressure (50 mbar) Aixtron CCS-MOVPE,
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following the growth recipe described in Ref. 13 and using a
growth time of 75 min. Arrays of gold particles with 200 nm
diameter and 1.2 um pitch are patterned on a GaP (111)B
substrate via electron-beam lithography, and used as catalyst
for the VLS growth. The optical properties of the nanowires
are studied using micro-PL spectroscopy in the temperature
range 4-300 K. The optical data are collected in backscatter-
ing geometry using a NA =0.7 Nikon 50X CR objective,
and a 0.30m spectrometer equipped with 1200 g/mm and
holographic 2400 g/mm gratings (500 nm blazing angle). A
time correlated single photon counting (SPC) detector (130
ps instrumental resolution) is used for TRPL measurements
and the lifetime is extracted considering a mono-exponential
decay. Two different excitation sources are used: (i) for PL
measurements, a frequency-doubled Titanium-Sapphire laser
(405nm, 80 MHz, 150 fs pulse length) fiber-coupled into
300 um core multi-mode fiber, resulting in a circular excita-
tion spot with diameter of ~9 um at the sample; (ii) for
TRPL measurements, a pulsed laser diode (420nm,
0.5-80 MHz, <300 ps pulse length), with a circular excita-
tion spot with diameter of ~1 um at the sample.

For the APT measurements, the nanowires were picked
up with a Kleindiek nanomanipulator inside a FEI Nova
Dual-beam and placed on an etched silicon post. APT analy-
ses were carried out in a LEAP 4000X-HR from Cameca.
The system is equipped with a laser generating picosecond
pulses at a wavelength of 355nm. The experimental data
were collected at a laser pulse rate of 100kHz with laser
powers between 0.6 and 1.5 pJ per pulse. During the analy-
sis, the sample is kept at base temperature of 20K in a vac-
uum of 2 x 10~"" mbar.

Ab-initio calculations are performed in the framework of
the DFT? within the local density approximation (LDA)%®
as implemented in the Vienna ab-initio simulation package
(VASP),>”?® where the exchange-correlation (XC) func-
tional is parameterized according to Perdew and Zunger.”’
The all-electron wave functions and the pseudopotentials for
the electron-ion interaction are described within the
projector-augmented wave (PAW) framework.*® The Kohn-
Sham wave functions are expanded in plane waves up to an
energy cutoff of 500eV, which ensures the energy conver-
gence within 1 mRy per atom. Quasiparticle corrections
have been taken into account to simulate the excitation
effects by using the LDA-1/2 method,**' which allows the
inclusion of spin-orbit interaction in a rather easy manner.””
We apply this approach by preparing a pd-like excitation in
the electronic system of GaP>® according to Slater’s transi-
tion state idea.*>** Consequently, the eigenvalues with p or
d character are corrected, mainly shifted to lower or higher
energies according to their occupation. The resulting energy
gaps agree well with experimental values for the zinc-blende

polytypes.*®
lll. RESULTS

Arrays of untapered WZ GaP NWs with 200 nm diame-
ter and lengths up to 13 um are shown in the scanning elec-
tron micrograph (SEM) in the inset in Fig. 2(a) and in the
high-resolution transmission electron micrograph (HRTEM)
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FIG. 2. PL spectra of vertical WZ GaP wires acquired at different excitation powers. At the lowest excitation power, the optical emission is centered at
2.088 eV, while the band filling up to 2.253 eV and the o-f-y exciton lines are observed at higher excitation powers. Inset: SEM image of patterned GaP nano-
wires with 200 nm diameter (tilting angle 80°). (b) Integrated PL intensity and energy shift AE as a function of the excitation power density.

image in supplementary material, Fig. S1. The PL spectrum
(4 K) collected at a low excitation power density of 0.03 W/
cm? from vertical WZ GaP wires is shown as the black curve
in Fig. 2(a). As compared to our previous work,'? significant
reduction of the emission from deep impurity levels below
2.0eV is achieved by using a larger size of the patterned area
(2mm x 2mm). At the lowest excitation power, we observe
two broad emission lines located at 2.115eV and 2.088 ¢V,
which are identified as two different donor-acceptor pair
(DAP) recombination, labelled as D% A’ and D%AY,
together with optical phonon replicas of the D’,A, peak at
1.996-2.041eV. By increasing the excitation power up to
330 W/cm? (blue curve), we observe a slight saturation of
the DAP recombination peaks (see Fig. 2(b)) and the rise of
a continuum-like emission in the range of 2.180-2.253 eV.
The continuum emission strongly increases with both
increasing excitation density and photon energy. However, a
clear drop in the continuum emission is observed at
2.253eV. At high excitation power density, we observe the
appearance of three sharp emission lines at 2.140, 2.164, and
2.252¢V, labelled as a, f3, and y. Across the tens of samples
studied, o-y lines are generally (in ~95% of the wires)
observed with similar intensities, while the f-line is only
occasionally (in ~5% of the wires) present. The emission
lines above 2.265eV are related to the ZB substrate under-
neath the as-grown nanowires.”® The o-line at 2.140eV
shows a FWHM ~220 ueV. However, multiple peaks with a
FWHM lower than 150 ueV (beyond the setup resolution
limit) are visible when measured on a single wire transferred
to a SiOx/Si substrate. Similarly, the ff-line at 2.164 eV also
shows multiple sharp peaks (see supplementary material,
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Fig. S2), which are unresolved in our setup. Instead, the y-
line at 2.252 eV is observed as a single peak, with a FWHM
of ~260 peV.

The integrated PL intensity (Ip;) of all emission lines as
a function of the excitation power density (Pgxc) is shown in
Fig. 2(b). The slope m ~ 1 extracted from fitting the data
with the power law Ip oc Pexc”, together with the indepen-
dence of the peak energy on the excitation power (see sup-
plementary material, Fig. S3), suggests excitonic
recombination for the a-f-y peaks.” The power-dependence
for the DA, peak in Fig. 2(b) shows saturation of the PL
intensity at high excitation power, which is an indication of
the emission being related to impurity states.® Furthermore,
we observe a strong blue shift (~5meV/decade) with
increasing excitation power, which is typical for a DAP tran-
sition, due to Coulomb interactions between charged donors
and acceptors.” 637

Additional narrow peaks are visible in the energy range
below the a-line in Fig. 3(a). Group theory predicts eight pho-
non normal modes at the I' point: 2A;, 2E;, 2B, 2E, for the
WZ structure (see supplementary material, Fig. S4),>'%®
with one A; and one E; acoustic mode, while the remaining
six modes are optical. Based on the expected shifts, the sharp
peaks in Fig. 3(a) are assigned as acoustical and optical pho-
non replicas®'®?® of 13 + 1 meV (TA) and 48 = 2meV (TO/
LO), respectively. Phonon replicas are often associated with
the presence of localized states.*® It is important to mention
that we observe identical phonon replicas with the o-f lines,
but not with the y-line, indicating that the origin of the y-line
is distinctly different to the nature of the o-f lines.
Furthermore, the peaks at 1.996-2.041¢V in the black curve
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in Fig. 2(a) are assigned as LO/TO (A;-E;-E,) phonon repli-
cas (46 = 3meV)® of the main D%,A°, peak.

Time-resolved PL measurements as a function of the
emission energy are presented in Fig. 4(a). A progressive
reduction in lifetime from ~1.0 ns down to ~0.5 ns is
observed for the band signal with increasing emission
energy, while the sharp o-f-y emission lines show different
features. A long lifetime of 75 = 2 ns is measured for the o-
line, with a fast decay of ~1.0 ns obtained for the band sig-
nal in the proximity of the a-line (see Fig. 4(b)). Thus, when
selecting the o-line, a low intensity PL signal from the band

underneath is still present, which results in a fast decay at the
beginning of the red curve in Fig. 4(b). Similar behaviour is
observed for the f3-line, with a long lifetime of 43 = 2 ns (see
supplementary material, Fig. S2). Instead, the y-line shows a
different behaviour, with a short lifetime of 0.70 ns measured
at the edge of the continuum-like background signal with
0.55-0.60 ns decay (see Fig. 4(c)). Furthermore, the lifetime
of the y-line is almost independent of the excitation power
(see inset in Fig. 4(c)), indicating that Auger recombination
can be excluded as a non-radiative recombination mecha-
nism for the y-line.*
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FIG. 5. (a) Temperature dependent PL
spectra in the temperature range

o o
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regime of 0.03W/cm? (b) Integrated
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peaks as a function of the reciprocal

temperature. The fit of the data using
Eq. (1) is shown with a blue solid line.
((c) and (d)) Energy values of the
DY A% and D%AY, peaks as a function
of temperature. The Varshni fit of the
data is shown with a red solid line.
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Temperature-dependent P measurements of vertical
wires in the low excitation power regime (0.03 W/cm?) are
shown in Fig. 5. In the range of 4-30K, a red-shift of the
peak energies according to Varshni’s law is found for both
D% A% and D%A% peaks (see Figs. 5(c) and 5(d)).*' Above
30K, because of shallow donor ionization, the DolAO | band
progressively evolves into a free electron-neutral acceptor
band (erl).42 However, since the precise assignment of
acceptor and donor levels is out of the scope of this work,
also shallow acceptor ionization into a free hole-neutral
donor band (hD%) might take place. Similar ionization
behavior is observed also for D’,A%, but at a higher temper-
ature of 60K, suggesting that higher ionization energies are
involved. As a result of this, the energy difference between
the two DAP peaks increases from ~26 meV (at 4K) up to
~40meV (at 75 K). In addition, the ~49 meV spacing of the
LO/TO phonon replicas is weakly dependent on tempera-
ture,* as seen for the 1.996-2.041 eV peaks in Fig. 5(a). The
integrated PL intensity (/) of the peaks is shown in the
Arrhenius plot in Fig. 5(b). The temperature-dependent PL
data in Fig. 5(b) can be fitted considering two active non-
radiative recombination channels using the equation,

I=1/[1+c; - exp(—Ea /kT) +c3 - exp(—=Ep/kT)], (1)

where ¢; and ¢, are constants, E£,; and E,, are the activation
energies, and & is the Boltzmann constant.** From fitting the
curves in Fig. 5(b) using Eq. (1), we obtain similar activation
energies for both DAP peaks, with E, 1(D01A01) ~
E,;(D%A%)=12 * 1 meV and E,»(D*A%) ~ E(D%AY)
> 50meV. From the dependence of the emission energy
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with temperature in Figs. 5(c) and 5(d), the transition from
DAP into a free electron-neutral acceptor band (eAO) starts
at ~30K and ~60K for the D°,A% and D%A°, peaks,
respectively. This would result in E,(D°A%) <
E,;(D%AY,), which seems to be in contradiction with the fit
in Fig. 5(b). The discrepancy demonstrates how the presence
of other non-radiative recombination centers such as surface
states, additional deep levels, and increased carrier-phonon
scattering with temperature potentially inhibits a precise esti-
mation of the ionization energies of the impurities involved
in the D°;A°, and D% A", transitions.

Temperature-dependent P measurements in the high
power regime (330 W/cm?) are plotted in Fig. 6(a). The ZB
substrate emission disappears at 30 K due to the dissociation
of excitons bound to nitrogen impurities.*'® With increasing
temperature, a reduction in the intensity of band-filling con-
tinuum and of the «-f-) lines is observed, together with a
red-shift of the peak energies according to Varshni’s law
(see inset in Fig. 6(a)).*! The integrated PL intensity of the
o-f3 peaks in the Arrhenius plot in Fig. 6(b) is fitted consider-
ing one active non-radiative recombination channel for the
exciton®?

I=1/[1+c- exp(—E,/kT)], )

while for the fit of the 7-line, two activation energies are
used as in Eq. (1). The values estimated from the fit to the
data are listed in Fig. 6(b). In addition, we note that the con-
stants ¢;, ¢;, ¢ in Egs. (1) and (2) are defined as the ratio
between the exciton radiative lifetime (tz) and the exciton
escape time into a non-radiative recombination center
(‘ENR).42’44 The density of non-radiative centers is expected to
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be directly proportional to 1/tyz.** Considering the lifetime
measurements in Fig. 4, we estimate tyz*= (0.5 =0.2) ns
and Ty’ = (6 = 1) ns for the o-f lines, while in the case of
the y-line, Ty’ = (0.8 = 0.3) ns is obtained in the regime of
the first activation energy E,; and tNR”Z =2-10"%ns for E..
The extremely small value of TNR"’Z indicates that non-
radiative recombination channels dominate at temperatures
higher than 40 K.

At 100K, phonon replicas of the a-line are still visible
in Fig. 7(a), with the additional presence of two phonons at
higher energies possibly related to anti-Stokes shifted pho-
non satellites.*> By increasing the excitation power, the
intensity of the o-y lines increases (see Fig. 7(a)), together
with an increase in the intensity of the continuum up to
~2.32eV and of the impurity states below 2.0eV. The
additional peak observed at 2.31eV relates to the ZB sub-
strate underneath the nanowires. When the temperature is
raised from 100K to 300K, the o-y excitons dissociate,
and the emissions from impurity states and ZB substrate
disappear, leading to room temperature PL emission cen-
tered at 2.22eV originating only from the nanowires (see
Fig. 7(b)). This emission has a FWHM in the order of
200meV, covering the amber-green region of wavelengths
of the visible spectrum, and may find applications in solid

en = 0.9+0.3 ture. (b) Integrated PL intensity of the
E,q = (3+1) meV o-B-7 peaks as a function of the recip-
- 5 rocal the temperature.
€2 = 410 p
Eyz = (56+1) meV
. .
0.10 0.15

1/Temperature (K™

state lighting in the visible

wavelengths.*¢

the green range of

IV. DISCUSSION

From our experimental investigation, we attribute the
recombination at 2.115eV and 2.088 eV to DAPs which are
likely related to the presence of carbon donor and acceptor
levels, as estimated by APT. From the estimated donor and
acceptor ionization energies, we position the 4 K direct band
gap of WZ GaP above 2.170eV. We discuss the bound-
excitonic nature of the o-f-y lines based on the combination
of PL and TRPL measurements that results in a band gap of
~2.190eV, in agreement with the estimation from the DAP
peaks and the theoretical predictions, although they give
slightly smaller energies (see Fig. 1(e)). The interaction of
the a-f excitons with impurity levels allows recombination
at larger wave-vector outside the I'-point, where an enhance-
ment in the oscillator strength for the A (I'g.—I'9,) band edge
is predicted. Furthermore, we attribute the y-line to a level
resonant in the I'g. conduction band, with inter-valley
tunneling of electrons from the I'- into the M-minimum for
increasing temperature.

(a) (b)

o Y

PL intensity (a.u.)

FIG. 7. (a) PL spectra of vertical nano-
wires at 100K for increasing excitation
power density. The emission from the
ZB substrate is shown in the aqua
curve. (b) Temperature-dependent PL
measurements in the temperature range
100-300K, acquired with an excitation
power density of 2.0 kW/cm?.
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A. DAP centers

The broad emission lines located at 2.115eV (DOIAOI)
and 2.088eV (D02A02) show many features, which are char-
acteristic of a DAP recombination.>®’ First, the 2.088 eV
emission line is asymmetrically broadened with a FWHM of
~30meV, with the presence of LO/TO phonon replicas.*’
Second, both DOIAOI and D02A02 peaks show a strong blue
shift of the emission energy (~5 meV/decade) with increas-
ing excitation power (see Fig. 2(b)) due to Coulomb interac-
tions between charged donors and acceptors.’®>’ Third,
saturation of the PL intensity at high excitation power for the
D’ A% peak indicates emission related to impurity states.>
In addition, in the temperature-dependent PL measurements
in Fig. 5, we observe impurity ionization with a blue-shift of
the emission energy toward either electron-acceptor (eA’)
or donor-acceptor (hD%) levels.** These arguments provide
compelling evidence that both peaks at 2.115eV and
2.088 eV (at 4K) can be assigned to DAP recombination.

B. Impurities

A precise estimation of the impurity concentrations in
semiconductor NWs is provided by APT measurements.*®*’
We mainly find carbon impurities, with a ratio in the concentra-
tion of C, complexes and single C atoms larger than 10:1, as
listed in Table I (see also Fig. S5 in the supplementary material
for more details). The low concentration of aluminum in the
nanowires has a negligible effect on the band gap of WZ GaP.
In addition, the presence of oxygen could be related to the sam-
ple preparation as well as incorporation in the nanowires.

In ZB GaP, the impurity levels are related to the indirect
X-minimum, and carbon behaves as a shallow acceptor level
with a binding energy of 54 meV, while shallow donors are
in the energy range of 60—110meV and oxygen is a deep
level of 890meV.”*! In the APT measurements, we do not
observe the presence of atoms that can behave as shallow
donors. However, donor doping levels lower than 5 x 1016,
which are not detectable in APT, would still be optically
active. In addition, due to the amphoteric nature of carbon in
GaP, the C and C, impurities could create both donor and
acceptor levels in the band gap of WZ GaP, with doping lev-
els in the order of ~6 x 10'”. Based on the energy values of
the DAP peaks and under the assumption that the carbon ion-
ization energy in WZ GaP is similar to ZB GaP (ie.,
54meV), we estimate the fundamental band gap (I'g,—Ig.)
of WZ GaP being larger than 2.170 eV.

C. Burstein-Moss bandfilling

The calculated matrix element for the A transition
(I'9y—T'g.) shows a very small value at the I'-point (see Fig.

TABLE 1. Measured concentration of impurities in WZ GaP NWs by APT.
Carbon is mostly observed as C, complexes rather than individual C atoms.
The setup detection limit is approximately 1 x 10 *% (1 ppm), which is
equivalent to a doping level of 5 x 10"cm ™2,

Ga (%) P (%) C, C, (%) Al (%) O (%)

51+1 50*1 (12%0.3)x 1072 (2.6+0.3) x 107% (0.6*0.3) x 1073
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1(b)).”° Due to the very low radiative recombination proba-
bility of the photo-excited carriers in the A band, strong
band-filling is expected. As a result, the continuum-like
emission between 2.180 and 2.253 eV strongly increases
with excitation power (see Fig. 2(a)), suggesting a band-
filling continuum due to the Burstein-Moss effect.’”"*>* The
increasing magnitude of the continuum emission at higher
photon energy is in accordance with the increasing value of
the matrix elements at larger k-values in Fig. 1(b). In addi-
tion, the decrease in lifetime with increasing energy (see Fig.
4(a)) confirms the increase in oscillator strength predicted at
larger k-values (see Fig. 1(b)). The steep cut-off of the
continuum-like emission near the 7p-line suggests a fast
recombination channel, which is strongly limiting the band-
filling above it. This is indeed shown by the fast radiative
lifetime (0.70ns) of the y-line. Since band-filling can only be
observed above the fundamental band gap, this fact, com-
bined with the presence of DAP peaks at 2.115eV and
2.088 eV, indicates that the fundamental band gap of WZ
GaP is located above the o-f lines.

D. a-p-y bound-excitons

Common features of the o-f-y lines are the linear scaling
of the integrated PL intensity with excitation power density
in Fig. 2(b), and the independence of the peak energy posi-
tion on excitation power (see Fig. S3 in the supplementary
material), which resembles direct band gap excitonic recom-
bination.>>?7 Instead, clear differences are observed in the
radiative lifetime (see Fig. 4) and in the presence of the pho-
non replicas. The o-f lines show a long lifetime of 75 ns and
40ns and strong TO/LO-TA phonon replicas, while a short
lifetime of 0.70ns and no phonon replicas are observed for
the y-line. Further insight into the nature of the o-f-) lines is
given by the temperature-dependent PL measurements in
Fig. 6. The high activation energy value of £, =31 = 2meV
suggests that the o-line is strongly bound to a deep center,
which also enhances the intensity of the phonon replicas.’!
Similarly, the f-line is weakly bound to a deep center with
Eg=8 *2meV. The presence of impurity levels that are
localized in real space®*>° results in delocalization of the
electron wave function in k-space. This allows an overlap
with larger transition matrix elements at larger k-values, out-
side the I@'-point, which provide a non-zero transition
strength for bound excitons and thus a radiative recombina-
tion channel for the A (I'g,-I'g.) transition, which would oth-
erwise not emit. The measured 75ns and 43ns
recombination lifetimes for the a-f lines confirm the small
but non-zero transition strength for the A (I'g,—ITg)
transition.

Concerning the y-line, the situation is more complicated.
At low temperature, the exciton is weakly bound to deep
center (E,; =3 = 1 meV), which does not induce an enhance-
ment of the intensity of the phonon replicas. The short life-
time for the y-line indicates high oscillator strength for this
excitonic transition. A possible reason for such a strong
increase in the oscillator strength is the significant admixture
of I'g.—I'7. symmetry due to the localized nature of the 7-line
bound-state.'” When a transition with (partial) I';. symmetry
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is involved, the high value for the oscillator strength®® would
result in a short lifetime, as observed in Fig. 4.

The 7y-exciton intensity rapidly decreases above 40K.
The thermal energy at these temperatures is much lower than
the calculated exciton binding energy of ~17meV (see Fig.
S7 in the supplementary material). Thus, the steep decrease in
PL intensity with an activation energy of E,, =56 = 1 meV
indicates that another non-radiative recombination channel
becomes dominant at high temperature, such as inter-valley
tunnelling of electrons into the indirect M-minimum in the
conduction band,57’58 as it will be discussed in Section IV E.

We occasionally observe sharp crystal phase quantum
well (CPQW) emission lines at energies in between the o-
and y-lines, which are associated with the presence of stack-
ing faults in the WZ nanowires.>’ However, the CPQW
emission energy is determined by the length of the ZB bar-
rier, while the o-y lines are always observed at the same
energy in all samples studied, as it will be discussed more in
detail in a separate publication.”

E. Optical band structure

We now build up the electronic band diagram of WZ
GaP from spectroscopic data based on the combination of
peak energies and activation energies estimated in the PL
measurements. From the DAP emission in the low power
regime, we estimate a band gap Eg°*" higher than 2.170eV.
Next, we consider o-f-y peaks as bound excitons, and the
transition level E/, is estimated as E™;= E/;—E/px—Ex (Eq.
(3)), where j=ua,f,7, EPLJ- is the peak energy in the PL spec-
trum, F/gy is the exciton binding energy to an impurity (i.e.,
E, in Fig. 6), and Ex is the exciton binding energy. For the
exciton binding energy, we use the predicted value
Ex=E,""™"Y=17meV (see Fig. S7 in the supplementary
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material). We estimate E%,=2.188 +0.005eV, EF;=2.189
*+0.005eV, and E’;=2272*0.005eV, as shown in
Fig. 8(a). The values E*, Eﬂo are in agreement with E;PAT,
indicating a direct band gap for WZ GaP of E; (WZ)
~2.190eV. Interestingly, the value E7, is larger than Eg;
(WZ) by ~80meV. Polarization and pressure-dependent PL
measurements on WZ GaP nanowires strongly suggest that
the y-transition is neither related to the indirect M-minimum
nor to the light hole or split-off band.'” Instead, significant
admixture of I';.-symmetry due to high localization of the
associated state and a low density of states in the conduction
band®® promotes an efficient transition from a resonant level
to the I'y, valence band. Thus, the y-line is attributed to a
level resonant in the I's. conduction band.'”*°

A possible non-radiative recombination channel that
dominates the y-line recombination at high temperature (see
Fig. 6) is the inter-valley tunnelling of electrons into the indi-
rect M-minimum in the conduction band.>’® In the indirect
band gap semiconductors like germanium, the L-minimum
in the conduction band lies below the I'-minimum, with an
energy difference of 136 meV.>”® Under an optical excita-
tion, when the temperature of the sample is increased, a
higher number of electrons are thermally excited from the
(indirect) L-minimum into the (direct) I'-minimum, leading
to a strong increase in PL intensity of the I'-point transi-
tion.>”>® In the case of WZ GaP, the indirect M-minimum is
predicted at AEF_MDFT: 110meV above the I'-minimum.?°
In the high power regime at which the o-f-y peaks are
observed, the Fermi level increases and a Burstein-Moss
band-filling is observed. At temperatures below 40K, the
y-exciton is bound to a donor-line center, while above this
temperature thermal excitation of the carriers from I'- into
M-minimum is observed, as shown in Fig. 8(b). This process

(b)

8c

m
-

AE ~ 80 meV

Quasiparticle energy

A ) M

FIG. 8. (a) Predicted direct band structure of WZ GaP with the energy position of deep centers related a-f}-y exciton transitions indicated by dashed lines and
arrows. The donor-like center associated with the y-line above the conduction band is indicated with a solid elliptical shape. (b) Predicted conduction band of
WZ GaP at high excitation power, showing the inter-valley tunneling of electrons from I'- into M-minimum.
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takes place with the activation energy E,, =56 = 1 meV as
estimated in Fig. 6(b), which might very well be the differ-
ence between the Fermi level and the M-minimum.’”>® By
considering the Fermi level close to the y-line in the high
excitation regime,” we calculate the energy difference
between the I'- and M-minimum AEp, ~=AE +E,
~135meV, which is in good agreement with the theoretical
value AEr,MDFT: 110meV.?° Furthermore, the extremely
small value of tyz'? in Fig. 6(b) is in agreement with a non-
radiative transition dominating the recombination for
increasing temperature, such as the transition to the indirect
(M) minimum with higher density of states compared to the
I'-minimum.®’

V. CONCLUSION

In conclusion, we performed a detailed study on the
optical properties of WZ GaP by performing power- and
temperature-dependent PL measurements, combined with
TRPL and APT measurements. We showed donor-acceptor
pair (DAP) recombination peaks at 2.115eV (Dolel) and
2.088eV (D%AY), and Burstein-Moss band-filling contin-
uum between 2.180 and 2.253 eV, indicating a 4K direct
band gap of WZ GaP above 2.170eV. Sharp o-ff emission
lines are observed at 2.140-2.164 eV, with both TA and LO/
TO phonon sidebands and long lifetimes of 75ns and 43 ns,
respectively, while the narrow y-line at 2.252 eV shows no
phonon replicas and a short lifetime of 0.70 ns. At 4K, the o-
f lines behave as bound-excitons and a band gap of
~2.190eV is obtained, in agreement with the estimation
from the DAP peaks. The localization of the a-ff excitons at
deep centers allows recombination at larger wave-vector out-
side the I'-point where an enhancement in oscillator strength
for the A (I's.—I'9,) band edge is predicted. In addition, the
y-line is assigned to a bound-exciton that is ~80meV above
the I'sc conduction band edge and acquires oscillator
strength by significant ['g.—I;. symmetry admixture.
Furthermore, possible inter-valley tunneling of electrons
from the I'- into the M-minimum for increasing temperature
results in a decrease in the intensity of the y-line.

SUPPLEMENTARY MATERIAL

See supplementary material for additional TEM, APT,
and optical measurements.
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