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Linearly Polarized Remote-Edge Luminescence in GaSe Nanoslabs
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We report highly linearly polarized remote luminescence that emerges at the cleaved edges of nanoscale
gallium selenide slabs tens of micrometers away from the optical excitation spot. The remote-edge
luminescence (REL) measured in the reflection geometry has a degree of linear polarization above 0.90,
with polarization orientation pointing toward the photoexcitation spot. The REL is dominated by an index-
guided optical mode that is linearly polarized along the crystalline ¢ axis. This luminescence is from out-of-
plane dipoles that are converted from in-plane dipoles through a spin-flip process at the excitation spot.

DOI: 10.1103/PhysRevApplied.4.034008

I. INTRODUCTION

Two-dimensional layered materials present a new plat-
form for integration of optoelectronic devices and nano-
scale lasers [1-4]. In this paper, we exploit the anisotropic
optical properties [5—10] and unique optical selection rules
[11-13] in layered gallium selenide (GaSe) to generate
highly linearly polarized luminescence at the remote
cleaved edges of GaSe slabs of about 200 layers or more
[Fig. 1(a)]. The in-plane dipoles (d,) generated at the
photoexcited spot are converted to out-of-plane dipoles (d)))
through a spin-flip process. Subsequent luminescence from
d) propagates with a wave vector orthogonal to the incident
optical excitation beam through an index-guided optical
mode that is linearly polarized along the crystalline ¢ axis.
Remote luminescence emerges at the cleaved edges in
the reflection geometry as a result of backscattering. This
remote-edge luminescence (REL) has a degree of linear
polarization above 0.90, with polarization orientation
pointing toward the photoexcitation spot independent of
the photoexcitation polarization. In contrast, the lumines-
cence at the photoexcited focal spot (FL) is unpolarized
under a linearly polarized optical excitation.

In most bulk semiconductors, the optical orientation
and alignment of electron-hole (e-%) pairs and consequent
polarized luminescence are limited [14]. In quasi-2D
systems, such as semiconductor quantum wells, photo-
luminescence is typically unpolarized or circularly polar-
ized, depending on the photoexcitation energy and
polarization as well as the band structure. Highly linearly
polarized luminescence or lasing has been observed in
quasi-1D colloidal nanowires [15—17] with strong dielec-
tric confinement, as well as in quasi-OD quantum dots with
a sizable anisotropy induced by strain or electron-hole
exchange interactions [18-21]. Recently, in 2D atomically
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thin transition-metal dichalcogenides (TMDs), polarized
luminescence has been shown to result from intra- and
interlayer excitations [22] or valley coherence [23,24].
In 2D TMDs, though, the luminescence yield becomes
significant only at the monolayer level when a crossover
from indirect to direct gap occurs.

GaSe is a layered semiconductor characterized by cova-
lently bound gallium and selenium atoms within a single
layer and weak van der Waals-type interlayer interactions
[25]. The layers are stacked along the crystallographic ¢ axis
and form several polytypes with different stacking orders.
The noncentrosymmetric e-GaSe is the most widely studied
of the group-III monochalcogenides because of its high
optical second-order nonlinearity [25-27]. The layered
structure of e-GaSe results in highly anisotropic optical
properties, as demonstrated by the distinct absorbance for

light with Elcand E || ¢ [5-10]. Polarized spontaneous
and stimulated emissions also occur near the quasidirect gap
(E, ~ 2 eV) under optical excitation and detection at oblique
angles [28-36]. Nanoscale slabs of similar polar (pyro-
electric) group-III monochalcogenide semiconductors have
high optical nonlinearities and allow direct optical access for
control of light-matter interactions and polarization proper-
ties, as well as index guiding of light.

II. RESULTS

In this study, we investigate the spectral, polarization,
and dynamic characteristics of the luminescence emanating
at cleaved edges of GaSe slabs with a thickness d; of
160 nm or more. The GaSe nanoslabs are mechanically
exfoliated from a bulk e-GaSe crystal [37] and deposited
onto a Si substrate with a 90-nm SiO, layer. These GaSe
dielectric slabs on SiO,/Si form the simplest optical
waveguides (see Materials and Methods) [38]. The thinnest

GaSe that can sustain one guided TE mode (E 1 ¢)and TM

mode (75 || ¢) for luminescence near the band edge
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FIG. 1. (a) Schematic of the optical setup. (b) Photoluminescence (PL) image of a 540-nm-thick GaSe slab at T = 10 K. The sample is

optically pumped at the focal location F under a pump flux P = 0.1P,,, where P, = 2.6 x 10'* cm~2 per pulse. At P, the photoexcited
carrier density is about 3.4 x 107 cm™3 (2.7 x 10'® cm™ per layer). The dashed lines represent the cleaved edges of the sample. REL
emerges at the cleaved edges tens of micrometers away from the photoexcited spot. (c) Polarized spectra of the FL (black curve) from
focal point F and the REL (red and blue curves) from location A with varying distances (AX) from the photoexcited spot for P = 0.15
Py at T = 10 K. The spectra are normalized with respect to the X-polarized (6¥) component. Both ¥ [transverse-magnetic (TM) mode,
solid lines] and 6" [transverse-electric (TE) mode, dashed lines] spectral components redshift with respect to the FL with increasing AX
as a result of anisotropic reabsorption. The anisotropic reabsorption also results in a decreasing spectrally integrated degree of linear
polarization (DOLP) with increasing AX. The two peaks in the FL spectrum are attributed to free excitons (approximately 2.08 eV) and
exciton-carrier scattering (approximately 2.06 eV), respectively. The FL is dominated by free excitons for P 2 0.6P; (not shown).
(d) Spatially resolved DOLP for P = 0.1P. The false color and arrows represent the DOLP and polarization orientation, respectively.
The measured maximal DOLP is about 0.93. Note that the REL at location A [Fig. 1(c)] is X polarized, whereas the REL at location B is
nearly Y polarized. The REL has a polarization oriented toward the photoexcited spot. (e)—(j) Overlay of optical and luminescence
images of samples with thickness d; = 92, 117, 170, 200 (S200nm), 303, and 540 (S540nm). Luminescence images are measured at
T = 10 K. The false colors in the luminescence images represent the relative intensities. The colors in the optical images are due to
optical interference. The REL is visible only for d; 2 160 nm. The central elliptical luminescence spot is the focal photoexcited region.
The REL is most prevalent in the 200-nm-thick sample in which single-guided TE and TM modes are present.

(wavelength 1= 600 nm) is about 160 nm thick. The
normally incident 2-ps optical excitation pulses create
in-plane dipoles (d ) that are rapidly converted to out-
of-plane dipoles () through spin flip of electrons or holes
[Fig. 1(a)] [11-13]. The index-guided radiation from d at
the photoexcited spot propagates to the cleaved edges of the

of WS, platelets [39]. In the experiments presented in this
paper, the in-plane (d,) and out-of-plane (d;) dipoles are
within the same layer, and the REL occurs tens of
micrometers away from the photoexcited spot.

In Fig. 1, we study the spectral and polarization
characteristics of the REL from a 540-nm-thick GaSe slab

GaSe slabs. Under pulsed photoexcitation, the guided TM
mode of d; luminescence dominates over the TE mode of
d, luminescence because the radiative recombination rate
of d is about 30 times higher than that of d, . As a result,
highly linearly polarized TM mode luminescence emerges
in the reflection geometry at cleaved edges when back-
scattering is allowed. We refer to such polarized remote
luminescence at cleaved edges as REL. The REL typically
has a degree of linear polarization DOLP > 0.90. Note that
enhanced PL has also been observed at photoexcited edges

under excitation energy E,=2.138eV at T =10 K.
Intense luminescence emerges at the cleaved edges of
the GaSe slab even when the optical excitation spot is
tens of micrometers away [Fig. 1(b)]. Spectrally, the REL
shows an apparent redshift compared with the lumines-
cence at the FL. Additionally, the REL is highly linearly
polarized (DOLP — 0.93), whereas the FL is unpolarized
under linearly polarized photoexcitation [Fig. 1(d)].
Considering the REL as an index-guided mode of lumi-
nescence originating from the photoexcited spot, one can

034008-2



LINEARLY POLARIZED REMOTE-EDGE LUMINESCENCE ...

PHYS. REV. APPLIED 4, 034008 (2015)

attribute the spectral redshift to anisotropic reabsorption
[33] when luminescence propagates in plane for a distance
of tens of micrometers [Fig. 1(c)]. However, for a 540-nm-
thick GaSe dielectric slab on SiO,, about four guided
TE modes and TM modes are allowed. In the presence of
both TE and TM modes, the REL is expected to be
unpolarized when the orientations of the photoexcited
dipoles at the focal spot are random and isotropic. On
the contrary, the measured luminescence polarization
image [Fig. 1(d)] indicates that the polarization orientations
of the REL point toward the photoexcited spot. Moreover,
depending on the location and sample thickness, the
intensity (emission flux) of the REL can exceed that of
the FL [Figs. 1(f)-1(j)]. Such a polarization orientation
pattern and intensity distribution suggest that the REL
originates from out-of-plane dipoles (d;), with the electric-

field vector parallel to the crystalline ¢ axis (E [| ©).

To understand the unique polarization of the REL, we
need to consider the selection rules and anisotropic optical
constants in GaSe. We first examine the optical selection
rules in GaSe and illustrate the spin-flip-induced conver-
sion between the in-plane and out-of-plane dipoles (Fig. 2).
The Se 4p, states lie 1.2 and 1.6 eV above the Se 4p, ,
states as a result of the crystal field and spin-orbit
interaction. Near the I' point, direct optical transitions
between the p_-like uppermost valence band and s-like
lowermost conduction band are dipole allowed for light

with the electric field parallel to the ¢ axis (E || ¢). For light
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FIG. 2. (a) Schematic exciton levels in e-GaSe at the I" point
and the representations to which the states at the I" point belong
when including spin-orbit interaction. The energy splitting A
between the I'y (d)) and I'¢ (d, ) exciton states is approximately
2 meV [11,12]. (b) Schematic of the rate equation model.

with E L ¢, the transitions become weakly allowed due to
spin-orbit interaction [7]. The spin-dependent optical
selection rules can be best understood in the two-particle
(exciton) representation [Fig. 2(a)] [11,12]. Optical exci-

tation with E L ¢ creates excitons with I'¢ symmetry (d
dipoles), which is analogous to a triplet state (1} and | {}).

On the other hand, optical excitation with E || ¢ results in
excitons with T’y symmetry (d;; dipoles), which is analo-
gous to a singlet state (1} — | 7). Therefore, a spin flip of
either electron or hole of the exciton (e-4 pair) results in
the conversion between d, and d; [Fig. 2(b)].
Experimentally, the absorption coefficient near the band

edge for E L ¢ is about 3 x 10% cm™!, which is a factor

of 1/30 of that for light with E || c. Assuming that the
spontaneous radiative recombination rate is proportional
to the absorption coefficient, we approximate the relative
radiative recombination rates of the in-plane and out-plane
dipoles to be W /W', ~30. As a result, under picosecond

pulse excitation, luminescence is dominated by the radi-
ative recombination of d when the conversion between d |
and d) is fast compared with the recombination rates.
The linear polarization of the REL is approximately
(Wy — W)/ (W + W) ~0.94, which is consistent with
the measured DOLP.

In Fig. 3, we study the spectral and dynamic character-
istics of the REL at room temperature. The REL remains
highly linearly polarized, with a polarization orientation
pointing to the photoexcited spot. The FL. and REL are
nearly synchronized temporally without an identifiable
time delay in the REL. Therefore, the REL cannot originate
from carriers that are photoexcited at the focal spot and
transported to the cleaved edges. We attribute the REL to
the backscattered light from an index-guided optical TM

mode with E || c. The dy converted from the photoexcited
d | radiates into this TM mode, which propagates in plane
from the photoexcited spot to the cleaved edges at the speed
of light in the GaSe slab. The sub-10-ps rise time of
the REL in Fig. 3 indicates that energy relaxation and
conversion of photoexcited d; and d| are less than 10 ps
at room temperature [11-13].

The spin-flip-induced conversion between the in-plane
and out-of-plane dipoles is evident in the time-dependent
PL measurements at cryogenic temperature (7' = 10 K),
where the spin-flip rate is significantly reduced (Fig. 4).
The FL arises within 10 ps after the pulse excitation,
whereas the REL reaches its maximum about 50 ps after-
ward. The nearly instantaneous rise of the FL is the result of
a sub-5-ps energy-momentum relaxation of photoexcited
carriers, whereas the considerable delay of approximately
(30-50)-ps rise time of the REL is due to the approximately
30-ps spin-flip time constant at 7 = 10 K.

A model for the time- and spin-dependent dynamics of the
lowest-energy excitons has been described elsewhere [40].
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FIG. 3. (a) Polarized spectra of the FL (black curve) and the
REL from location A (red and blue curves) in a 540-nm-thick
GaSe slab at room temperature. The pump energy E, =
2.087 eV and the pump flux P = 1.0 P,. At room temperature,
the FL is largely due to free excitons, and the backscattered REL
intensity is considerably weaker than the FL (about a factor of 4
here). The DOLP is above 0.93 for E < 1.95 eV, where the
anisotropic reabsorption for 6X (TM mode) and ¢¥ (TE mode) is
negligible. (b) Time-dependent FL and REL. The FL (solid black
curve) and the REL (solid red curve) show similar rise and
decay times. The dotted black (red) curve is the calculated n
(ny), which corresponds to the time-dependent luminescence
from d, (d)) dipoles. The theoretical curves are calculated with a
rate equation model and convolved with an 8-ps (FWHM)
instrument response. The fitting parameters are as follows:
W' = 1/1000 (ps™'), Wi =30 W', W, = 1/3 (ps™").

In the case that either k3T or the inhomogeneous linewidth
(I';,) of the exciton transitions is much larger than A, the
polarized time-dependent luminescence is reproduced by a
simplified model in which the spin-flip rates W , describ-
ing scattering from d, to dj, and W |  are set equal to one
another. Considering a spin-flip process and anisotropic
radiative recombination rates for the in-plane and out-of-
plane dipoles, we describe the time-dependent FL. and REL
with the following set of coupled differential equations:

(1) = =Winy(t) = Wyln, () —ny(1)] + G(1) P,
(1) = =Winy (1) + Wan (1) — ny(2)].

T T T T T
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FIG. 4. Time-dependent FL (solid black line) and REL (solid
red line) in a 200-nm-thick sample (S200nm). The REL is
measured at location C, as indicated in Fig. 1(h). The dotted
black (red) line is the calculated time-dependent n, (n)) con-
volved with a 4-ps (FWHM) instrument response function. The
fitting parameters are as follows: W/, = 1/2000 (ps~!), Wi =
30W, W, =1/30 (ps™"). The slower decay of the REL relative
to the FL is likely due to reabsorption, which results in the
dominance of the REL by the low-energy portion of the exciton
luminescence.

The optical generation rate is approximated by a 2-ps
Gaussian pulse G(7)P, where P is the pump flux. n; and
n) are the populations of the in-plane (d | ) and out-of-plane
(d)) dipoles, whereas W’ and W) are the corresponding
radiative recombination rates. W, is the spin-flip rate that
leads to the conversion between d and d. In this simple
model, we neglect the energy relaxation of nonresonantly
excited carriers and nonradiative recombination loss. The
time-dependent REL agrees with the calculated temporal
evolution of n; and indicates a rise time of approximately
30 ps that is consistent with the previously measured
spin-flip time constant 7o~ 1/W, [13]. Similarly, the
time-dependent FL is associated with the temporal evolution
of n;. When I'),,kzgT <A, one must account for
the differences in spin-flip rates W, ; and W . For the
experimental conditions considered here, though, I'), ~ A
[41] yielding results similar to those obtained from the
simplified equations above.

In summary, we observe highly linearly polarized
remote-edge luminescence in GaSe platelets with a thick-
ness of 160 nm or more. The REL is due to the guided TM
mode of luminescence from the out-of-plane dipoles that
are converted from the in-plane dipoles photoexcited by
normally incident picosecond pulses at a remote spot.

II1. DISCUSSION

Anisotropic absorption and TE-polarized emission of
excitons have also been observed for light propagating in
the quantum-well plane in GaAs-based structures. In the
absence of mixing of the heavy-hole and light-hole bands,
the emission from heavy-hole excitons propagating in
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the quantum-well plane (in plane) is expected to be TE
polarized [42]. In practice, a sample with quantum wells
imbedded in a proper waveguide structure is required for
the observation of remote polarized edge emission [43—46].
For example, the edge emission from GaAs-AlGaAs
multiple quantum wells in a waveguide structure was
measured to be TE polarized with a degree of linear
polarization about 0.8 under excitation near or in resonance
with heavy-hole excitons [43,44]. The reduced linear
polarization as compared to the ideal unity linear polari-
zation [42,47] was attributed to the presence of valence
subbands with mixed M; = +3/2 (heavy-hole) and
M; = 41/2 (light-hole) characters [43].

Lasing [48,49] or an enhanced spontaneous-emission
rate [50-53] has been observed for atomically thin
TMDs integrated with a microcavity (Fabry-Pérot [50,51],
photonic crystals [48,52,53], or microdisk [49]). One
can anticipate linearly polarized stimulated emission or
lasing in microdisks with a thickness of approximately
200-300 nm and a lateral size of several micrometers when
optical cavity effects are enhanced and nonradiative anni-
hilation processes are suppressed [54]. Here, the GaSe
layers will provide both gain and optical confinement and,
in principle, should allow for in-plane integration with
other photonic components [55-57].

IV. MATERIALS AND METHODS

A. Sample preparation

GaSe nanoslabs are mechanically exfoliated from a
Bridgman grown GaSe crystal [37] and deposited onto a
90-nm SiO,/Si substrate. The samples studied here are
mainly the e modifications. An e-GaSe crystal has ABA
stacking of the individual layers and belongs to space group
D), /P6m2 (no. 187) and point group Ds;,. An individual
layer consists of four planes of Se-Ga-Ga-Se, with the Ga—
Ga bond normal to the layer plane arranged on a hexagonal
lattice and the Se anions located in the eclipsed conforma-
tion when viewed along the ¢ axis. The band-edge
luminescence and absorption in e-GaSe are around
630 nm (2.0 eV) and 595 nm (2.1 eV) at room temperature
and T = 10 K, respectively. Samples are attached to a
copper cold finger in an optical liquid-helium-flow cryostat
and kept in a vacuum for all optical measurements.

B. Optical setups

A 2-ps pulse laser beam is focused through an objective
(N.A. = 0.28) to an area of about 80 um?. As a result,
the electric-field vector of the pump laser is orthogonal to
the crystalline ¢ axis (E L ¢). The photoexcitation density
is from approximately 2 x 10'® cm™ to 3.4 x 10" cm™3
(2.7 x 10719 cm=2 per layer) considering the absorption
coefficient at 2.1 eV (approximately 10° cm™! for E L c)
and Fresnel loss from reflection. The photoexcited

density is below the Mott transition density in GaSe
[35,36], which is about 4 x 1017 cm™3. The PL is collected
through the same objective in a reflection geometry.
The time-integrated PL spectra are measured with an
imaging spectrometer (focal length, 750 mm; grating,
300 grooves/mm) equipped with a liquid-nitrogen-cooled
CCD camera. The time-resolved PL measurements are
obtained with a streak camera system with approximately
(4-10)-ps (FWHM) temporal resolution depending on the
exposure time. The polarization properties of the pump
laser and PL are controlled and analyzed by a combination
of polarizers and liquid-crystal devices without mechanical
moving parts.

C. Polarization

Linearly polarized light with horizontal (vertical) polari-
zation is defined as 6X (¢7). The circularly polarized pump
or luminescence with angular momentum +# (—#) along
the pump laser wave vector k || 2 is defined as 6™ (¢7). The
polarization state is characterized by the Stokes vector
{80, 81,85, 83}. Sy is the flux and is determined as
So = IX +1". The Stokes vector can be normalized by
its flux S, to the Stokes three-vector s = {sy,s,,s3}.
sp = (IX=1")/Sy, s, =% —1")/S,, and s3=
(It —17)/Sy. IT, I7, I*, I, I**", and I'3>" are measured
intensities of the circularly or linearly polarized compo-
nents. The degree of linear polarization is represented by
DOLP = /57 + 53, and the polarization orientation angle
is determined by tan~!(s,/s;). The accuracy of the mea-
surements of the DOLP are within 1-2%.

D. Guided TE and TM modes [38]

We define a parameter V = (n? —n3)!/?kd,, which
includes the difference in the squares of the refractive
indices of the core (i.e., n; of the GaSe slab) and the
substrate (i.e., n, of the SiO, layer), the vacuum wave-
length (4y) and wave number (27/4), and the thickness of
the core slab (d; ). The total number of TE or TM modes is
then determined by the following equation:

2 2
n2 — n3>]

2 2 ’
ny—n

1 2 int

where nj is the refractive index of the capping layer
(here vacuum), and the symbol [];,, indicates that N is the
integer part of the number in brackets. The parameter 7 is
defined as

1
N =—
/2

V — arctan (;7

{ 1, for TE modes,
= n3/n3, for TM modes.

The number of TE and TM modes is usually the same for
most d;. However, the number of TE modes can exceed
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that of the number of TM modes by one for specific ranges
of d; because n|/n; > 1. For example, two TE modes and
one TM mode exist for 243 nm < d; <276 nm. Using
n; = 3.00 (GaSe), n, = 1.46 (S10,), n; = 1.00 (vacuum),
and 4y = 600 nm (band-edge exciton luminescence at
T ~ 10 K), we determine the thickness required to sustain
only one guided TM mode and one TE mode to be about
162 to 242 nm.
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