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Abstract: Using a sub-millimeter exciton-polariton waveguide suitable for integrated photonics,
we experimentally demonstrate nonlinear modulation of pico-Joule pulses at the same time as
amplification sufficient to compensate the system losses. By comparison with a numerical model
we explain the observed interplay of gain and nonlinearity as amplification of the interacting
polariton field by stimulated scattering from an incoherent continuous-wave reservoir that is
depleted by the pulses. This combination of gain and giant ultrafast nonlinearity operating on
picosecond pulses has the potential to open up new directions in low-power all-optical information
processing and nonlinear photonic simulation of conservative and driven-dissipative systems.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

1. Introduction

Exciton-polaritons are the quasiparticles formed by strong coupling of photons and quantum-well
excitons [1]. They combine photon-like propagation with giant effective y® nonlinearity arising
from interactions between their excitonic components. These properties have led to great interest
in using polaritons for applications in photonics [2]. In GaAs Fabry-Perot microcavities devices
such as switches [3-6] transistors [7] and diodes [8] have been demonstrated. A promising
alternative to microcavities are polariton waveguides [9], where optical confinement is due to
total internal reflection. They provide many advantages such as stronger photon-exciton coupling,
longer propagation distances and considerably easier growth and fabrication. These aspects make
them advantageous for applications in all-optical information processing where propagation
speed and bandwidth are important and also for photonic simulation where, because of the
high longitudinal wavenumber, the propagation distance along the waveguide plays the role of
time [10]. So far several fundamental nonlinear optical phenomena such as bright [11] and
dark [12] solitons have been observed in polariton waveguides.

The excitonic component of polaritons also allows for optical amplification schemes [13—15].
Polariton lasers based on parametric scattering (OPO) [16, 17] and final state stimulation [18-21]
have been demonstrated. Polariton devices operate at densities below the Mott density at which
the exciton oscillator strength is quenched and polaritons no longer exist [22]. This is in contrast
to traditional semiconductor optical amplifiers (SOAs) which use a high density inverted carrier
population to provide gain through stimulated emission [23,24]. SOAs provide high gain but
their nonlinear response originates from gain saturation [23] and the speed is limited by the
gain-recovery time, ultimately linked to carrier lifetime, and is typically more than 10 picoseconds
(ps). By contrast the polariton nonlinearity operates on a picosecond timescale, an order of
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Fig. 1. (a) Schematic of the optical setup for excitation of the sample and detection of the
emission. Inset in the bottom left is a top-down schematic of the sample surface showing the
low power picosecond pulsed probe laser spot on the input grating coupler and the CW pump
spot between the grating couplers. (b) Spectra of the light collected at the output grating for
the maximum pump power of 50mW and the minimum probe power corresponding to 72fJ
pulses. The horizontal axis gives the frequency offset from that of the exciton, 6 = w — wx.
A detailed description of the legend labelling is given in the text. Sior, Scw and Sp are the
spectra obtained when, respectively, both pump and probe beams are switched on, only
the pump beam is switched on, only the probe beam is switched on. Sp is obtained by
subtracting Scw from Siot.

magnitude faster [11]. Furthermore, waveguide geometries are particularly advantageous for
polariton amplification devices since optical pumping of the exciton states is not spectrally blocked
by DBR mirrors, as it is in microcavities. Amplifiers based on ZnO polariton waveguides have
been proposed in [25] and demonstrated in the quasi-continuous-wave regime [26]. Amplification
of picosecond pulses and the important question of whether nonlinearity can be retained alongside
amplification have not previously been studied.

In this work we show that polaritons can simultaneously provide gain sufficient to overcome
system losses and strong nonlinear response for pico-Joule pulses and sub-millimeter length scales
suitable for integration of devices on a chip. This has potential to open up new directions for small-
footprint low-power all-optical information processors where control over and compensation
of optical losses is important. Our platform can also allow creation of complex spatially
modulated gain and loss profiles opening up new routes towards photonic simulation including of
driven-dissipative systems where gain, loss and nonlinearity all acting on short length scales can
open up rich new physics [27,28] compared to conservative systems and can lead to new types of
devices such as unidirectional optical valves, all-optical switches, lossless solitons, enhanced
sensors [29] and platforms for studying novel extensions to topological physics [30].
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2. Experimental methodology

We used a GaAs planar waveguide with 3 InGaAs Quantum Wells embedded in the core (see
Appendix C for additional experimental details). Light was injected and collected using a single
microscope objective and two diffractive grating couplers patterned on the sample surface and
separated by 400 um. The sample was held at a temperature of ~10 Kelvin in a liquid helium
cold-finger cryostat. We focused 2 ps laser pulses, hereafter referred to as the probe pulses, onto
the input grating coupler and collected the light after it had propagated to the output coupler, as
shown in Fig. 1(a). The 2ps pulses were generated by a tuneable mode-locked laser at a rate of
80MHz (see Appendix C). The spatial width of the pulsed laser spot in the x direction (transverse
to propagation) was 4.3 um at the input grating. By the output grating this width increases to
11.2 pm due to diffraction in the waveguide. A continuous-wave (CW) laser (hereinafter referred
to as the pump) at the exciton wavelength (836.9 nm) optically excites a region of the sample
between the two gratings. The size of the pumped region was 30 um in the x direction, much
wider than the probe pulse. In the direction of propagation the pumped region was 100 pm long
and had its peak 120 pm away from the input grating. The pump was normally incident on the
sample and, since there was no grating coupler in its vicinity, it does not directly excite the high
momentum (23.6 um~!) polariton modes outside the light cone (see [11, 12] for waveguide
dispersion) but only pumps the exciton states close to zero in-plane momentum. The collected
light was spatially filtered in order to detect only the emission from the output grating coupler,
over 280 wm away from the pump spot. It was then focussed onto an imaging spectrometer fitted
with a CCD camera and resolved in real space and wavelength simultaneously.

For a range of pump powers, and pulse energies and detunings dp from the exciton, the
spectrum was recorded in three configurations. These spectra are shown in Fig. 1(b) where
Sp is the spectrum obtained with only the probe pulse excitation switched on, Scw is for only
the pump beam switched on and Sy is for both present. The spectrum S, is generated as
follows. The pump resonantly excites exciton states near zero in-plane momentum. These then
relax their energy and momentum through multiple exciton and phonon scatterings thus creating
an incoherent reservoir of excitons with a range of energies and momenta. A small fraction
relax to high momentum polariton states outside the light cone which are able to propagate the
~280 um to the output grating where they are diffracted out and give rise to S,,. The spectrum
So is from the pulses transmitted from input to output grating. To obtain the effect of the pump
on the probe pulses we subtract Scw from the total emission Sy to obtain the amplified pulse
spectrum Sa. To obtain the gain factor G we then integrate both Sa and Sy with frequency 6
over the same spectral region and divide the former by the latter to obtain the values plotted
as points in Fig. 2. We note that these values can be converted to a gain in decibels using the
formula Ggg = 10log;, (G). This latter form is useful for comparison with waveguide losses
as done in Table 4. The subtraction procedure we have detailed is necessarily sensitive to the
signal-to-background ratio between the pulse-only spectrum Sy and the pump-only spectrum S, .
The case shown in Fig. 1(b) is that for the maximum pump power (50mW CW) and minimum
probe pulse power (72 fJ) and is the one for which we obtain the maximum gain of 2.7. It is
also the case with the lowest signal-to-background ratio. The ratio is 0.33, as can be seen by
comparing the two curves at the energy corresponding to the peak of Sy. Although the signal is
lower than the background this ratio is still sufficient to make useful measurements since the
fluctuations in the background signal are only of order 1% (see Appendix B for further discussion
of the signal-to-noise and signal-to-background ratios). The fluctuations are accounted for in the
error bars shown in Fig. 2. We finally note that although the pulse signal shown here for the case
of maximum gain is 3 times lower than the background the pulse duty cycle is only 2 picoseconds
in every 12.5 nanoseconds (see Appendix C) so that on the picosecond timescale relevant for
applications involving interacting pulses the signal to background ratio is 6250 times better than
it appears in this time-averaged measurement.
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3. Theoretical model

It can be seen in Fig. 1(b) that S4 has been amplified compared to Sy. The gain is provided by
stimulated scattering from the background reservoir of excitons and polaritons generated by the
pump [13, 14,31]. We model this process using a generalised Gross-Pitaevskii (or Nonlinear
Schrodinger) equation describing the coherent field of the lower polariton branch (LPB) () and
a rate equation for the reservoir (n).

ilj/z[g—i%+(g+i§)n+a|¢/|2 y+F, (1)
= — (r+R|¢|Z)n+ P. )

Here, ¢ is the lower polariton branch (LPB) dispersion, y and I are the polariton and reservoir
inverse lifetimes, g and « are the polariton-reservoir and polariton-polariton interaction strengths,
R is the reservoir gain, F is the coherent pulse, and P is the nonresonant pump. The LPB
dispersion is calculated from the strongly coupled exciton resonance (£x) and waveguide photon

dispersion (ep),
s éx;ép _V(ép—iX)ZJer, 3)

where Q is the Rabi frequency, which gives the strength of the photon-exciton coupling, and the
caret () notation denotes reciprocal space operators. We define the exciton-photon resonance as
the zero energy and zero wavevector position in reciprocal space. Applying the slowly-varying-
envelope approximation to the waveguide photon mode we have ep = —iv,d, where v, is the
group velocity of the light in the strong coupling regime. The pulse and the pump are written,

F = Fyexp [—i(w,,t —kpz) - 1?2072 - 12/20'3] , €]
P =Pyexp[—(z- zo)6/20'8W] . (5)

Details of the parameters used are given in Appendix A. We note that values of the gain coefficient
R and reservoir inverse lifetime I are obtained as fitting parameters used to match the experiment
data.

Numerically integrating (1) and (2) provides the spectrum of the coherent polariton field for
given pump power and probe parameters. These spectra may be examined directly (as we do
later in Fig. 4) or integrated in the same way as the experimental spectra (see above) to provide
the simulated gain factor. The simulated gain vs. pump power and probe parameters are shown
as solid lines in Fig. 2. The simulations semi-quantitatively reproduce the main features of the
experimental data (shown as points), showing a gain which increases close to linearly with pump
power and which decreases as the pulse central frequency is detuned further from the exciton (as
|6o| increases).

4. Results and discussion

The points in Fig. 2 shows the integrated experimental Su intensity normalised to that of Sy as a
function of the pump power for several different pulse parameters. This corresponds to the gain
experienced by the probe pulses due to the presence of the pump. The error bars are estimated
from the measured shot-to-shot fluctuations in Scw and Sp. In all cases the gain increases with
increasing pump power as expected. While the gain increases with pump we also observe that
it decreases as the probe pulse energy is increased from 72fJ to 7.2pJ from panel (a) to (b) to
(c). This points to saturation of the gain due to partial depletion of the reservoir [13,32]. This is
confirmed by the simulations, where the reservoir density # is observed to be depleted as the
pulse passes through. For the probe pulses with detuning 69 = -5.6 meV and -6.1 meV the gain
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Fig. 2. Gain experienced by the probe pulses as a function of pump power for various
probe detunings and pulse energies. Experimental data are shown as points and results of
numerical simulations are shown as solid lines. Panels (a), (b), and (c) show data for probe
pulse energies of 72f], 720fJ and 7.2pJ respectively. For clarity error bars are only shown
for every fifth point but are of similar size for all points.

increases close to linearly with pump power. One might expect the gain to increase super-linearly
with the pump since the pulse grows exponentially with the stimulated scattering rate [13, 14].
However, the depletion prevents this since the pulse can only grow until it exhausts the reservoir.
For the pulses detuned closer to the exciton at 5o = -4.5 meV the output vs. input is sub-linear.
This sub-linearity is more pronounced for the 720 fJ pulse in panel (b) than for the weaker
pulse in panel (a) and, notably, was not present in the simulations. This is likely due to exciton
broadening at high pump powers leading to increased absorption for the detuning dg = -4.5 meV.
We note that at low density strong absorption begins close to this value at -3.8meV [12].

Table 4 gives the maximum gain for various probe parameters as well as the linear loss over
the 100 um length corresponding to the pump spot [12]. It can be seen that for the 72fJ and
7201] pulses the gain is sufficient to overcome the loss in the pumped region. We note that the
total length of the device is 400 um so that 300 um of the device is unpumped and therefore
experiences a net loss. For the 7.2pJ pulses the gain is still present but only partially compensates
the loss in the pumped region. We note that additional loss is present at this pulse power because,
as we will discuss next, the nonlinear processes scatter polaritons into a high absorption spectral
region close to the exciton line. This nonlinear loss contribution reduces the apparent gain we
measure.
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Table 1. Gain at the maximum pump power for all the different probe parameters®.

-4.5meV  -5.6meV  -6.3meV

Max. Gain (dB) (721]) 4.3 2.7 -

Max. Gain (dB) (7201J) 1.96 1.37 0.93
Max. Gain (dB) (7.2pJ) 0.57 0.45 0.37
Loss over 100 um(dB) 0.97 0.90 0.86

¢ For comparison the linear loss over 100 um, corresponding to the pump spot length, is given
on the last row (data taken from data in [12]).
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Fig. 3. Interplay of gain and nonlinear polariton-polariton interactions. (a) Output spectrum
Iy at zero pump and (b) amplified spectrum /5 at the highest pump power both for 7.2pJ
probe pulse with central frequency detuning 6 = -5.6 meV. The solid black curve denotes the
half-maximum contour of the input pulse spectrum. (c) Difference between /4 and Iy. The
color scales are normalized to peak of /. (d) Integrals Sy and Sp of the spectra Iy and Iz
over the x direction, and the difference between Sy and Sp, for pump and probe parameters
corresponding to panels (a-c). The black dotted curve shows the spectrum of the input pulse.

We will now consider the effect of the gain on the nonlinear processes in the waveguide.
Figure 3(a) shows the output spectrum Iy(x, &) as a function of transverse position x and frequency
relative to the exciton for the case of zero pump and an input pulse with energy 7.2 pJ and central
frequency detuned by 6y = -5.6 meV from the exciton line. At this power nonlinear self-phase-
modulation (SPM) [33] occurs in both the transverse spatial (x) and temporal coordinates. The
optical field accumulates an intensity-dependent phase as the pulse propagates which, through
the pulse intensity profile, is a function of x and of time. This varying phase causes the spectrum
to broaden. The black line in Fig. 3(a) shows the half-maximum contour of the spectrum of the
pulse at the input. It can be seen that the spectrum of the pulse at the output, shown by the colour
levels, is significantly broader.

When gain is applied the spectrum changes to /4 (x, 6) shown in Fig. 3(b) for the highest pump
power. The difference between the I and the zero-pump spectrum /Iy is shown in Fig. 3(c). The
integrals of these spectra over the spatial direction x are compared directly in Fig. 3(d). It can be
seen that some spectral components are strongly amplified by up to 50% of the peak of Iy while
others are strongly de-amplified. Thus the shape of the spectrum is qualitatively modified by
the presence of the gain. This arises from the combined effects of the gain, which modifies the
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Fig. 4. Comparison of experimental and simulated spectra. All panels show the integrals Sy
and Sa of the unamplified and maximum-pump spectra I and I over the x direction, and
the difference between them, as identified in the legend in panel (d). (a) Experimental and
(c) simulated spectra for 720£J probe pulses. (b) Experimental and (d) simulated spectra for
7.2pJ probe pulses. The black dotted line in (b) gives the pulse spectrum at the waveguide
input. All probe pulses have central frequency detuning dg = -5.6 meV.

intensity profile of the pulse, and the SPM, which gives an intensity dependent spectrum.

The effect of the gain on the nonlinear response is most dramatic for the highest energy probe
pulses where the SPM is strong but it may also be seen for the 720 fJ pulses as shown in Fig. 4(a)
for the 69 = -5.6 meV detuning. Here we compare the spectra with zero pump and at the highest
pump power. It can be seen that when the pump is strong, as well as being amplified, the
pulse spectrum shifts to lower energies. The same spectral red-shift is observed for the other
pulse detunings. The magnitudes of the spectral shifts obtained by fitting the lines with a sech?
lineshape are 16020 peV, 150+20 peV, and 80+20 peV for detunings of -4.5 meV, -5.6 meV
and -6.3 meV respectively. There was no significant change in spectral width. No shift was
present for the 72fJ pulses where SPM is expected to be negligible. It is clear from Figs. 2(a)
and 2(b) that the gain is lower for longer wavelengths (larger detuning from exciton) so the shift
to longer wavelengths cannot be explained by preferential amplification of longer wavelength
components but instead arises from the combination of gain and nonlinear response.

We now compare the experimental spectra to those obtained from the simulations. Figures 4(c)
and 4(d) show simulated pulse spectra corresponding to the experimental ones in panels (a) and
(b) respectively. The simulated spectra were obtained by numerically integrating Eq. (1) and
Eq. (2) as described above. Comparing Figs. 4(b) and 4(d) the spectral broadening of the initially
narrow pulse to produce Sy (dashed orange line) is qualitatively reproduced by the simulation.
Differences in the exact shape of the spectra between experiment and theory are probably due to
the one-dimensional nature of the simulations (see Appendix A). These simulations therefore
show that the spectral broadening indeed arises from the polariton interactions. When the
gain is included in the simulation we can see by comparing Sy (dashed orange) and S4 (solid
green) in Fig. 4(d) that some spectral components are amplified and others attenuated, again
showing qualitative agreement with the experiment. In both experiment and theory the maximum
difference between amplified and unamplified spectra (thin lilac curve) is of order 40% of the
peak of the unamplified spectrum. The change in spectrum with gain, which was seen in the
experiment, is reproduced by the numerical model which confirms that it is due to the interplay
of the gain and the interactions.

For the simulated spectra in Fig. 4(c), corresponding to 720 fJ pulse energy, the agreement
with the experimental data in panel (a) is semi-quantitative, with both the size of the gain and the
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Fig. 5. Comparison of simulated output spectra for different input pulse temporal widths
(full widths at half maximum). All panels show the spectrum without pump, Sy, and the
spectrum with maximum pump, S5. The input pulse central frequency detuning for all
pulses is 0y = -5.6 meV. The peak density is fixed between pulses of different widths so
the pulse energy varies proportional to the temporal width. (a-d) Spectra for pulses with
the same peak density as the 2 picosecond, 720fJ pulse but temporal widths of 1,2,4 and
8 picoseconds respectively. (e-h) Spectra for pulses with the same peak density as the 2
picosecond, 7.2pJ pulse but temporal widths of 1,2,4 and 8 picoseconds respectively. In all
panels the data are normalized to the peak of Sy.

shift to longer wavelengths very closely reproduced. Overall these results show that we can fully
understand the interplay of amplification and nonlinear effects in terms of the coupling of an
incoherent reservoir and a coherent field of interacting lower-branch polaritons.

We finally consider the effect of pulse duration on the nonlinear response of the system and
how it changes when the pulses are amplified. In Fig. 5 we show the simulated spectra at the
output for pulses with several input temporal widths. When changing the temporal width the
peak density is kept fixed so the total energy of the pulse varies proportionally to the pulse
width. Fig. 5(a)-5(d) show results for pulses with the same peak density as the 2ps, 720fJ pulse
considered earlier. As can be seen by comparing the peak heights of S between Fig. 5(a)-5(d),
the gain is greater for the shorter pulses. This occurs because the shorter pulses contain less
energy and so do not deplete the reservoir as much. It can also be seen that the amplification
causes a spectral shift to lower frequency for all pulse lengths. The shift is larger for the shorter
pulses, which may be explained because the amplification is larger for the shorter pulses.

We now consider the results for higher energy pulses shown in Fig. 5(e)-5(h). These all
have the same peak density as the 2ps, 7.2pJ pulse considered earlier. Comparing Sy for the
different pulse lengths it can be seen that the spectral broadening and modulation caused by the
nonlinearity is greater for the longer pulses and reduced for the shorter pulses. The peak input
pulse density is the same between the different pulse lengths so in principle the nonlinear chirp
developed should also be the same. However, as is well known from nonlinear fiber-optics [33],
the effect of waveguide dispersion increases with the inverse square of the pulse length. This
dispersion acts against the nonlinearity and thus reduces the modulation of the shorter pulses.
For sufficiently short pulses the dispersion can even cancel the nonlinearity exactly, resulting
in optical solitons [11]. Comparing the amplified spectra S to Sy in Fig. 5(e)-5(h) it can be
seen that the effect of the gain on the spectrum is greater for the shorter pulses, as was found for
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the lower power pulses in Fig. 5(a)-5(d). These results show that the gain and its effect on the
spectrum can be increased by using shorter pulses.

5. Conclusion

In conclusion, we have shown amplification of high velocity propagating picosecond polariton
pulses with gain sufficient to overcome losses. We have shown that the gain is mainly limited by
depletion of the reservoir. We observe combined gain and nonlinear modulation of the pulse
spectra in the same device at the same time, with the pulse spectrum depending on the CW pump
strength. This opens the door to new classes of pico-Joule pulse driven-dissipative nonlinear
optical processing devices and photonic simulators in convenient sub-millimeter waveguides.
Greater amplification could be provided at the same pump power level by using shorter pulses or
by improving the overlap of the pulses with the gain, for example by confining the propagating
polaritons and pumped region in the transverse direction using an etched ridge waveguide.

A. Details of numerical modelling

The parameters of Eq. (1) and Eq. (2) depend on the exciton and photon fraction making up the
polariton and therefore depend on the pulse detuning which creates polaritons at a certain energy.
The three pulse detunings fiw), = 69 = —{4.5, 5.6, 6.3} meV correspond to a calculated exciton
Hopfield fraction of | X|> = {0.500, 0.392, 0.336} and a photon fraction |C|> = 1 — | X|>. We
then define effective parameter values [34] as: y = y,|X|* + YplC |> corresponding to exciton
and photon lifetimes respectively, @ = | X|*, g = 4a0|X|?, and R = Ry|X|*. Fixed parameters
of the model are taken from [12]: 2Q = 9 meV, v, = 58 um ps‘l, oy =0.85ps, o = 1.8 pm,
zo = 120 um, ocw = 47 um, y,, = 0.1 ps_l, ve = 0.04 ps‘l, I'=0.1 ps‘l, ap =3 peV pmz,
and Ry = 8 ueV um?. We apply damped boundary conditions in both real space (z < =50 um
and z > 400 um) and reciprocal space (|k| > 1 um~!) to mimic respectively polaritons exiting
the waveguide and higher losses for momenta far from resonance. Values of Ry and I are chosen
to fit experiment.

The simulations were performed in one dimension (z) and did not include the fact that the
pulse envelope in the x direction is also free to evolve. This simplification is justified for the
72 1] and 720 {J pulses where nonlinear defocussing is weak but breaks down for the 7.2 pJ
pulses. This likely explains why the exact shape of the broadened spectrum seen in Fig. 4(b) is
not reproduced by the simulation shown in Fig. 4(d) even though the overall spectral broadening
is correct. For the lower pulse energy shown in Fig. 4(a), where the 1D simplification is accurate,
the simulation in Fig. 4(c) reproduces the experiment well.

B. Note on analysis of experimental data

As discussed in the main text the gain was measured by subtracting the spectrum Scw due to the
pump alone from the spectrum So; due to both pump and probe and comparing the result, Sa,
to the spectrum Sy due to the probe alone. Here we provide details of the signal-to-noise and
signal-to-background ratios which are important for evaluating the reliability of this procedure.
The main sources of random noise in the experiment are a follows: 1) Noise and dark counts in the
CCD images which are present even when both lasers are off. 2) Fluctuations in the pulse energy,
3) Fluctuations in the CW laser power. The CCD dark counts are removed by subtracting a
background image which is recorded with each data set for the case where both lasers are blocked.
Comparing the background images from different data sets we find that, as expected, they are
the same apart from fluctuations in the counts accumulated by each pixel which have a standard
deviation of 13 counts. When integrating the CCD images to obtain total pulse intensity the sum
was over at least 120 pixels so that the standard deviation in the integrated pulse intensity reduces
to 1. Meanwhile the minimum number of integrated counts for a pulse was more than 2 x 10° so
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that this source of noise is negligible. The fluctuations in probe pulse energy are easily found
since a probe-only signal is recorded for every different CW power while the probe power is kept
constant. Thus we need only to find the standard deviation of the integrated probe-only signal
among these measurements. We find that the fluctuations are between 1% and 5% depending
on the particular dataset. These fluctuations are taken into account in the error bars in Fig. 2.
We deduce the fluctuations in CW laser power in a similar way by comparing the CW signal
across repeated scans of the CW power. Thus for each CW power we have a set of nominally
identical integrated intensities from which we can find the standard deviation. We find that the
CW fluctuations are 1% of the integrated CW intensity. These fluctuations are also included in
the error bars in Fig. 2. For propagating the uncertainties to obtain the uncertainty in the gain we
assume that the fluctuations in the signal where both lasers are on is the sum of the fluctuations
in the probe-only and pump-only signals. From an experimental point of view we minimised the
effect of these fluctuations on the results by recording the spectra for pulse only, CW only, and
with both lasers present within a short time interval of each other.

The signal-to-background ratio can be obtained by comparing the CCD image recorded with
only the pulses present (CW pump laser off) to those recorded with only the CW laser on (probe
laser off). To obtain the gain values plotted in Fig. 2 we integrated the images over a subset
of CCD pixels corresponding to the spatial and spectral region close to the probe pulse signal.
Considering this region the ratio of the peak probe pulse intensity to the peak CW intensity is
always better than 0.8 for any combination of CW power and probe pulse power or detuning so
that the signal and background are always at least comparable. After integration in the spatial
direction the signal to background is always greater than 0.3. This can be seen directly in Fig. 1(b)
where Sy and Scw are the signal (probe pulse) and background spectra respectively for the case
of lowest probe power and highest pump power. The graph is normalised to the peak of Sy so it
can be seen that the background is 3 times higher than the signal. After also integrating with
frequency ¢ the signal to background ratio is always greater than 0.6, at least 60 times larger
than the fluctuations of 1% in the background intensity. We can therefore be confident in the
reliability of our procedure of subtracting the data with only the CW laser one from that with
both lasers on and then comparing the result to the data with only the pulse laser present. This is
reflected in the size of the error bars compared to the data points in Fig. 2.

Since the probe pulse energy is low the average beam power is only only 5.8 micro-Watts at its
minimum, about four orders of magnitude lower than the pump. However, as discussed, the signal
is only a few times lower than the background. The reason that the signal-to-background ratio is
much better than the ratio of probe and pump powers is that the background is generated by thermal
relaxation of the zero-momentum excitons injected at the pump spot into the high-momentum
and lower energy polariton states which are able to propagate towards the output grating. The
exciton density of states is very large compared to that of the polaritons owing to the large exciton
effective mass and inhomogeneously broadened distribution, a few meV wide [11]. Thus the
polariton states which propagate from pump spot to output grating make up only a small fraction
of the states available as end points for relaxation. Thus not much of the injected exciton density
arrives at the output grating as background signal. By contrast the probe pulses propagate directly
between the two gratings since they are deliberately injected with the correct frequency and
momentum to match the guided mode.

C. Additional experimental details

The waveguide was grown by molecular beam epitaxy on a single-side-polished semi-insulating
GaAs wafer. The layer sequence in order starting from the substrate is as follows: 500nm
Alp.9Gag 1 As which acts as a lower cladding, 25nm GaAs, three repeats of (10nm Ing g4Gag.g6As
quantum well, 10nm GaAs barrier), 27nm GaAs, 3nm Al 9Gag | As etch stop layer, 20nm GaAs.
The total thickness of the waveguide core region on top of the Aly9Gag jAs cladding is 135nm.



Research Article

Optics EXPRESS

The diffractive grating couplers were fabricated using electron-beam lithography and thermally
evaporated metal in a lift-off process. The grating period was 250nm and within each period the
gold stripes were 115nm wide. The metals used were, in order of deposition, 3nm of Titanium for
adhesion to the GaAs followed by 20nm of Gold. After grating fabrication the sample was coated
with a 345nm silicon nitride top cladding using plasma-enhanced chemical vapour deposition.

In previous measurements on the same waveguide [11, 12] the dispersion relation of the TE
polarised uncoupled photon mode was found to have a group velocity of 58 umps~! and to
intercept the exciton resonance frequency at a propagation constant of 23.65 um~'. Strong
coupling between the TE mode and the exciton results in formation of upper and lower polariton
states with a characteristic vacuum-Rabi-splitting of 9meV. Here we work exclusively with
states on the lower polariton branch since the upper branch, above the exciton frequency, is
very lossy. The anti-crossing of the photon and exciton results in a lower polariton mode with
very large normal dispersion such that the dispersion of the uncoupled photons is negligible
in comparison [11]. The TM polarised waveguide photon mode does not play a role in these
measurements as it is close to cutoft, is strongly detuned, and does not form polaritons since the
coupling of heavy-hole excitons to light polarised out of the quantum well plane is forbidden by
selection rules.

The pump laser was a single-mode tuneable Ti:Sapphire laser. The probe pulses were produced
by a tuneable modelocked Ti:Sapphire laser operating at a repetition rate of 80MHz. The
spectral and temporal and widths were measured at the output of the laser using, respectively, a
commercial spectrometer and a commercial non-collinear second-harmonic-generation intensity
autocorrelator. The spectral width was 0.66meV and the autocorrelation full-width-at-half-
maximum (FWHM) of the pulses was 3.1ps corresponding to 2.0ps pulse intensity envelope
for sech-squared pulses. The coupling of the pulses into the guided mode was optimised by
monitoring the transmitted power at the output grating and tuning the incidence angle of the
beam and the position of the spot relative to the edge of the input grating. The incidence
angle was tuned independently from the position by translating the beam across the back
focal plane of the objective. The grating coupling efficiency was estimated to be 15% using
finite-difference-time-domain simulation.

The emission from the sample was collected using the same 20x magnification microscope
objective as for excitation. The objective has effective focal length 10mm and numerical aperture
of 0.6. A confocal 300mm lens formed an intermediate image plane at which an aperture was
used to select only the emission from the vicinity of the output grating. The spatially filtered
intermediate image plane was then transferred to the input slit of a Horiba Jobin Yvon TRIAX
320 imaging spectrometer using a pair of confocal lenses (500mm and 300mm) providing a
total system zoom of 18x. The spectrometer has a focal length of 320mm and used a grating
with 1200 lines per mm. The entrance slit width was set to O.lmm. A Princeton Instruments
PIXIS thermo-electrically cooled front-illuminated CCD array was fixed at the output plane of
the spectrometer. The pixel size on the CCD array was 13 pm x 13 um and the array contains
1024x1024 pixels. The image of the sample was projected onto the entrance slit such that the
edge of the output grating through which the light is coupled out (the edge parallel to x in the
inset of Fig. 1(b)) coincided with the spectrometer slit and was parallel to it. Thus the camera
simultaneously captures transverse position along one direction of the CCD array and wavelength
along the other. The spectrometer resolution is 70 peV at a wavelength of 837nm as measured
using a single mode laser.
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