Spatio-temporal coherence in vertically emitting GaAs-based electrically

driven polariton lasers
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We report on the implementation of a GaAs-based, vertically emitting electrically pumped polariton laser,
operated at cryogenic temperatures. The structure consists of a high-quality factor AlGaAs/AlAs microcavity
(Q = 15,000) with two stacks of four GaAs quantum wells and features a Rabi-splitting of 11 meV. Polariton
lasing manifests by a clear threshold in the input-output characteristics of our device with a sharp drop in the
emission linewidth and a continuous blueshift of 0.7 meV above threshold with increasing injection current.
We measure spatial as well as temporal coherence of our device in the condensed phase by utilizing interfer-
ence spectroscopy. Our results clearly demonstrate that electrically driven polariton lasers have promise as

monolithic polaritonic source of coherent light.

Exciton-polaritons are bosonic quasi-particles which
emerge in the strong coupling regime between an exci-
ton and a photon, which is trapped in a microcavity!.
Obeying bosonic statistics and reaching a critical den-
sity, polaritons can dynamically condense into a macro-
scopically occupied groundstate?. The bosonic conden-
sation of exciton-polaritons yields the emission of coher-
ent light, which is leaked from the microcavity and justi-
fies the term polariton laser. Polariton lasing can occur
at particle densities less than traditional inversion based
devices>*. Due to the large nonlinearity of the system,
which enables e.g. ultra-efficient switching®, a number of
prototype applications based on optical excitation have
been investigated®7?. Large bandgap materials like GaN
and on top of that recent investigations into new mate-
rial systems with very stable excitons like organics and
2D-materials allow the operation of polaritonic devices at
room temperature® 3. For scaling and integration how-
ever, advances in electrical injection are needed.

One milestone for electrical injection was achieved with
a polariton diode at room temperature'®. First electri-
cally injected polariton lasing in a vertical emitting de-
sign has been studied in the presence of external magnetic
fields to enhance light-matter coupling'®16. Later, elec-
trically injected polariton lasing up to room temperature
has been claimed in GaN-based edge-emitting devices,
where the electrical current is not injected through the
mirror structures, but instead the contacts are directly
connected to the sides of the active zone!”'8. The edge-
emitting design has a number of drawbacks considering
the established methods of photonic potential engineer-
ing for polaritons'?, which have recently been utilized to
extent the field of polaritonics towards the exploitation of
topological photonic and polaritonic states?%2!, as well
as strongly correlated systems?? 27,

In this letter, we discuss the implementation of an elec-
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trically driven polariton laser diode, which shows a pro-
nounced non-linearity and build up of spatio-temporal
coherence without a magnetic field at low temperature
in close analogy to the well-established optically injected
GaAs-based polariton laser platform. We provide direct
evidence for coherence in our system, both in space and
time, which establishes our device at the forefront of en-
gineering advanced polaritonic light-sources and devices.

The microcavity was grown via molecular beam epi-
taxy on a Si-doped GaAs substrate. The mirrors consist
of 36 (30) Alp2GagsAs/AlAs mirror pairs in the bot-
tom (top) distributed Bragg reflector (DBR), whereas
the cavity spacer is a A/2 layer comprising two stacks
of four 7nm thick GaAs-QWs, embedded in 4nm thick
Alp 4Gag gAs barriers. The quantum wells are placed
in the antinodes of the electromagnetic field. The bot-
tom mirror is Si-doped (n-type), while the top mirror
is C-doped (p-type). The doping concentration was
reduced symmetrically towards the cavity spacer from
3 x 10 ecm™2 to 0.5 x 10'¥ cm ™ to facilitate electrical
injection with reduced absorption in the mirrors. To fur-
ther reduce the differential resistance of the DBR mirrors,
J-doped layers with a density of 1 x 102 cm~2 have been
introduced at the AlGaAs/AlAs interfaces, i.e. the nodes
of the optical mode. Figure 1 (a) shows a sketch and
colored scanning electron microscopy image of the layer
structure and doping concentration. Micropillars with a
diameter of 20 pm (r4) were processed into the planar
microcavity by a combination of optical lithography and
reactive ion etching (see Fig. 1 (b)). Next, the sam-
ple was planarized with a polymer (benzocyclobutene)
and a backside n-contact was fabricated via a consec-
utive evaporation of a layer structure of AuGe-Ni-Au.
The topside p-contacts consist of AuGe-Ni-Au and form
a ring contact (see Fig. 1 (c)), which leaves an aperture
of 10 um () for light collection. To improve homogene-
ity of current injection, a 10 nm layer of Ti-Au has been
deposited on the whole surface. Finally the gold contacts
were manually contacted via a thermosonic ball-wedge-
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FIG. 1. (a) Sketch of the microcavity layer structure with
the doping concentrations along the growth direction. (b)
Scanning electron microscope image of an etched micropillar
with a diameter of 20 pm. (c) Top-view white light image of
the contacted micropillar device, the 10 pum diameter aperture
allows collection of the emitted light. (d) Strong coupling is
evidenced by the characteristic anticrossing of the polaritonic
resonances (heavy and light hole), mapped out via white light
reflection. (e) Low power PL measurement of the quality
factor of the device: A Lorentz fit of the ground state emission
results in a Q factor exceeding 15,000.

bonding technique.

The optical characterization of the described structure
was carried out by micro-photoluminescence at low pump
powers at 5 K as well as white light reflection. The inset
in Fig. 1 (d) shows the bare exciton emission of the QW-
stacks at (1.5896 £ 0.0005) eV with a linewidth of (4.4
+ 0.5)meV excited with a 532nm cw laser. A Lorentz
fit of the ground state photoluminescence excited with a
745 nm pulsed-laser results in a Q-factor of the etched mi-
cropillars exceeding 15,000 (see Fig. 1 (e)), correspond-
ing to a photon lifetime of approximately 6.3ps. The
differential resistance of the structure above threshold
voltage was determined to be 12.0kQ. By utilizing the
naturally occuring wedge of the microcavity spacer thick-
ness, we can map out a lower, middle and upper polari-
ton branch. The normal mode splitting corresponding to
the heavy-hole exciton yields (11.0 &+ 0.5) meV via spa-
tially resolved white light reflection measurements (see
Fig. 1 (d)). These parameters substantially exceed those
of prior structures designed for electrical injection into
polaritonic resonances!®16.

The following characterization of the electrolumines-
cence, which is emitted from the microcavity, has been

carried out via angle-resolved spectroscopy in the back
Fourier plane imaging configuration at 15 K. The slightly
elevated temperatures above the liquid helium tempera-
ture of 4.2 K help to reduce the series resistance of our
device, due to carrier activation. The current has been
extracted via a voltage measurement at a serial resistor
to the device and converted into the effective current den-
sity per micropillar. We use a combination of direct cur-
rent injection and electrical pulses to increase polariton
density inside the structure and minimize ohmic heating
effects of the mirrors. To this end we employ a direct cur-
rent below the threshold current of the diode at 1 A /cm?.
The angle resolved emission spectrum is displayed in Fig.
2 (a). The emission exhibits two clear branches, which we
identify as the lower- and upper polariton branch. The
lower branch further exhibits discretized energy levels
due to the photonic confinement of the micropillar. We
fit these branches with a coupled oscillator approach®°,
which yields a characterisitic Rabi-splitting of 7.5 meV
and a negative detuning of -6.75 meV. The reduction of
the Rabi-splitting, as compared to the white light reflec-
tion measurements is the result of the internal electrical
field in the diode, which quenches the oscillator strength
of the QW excitons.

To increase the carrier density, we apply rectangular
pulses with a width of 10ns and a repetition rate of
0.5 MHz, which corresponds to a 2 us downtime of the
structure to prevent charge buildup and heating. Figure
2 (b) to (d) present the emission properties with increased
excitation current density. Each figure directly compares
two current densities to highlight the continuous blueshift
with increasing pump power. (b) depicts below threshold
(c) at and above a first threshold and (d) at and above
a second threshold. In (¢) a prominent mode emerges
in the discretized mode structure which we identify as
the polariton condensate. The still strong background
originates in the direct current emission. To quantify
the emission properties, we have analysed the modes via
a Lorentz fit of the ground state at k = Oum~'. In
Fig. 2 (e), we plot the input-output characteristics of our
diode, revealing the occurrence of two thresholds which
are marked by grey areas in the plot. This behaviour has
been assigned in the literature to the polariton laser tran-
sition, driven by bosonic stimulation, as well as a laser
transition above the Mott-density (conventional lasing,
or BCS-type of lasing)?%:29.

After the first threshold the intensity increases nonlin-
early and we also observe a persisting blueshift, which
aquires a logarithmic form. Further, the linewidth
sharply drops by a factor of five at the first threshold,
which is a clear sign of temporal coherence®?. After the
second threshold, the blueshift has saturated at a po-
sition slightly red shifted from the empty cavity mode,
which was extracted from the the coupled oscillator fit.
This incomplete blueshift can be attributed to carrier
related changes of the refractive index. At the second
threshold, the slope of the emitted intensity vs. exci-
tation current increases again. We further observe an



increase in linewidth, which is in qualitative agreement
with previous experiments on optically injected polariton
lasers?8.

Finally, we investigate the coherence properties of the
device in more detail. We note, that while spatio-
temporal coherence of optically injected polariton lasers
and condensates has been widely investigated and dis-
cussed, direct measurements on electrically injected po-
lariton lasers are still elusive. We have utilized a Michel-
son interferometer with a variable path length in the
mirror-retroreflector configuration to study the coherence
properties of our polariton laser. In the interferometer,
the real-space image of the luminescence from the device
is brought to overlap with its mirror-image on a beam
splitter, and the interference picture is monitored on a
CCD camera.

Figure 3 (a) and (c) shows an interferogram above
(1.15 Pyy) and below threshold (0.50 Pyy) at a delay
time of At = 0ps (path-length difference), where we can
solely capture the autocorrelation signal for both excita-
tions powers. For extended delay times of At = 5ps
a pronounced interference pattern only develops for a
power above the condensation threshold (Fig. 3 (b)),
whereas no fringes can be observed below the threshold
(Fig. 3 (d)). The interference across the whole device
shown in Fig. 3 (b) further implies a buildup of spa-
tial coherence. Therefore the evaluation of the contrast
((Imaz — Imin)/(Imaz + Imin)) as a function of the time
delay between the two interferometer arms for a power of
1.15 Py is plotted in Fig. 3 (e). Above threshold, the
interference contrast develops a characteristic damped,
oscillatory pattern. The oscillation suggests, that at least
two optical modes with a energetic separation of 790 ueV
contribute to the spectrum. This is in quantitative agree-
ment with the observed multi-mode polaritonic lasing
shown in Fig. 2 (c¢). From the damping of the oscil-
lation, we can deduce a characteristic coherence time of
13.2 ps for the ground-state of our condensate, which re-
flects a spectral linewidth of ~ 0.1 meV. The fast, initial
decay in the coherence measurement with a characteris-
tic time constant of ~ 7 ps is a consequence of the excited
state condensate, which is subject to a more pronounced
dephasing. While strongly extended coherence times in
optically driven polariton condensates, exceeding tens of
picoseconds in e.g. Ref. 33 are reported in the litera-
ture, we believe that our result reflects a first important
step towards the implementation of coherent electrically
pumped polariton lasers.

We have implemented a vertically emitting GaAs-
based electrically injected exciton-polariton laser based
on a high quality factor GaAs microcavity without ap-
plying external magnetic fields or intra-cavity contacting
in the lateral geometry. This device can be operated in
close analogy to established optically pumped polariton
lasers, featuring a clear nonlinearity in its input-output
characteristics below the Mott transition, the persistent
blueshift above threshold and a well-pronounced drop in
the emission linewidth. Spatio-temporal coherence in our
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FIG. 2. (a) Momentum-resolved electroluminescence spec-
trum under direct current injection. Dashed lines corre-
spond to a coupled oscillator model; black lower/upper po-
lariton, green photon mode and red exciton. (b)-(d) Angle-
resolved electroluminescence series with increased pulsed cur-
rent across the condensation threshold. We directly compare
the positive/negative angle of different excitations to visu-
alize changes in the dispersion relation. Note that (c¢) and
(d) relate to the first and second threshold respectively. (e)
Input-output analysis of the ground-state of the device with
increased current, extracted from a Lorentz fit. We observe
a blueshift of above 0.7meV after the first threshold, an en-
ergy pinning after the second and a linewidth drop at the first
threshold.
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FIG. 3. Michelson interferometer (retroreflector configura-
tion) of the electroluminescence from the aperture of the con-
tacted micropillar at an injection current of 1.15 P¢yy for (a)
as well as (b) and 0.50 Py, for (c) as well as (d) at different de-
lay times At (path-length difference). Only at a power above
the threshold a clear fringe pattern is observed for extended
delay times, indicating spatial coherence of the emission. (e)
Measurement of the temporal coherence for a power of 1.15
Pih1 showing the central fringe contrast vs. mirror delay. The
oscillatory behaviour is a consequence of two beating modes,
with a coherence of 13.2 ps for the polaritonic ground state.

device directly evidenced via interference spectroscopy.
While electrically injected polariton lasers are of interest
towards the implementation of ultra-low power consum-
ing coherent light-sources, recent advances in the imple-
mentation of electrical injection in polaritonic lattices3*
hold great promise towards the implementation of elec-

trically injected topological lasers and simulators based

on bosonic stimulation?©.
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