PHYSICAL REVIEW B 91, 195429 (2015)

Optical and spin polarization dynamics in GaSe nanoslabs
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We report nearly complete preservation of “spin memory” between optical absorption and photoluminescence
(PL) in nanometer slabs of GaSe pumped with up to 0.2 eV excess energy. At cryogenic temperatures, the initial
degree of circular polarization (py) of PL approaches unity, with the major fraction of the spin polarization
decaying with a time constant >500 ps in sub-100-nm GaSe nanoslabs. Even at room temperature, p, as large
as 0.7 is observed, while pumping 1 eV above the band edge yields pp = 0.15. Angular momentum preservation
for both electrons and holes is due to the separation of the nondegenerate conduction and valence bands from
other bands. In contrast to valley polarization in atomically thin transition-metal dichalcogenides, here optical
spin polarization is preserved in nanoslabs of 100 layers or more of GaSe.
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Solid-state systems exhibiting high spin polarization and
long spin relaxation time are desirable for spintronic applica-
tions. Various semiconductors have been studied for creation
of long-lived nonequilibrium spin populations and coherences
[1-6]. The most extensively studied system is gallium arsenide
(GaAs). However, optically pumped electron spin polarization
in bulk GaAs is limited to 1/2, while the maximal degree of
circular polarization of photoluminescence is 1/4 [1,2], owing
to the degenerate heavy- and light-hole valence bands and
subpicosecond hole spin relaxation. Doping [7] or quantum
confinement [8,9] has been used to quench electron spin
relaxation. Unity electron spin polarization can be achieved
in heterostructures where heavy- and light-hole energy de-
generacy is lifted by quantum confinement or strain [10-12].
In analogy to spin polarization, valley polarization has been
demonstrated in monolayer transition-metal dichalcogenides
(TMDs) with potential applications exploiting both spin and
valley degrees of freedom. In monolayer TMDs inversion
symmetry is broken, and a direct gap emerges at the corners
(K points) of the Brillouin zone, enabling valley-dependent
interband transitions under circularly polarized optical exci-
tation [13-15]. Furthermore, the substantial spin splitting of
valence bands at the band edges due to spin-orbit interaction
originating from the d orbitals of TM ions has led to
recent reports of long hole spin and valley lifetimes [16],
valley exciton polarization and coherence [17,18], circularly
polarized electroluminescence [19], and valley Hall effect
[20]. Indeed, circularly polarized photoluminescence (PL) was
observed in single- and bilayer TMDs [14-18] with steady-
state near-resonant circularly polarized excitation. However,
time- and polarization-resolved PL measurements suggest that,
at least in MoS,, circularly polarized PL may result from
sub-10-ps recombination and valley (spin) lifetimes rather
than an intrinsically long-lived valley or hole spin polarization
[14,21,22]. Additionally, emission at the direct gap becomes
dominant only at the monolayer level [23-25].

In this study, we demonstrate GaSe as a material for
generating and preserving a high degree of spin polarization
under nonresonant optical pumping, i.e., the energy difference
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between the pump and PL spectral peak (excess energy) is
more than 0.1 eV. The unique band structure (Fig. 1) of the
group-III monochalcogenides removes degeneracies between
orbital states and thereby allows generation and preservation
of a high degree of spin polarization [26,27]. We investigate
the photoluminescence of excitons in sub-100-nm- to 1000-
nm-thick GaSe slabs (nanoslabs) under nonresonant circularly
polarized optical excitation. Polarized time-dependent PL in
GaSe reveals a high initial degree of circular polarization
po > 0.9 when excited with excess energy from about 0.1 to
0.2 eV. High p, is indicative of spin preservation of optically
active carriers during the optical absorption and subsequent
cooling process. Unlike TMDs, GaSe has a quasidirect gap
in the bulk form [28,29], making it a versatile material in
which strong emission occurs and light-matter coupling can
be controlled from bulk to nanoscale thicknesses.

The crystal structure of e-GaSe shows an A BA stacking of
the individual layers, and belongs to space group D}, / P6m2
(#187) and point group D3j,. An individual layer consists of
four planes of Se-Ga-Ga-Se, with the Ga-Ga bonds normal
to the layer plane and arranged on a hexagonal lattice. The
Se anions are located in the eclipsed conformation when
viewed along the ¢ axis. The physical properties of GaSe
are largely determined by those of a single layer due to the
high electron density within the layer and weak interlayer
interaction [28,30]. The Se-Ga bond tilts 29° out of the layer
plane so that Se 4p, , electrons experience much greater
Coulomb attraction with Ga cations than Se 4p, electrons do.
This results in a large negative crystal field (A, &~ —1.4 eV)
compared to wurtzite-type materials (A, ~ 40.05 eV) so
that the Se 4p, , states lie 1.2 and 1.6 eV below the Se
4p, state (Fig. 1). Consequently, near the I point (k = 0)
only light with E || ¢ can excite dipole transitions between the
p.-like uppermost valence band and s-like lowest conduction
band. Experimentally, the absorption coefficient for E L ¢ is
about 10® cm™!, a factor of 30 smaller than for E | ¢ [31].
The transition for E L ¢ is weakly dipole allowed owing to
band mixing induced by strong spin-orbit interaction (A, =~
0.44 eV) and weak interlayer coupling. The optical pumping
and selection rules near k = 0 are best understood in an exciton
(two-particle) picture (binding energy ~20-30 meV) [28,32].
The essential feature is that the lowest states correspond to
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FIG. 1. (Color online) Band structure and optical selection rules.
Sketch of the band structure of e-GaSe at the I" point and the
representations to which the states at the I' point belong with
(without) spin-orbit interaction. The inset shows the excitons and
optical selection rules.

total exciton spin § =1 with z component S, = £1 and
can be excited by light with wave vector k || ¢ (E L c¢). We
have exploited these selection rules to investigate the spin
dynamics of GaSe under nonresonant circularly polarized
optical excitation as a function of slab thickness d; .

I. EXPERIMENT

Nanometer-thick GaSe crystals are mechanically exfoliated
from a Bridgman-grown crystal with unintentionally p-doped
concentration 10'*-10"> cm™ [33] and deposited onto a
silicon substrate with a 90 nm SiO, layer. Sample thickness is
measured by atomic force microscopy. Samples are mounted
in vacuum on a copper cold finger attached to an optical liquid-
helium flow cryostat for all experiments. GaSe nanoslabs are
optically excited by 2 ps laser pulses from a synchronously
pumped optical parametric oscillator (A, ~ 560-595 nm,
E, ~221-2.08 eV) or by second-harmonic pulses from a
Ti:sapphire oscillator (A, ~ 410 nm, E, ~ 3.0 eV). The laser
beam is focused through a microscope objective (numerical
aperture N.A. = 0.28) to an area of about 80 um? on the
sample. The wave vector of the pump is along the crystal
¢ axis (the surface normal), i.e., the electric field vector E is
orthogonal to the ¢ axis (E L ¢). The maximum deviation from
normal incidence is 8° in air and ~2.5° in the crystal for this ob-
jective. The polarization and pump flux (P) of the pump laser is
controlled by liquid-crystal-based devices without mechanical
moving parts. The samples are excited with pump flux P from
0.1Py to Py, where Py = 2.6 x 10'* cm~2 photons per pulse.
We estimate the photoexcitation density to be from ~2 x
10 cm™3 to 3.4 x 10" cm™ (2.7 x 107'% cm~? per layer)
considering the absorption coefficient at 2.1 eV (10 cm™!
for E L c) and Fresnel loss from reflection. The photoexcited
carrier density is below the Mott transition [34] of direct
excitons occurring near e-h pair densities of 4 x 10'” cm~3.

Time- and polarization-resolved PL. measurements allow
us to separately determine the recombination time, the initial
spin orientation, and the spin relaxation time. Polarized PL
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measurements are performed under excitation with excess
energy about 0.1-0.2 eV above the exciton emission peak. The
band-edge exciton PL emission at room temperature is near
620 nm (2.0 eV), independent of thickness [35]. Additionally,
we observe that the quantum yield of luminescence is greatly
suppressed in sub-50-nm-thick samples [32]. In this paper, we
focus on GaSe nanoslabs ranging from about 90 to 2000 nm
thick.

II. RESULTS

Upon absorption of circularly polarized light above the band
gap, the stationary (time-averaged) degree of circular polar-
ization (p.) of luminescence represents photoexcited carrier
spin memory. In Fig. 2, we show the polarized time-integrated
PL spectra [I(E)] for a 90-nm-thick sample (S90 nm) at
room temperature. Across a range of sample thicknesses (dy),
time-integrated PL shows a pronounced increase of p,. from
~0.05 in bulk to 0.3 in sub-100-nm nanoslabs. Corresponding
polarized time-dependent PL reveals that the degree of circular
polarization p,(t) decays within 10 ps, independent of the slab
thickness and photoexcited carrier density [32]. In contrast,
the total (unpolarized) PL decays exponentially with a time
constant (1) that increases linearly with thickness from about
20 to 250 ps for 90 nm < d; < 700 nm (Fig. 3). The fast PL
rise and decay time constants in sub-100-nm GaSe nanoslabs
are comparable to the ~10-ps spin relaxation time, resulting
in the preservation of a high spin polarization during the
brief absorption-cooling-emission cycle [36]. In Fig. 3, we
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FIG. 2. (Color online) Polarized time-integrated PL spectra at
room temperature. Time-integrated PL spectra [/*/*(E) (cocircular
excitation and detection, red) and I/~ (E) (cross-circular excitation
and detection, blue)] and degree of circular polarization p.(E) =
I/ H(E)-I1T~(E)
IH/H(E)+I1/~(E)
ot excitation with 594 nm (2.087 eV) excitation and pump flux
P =0.5P,at T = 300 K. Spectra under o ~ excitation are symmetric
with respect to those under o excitation (not shown). The labeled
spectral peaks are one-phonon Raman mode A} (310 cm™!) and
multiphonon Raman modes E'(LO)+ A} [255+ 136 ¢cm™'] and
2E'(LO)+ A} [510+ 136 cm~!]in GaSe. The multiphonon Raman
modes (~394 and 648 cm™!) become dominant in sub-100-nm-thick
GaSe and have not been reported in bulk GaSe. Raman shifts are
calibrated against the 520-cm~!' Raman line (I'ys phonon mode) of
the silicon substrate.

(magenta) of a 90-nm-thick sample (S90 nm) under
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FIG. 3. (Color online) PL dynamics and polarization properties
versus sample thickness at room temperature. PL decay time constant
(79) as a function of thickness (d;) of the samples (red circles).
79 decreases linearly with thickness for d; < 700 nm yielding a
slope or an effective group velocity of 4.1 nm/ps. This results in
an increasing stationary (time-averaged) circular polarization (black
squares) near the exciton PL peak [p.(E =~ 1.98 eV)] with decreasing
7y (thickness).

also plot p. as a function of PL decay time ty for all
samples studied. The stationary p. is well described by a
simple model: p. = po/(1 + 19/7,), Where 1 is the lifetime
of photoexcited carriers, and t, is the spin-relaxation time.
Fitting yields pg = 0.73 £ 0.25 and 7, = 13 & 7 ps, consistent
with the time-resolved measurements. Therefore, the apparent
enhancement of “spin memory” revealed in time-integrated
PL is largely due to the linear decrease of the PL decay time
(7p) with thickness, rather than a long spin relaxation time.

At cryogenic temperature (7' = 10 K), the spin and PL
decay dynamics with 560 nm (2.214 eV) to 575 nm (2.156 eV)
excitation slow markedly. Similar p.(E) and PL dynamics
are observed for all studied samples with d; > 90 nm at
T =10 K. We thus describe only the results in the 90-
nm-thick sample S90 nm. At a pump fluence of 0.1P, the
stationary p.(E) reaches 0.8 at the high-energy range of
the exciton emission spectrum and decreases gradually to
about 0.3 at low emission energies [Fig. 4 a)]. Meanwhile,
time-dependent PL decay becomes biexponential with time
constants 7; &~ 20-50 ps and 7§ &~ 150-200 ps [Fig. 4(b)]. In
contrast, the PL rise time remains less than 10 ps (limited by
instrument temporal resolution), suggesting sub-10-ps cooling
and momentum relaxation of radiative photoexcited carriers
independent of temperature. Finally, time-dependent circular
polarization p.(t) is also found to be biexponential, with decay
time constants 7, &~ 3040 ps and 7] 2 500 ps [Fig. 4(c)].
We reproduce quantitatively the biexponential decays of
both PL intensity and polarization using a rate-equation
model [32,37]. The shorter time constant 7, shows a weak
power-law dependence on the photoexcited density (ny) with
7] X n(X_O'BiO‘OG), while there is no identifiable dependence on
thickness for either population decay or spin relaxation.

To explore the limits of spin memory, we also performed
experiments on a 650-nm-thick sample (S650nm) under 3.0 eV

PHYSICAL REVIEW B 91, 195429 (2015)

1.0 T T T T T T T 2x10°
S90nm, T=10K,P=1.0P
i ’ (@) E1x10°
0.8 =2
]
=2
- o,
m) 0.6 &
E1x10% =
Ty o
0.4 o
c
3,
0.2 »
E1x10° ™
0.0 T T T T T T T 5x10°
192 194 196 1.98 2.00 2.02 2.04 2.06 2.08
Energy(eV)
104: L] L] L} L} L} L}
1 S90nm, T=10K,P=0.1P, (b)
w  {
= Sl cesesees
c )
N I*-
o 107 ™, oF
S
&
>
=
2 2
g 1073 3
- ]
£
101 L) L) L) L) L) L) =
0 50 100 150 200 250
1 Time(ps)

0.01

0 50 100 150 200 250
Time(ps)

FIG. 4. (Color online) Polarized PL spectra and dynamicsat 7T =
10 K. (a) Time-integrated PL spectra [1*/*(E) (cocircular, red) and
I*/=(E) (cross-circular, blue)] and degree of circular polarization
Pc(E) of S90 nm under ot excitation at pump flux P = 1.0P,. p.(E)
at P = 0.1P, for S90 nm is shown as a magenta dotted curve for
comparison. (b) Polarized time-dependent PL [I*/*(¢), I*/~(t), and
I*/Y(t) (dashed red, blue, and black, respectively)] of S90 nm under
ot oroX excitation at P = 0.1P,. (c) p.(t) of PL from S90 nm under
ot excitation at a pump flux of P = 0.1, 0.4, and 1.0 P, (magenta,
red, and blue, respectively). Solid lines are biexponential fittings.

excitation (Fig. 5). We find that the initial p, at the band edge
is 0.15, irrespective of temperature. By contrast, a PL circular
polarization of ~0.005-0.009 has been observed in bulk GaAs
under a 3.00 &£ 0.05 eV excitation (i.e., excess energy ~1.5 eV
above the GaAs band gap) when the L-valley transitions are
involved [38]. The reduction of 7] with increasing carrier
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FIG. 5. (Color online) Polarized time-dependent PL under opti-
cal excitation at 3 eV. Time-dependent PL intensities 7*/%(t) (co-
circular, dashed curves) and I*/¥(¢) (cross-circular, dotted curves);
degree of circular polarization p.(#) (solid curves) under excitation
at Epump = 3 ¢V and T = 10 K. Red and blue curves are for ot and
o~ excitation, respectively. The decay of p.(f) is slower at T = 10 K
than that at 7 = 300 K (not shown) (X7 ps vs 3 ps) as is the PL rise
time (*18 ps vs 5 ps).

density and py with increasing excitation energy suggest that
the Elliot-Yafet (EY) mechanism plays a larger role than the
Dyakonov-Perel mechanism [1-4] in the initial spin relaxation
for nonthermal carriers at low temperature.

III. DISCUSSION

The generation of a substantial degree of spin polarization
at the band edge after highly nonresonant excitation is a
consequence of (1) a large degree of spin polarization of the
initially created high-energy carriers and (2) spin relaxation
rates that are slow compared to energy and momentum
relaxation as well as the band-edge PL decay rates. All samples
display a nearly instantaneous rise (~5 ps, resolution limited)
in the band-edge PL under excitation at excess energies
<300 meV at room and cryogenic temperatures, indicating
sub-10-ps momentum and energy relaxation of photoexcited
carriers toward k = O (I" point). This time scale is consistent
with the momentum scattering time of 5 ps deduced through
steady-state measurements [26,27]. Carriers thus spend limited
time in high-momentum states where spin relaxation is fastest.
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In contrast, at 3.0 eV excitation, carriers take markedly longer
to dissipate 1 eV excess energy, especially at T = 10 K. This
increase of energy relaxation time partially accounts for the
reduced initial degree of spin polarization observed under
3.0 eV excitation.

The decrease of PL decay ty with thickness for d; <
700 nm at 7 = 300 K means that a greater fraction of the
emission occurs before the spin polarization decays, leading
to larger p. in sub-100-nm GaSe nanoslabs. The decrease of 1
is unlikely due to an enhancement of radiative recombination
rates with dimensionality and confinement [39] given that the
bulk Bohr exciton radius of GaSe is only ~5 nm. The linear
dependence of 1y ox d; can result from the propagation of
exciton-polaritons [40] or nonradiative surface recombination
[41] as described in Ref. [32]. The PL. measurements presented
here only probe excitons and carriers near the I' point.
Nevertheless, the distinct PL dynamics at room and cryogenic
temperatures suggest that there is significant nonradiative
recombination due to intervalley scattering between the I" and
M valleys [29].

The reduced mixing of valence bands makes GaSe and other
group-III monochalcogenides such as GaS and InSe [42,43]
materials with potential for devices relying on the ability to
generate and maintain high degrees of spin polarization. In
these materials, the hole spin relaxation rate is expected to de-
crease significantly compared to that in III-V semiconductors
because the EY relaxation mechanism is suppressed by the
reduced mixing of distant valence bands. This hypothesis is
supported by the quantitative exciton and spin-relaxation rates
obtained by fitting the experimental polarized PL. dynamics
as described in Ref. [32]. Nanoscale multilayer GaSe or InSe
are, in principle, less challenging to synthesize and integrate
with micro- and nanofabrication processes compared to
atomic membranes of TMDs. Additionally, noncentrosymmet-
ric group-III monochalcogenides allow for more direct optical
control of light-matter coupling beyond the monolayer regime.

ACKNOWLEDGMENTS

This work is supported by Michigan State University and
by NSF through Grant No. DMR-09055944. This research
has used the W. M. Keck Microfabrication Facility. We thank
Brage Golding, Bhanu Mahanti, and Carlo Piermarocchi for
comments and discussions.

[1] M. 1. D’yakonov and V. I. Perel’, in Optical Orientation, Modern
Problems in Condensed Matter Sciences Vol. 8 (Elsevier, New
York, 1984), pp. 11-72.

[2] Spin Physics in Semiconductors, edited by M. 1. Dyakonov,
Springer Series in Solid-State Science Vol. 157 (Springer, New
York, 2008).

[3] G. E. Pikus and A. N. Titkov, in Optical Orientation, Modern
Problems in Condensed Matter Sciences Vol. 8 (North-Holland,
Amsterdam, 1984), pp. 73-131.

[4] M. W. Wu, J. H. Jiang, and M. Q. Weng, Phys. Rep. 493, 61
(2010).

[5] L. 2utié, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

[6] D. D. Awschalom, L. C. Bassett, A. S. Dzurak, E. L. Hu, and
J. R. Petta, Science 339, 1174 (2013).

[7]1 J. M. Kikkawa, I. P. Smorchkova, N. Samarth, and D. D.
Awschalom, Science 277, 1284 (1997).

[8] Y. Ohno, R. Terauchi, T. Adachi, F. Matsukura, and H. Ohno,
Phys. Rev. Lett. 83, 4196 (1999).

[9] R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional
Electron and Hole Systems (Springer, New York, 2003),
Vol. 191.

195429-4


http://dx.doi.org/10.1016/j.physrep.2010.04.002
http://dx.doi.org/10.1016/j.physrep.2010.04.002
http://dx.doi.org/10.1016/j.physrep.2010.04.002
http://dx.doi.org/10.1016/j.physrep.2010.04.002
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1126/science.1231364
http://dx.doi.org/10.1126/science.1231364
http://dx.doi.org/10.1126/science.1231364
http://dx.doi.org/10.1126/science.1231364
http://dx.doi.org/10.1126/science.277.5330.1284
http://dx.doi.org/10.1126/science.277.5330.1284
http://dx.doi.org/10.1126/science.277.5330.1284
http://dx.doi.org/10.1126/science.277.5330.1284
http://dx.doi.org/10.1103/PhysRevLett.83.4196
http://dx.doi.org/10.1103/PhysRevLett.83.4196
http://dx.doi.org/10.1103/PhysRevLett.83.4196
http://dx.doi.org/10.1103/PhysRevLett.83.4196

OPTICAL AND SPIN POLARIZATION DYNAMICSIN ...

[10] M. Kohl, M. R. Freeman, D. D. Awschalom, and J. M. Hong,
Phys. Rev. B 44, 5923 (1991).

[11] T. Amand, B. Dareys, B. Baylac, X. Marie, J. Barrau,
M. Brousseau, D. J. Dunstan, and R. Planel, Phys. Rev. B 50,
11624 (1994).

[12] S. Pfalz, R. Winkler, T. Nowitzki, D. Reuter, A. D. Wieck,
D. Hagele, and M. Oestreich, Phys. Rev. B 71, 165305 (2005).

[13] W. Yao, D. Xiao, and Q. Niu, Phys. Rev. B 77, 235406 (2008).

[14] T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan,
E. Wang, B. Liu, and J. Feng, Nat. Commun. 3, 887 (2012).

[15] H. Zeng,J. Dai, W. Yao, D. Xiao, and X. Cui, Nat. Nanotechnol.
7, 490 (2012).

[16] K. F. Mak, K. He, J. Shan, and T. F. Heinz, Nat. Nanotechnol.
7,494 (2012).

[17] X. Xu, W. Yao, D. Xiao, and T. F. Heinz, Nat. Phys. 10, 343
(2014).

[18] B. Zhu, H. Zeng, J. Dai, Z. Gong, and X. Cui, Proc. Natl. Acad.
Sci. USA 111, 11606 (2014).

[19] Y. J. Zhang, T. Oka, R. Suzuki, J. T. Ye, and Y. Iwasa, Science
344, 725 (2014).

[20] K. F. Mak, K. L. McGill, J. Park, and P. L. McEuen, Science
344, 1489 (2014).

[21] D. Lagarde, L. Bouet, X. Marie, C. R. Zhu, B. L. Liu, T. Amand,
P. H. Tan, and B. Urbaszek, Phys. Rev. Lett. 112, 047401 (2014).

[22] M. M. Glazov, T. Amand, X. Marie, D. Lagarde, L. Bouet, and
B. Urbaszek, Phys. Rev. B 89, 201302 (2014).

[23] A. Splendiani, L. Sun, Y. B. Zhang, T. S. Li, J. Kim, C. Y. Chim,
G. Galli, and F. Wang, Nano Lett. 10, 1271 (2010).

[24] K. FE. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev.
Lett. 105, 136805 (2010).

[25] P. Tonndorf, R. Schmidt, P. Bottger, X. Zhang, J. Borner, A.
Liebig, M. Albrecht, C. Kloc, O. Gordan, D. R. T. Zahn, S. M.
de Vasconcellos, and R. Bratschitsch, Opt. Express 21, 4908
(2013).

[26] E. M. Gamarts, E. L. Ivchenko, M. I. Karaman, V. P. Mushinskii,
G.E. Pikus, B. S. Razbirin, and A. N. Starukhin, Sov. Phys. JETP
46, 590 (1977).

PHYSICAL REVIEW B 91, 195429 (2015)

[27] E. L. Ivchenko, G. E. Pikus, B. S. Razbirin, and A. 1. Starukhin,
Sov. Phys. JETP 45, 1172 (1977).

[28] E. Mooser and M. Schliiter, Nuovo Cimento B 18, 164
(1973).

[29] V. Capozzi, L. Pavesi, and J. L. Staehli, Phys. Rev. B 47, 6340
(1993).

[30] M. Schliiter, J. Camassel, S. Kohn, J. P. Voitchovsky, Y. R. Shen,
and M. L. Cohen, Phys. Rev. B 13, 3534 (1976).

[31] R. Le Toullec, N. Piccioli, M. Mejatty, and M. Balkanski, Nuovo
Cimento B 38, 159 (1977).

[32] Y. Tang, W. Xie, K. C. Mandal, J. A. McGuire, and C. W. Lai,
arXiv:1504.07147.

[33] K. C. Mandal, A. Mertiri, G. W. Pabst, R. G. Roy, Y. Cui, P.
Battacharya, M. Groza, A. Burger, A. M. Conway, and R. J.
Nikolic, Proc. SPIE 7079, 707900 (2008).

[34] L. Pavesi, J. L. Staehli, and V. Capozzi, Phys. Rev. B 39, 10982
(1989).

[35] The exciton peak gradually redshifts from 590 nm (2.1 eV) to
620 nm (2.0 eV) in bulk (>1000 nm) to 90-nm nanoslabs at
T = 10 K. This shift is attributed to increasing contribution to
PL from localized excitons, which is the subject of ongoing
studies and beyond the scope of this paper.

[36] S. Niisse, P. Haring Bolivar, H. Kurz, V. Klimov, and F. Levy,
Phys. Rev. B 56, 4578 (1997).

[37] A. Vinattieri, J. Shah, T. C. Damen, D. S. Kim, L. N. Pfeiffer,
M. Z. Maialle, and L. J. Sham, Phys. Rev. B 50, 10868
(1994).

[38] T. T. Zhang, P. Barate, C. T. Nguyen, A. Balocchi, T. Amand,
P. Renucci, H. Carrere, B. Urbaszek, and X. Marie,
Phys. Rev. B 87, 041201 (2013).

[39] L. C. Andreani, F. Tassone, and F. Bassani, Solid State Commun.
77, 641 (1991).

[40] J. Aaviksoo, J. Lumin. 48-49, 57 (1991).

[41] D. E. Aspnes, Surf. Sci. 132, 406 (1983).

[42] N. Kuroda, I. Munakata, and Y. Nishina, Solid State Commun.
33, 687 (1980).

[43] D. T. Do, S. D. Mahanti, and C. W. Lai, arXiv:1504.00725.

195429-5


http://dx.doi.org/10.1103/PhysRevB.44.5923
http://dx.doi.org/10.1103/PhysRevB.44.5923
http://dx.doi.org/10.1103/PhysRevB.44.5923
http://dx.doi.org/10.1103/PhysRevB.44.5923
http://dx.doi.org/10.1103/PhysRevB.50.11624
http://dx.doi.org/10.1103/PhysRevB.50.11624
http://dx.doi.org/10.1103/PhysRevB.50.11624
http://dx.doi.org/10.1103/PhysRevB.50.11624
http://dx.doi.org/10.1103/PhysRevB.71.165305
http://dx.doi.org/10.1103/PhysRevB.71.165305
http://dx.doi.org/10.1103/PhysRevB.71.165305
http://dx.doi.org/10.1103/PhysRevB.71.165305
http://dx.doi.org/10.1103/PhysRevB.77.235406
http://dx.doi.org/10.1103/PhysRevB.77.235406
http://dx.doi.org/10.1103/PhysRevB.77.235406
http://dx.doi.org/10.1103/PhysRevB.77.235406
http://dx.doi.org/10.1038/ncomms1882
http://dx.doi.org/10.1038/ncomms1882
http://dx.doi.org/10.1038/ncomms1882
http://dx.doi.org/10.1038/ncomms1882
http://dx.doi.org/10.1038/nnano.2012.95
http://dx.doi.org/10.1038/nnano.2012.95
http://dx.doi.org/10.1038/nnano.2012.95
http://dx.doi.org/10.1038/nnano.2012.95
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nphys2942
http://dx.doi.org/10.1038/nphys2942
http://dx.doi.org/10.1038/nphys2942
http://dx.doi.org/10.1038/nphys2942
http://dx.doi.org/10.1073/pnas.1406960111
http://dx.doi.org/10.1073/pnas.1406960111
http://dx.doi.org/10.1073/pnas.1406960111
http://dx.doi.org/10.1073/pnas.1406960111
http://dx.doi.org/10.1126/science.1251329
http://dx.doi.org/10.1126/science.1251329
http://dx.doi.org/10.1126/science.1251329
http://dx.doi.org/10.1126/science.1251329
http://dx.doi.org/10.1126/science.1250140
http://dx.doi.org/10.1126/science.1250140
http://dx.doi.org/10.1126/science.1250140
http://dx.doi.org/10.1126/science.1250140
http://dx.doi.org/10.1103/PhysRevLett.112.047401
http://dx.doi.org/10.1103/PhysRevLett.112.047401
http://dx.doi.org/10.1103/PhysRevLett.112.047401
http://dx.doi.org/10.1103/PhysRevLett.112.047401
http://dx.doi.org/10.1103/PhysRevB.89.201302
http://dx.doi.org/10.1103/PhysRevB.89.201302
http://dx.doi.org/10.1103/PhysRevB.89.201302
http://dx.doi.org/10.1103/PhysRevB.89.201302
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1364/OE.21.004908
http://dx.doi.org/10.1364/OE.21.004908
http://dx.doi.org/10.1364/OE.21.004908
http://dx.doi.org/10.1364/OE.21.004908
http://dx.doi.org/10.1103/PhysRevB.47.6340
http://dx.doi.org/10.1103/PhysRevB.47.6340
http://dx.doi.org/10.1103/PhysRevB.47.6340
http://dx.doi.org/10.1103/PhysRevB.47.6340
http://dx.doi.org/10.1103/PhysRevB.13.3534
http://dx.doi.org/10.1103/PhysRevB.13.3534
http://dx.doi.org/10.1103/PhysRevB.13.3534
http://dx.doi.org/10.1103/PhysRevB.13.3534
http://dx.doi.org/10.1007/BF02723483
http://dx.doi.org/10.1007/BF02723483
http://dx.doi.org/10.1007/BF02723483
http://dx.doi.org/10.1007/BF02723483
http://arxiv.org/abs/arXiv:1504.07147
http://dx.doi.org/10.1103/PhysRevB.39.10982
http://dx.doi.org/10.1103/PhysRevB.39.10982
http://dx.doi.org/10.1103/PhysRevB.39.10982
http://dx.doi.org/10.1103/PhysRevB.39.10982
http://dx.doi.org/10.1103/PhysRevB.56.4578
http://dx.doi.org/10.1103/PhysRevB.56.4578
http://dx.doi.org/10.1103/PhysRevB.56.4578
http://dx.doi.org/10.1103/PhysRevB.56.4578
http://dx.doi.org/10.1103/PhysRevB.50.10868
http://dx.doi.org/10.1103/PhysRevB.50.10868
http://dx.doi.org/10.1103/PhysRevB.50.10868
http://dx.doi.org/10.1103/PhysRevB.50.10868
http://dx.doi.org/10.1103/PhysRevB.87.041201
http://dx.doi.org/10.1103/PhysRevB.87.041201
http://dx.doi.org/10.1103/PhysRevB.87.041201
http://dx.doi.org/10.1103/PhysRevB.87.041201
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0038-1098(91)90761-J
http://dx.doi.org/10.1016/0022-2313(91)90076-8
http://dx.doi.org/10.1016/0022-2313(91)90076-8
http://dx.doi.org/10.1016/0022-2313(91)90076-8
http://dx.doi.org/10.1016/0022-2313(91)90076-8
http://dx.doi.org/10.1016/0039-6028(83)90550-2
http://dx.doi.org/10.1016/0039-6028(83)90550-2
http://dx.doi.org/10.1016/0039-6028(83)90550-2
http://dx.doi.org/10.1016/0039-6028(83)90550-2
http://dx.doi.org/10.1016/0038-1098(80)90753-X
http://dx.doi.org/10.1016/0038-1098(80)90753-X
http://dx.doi.org/10.1016/0038-1098(80)90753-X
http://dx.doi.org/10.1016/0038-1098(80)90753-X
http://arxiv.org/abs/arXiv:1504.00725



