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Nanowire lasers can be monolithically and site-selectively integrated onto silicon photonic circuits.
To assess their full potential for ultrafast optoelectronic devices, a detailed understanding of their lasing
dynamics is crucial. However, the roles played by their resonator geometry and the microscopic processes
that mediate energy exchange between the photonic, electronic, and phononic subsystems are largely
unexplored. Here, we study the dynamics of GaAs-AlGaAs core-shell nanowire lasers at cryogenic tem-
peratures using a combined experimental and theoretical approach. Our results indicate that these NW
lasers exhibit sustained intensity oscillations with frequencies ranging from 160 GHz to 260 GHz. As the
underlying physical mechanism, we have identified self-induced electron-hole plasma temperature oscilla-
tions resulting from a dynamic competition between photoinduced carrier heating and cooling via phonon
scattering. These dynamics are intimately linked to the strong interaction between the lasing mode and the
gain material, which arises from the wavelength-scale dimensions of these lasers. We anticipate that our
results could lead to optimised approaches for ultrafast intensity and phase modulation of chip-integrated

semiconductor lasers at the nanoscale.

DOI: 10.1103/PhysRevApplied.20.034045

I. INTRODUCTION

Nanowires (NWs) provide a unique approach to site-
selectively and epitaxially integrate direct-gap semicon-
ductors onto silicon [1—4]. Optically pumped lasing has
been demonstrated at room temperature using I11-V and I1-
VI compound semiconductors [5—7], and group-III nitrides
[8], with emission wavelengths that can be tuned from
the ultraviolet to the near-infrared spectral range [5—16].
Thus, they are promising candidates for on-chip lasers
in photonic integrated circuits. To further their develop-
ment, a detailed understanding of their lasing dynamics
is essential. Previous studies have laid the groundwork
by investigating several aspects of carrier relaxation, gain
dynamics, plasmonic and coherent phenomena, and the
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role of lattice defects in a number of different mate-
rial systems [17-23]. Despite these advances, however,
the microscopic mechanisms and dynamic processes that
ultimately determine, and possibly limit, their potential
for ultrafast optoelectronic devices have remained largely
unexplored.

Here, we investigate the microscopic lasing dynam-
ics of GaAs-AlGaAs core-shell NW lasers [3,5,23] and
present evidence for ultrafast intensity and phase oscilla-
tions, caused by an exceptionally strong nonequilibrium
analogue of relaxation oscillations [24], with frequencies
ranging from 160 GHz to 260 GHz. Previous work has
proposed Rabi oscillations to explain the observed dynam-
ics [23]. However, this interpretation is challenged by the
dephasing time in an electron-hole plasma, which is on
the order of 100 fs [25-29], significantly shorter than
the value used in Ref. [23]. We show that these unique
nonequilibrium dynamics are enabled by the miniaturized
dimensions of these lasers and the resulting competition
between carrier heating and cooling during lasing opera-
tion. Our results are supported by complementary micro-
scopic simulations based on a quantum statistical [30] and
a semiconductor Bloch model [31] (see Sec. IV).
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II. RESULTS

A. Pump-probe measurement and simulation

Femtosecond pump-probe spectroscopy was performed
on single NWs with a carefully timed pair of pump and
probe pulses, separated by a time delay At. Details on
the optical characterization and growth of the NWs are
summarized in Sec. IV.

Figure 1(a) illustrates our pump-probe excitation
scheme. The pump pulse power (Ppump) and probe pulse
power (Ppobe) are above and below the threshold (Py,) of
the NW laser, respectively. After excitation, the NW laser
emits two modulated output pulses, separated by a time
delay At. Figure 1(b) shows an optical-microscope image
of the NW laser studied in this work (length L ~ 10 wm)
during lasing operation. Its emission is dominated by a sin-
gle mode at an energy of approximately 1.51 eV (see Sec.
I of the Supplemental Material [32]) and is clearly visible
from both end facets. All measurements and simulations
have been performed at a lattice temperature of 7 =
10 K, with an initial electron excess energy of approxi-
mately 60 meV and a hole excess energy of approximately
11 meV, unless specified otherwise.
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Figure 1(c) presents typical results of a pump-probe
measurement as a function of Af. Here, we have nor-
malized the spectra to their maximum value and set the
excitation power to Pyump/Pim ~ 2.7 and Ppyrope /P ~ 0.7,
such that the probe pulse alone cannot induce lasing. We
observe a delayed onset of two-pulse interference fringes,
reflecting the turn-on time (#,,) of the laser, which depends
on both the excitation conditions and the initial relax-
ation of the photoexcited carriers [17,18,23,33]. Experi-
mentally, 7., = (6.3 £0.8) ps was determined from the
At dependence of the spectrally integrated mode inten-
sity (see Sec. II of the Supplemental Material [32]),
using the transient depletion of the probe absorption [17].
For increasing At, the interference fringes increase lin-
early in frequency. Their existence further shows that the
weak probe pulse restarts lasing, due to which the probe-
induced output pulse partially adopts the phase of the
residual electric field in the cavity defined by the pre-
vious output pulse [23]. Hence, the strong pump pulse
leaves considerable excitation for an extended period of
time, which decays with increasing At. This, in turn,
leads to a change in refractive index and, thus, to a pro-
nounced red shift of the interference pattern. Meanwhile,
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The pump-probe measurement and simulation. (a) A schematic of a NW laser subject to pump-probe excitation with delay

At, emitting two temporally asymmetric and modulated pulses, separated by Az. (b) An optical-microscope image of the NW laser
studied in this work, with the excitation laser filtered out. (c) Time-integrated spectra, showing typical two-pulse interference fringes
with additional beating patterns along the energy axis. (d) The normalized magnitude of the electric field autocorrelation (|G (At, 7)]),
exhibiting pronounced oscillations along t above and below the main sideband (indicated by white arrows), resulting from the beating
patterns in (c). In (c) and (d), we indicate the laser turn-on time (¢,,) and the disappearance of the sideband (#.,g). Their difference,
Ipulse ™ foff — ton, gives a measure of the total output-pulse length. (e),(f) The corresponding semiconductor Bloch simulation of the
respective experimental data in (c¢) and (d).
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the fringes become weaker and finally disappear at a delay
At = tof.

For ease of interpretation, we move to the time domain
by Fourier transforming the energy axis in Fig. 1(c). This
yields the electric field autocorrelation GV (At, 1) as a
function of At and the time shift t [17,34]. Its normal-
ized magnitude |GV(At,7)| is presented in Fig. 1(d) on
a logarithmic scale. For normalization, we have used the
respective maximum value at T = 0 for each At to facili-
tate comparison with theory. The fringes in Fig. 1(c) lead
to a linear sideband, with a full width at half maximum
(FWHM) of approximately 3 ps, that sets on at a delay
At = t,, and disappears at At = 7. We have quantified
tof = (82.4 +0.4) ps as the delay time where the main
sideband amplitude decreases to 1% of its maximum value.
Since the photon lifetime of the resonator is < 1 ps [5],
the disappearance of the main sideband marks the termina-
tion of the first NW-laser output pulse. Thus, #,use ~ foff —

ton = (76.1 £ 0.9) ps is a measure for the overall output-
pulse duration. However, in addition to the main sideband,
we also observe pronounced oscillations above and below,
as indicated by white arrows in Fig. 1(d). These reflect
the beating patterns in the spectral interference fringes in
Fig. 1(c). Weak indications of these oscillations can be
found in previous work [17,23] but their significance has
not been scrutinized until now. Together, the long #use,
the short FWHM of the main sideband, and the oscillations
indicate that the NW output pulses are strongly asymmetric
and modulated in time.

To understand the origin of the oscillating features in
Fig. 1(d), we have first used the semiconductor Bloch
model to simulate the experimental data. For these and all
following simulations, we have used an end-facet reflec-
tivity of R = 0.5 and a spontaneous-emission coupling
factor of 8 = 0.1. Both values have been obtained using a
quantum statistical simulation of the measured continuous-
wave lasing characteristics of the NW under investigation
(see Sec. I1I of the Supplemental Material [32]) and are in
full accord with the literature [3,5,6,35]. The result of this
semiconductor Bloch approach is presented in Figs. 1(e)
and 1(f), in which we have used the same excitation pow-
ers as in the experiment. The simulation exhibits excellent
qualitative agreement with all observed features of the
experimental data in Figs. 1(c) and 1(d). It reproduces the
delayed onset of interference fringes, the temporal asym-
metry of the output pulses, and the oscillations both above
and below the main sideband. Moreover, the model reveals
that these originate from carrier-temperature oscillations
(see Sec. IV of the Supplemental Material [32]). To obtain
quantitative agreement for all features using the semicon-
ductor Bloch model, it may be necessary to transition from
the relaxation-rate approximation for the carrier dynam-
ics to a Boltzmann-equation approach. However, due to
computational limitations, such a generalized model is
unfeasible in our case (see Sec. IV).

B. Quantum statistical simulation

To uncover the full significance of these oscillations and
to enable a theoretical description of measurement series
within which the scattering rates vary, it is necessary to go
beyond the relaxation-rate approximation used in the semi-
conductor Bloch model. For this purpose, we have used a
quantum statistical model that self-consistently calculates
the rates for carrier-carrier and carrier-phonon scattering.

Figure 2 displays the results of this approach for a
pump-probe excitation with A7z =40 ps. The excitation
powers used were the same as in Fig. 1. In Fig. 2(a),
we present the laser intensity as a function of time and
determine #,, ~ 5.7 ps as the time it takes to reach 1/e
of the first output-pulse maximum. After turn-on, the NW
pulses are observed to be strongly asymmetric in time, with
a pronounced initial peak (FWHM ~ 1.3 ps), following
oscillations with a frequency of vy = 222 GHz and a long
tail. This is in qualitative agreement with both the exper-
iment and the simulation in Fig. 1. Following up on the
results of the semiconductor Bloch model, we have inves-
tigated the temporal evolution of the carrier distributions
by determining the instantaneous electron (7,) and hole
(Ty,) temperatures for each time step (see Sec. V of the
Supplemental Material [32]). Figure 2(b) shows that the
carrier temperatures cool to 7, ~ 79 K and 7}, ~ 76 K after
t ~ 5.3 ps, shortly before the laser turns on, which is in full
accord with the literature [36,37]. This cooling primarily
takes place via scattering of carriers with longitudinal opti-
cal (LO) phonons [29,38,39]. After the first temperature
minimum at ¢ ~ 5.3 ps and during turn-on, we observe a
pronounced initial increase of the carrier temperatures by
AT, ~19.8 K and AT, ~ 4.2 K for electrons and holes,
respectively. Subsequently, the carrier temperatures show
clear oscillations with a frequency of 222 GHz, mirrored
by the laser intensity in Fig. 2(a). Since T, changes the
most, we highlight in Figs. 2(a)-2(d) its first heating and
cooling cycle in red and blue, respectively. As observed in
Fig. 2(c), the carrier-temperature dynamics are also mir-
rored in the time dependence of the electron scattering
rates near the lasing energy. While these time variations
in the scattering rates are not necessary for the existence
of the oscillations in Figs. 2(a) and 2(b), they likely do
increase their strength (see Sec. IV of the Supplemen-
tal Material [32]). Near ¢, the carrier-carrier scattering
rate of electrons is e, ~ 8.6 ps~!, while the electron-
LO-phonon scattering rate is yepn ~ 0.3 ps~'. In contrast
to the oscillations in Figs. 2(a)-2(c), the carrier density
in Fig. 2(d) shows a monotonic steplike decrease starting
from an initial value of N ~ 5.2 x 10'7 cm~3, besides the
injection of additional carriers at t = 40 ps.

To visualize the carrier dynamics in the parabolic bands,
Fig. 2(e) shows the energy-dependent carrier inversion
as a function of time in a semilogarithmic contour plot.
The inversion is defined as n i + ny — 1, where ng with
c € {e, h} is the occupation probability of electrons and

034045-3



ANDREAS THURN et al.

PHYS. REV. APPLIED 20, 034045 (2023)

(a) - | o e =222 GHz | (e)
O 14! H 1
N2 =3 Bk & -
52 |5 ol S
EQL 1 oy 8
S E 1/e{i-- : 5
= : J S
0 <
on o
(b) o ; g
< 01 Heating -7, 2
5 : Cooling - c
=) -4 —
2 110 &
8 9014 ANAL e,
§ | WeeIlm— e
A (/16 T e
© .~ 9.1 f
o 17
£ g7 Yece ( )
[%2]
2 83
© T T T T T T
o
€ 04 1
g Ye-ph
3
®» 021 A—
(d)
g 6.0 1
O 55 1
o 5.0 A1
T 45 1
> } T T T T : :

0 10 20 30 40

t(ps)

50 60 70

Ee + Epg (MeV)

102 Pump Probe Lasing energy 04
0.2 ‘I-
00 &
0 <
+
-0.2 :*ai
1 °
10 : -04 &
: o
: -06 2
1 E
i -0.8
it
100 T . On| T T T T T -1.0
0 10 20 30 40 50 60 70
t(ps)
Cold distribution  Hot distribution
(heating cycle)  (cooling cycle)
Lasing

[Featind\

Carrier-LO-phonon
scattering

b .
/lasing

FIG. 2. Quantum statistical simulation of the time-resolved pump-probe response. (a) The time-dependent output intensity for a
pump-probe delay of Az = 40 ps. From the first output pulse, we determine #,, and the oscillation frequency vs. (b)+d) The corre-
sponding time-dependent electron (7, ) and hole (7}) temperature, carrier-carrier scattering rate of electrons () ), electron-LO-phonon
scattering rate (e-ph), and carrier density (V). In (a)~(d), the shaded areas highlight the first heating and cooling cycle of 7. (¢) Energy-
resolved inversion, illustrating the time-dependent carrier dynamics. Here, n.x and E .k, with ¢ € {e, h}, are, respectively, the occupation
probability and energy of electrons and holes with wave vector k. (f) A sketch of the oscillation mechanism, enabled by the exception-
ally large modal-confinement factor I' of NW lasers. Here, Yiasing is the stimulated emission rate of the lasing mode with energy Ejasing,

while E;Séd and E;‘gg
holes with wave vector k. The corresponding electron and
hole energies are denoted by E. with ¢ € {e, h}. The opti-
cal pump-probe excitation is indicated by white arrows.
Within a few picoseconds, relaxation of the injected car-
riers (see Sec. VI of the Supplemental Material [32]) leads
to a build-up of inversion at the lasing energy (solid green
line). After the onset of lasing (., green point), clear oscil-
lations of the inversion are visible, which are directly con-
nected to the carrier-temperature oscillations in Fig. 2(b).
From Fig. 2(e), we further observe no signs of spectral
hole burning. This results from the fast carrier-carrier scat-
tering, which continuously thermalizes the electron-hole
plasma, and the low end-facet reflectivity R, which reduces
the stimulated emission rate (Viasing)-

To explain the origin of these oscillations, Fig. 2(f)
shows a schematic representation of two electron distri-
butions having similar densities in the conduction band,
one characterized by a lower T, (yellow) than the other
(orange). The lasing energy (Ejasing) is below the respec-
tive average kinetic energy (E;fjéd, E:S;). Thus, stimulated
emission at a rate Yne heats the remaining electron
distribution [40—45]. In the event that this heating via

are the average kinetic energies of the respective distributions.

YViasing 18 sufficiently strong to overcome the cooling via
Ye-ph» Ie rises. Consequently, y,.pn increases, whereas yiqging
decreases due to the reduction in material gain (Gpat)
[40,41]. Partial recovery of Gyt via yeph then restarts the
cycle. A similar discussion applies to holes.

However, in previous investigations of microcavity
and nanoscale lasers, this intuitive effect of ultrafast
self-induced temperature oscillations has been strongly
damped, preventing the observation of sustained oscilla-
tions [24,44-47]. We explain the observations in Figs.
2(a)2(e) for NW lasers by noting that the modal gain
(Gmod) and Gpy are linked by Gyoq X I' - Gat, where T
is the modal-confinement factor [48]. The corresponding
differential gains with respect to the carrier temperature
(T., with ¢ € {e, h}) are, therefore, to a good approxima-
tion related by 0Gmea/0 T, X I' - 0Gpat/0 T.. Thus, large
I" leads to enhanced interactions between the lasing mode
and the gain material. For NW lasers, this effect is espe-
cially pronounced due to their wavelength-scale dimen-
sions and unique resonator geometry, which allows excep-
tionally strong mode confinement with I' > 1 [6,49,50].
We further note that the large I' of NW lasers is, in
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part, due to the strong lateral optical confinement and the
resulting strongly nonparaxial mode propagation [49,50].
Moreover, here, there exists a balanced interplay between
the rates of stimulated emission, carrier-carrier scattering,
and carrier-LO-phonon scattering. As mentioned above,
the carrier-carrier scattering is sufficiently fast to main-
tain Fermi-Dirac distributions and heating via stimulated
emission is strong enough to compete with cooling via
carrier-LO-phonon scattering, such that light-matter cou-
pling is manifested as a strongly oscillating carrier tem-
perature. In our NW lasers, it is precisely this combination
of large I' with these carrier dynamics that leads to the
observed sustained oscillations. The important role of I'
has been confirmed by a comparison of the simulated
laser dynamics with I' = 1.2 (used here) and I' = 0.12,
which clearly demonstrates that the oscillations disap-
pear for weaker mode confinement (see Sec. VII of the
Supplemental Material [32]).

C. Excitation-power and lattice-temperature
dependence

To test the above hypothesis for the origin of the
observed ultrafast oscillations, we have experimentally
studied the excitation-power and 7; dependence of the
NW-laser dynamics and compared with the predictions of
the quantum statistical model.

Figure 3 presents the results of the excitation-power-
dependence measurement, with which we have investi-
gated in detail how the lasing dynamics depend on N and
Viasing- As shown in Fig. 3(a), #,, decreases from (9.9 &
0.4) ps to (5.5+0.4) ps as the pumping level increases
from Ppymp/Pm ~ 1.8 to 3.0. This decrease is in excel-
lent quantitative agreement with theory. It results from the
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increase in N with increasing Ppymp /P, allowing the laser
to turn on at higher carrier temperatures.

To estimate the frequency (fz) of the oscillations in
|GV (At, 7)| from our measurements, we have determined
the time interval between the main sideband and the
first oscillation above (see Sec. VIII of the Supplemen-
tal Material [32]). As shown in Fig. 3(b), f¢ increases
with stronger excitation power from (231 & 14) GHz to
(344 4 18) GHz. Since |GV (At, )| and, thus, the simu-
lated oscillation frequency (fs) cannot be directly obtained
from the quantum statistical model, we have computed
the oscillation frequency vs. Here, we observe an increase
from approximately 166 GHz to approximately 238 GHz,
over the same range of excitation powers. Nonetheless, an
approximate relationship between vg and fs can be estab-
lished using the semiconductor Bloch model. In the present
case, fs is related to vs by fg = 1.38 - vg (see Sec. IX of the
Supplemental Material [32]). Applying this relationship to
the frequencies vy in Fig. 3(b) leads to remarkable quan-
titative agreement between fg and fz over the entire range
of excitation powers. The increase of the oscillation fre-
quencies with stronger excitation power results from the
complex interplay of various effects. As the main reason,
we have identified the increased yiasing, leading to enhanced
carrier-temperature oscillations and, hence, shorter heating
and cooling cycles.

Complementary to the excitation-power series, vary-
ing 7; has allowed us to tune 0Gp, /07, and to shift
the operating point of the laser toward higher carrier
temperatures. All experimental data in Fig. 4 have been

measured with Pyump/Pim ~ 2.5 and Pprope /P ~ 0.5. For

illustration, Fig. 4(a) presents the measured |G (At, )]
for T, =40 K, 60 K and 80 K. As 7, increases,
the data show that t,, decreases, fr increases and fpyise
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The excitation-power dependence of the NW-laser dynamics. (a) A stronger pump pulse power (Ppump/Pum) produces a

greater initial carrier density NV, allowing the laser to turn on faster. Here, Pprobe /P ~ 0.5 has been kept constant. (b) The increase in
oscillation frequencies with excitation power depends on a complex interplay of several effects but is mainly driven by the increased
stimulated emission rate yijuing. Here, we have kept the ratio Ppump/Pprobe = 4 : 1 constant to ensure that the intensities of both output
pulses remain comparable. All error bars represent 95% confidence intervals (CIs) of the mean and result from the methods used to
determine Py, #on and fz, as described in Secs. I, II, and VIII, respectively, of the Supplemental Material [32]. In (b), the uncertainty in
excitation power refers to the bottom axis.
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FIG. 4. The lattice-temperature dependence of the NW-laser dynamics. (a) Three exemplary pump-probe measurements, illustrating
the changes that occur with increasing 77;. (b) As 7, increases, f,, is at first constant and then decreases. (c) Above 40 K, Py, increases
with a characteristic temperature 7, as obtained from an exponential fit. This increase leads to the decrease of #,, in (b). The data have
been normalized to the smallest threshold (P, 10 ). (d) The electron (7, o) and hole (7,0n) temperatures at times ¢ = #,, as a function
of T;, in which the excitation power has been set to Pyymp /P ~ 1. The rise of T, o, and 7}, o, causes the increase of Py, in (c). (e) The
oscillation frequencies increase as the lasing mode shifts toward the high-energy side of the gain spectrum, where 9 G, /0 T is larger.
All error bars represent 95% Cls of the mean and result from the methods used to determine Py,, #on, and fg, as described in Secs. I, 11,
and VIII, respectively, of the Supplemental Material [32]. In (c), some error bars are smaller than the symbol size.

decreases (see Sec. X of the Supplemental Material
[32]).

As shown by the data in Fig. 4(b), #,, remains approx-
imately constant at approximately 6 ps up to 40 K and
then decreases to (2.6 £ 0.4) ps as T} increases further to
100 K. This behavior can be understood on the basis of
the T; dependence of Py, shown in Fig. 4(c). For 7} <
40 K, Py, remains almost constant, whereas at higher 7}
it increases exponentially, with a characteristic tempera-
ture Ty = (57 = 11) K. Since the pumping level is fixed
relative to Py, this increase leads to a larger initial N.
Consequently, z,, decreases, as observed in Fig. 4(b). The
simulations presented in Figs. 4(b) and 4(c) quantitatively
reproduce the experimental data and, thus, confirm our
interpretation.

The T; dependence of Py, is, in turn, accounted for
by the variation of the electron (7,on) and hole (7} on)
temperatures at laser turn-on, as shown in Fig. 4(d). For
increasing T}, they are initially constant at approximately
62 K, reflecting the fact that the cooling rate due to

carrier-LO-phonon scattering decreases rapidly for low
carrier temperatures (< 50 K) [36,38]. Both T, o, and T}, on
only rise as 7, becomes comparable, shifting the operat-
ing point of the laser toward higher carrier temperatures.
The carrier distributions therefore spread out toward higher
energies, which reduces G, at the lasing energy for a
given N. Hence, Py, increases, explaining the observed
trend in Fig. 4(c).

We are now in a position to explain the 7, dependence
of the oscillation frequencies in Fig. 4(e). Up to 40 K, fz
remains approximately constant at approximately 270 GHz
and then increases to (350 &+ 20) GHz at 7; = 80 K. Sim-
ilarly, vg increases from 213 GHz to 259 GHz. We have
again calculated fg from vg, using the proportionality fac-
tor of 1.38 stated above, and we have obtained remarkable
agreement with fz. The trend of the oscillation frequen-
cies is strongly influenced by the 7; dependence of Py
in Fig. 4(c). As Py, increases, the correspondingly larger
initial N blue shifts the lasing mode due to the asso-
ciated change in refractive index and broadens the gain
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spectrum as a result of band-gap renormalization and band
filling. Simultaneously, the band gap and the lasing mode
red shift with increasing 7;, the red shift of the lasing
mode being smaller than the other effects. In combination,
these processes effectively shift the lasing mode toward the
high-energy side of the gain spectrum, where 0Gin,/0 T,
is larger. This leads to the observed increase in oscilla-
tion frequencies. No oscillations have been observed for
T, = 100 K, which coincides with the laser becoming
multimodal. In addition, as shown in Fig. 4(d), the car-
rier temperatures increase for higher 7;, which reduces
0Gmat/0 T, [51]. This counteracts the increases due to the
shift of the lasing mode toward the high-energy side of the
gain spectrum and at some point will compensate them.
The oscillations are therefore expected to disappear at
sufficiently high 77, here > 80 K.

I11. DISCUSSION AND CONCLUSIONS

In summary, we have investigated the microscopic las-
ing dynamics of GaAs-AlGaAs core-shell NW lasers.
Thereby, we have demonstrated how a large I', and the
consequently large 9Gnq/0 7., can lead to exception-
ally strong nonequilibrium laser dynamics. These manifest
themselves as carrier-temperature oscillations through a
dynamic competition between carrier heating via stimu-
lated emission and carrier cooling via carrier-LO-phonon
scattering. The results of our combined experimental and
theoretical approach are consistent with oscillation fre-
quencies ranging from 160 GHz to 260 GHz. Furthermore,
our results indicate that coherent effects do not play a
significant role in GaAs-AlGaAs core-shell NW lasers,
thus challenging the interpretation proposed in previous
work [23], which has been based on a significantly longer
dephasing time.

Following the promising results of this work, one possi-
ble next step would be to directly time resolve the emission
of a single GaAs-AlGaAs core-shell NW laser. Here, one
of the challenges is to obtain a sufficient signal-to-noise
ratio, since the volume and thus the output-emission inten-
sity of NW lasers is relatively small [33]. Such a measure-
ment would allow a direct experimental validation of the
simulated data shown in Fig. 2(a).

Since the described dynamics involve oscillations of
the carrier temperature and not the carrier density, they
circumvent the speed limitations inherent in conventional
relaxation oscillations [51]. For direct laser modulation
based on changing the carrier density, the relaxation oscil-
lation frequency determines the maximum modulation
speed, which is currently limited to < 60 GHz with-
out photonic feedback effects [52]. Similarly, we believe
that the oscillation frequencies described here determine
the ultimate speed limit for laser intensity or phase
modulation based on changing the carrier temperature.
We therefore anticipate that NW lasers could substantially

improve previously proposed laser-modulation schemes
based on terahertz heating fields [S1]. This is because their
large 3 Gpod/0 T, makes them highly susceptible to applied
electric fields. In such a scheme, an externally applied
terahertz heating field modulates the carrier temperature
and thus the laser output, avoiding the speed bottleneck
of interband modulation [51]. This also creates further
opportunities for ultrafast pulse shaping of nanoscale semi-
conductor lasers and, provided that the modulation depth is
sufficient, would allow the generation of picosecond pulse
trains with extremely high repetition rates > 100 GHz.
In perspective, further research could achieve ultrafast
modulation of NW lasers integrated into silicon photonic
circuits [4].

The dynamics described above are substantially differ-
ent from the expected class-B dynamics that are typical
for semiconductor lasers and usually described by a stan-
dard rate-equation approach [48]. In our case, however,
such an approach is insufficient. First, the predicted over-
all output-pulse length and shape well above threshold
would not correspond well to our experimental observa-
tions [3,6]. Second, relaxation oscillations would be too
slow to explain the observed dynamics [52]. Third, they
would not be expected following excitation with fem-
tosecond pulses [3,6]. This has made it necessary to go
beyond such a rate-equation approach and the correspond-
ing small-signal response theory to be able to describe
our experimentally observed dynamics. It is, nevertheless,
important to note that the rate-equation approach can be
augmented to include temperature effects. This can either
be done by, e.g., introducing a gain-saturation parameter
[48] or by including the carrier temperature directly as a
dynamical variable [53]. However, this requires the intro-
duction of additional phenomenological parameters and
would still need a self-consistent inclusion of many-body
effects in order to yield predictions that can be quantita-
tively compared with experiments. Microscopic models,
such as those used in the present work [31,54], solve these
issues and allow a detailed description of nanoscale lasers
on picosecond time scales while minimizing the number of
free phenomenological parameters.

We note that our theoretical models [31,54] are general
and thus allow our findings to be applied to other types of
semiconductor lasers as well. There are several points to
consider in the development of semiconductor lasers that
are intended to be highly susceptible to externally applied
terahertz fields. According to the key insight of this work,
such a laser should have a large I". This can be achieved
by an optimized spatial overlap of the lasing mode and
the gain material, which simultaneously also decreases the
threshold [49,50]. The choice of the gain material is crucial
as well, as it directly affects the cooling rate of the car-
riers via carrier-LO-phonon scattering, which is mediated
by the Frohlich interaction. Moreover, the operating point
of the carrier density and temperature should be chosen
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such that dGyeq/0 T, is maximized. According to a pre-
vious theoretical investigation, this is the case when both
the carrier density and temperature are as low as possible
[51]. The differential modal gain can further be optimized
by tuning the cavity length to place the lasing mode on the
high-energy side of the gain spectrum [46,47,55]. Lastly,
the laser must have a large enough resonator bandwidth
and should preferentially be single mode. Both points can
be achieved by making the laser as short as possible,
which, of course, must be balanced with the simultane-
ously increasing threshold. Taken together, our work thus
opens up further approaches to how the miniaturization of
semiconductor lasers can be used to design their ultrafast
dynamical properties.

This is complementary to previous research that has
investigated accelerated laser dynamics based on Purcell
enhancement [56,57] and plasmonic effects [17,58]. We
note that no Purcell enhancement is expected for our NW
lasers, since their effective mode volume is approximately
140 times larger than that of the photonic crystal laser
studied in Ref. [56]. Other approaches to ultrafast laser
modulation, which typically require larger device struc-
tures, include the use of photonic feedback effects [52]
and mode field switching [59]. It is noteworthy that with
both photonic feedback on a silicon carbide substrate [52]
and Purcell enhancement in a GaAs material system [56],
modulation frequencies of up to approximately 100 GHz
have been demonstrated, although the latter could not be
confirmed theoretically [60,61].

Practical applications, of course, would ultimately
require ultrafast modulation of nanolasers at room tem-
perature. The current drawback of the dynamics described
in our work is the limitation to 7; < 80 K. However,
this could be overcome by using a low-dimensional gain
medium, such as multiple quantum wells [13], simulta-
neously allowing emission-wavelength tuning toward the
technologically relevant telecom bands [15,16].

IV. MATERIALS AND METHODS
A. Growth

The investigated NW lasers have been grown in a two-
step axial and radial growth process on silicon using
molecular-beam epitaxy [3,5]. These NWs have a length
in the range of 10—16 wm and a diameter of approximately
340 nm [5].

B. Optical characterization

For the optical investigations, the NWs have been
transferred onto a sapphire substrate, providing excellent
heat conductivity at cryogenic temperatures and sufficient
refractive index contrast to achieve lasing. The samples
have been mounted inside a liquid helium flow cryostat and
all experiments reported in this work have been performed

within a temperature range of 10—100 K. Single NWs have
been excited using 200 fs optical pulses (repetition fre-
quency of 82 MHz), delivered by a mode-locked laser,
which were focused to a spot diameter of 17 wm, cov-
ering the entire NW. The detection spot was centered on
one of the end facets of the NW and had a diameter of
11 pm. We have determined the threshold (Py,) of the NWs
using single-pulse excitation (see Sec. I of the Supple-
mental Material [32]). To study their ultrafast dynamics,
we have performed nonresonant degenerate pump-probe
spectroscopy and measured the spectrally resolved and
time-integrated NW-laser emission. The spectra have been
recorded as a function of pump-probe delay At using a
double spectrometer and a CCD camera. The delay has
been adjusted using an optical delay line with a bidi-
rectional precision < 10 fs. With a spectral resolution of
AE < 40 peV, interference fringes resulting from pulse
separations > 100 ps could be resolved.

C. Numerical modeling

With our modeling approach, we have reproduced the
characteristic features of the experiments and, thereby,
made deductions about the underlying carrier and carrier-
field interaction dynamics. In a complete semiclas-
sical description, the light-matter interaction is gov-
erned by the semiconductor Maxwell-Bloch equations,
in which the carrier-carrier and carrier-phonon interac-
tions are described by the proper collision integrals in the
Boltzmann-equation framework. However, the direct sim-
ulation of the experiment at hand turns out to be too com-
putationally expensive when using this complete approach.
We have therefore conducted two different model simpli-
fications, depending on the physical feature that was to be
investigated. To study the dynamics of the emitted elec-
tric field, we have used a relaxation-rate approximation for
the scattering dynamics, using precalculated values (see
Sec. IV of the Supplemental Material [32]), while keep-
ing the full semiconductor Maxwell-Bloch equation [31].
We refer to this as the semiconductor Bloch model (see
Sec. XI of the Supplemental Material [32]). In contrast, to
study the carrier dynamics in detail, we have eliminated
the polarization dynamics and resorted to the field inten-
sity for the light-matter interaction. While this approach
cannot describe the dynamics of the electric field or poten-
tial coherent transients, it has allowed us to keep the full
Boltzmann-equation framework for the carrier dynamics
with reasonable computational effort [24,30,31,43,54,62—
64]. We refer to this as the quantum statistical model (see
Sec. XII of the Supplemental Material [32]). Both models
use the same set of simulation parameters, tabulated in Sec.
IIT of the Supplemental Material [32]. In addition, we note
that both models use the same simplified description of the
band structure. Due to the proximity of our excitation to the
band edge (electron excess energy approximately 60 meV,
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heavy-hole excess energy approximately 11 meV), we
have been able to neglect the split-off band and use the
parabolic band approximation [65]. Valence-band warp-
ing has been neglected as well, as it has been shown
to have no substantial effect on carrier distributions for
times longer than approximately 200 fs after photoexci-
tation [66]. Moreover, the light-hole band has also been
neglected due to the ratio of the carrier density in the light-
hole band compared to the carrier density in the heavy-hole
band being only approximately 12% [31]. The dynamics
are thus dominated by the heavy-hole band. The validity of
this approximation is retrospectively established through
the good agreement of our theoretical models with the
experimental results.
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