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ictribusti

Polariton photoluminescence from oplindrical microcavities was studisd under optical excitation below and
abowve a nonlinear regime threchold. Lines of lateral excitonic polaritons quantizasion wers oboerved in the
spectra. In addition to quantization linez with a emall arbital quantum number m, sxciton-polariton whizparing
gallery modes with large m > 10 were observed in the cavities of relatively large diameter. In addition to the
spectral distribution of the polariton zize quantized modes, it was pocaible to oboerve their wavefunctions” spatial

1. Introduction

Microcavitier are widely used to manufacture wvertical surface-
emitting lasers (VCSELz) [1]. VCSELs have several advantages owver
conventional end-face lazers.

1. Since WCEELs are emitted from the top surface, they can be checked
during fabrication, even before they are split into separate devices.
Thiz significantly reduces the yield of unusable and reduces the cost
of the product.

2 It iz possible to create two-dimensional arrayz of VCSELs, entire
matrixes from lasers - laser screens.

3. The large output aperture of the VCSEL provides a narrower cutput
beam angle and provides high communication efficiency with optcal
fiberz.

4. The zmall size of the active region, compared to edge-eminting lazers,
reduces the VCSEL threshold current, which results in low poswver
consumption [2].

Mierocavities are alzo the basiz for creating polariton lazers [3].
Theze lazers do not use the reverse population effect to amplify light and
stimulate emission, a phenomenon that underlies all lazers’ operations
and gave them their name. On the other hand, just like all lasers, a
polariton lazer iz a source of coherent monochromatic light. The main
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advantage of polariton lasers over conventional lazers is their extremely
low power consumption.

The process of creadng an inverze population in conventional lasers
iz not energedcally efficient It follows from Pauli’z principle that the
number of electrons that can simultaneouszly be at a given energy level iz
limited. As a result, conventional lasers consume energy to « throw =
electrons to higher energy levels.

In a semiconductor polariton laser, electrons combine with holes to
form excitons. Exeitons are bocons and can be in an unlimited number at
any energy level. An exciton, interacting with a photon, turns into a
polariton, which emits a photon identical to the original one. The use of
bozons can zignificantdy reduce the threshold at which the laser can
operate. Az a result, polariton lasers consume hundreds of times less
energy than maditional onez with the same radiation parameters. A
polariton laser may be indispensable for creating gquantum computers
[4].

The meost important element of any laser, both conventional and
polariton, is the optical cavity. All lasers emit at frequencies corre-
sponding to the eigenmodes of thiz cavity.

The microcavities with strong coupling were studied for several
years [5] and the optical characterization of the lateral execited modes
was observed. But, the regime of polarton laser [5,7] was not enough
studied.

In addition to the usual longitudinal modes, ransverse optical modes



can also exist in eavities. Such modes are ezpecially important for zmall
resonators - microcavities.

Among such ransverse modes, the most important are the so-called
whizpering gallery modes [2]. Theze standing waves experience total
internal reflection from the resonator’s sidewalls and are, as it wera,
spressed » against them. Az a result, such modes have a very high
Q-factor [9] and can strongly affect the operadon of both WCSEL and
polariton lasars [10]. However, the extraction of radiation from such
maodes and the beam divergence iz completely unsadsfactary [11].

In thiz work, we studied the emission spectra of the polariton lateral
quantization mades in a eylindrieal microcavicy 14 ym in diameter both
in linear and nonlinear optical excitation regime at the temperature of 5
E_ It has been found that all lateral and whispering gallery modes are
obszerved in the linear regime, and when switching to the lasing regime
of a polariton laser, only one of the modes, az a rule, the lowest in anergy
iz revealed.

2, Experlment

The studied samples were round mesa structures (mesas) with a
diameter from 1 to 40 ym, made from microrezonators, Fig. 1. The
microresonator contain: an Al, o5Gag sAs, 542 - thick ecavity sur-
rounded by owo Bragg mirrors, consisting of 35 pairs of AlAz and
Alp sGap gsAs layers. The guality factor of the resonator was about
20.000. Thiz value was estimated from the half width of the reflection
line (this is possible because the radiation leakage entirely determines
the phonon mode’s damping through the Bragg mirmrors in the micro-
cavity). Four GaAs quanmm wells were placed inzide the mirrocavity in
the antinode of a standing electromagnetic wave to enhance the exciton-
photon interaction. The wells” width was chozen to reach a resonance
between the photon mode in the cavity and the ground state of the
exciton in the wells, that iz, the regime of strong exciton - photon
coupling.

The photoluminescence (PL) specira of these structures were regis-
tered at a temperature of 5 K. For effective PL excitadon, we used laser
radiation with quantum energy 1.62 eV (7652 .!n}, which corresponds to
the region above the «stop band » but below the absorption band in
Bragg mirrors. The spot diameter at the sample surface was about 2 pm.
To record the PL, a micro-photoluminezcence setup was used. This zetup
consisted of a micro-objective, a3 monechromator, and a CCD camera.

Broad structureless emizzion band iz observed at a sufficiently weak
optical excitation (less than 0.03 mW), in the PL spectrum of 2 mesa with
a diameter of 14 gm, in the range from 8018 & to 8045 & (1.541-1.546
e¥). The absence of thiz band’s structure iz due to the effective popu-
lation of the states of the entire polariton band under non-rezonant
photo excitadon. With sufficiently large losses azzociated with exciton
damping, standing waves cannot be formed in mesas of large diameter
(tens of microns). Therefore, no soucture is obsarved in the emission
spectrum of polaritons.

The evolution of the PL spectrum with increasing optical excitation

‘a) R b),
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intenzity iz shown in Hgures (Fig. 2 a-f£). With an inereaze of the optical
excitation power, when the «armrivals of excitons begins to exceed their
losses due to damping, a zet of narrow lines appears in the PL zpectrum,
associated with the exciton-polariton size quantization in the mesa plane
(Fig. 2 a,b).

At a higher power of the optical excitation and a transition to the
polariton lazer mode, the intensity of the longest wavelength line in the
spectrum begins to grow superlinearly, rapidly outsoipping the growth
of the intenzity of the remaining lines. As a result, chortwave lines
dizappear, and only one long-wavelength line remains in the spectrum
(Fig. 2 e). This regime, in fact, corresponds to Boce condensation of
exciton-polaritons.

With a further inereaze in the excitation power, this line's width
maonotonically inereases towards higher energies (Fig. 2 d-f). At low
excitation power the full width at half maximum (FYWHM) was about 0.1
meW. At the highest intensity of optical excitation in our experiments,
the FWHM of thiz line was 0.6 meV. Fig 3 shows the dependences of PL
ntenzity and FWHM of the lowest in the energy PL line. [t can be zeen in
the inzet to Fig. 3 that, at low excitation, the PL intensity linearly de-
pends on the pump intensity (I, = I, K = 1). This property is typieal
for excitonie PL when the carrier arrival and recombination are equal.
When the excitation intensity reaches a threshold value of 0.03 mW, the
PL intensity grows superinearly K = 2 (when the excitotion intensity
changes by order of maegnitude, the PL intensity increases by two orders of
magnitude). Thiz is the polariton lazer regimea. With a further inereaze in
the pump intensity, we switch to the linear regime since other channels
are included in the radiation process. The monotonic character of the
broadening indicates that it is not associated with the contribution from
neighboring lines to the width of thiz line. Simultaneously with the in-
creaze of width, the emisszion line chiftz towards higher energiez. In
addition to thiz intense PL line, a weaker line iz observed in the spectrum
shifted by ~ 0.5 meV to higher energy. Thiz line dizappear: from the
spectrum at the highest excitation intensity.

Thanks to micro-PL, we were able to regizter the spatial dismibution
of polariton modes in the cavity and their spectral dependance (Fig. 4).

Fig. 4 on the left shows the photoluminescence specoum The hori-
zontal scale reprezents the wavelengths (energies), and the vertical scale
reprazsents the spatial coordinate. Color represents the signal intensity in
a legarithmic scale. Fig. 4 on the rght shows the spatial dizsoibution of
the integral PL intensity. It is zeen that the emizsion of long-wawvelength
maodes of polariton quantization is concentrated closer to the center of
the mesa and of short-wavelength modes to the edges. The shortest
wavelength modes are « pressed » to the edge of the meza. Theze are
whizpering gallery modes.

The line intensities in the PL spectrum in Fig. 4 on the left directly
reflect the exciton-polariton wave function’s spatial distribution on the
size quantization levels. Acconding to Formula 7, for low energy levels,
the density of polaritons has a single maximum at the mesa center. Far
higher energy levels, there are zeveral maxima and minima.

At excitation to the mesa's edge, the radiation focuszes on the

25 penod DER

! Al A, b

' = FE———1 a4

\ W5

\ 42 panad DAR
i AlAs
Al 08, A8

Fig. 1. The cample studisd. a) Crosc-oection of the sample, b) band diagram. Incart (c) chows the view of the meoa.
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Fig. 2, a-f) Photoluminescence specira taken from the mesa of 14 pm 2z a function of the excitation power at T = 5 K. Excitation density in (a) iz 25 W/em®, in (b ia
50 W/cm®, in () iz 0.1 kW/em®, in (d] iz 0.2 kW/em®, in () iz 0.4 kW/cm®, in (f) iz 0.8 kW/cm”. The dingle marrow longwave line in Fig. 2 (<) correcponds to the

palariton lazing. The sxcitation powern are indicated in the insets to these figures.
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Fig. 3. Dependence of the PL intensing of the lowect line in the PL opactrum if
Fig. 2 a and its FWHM on the excitation intensity. The inset chows the ame
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opposite point at the mesa's border (Fig. 5).

When the excitation point was changed at the edge of the meza, the
focal point alzo moved and occupied a positon exactly opposite the
excitation point

3. Theory

Umnider rezonance conditions between the exciton and photon modes
in a microcavity, excitons and photons ceaze to be independent of each
other and form mixed states — polaritons. To describe such mixed states,
it iz necessary to sobve joindy the equation of motion for the exciton

polarization caused by the electromagnetic field and the equation for the
electromagnetic fleld cauzed by the exciton polarizaton.

‘The equation for polarization Pex: associated with exciton excitation
has the form [12]:

[H K} — haiy| P e, K) = (K )-d)" (K) By, K (1)
Here d iz the matix element of the dipole moment of the exciton
ransidon.

The equation of motion of the electromagnetic feld under the acrtion
of exriton polarization:

AE(r 1) — grad (div E[r,r]) = : J:U[ ]

r.r—g ¥ E{r.1)) = 7z DIr.q), @

D =E + 4aP

The syztem of differential Eqs. (1}-(2) must be solved jointhy.

For a planar structure, the second term in (2) can be neglected.
Although our structure it not completely planar, the diameter of the
meza iz much larger than the thickness of the rezonator, and the edge
effectz can be neglected. Then-

13)
The equation for exciton polarization can also be rewritten as the

inhomogeneous Helmholiz equation:

AP(r, @) — g w)Pir,w) = £Ela,r)

AE(T, @) — FE(r, o) = dnk, Pir, w)

4)

Here: g{w) = — 3wy — ar — i), aw iz the exciton resonance fre-
quency, I” iz the exciton damping, M is the exciton tranzlational mass.

The condition for the solvabilicy of the syztem of equations (3) - (4)
leads to the dizpersion equation [13]:

(10, (K] — @0 — ) {1 (k) — w— i) = V7 .

Here: e (K] = Rl + & iz the exciton energy, g (K] = hwlf,' + chk
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Fig. 5. a) Integrated photoluominescence of mesa under optical excitation to the adge. b) Beam focuning ochemes.

iz the photon mode energy, ¢ is the light velocity in a vacuum, y is the
photon mode damping, Vis the parameter characterizing the interaction
of the exciton and photon modes.

Unider resonance conditdons, the rezonance frequencies of the exciton

and photon are the same: af},, = af}, = anp. Then

aw(k) (T +y)
fy=ap+—5——1

+ (k)

7l o

(61

[k} = £y

We azrumed that the dizperzion of the exciton iz small at the scale of
wawve vectors of interest, 200 iz Rabi splitting betweean exciton and photon
modes.

The wave functions of polartonz in a cylindrical resonator are
described as follows [13

Wig, i z) ~ J.,l_,ra]-,l_-':h,. + &y fsinfky z) et (73
Herea: Jmlkp) are Bessal functions, # is coordinate along the eylinder axis,

¢ iz the angle in the resonator plane, g is the coordinate along the

rezonator radius, k; is the wave vector along the axis =, m iz the number
of the Bessel function, n is the refractve index, k; = w/c iz the wave
vector of light in vacuum.

To And the eigenmodes, it iz necessary to set the boundary condi-
tonz. The general boundary condition requires that the linear combi-
nation of the function and it gradient along the normal to the surface be
zero. For simplicity, we will assume that the eigenmodes comespond o
solutions when "Pip, ¢, ) = 0 on the surface. Thiz should not greatly
affect the result, but it will greatly simplify the calculationz. The con-
ditions on the quantum numbers N, k; and m follow from the boundary
conditions.

Cuantization along the z-adz k L =aN L= a‘_:liﬁ- iz the thicknes: of
the active region of the resonator, (n = 3.5, 45 = 802.5 nm). Quantiza-
tion in the plane of the structure obeys the condition: kR = by 5, by, are
the rootz of the Bessel funectionzJd, (b )= 0, lis the mumber of the roait,
R iz the radiuz of the meza. We will take into account only the first rootz
of each Bessel function Jy(b; ) sinee due to the presence of a me-
chamical (exciton) part of the polarization, polaritons quickly relax in
EIETTY.

From here we find all polariton modes of lateral quantization of
polaritons in our resonator, they are indicated in Fig. 2 a. The result of
the polariton dizpersion curves caleulation in the microcavity is shown
in Fig. 6. In the caleulation, we azrumed the regime of the strong exciton-
photon coupling ¥z (I" — ¢). The calculatdon parameters Vand oy were
chozen for better agreement between the caleulation and experiment.
The dots in Fig. 6 indicate the positions of the polariton size quantization
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modes in our zample.
4. The resultz and dizeussion

At a weak optical excitation, a broad structureless emizsion band was
obszerved in the photolominezcence spectra of cylindrical microcavities.

The abzence of the structure of thiz band iz due to rather large
damping of exciton and photon modes becauze of leakage of radiation
through the side surface. Due to the high loszes, standing polariton
waves cannot be formed, and in a soructure of a sufficiently large zize, an
only wide PL band reweal With an inerease of the optical excitation
power, modes of polariton lateral quantization appear in the specoum.
The number of these mode: and the energy diztance between them is
determined by the disperzion of the polaritons in the cavity (Fig. 6.

Thanks to the use of micro-photoluminescence, it was possible to
vizualize the spectral and zpadal disoibution of all theze modez. The
speciral position of the PL peaks iz determined by the guantization
condition k7R = by,,, where by, are the rootz of the Bezsel functions.
Fig. 4 shows that theze peaks are modulated acrosz the width of the
meza. This modulation is related to the factor ¢ = ™ in the expression for
the polariton wave function (Formula 7).

With an increase in the excitation intensity above a certain threshold,
one or two of the lowest in energy polariton moder remain in the
spectrum, and all other modes are suppressed. With a further increass in
the optcal excitation, the line remaining in the spectrum beginz to
broaden Thiz broadening cannot be caused by the rise of exciton-
polariton temperature. Indeed, in the meza, polariton: are quantized
in all three directionz. Meza is actually a guantum dot for polaritons. As a
rezult, the polariton energy spectrum in the mesa is purely discrete, and,
therefore, their energy level: cannot broaden with temperature increasa.
This cireumstance iz aggravated by the fact that polanitons are bosons,
and one energy level can contain infinite polaritons.

We explain the broadening of the polariton laser line by the fact that
niot only excitons but alzo unbound electron-hole pairs are created undar
non-resonant optical exciation. The collision of excitons with free
electrons and holes will lead to the broadening of the exciton PL line, as
was ohserved in ordinary quanmm wells [14].

An exciting feature of the whizpering gallery modes iz the focusing of
radiation on the opposite edge of the mesa (Fig. 5). Thiz effect can be

qualitatively understood if we notice that all mys for modes with even
numbers m (Formula 7) converge at the point opposite to the excitaton
point. For rayz with odd numberz, thiz iz no longer the caze; they are
equally « smeared » over the diameter. Then we get that the image of the
radiation zource located on the edge of the mesa will be focused to a
point on the opposite edge of the meza following the laws of the geo-
metric optics.

Thiz correzponds to the fact that the feld amplitude in the resonator
(Formula 4) iz the same for arbitrary angles ¢ and ¢ + r all even m from
Zero to co. Thuz, if a feld source iz placed at a certain point with co-
ordinates (p, ), then itz image will appear at a point with coordinates (p,
i + m), that is, on the opposite edge of the mesa. The presence of the
forusing confirms the fact that the radiation “preszed” to the edge of the
meza in Fig. 4 iz azociated namely with the modes of the whizparing
gallary.

5. Concluslons

In thiz work, we investigated the zpectra of polariton photo-
luminezcence from cylindrical microcavities under optical excitation
below and abowve the threshold of ransidon to the nonlinear regime.
Bright modez of exciton-polariton lateral quantization with a small
orbital quantum number m were obzerved in the specra. In rezonators of
relagvely large diameter exciton-polariton whispering gallery modes
with large m > 10 was observed.

Thanks to the nze of miero-PL, in addition to the spectral dismibution
of the polariton size gquantzadon modes, we were able to register the
spatial dependence of the polariton wave function (Formula 7) in the
cavity.

In the “polariton lazer” regime, only one mode of polariton lateral
quantization with the minimum energy « surviveds. The rest of the
maodes and maodes of the whispering gallery, despite the higher qualicy
factor, do not partcipate in the generation.

With a further increase in the excitation power, a broadening of the
polariton laser emission line due to collisions of excitons with free car-
riers was obsarved.
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