
SUPPORTING INFORMATION: TUNING SPONTANEOUS EMISSION THROUGH

WAVEGUIDE CAVITY EFFECTS IN SEMICONDUCTOR NANOWIRES

Supporting Information 1 | Optically excited carrier density

An important parameter to characterize our lifetime results on the free-standing nanowires

(NWs) is the density n of excitons, optically induced under the pulsed excitation conditi-

ons that were used to obtain the data of Fig. 2 and the lifetimes plotted in Fig. 3 of the

manuscript. Assuming a diameter-independent absorption coefficient for our free-standing

wires in the range from d = 150–530 nm as a rough estimation, we can determine the exciton

density n from the incident number of photons

n =
P̄

hν
frep

−1 α(hν). (1)

Here P̄ = 1.4 W/cm2 is the time-averaged output power density P̄ of the pulsed excitation

laser, hν = 1.58 eV is the energy of the laser photons and frep = 1 MHz is the repetition

frequency of the laser pulses. To calculate n we further use the value of the absorption coef-

ficient of bulk GaAs α(hν) = 14.8×103cm−1 at the excitation energy 1.58 eV [1]. Evaluating

Eq. (1) under the conditions indicated above results in an optically excited exciton density

of n = 8×1016cm−3 in our larger wires (d = 150–530 nm), leading us to refer to a density of

approximately n ≈ 1017cm−3 right after the pulsed excitation in the main text.

Calculating the carrier density for the thinner wires is less straightforward. As directly

observable in Fig. 3 of the manuscript, the waveguide nature of these wires strongly affects

the absorption and emission of light, i.e., in this regime of very thin NWs both processes

sensitively depend on the NW diameter [2]. A simple conversion of the incident number of

photons based on the absorption coefficient of bulk GaAs therefore largely overestimates the

actual carrier density. In order to still get a rough estimate of the exciton density in our thin-

ner wires, we assume that the probabilities of absorbing and emitting a photon are affected

to the same extent. This assumption is reasonable, because the excitation is near-resonant,

i.e., the absorbed and emitted photons approximately have the same wavelength. In our

time-resolved photoluminescence (TRPL) experiment, the reduced emission probability can

be measured and is directly observed as a large increase in the luminescence lifetimes for

d < 150 nm; from an averaged lifetime of τpl = 1.7 ns for diameters d = 150–530 nm to

τpl ≈ 75 ns at d = 60–65 nm. With the above assumption, we estimate that the absorp-

tion probability of a photon in the thinnest NWs is rescaled by the factor 1.7 ns
75 ns

≈ 1
50
. To
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maintain a comparable density of photo-excited excitons in all of our free-standing NWs,

we have compensated this maximally reduced absorption α′(hν) = 1
50
α(hν) by gradually

increasing the laser power to P̄ = 267.0 W/cm2, resulting in a slightly higher exciton density

n = 3×1017cm−3 in the thinnest wires (d = 60–65 nm).

Supporting Information 2 | Free exciton emission from phase-pure wurtzite GaAs

nanowires

In micro-photoluminescence (µ-PL) experiments on GaAs NWs, the co-existence of zin-

cblende (ZB) and wurtzite (WZ) crystal phase segments and their uncontrolled occurrence

within a single wire has hampered the unambiguous interpretation of low-temperature NW

emission properties [3–5]. In such defect-rich wires, photo-excited excitons are most often

localized at single crystal phase defects, or at randomly alternating layers of ZB/WZ GaAs,

giving rise to luminescence peaks below the emission energy of the free exciton [4]. At high

enough defect densities, the luminescence from these localized excitons entirely dominates

the PL spectrum and the emission from free excitons is not observed.

Forestalling this problem of exciton localization at crystal phase defects, several studies

dedicated to improve the GaAs crystal quality during growth reported the synthesis of

phase-pure GaAs NWs, both in the ZB [6–8], as well as in the WZ crystal phase [8–10].

Amongst these reports, our study correlating the phase-pure WZ crystal structure of a

single GaAs wire, as evidenced in transmission electron microscopy, with its low-temperature

luminescence emission revealed the emission peak of free and delocalized excitons, its spectral

position and its characteristic line-shape [9]. Benefiting directly from this insight, we can

now utilize the results of our previous efforts in the present study to preselect only those wires

from the grown ensemble for the time-resolved experiments, which show the characteristic

free-exciton emission features and thus evidence the absence of crystal phase defects.

To demonstrate the preselection process, we exemplarily discuss the emission features of

two single NWs; one with high crystal phase purity (wire 1), and one with low crystal phase

purity (wire 2), i.e., presumably a mixed crystal structure of ZB/WZ GaAs is present. The

wires were removed from the as-grown ensemble and transfered onto Si/SiO2 substrates.

Both have a nominal diameter and length of 80 nm and 3 µm. Figure 1 summarizes their

low-temperature luminescence emission properties obtained under low-power continuous-

wave (cw) excitation and outlines the selection process. In a spatially-resolved luminescence
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FIG. 1. (a), (b) False-color plots of the spatially-resolved low-temperature luminescence emission

from wire 1 and 2. Each pixel corresponds to the spectrally-integrated PL intensity obtained under

cw excitation at the respective position in space. Dark colors indicate the brightest luminescence

intensities. (c) Spectral position of the PL intensity maximum recorded along the wire axis. While

the peak position of the emission from the phase pure wire 1 remains constant along the wire at

1.520 eV, the peak intensity detected from wire 2 is lower in energy (E < 1.510 eV) and furthermore

varies along the wire, indicating a position dependent mixing of the underlying crystal structure. (d)

Representative emission spectra taken from the center of each wire. Both wires were continuously

excited with 1.8 eV photon energy and a time-average laser power of 2W/cm2. Note that the wires

in (a),(b) only appear much longer and broader due to the limited spatial resolution of the optical

measurement.

scan (see Fig. 1a,b), each wire appears as an elongated structure, as would be expected from

a homogeneously emitting NW and the difference in the crystal phase purity of the two

wires only becomes apparent from the peak position and the line-shape of their emission.
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In Fig. 1c we thus plot the emission energy of the PL intensity maximum as recorded along

the axis of each wire. Centered around 1.520 eV, the emission peak observed from wire 1

displays no significant position-dependence along the entire axis of the wire, demonstrating

the presence of a homogeneous crystal structure with high phase purity. Wire 2, on the other

hand, shows a significantly lower peak energy (E < 1.510 eV), which varies depending on

the position along the wire and therefore accounts for the mixed crystal structure underlying

wire 2.

A representative emission spectrum taken from the center of each wire is plotted in Fig. 1d

to further demonstrate the difference between the NWs. Wire 1 displays a single emission

peak at 1.520 eV with a narrow line-width of 1.7 meV, which evidences the emission from free

excitons in WZ GaAs NWs [9, 10]. At the contrary, the luminescence emission of wire 2 is

clearly inhomogeneously broadened as a result of a superposition of many different emission

lines, which also vary strongly along the wire axis. Such emission behavior is typical for the

uncorrelated occurrence of crystal phase mixing within a single wire.

We would like to note here that we indeed also observe a slight shoulder on the low-energy

side of the emission spectrum of wire 1. Because the spectral position and the line-shape of

this shoulder are constant along the wire axis, we exclude a crystal structure-related effect

and instead attribute this feature to a three-particle trion complex–single excitons bound to

residual charge carriers–that is also observed in high-purity two-dimensional GaAs structures

[11, 12].

Using low-temperature µ-PL, we can thus identify single wires with phase-pure WZ GaAs

crystal structure, which allow for the observation of the emission from free and delocalized

excitons. Under pulsed laser excitation, monitoring this emission peak in time-resolved

experiments thus in fact enables us to observe the intrinsic recombination dynamics of free

excitons in our wires.

Supporting Information 3 | Radiative vs. non-radiative recombination

Having identified free and delocalized excitons as the origin of the luminescence emission in

our NWs, we now address possible contributions to their recombination dynamics. As stated

in the main text of the manuscript, free excitons occupying the whole NW volume in less

than 200 ps [13] result in a homogeneous exciton distribution along the NW at later times.

Although the finite probing volume of our experimental approach can principally be sensitive
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to a diffusion-based decay, the fast time scales of the diffusion process preclude a contribution

to the NW luminescence decay for t > 200 ps. Subsequent to a pulsed excitation, photo-

carriers must therefore in principle decay through a variety of other channels, both radiative,

or non-radiative in nature. The most relevant decay channels contribute to the inverse of

the experimentally observed luminescence lifetime τpl via [14, 15]

1

τpl
=

1

τd
+

1

τa
+

4S

d
+

1

τr
. (2)

Accounting for the main non-radiative decay channels, the first term, 1/τd, represents

the non-radiative recombination at crystal point defects, the second term, 1/τa, accounts

for Auger recombination and the third term, 4S/d, is included to consider the diameter-

dependent recombination via surface states in NWs. Eventually, the last term, 1/τr, reflects

the radiative recombination of excitons. We will now discuss each of these processes for our

NW experiment.

In order to obtain insight into the process of non-radiative photo-carrier recombination

at crystal point defects involving deep-level impurities and phonon absorption, we have

investigated the temperature dependence of the total luminescence intensity in our NWs.

As exemplarily shown in Fig. 2 for two different NWs with d = 80 nm and d = 160 nm,

the PL intensity first increases as the temperature decreases from 300 K to 50 K and then

saturates for temperatures below∼50 K. Such a temperature dependence of the PL intensity,

already reported also for other GaAs/AlGaAs NWs [16], quantum wires [17] and quantum

wells [18], is commonly interpreted as a quenching of temperature-induced non-radiative

recombination at low temperatures [19]. Hence, defect-related recombination of excitons

does not seem to significantly affect the low-temperature luminescence decay observed in

our NW experiments.

Moreover, at the photo-excited exciton densities of our experiment (n ≈ 1017cm−3) we

can neglect Auger recombination, which only starts to contribute significantly to the lumi-

nescence decay in GaAs for carrier densities n > 1018cm−3 [14, 20, 21].

Most importantly, since it constitutes a major source of photo-carrier loss in unpassivated

GaAs NWs [22–24], we now address the non-radiative recombination of excitons via surface

states. Various studies addressing this problem in GaAs NWs have demonstrated the efficient

suppression of non-radiative surface recombination by epitaxially overgrowing the bare GaAs

core with a quasi-lattice matched, high band gap shell made of AlxGa1−xAs, which can be
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FIG. 2. Temperature dependence of the total PL intensity recorded from two exemplary NWs with

d = 80nm and d = 160 nm under cw excitation with a laser energy of 1.8 eV and an average exci-

tation power of 1 kW/cm2. Both wires are dispersed on Si/SiO2 substrates and their PL intensity

was normalized to the maximum value obtained in each measurement series. The intensity behavior

indicates a saturation of temperature-induced non-radiative recombination events for temperatures

below T ∼ 50K.

furthermore capped by a thin layer of GaAs to prevent oxidation of the shell [22, 23, 25, 26].

In one such study, Chang et al. in fact report a decrease of the surface recombination

up to orders of magnitude when a GaAs NW core is passivated by an Al0.15Ga0.85As shell

with thickness varying from 0 nm to 11 nm [25]. The lowest value of the remaining surface

recombination velocity is measured to be S ≈ 2×103cm/s.

We take their value for a straightforward numerical evaluation of Eq. (2) to show that sur-

face recombination is even more strongly suppressed in our GaAs wires covered by a 10 nm-

thin shell of Al0.36Ga0.64As and a GaAs cap layer of 5 nm. Firstly, a surface recombination-

limited lifetime should decrease as the NW diameter decreases (τpl ∼ d, cf. Eq. (2)), which is

conflicting considering the general increase of the luminescence lifetimes in our experiment

(see Fig. 3 of the manuscript) as the wire diameter decreases. Secondly, for S ≈ 2×103cm/s,

the luminescence lifetime would be limited by τpl ≈ 15 ps× (d/nm). This, however, directly

contradicts our experimental observation: For d < 120 nm, the lifetimes we determine in

our free-standing NWs are already longer than the non-radiative lifetimes expected from the

surface recombination velocity S given by Chang et al. Our experimental observation of very
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long luminescence lifetimes is thus in line with the recent report from Joyce et al. advoca-

ting the quasi-perfect surface passivation of a GaAs core in the presence of an Al0.4Ga0.6As

shell, which suppresses the surface recombination of excitons [27]. Particularly the unusually

long lifetimes τpl > 75 ns at d = 60 nm strongly dismiss any significant contribution of non-

radiative surface recombination to the luminescence decay in our core/shell NWs. Expressed

in terms of surface recombination, they indeed provide an upper limit, S < 2×101cm/s, for

the surface recombination velocity in our NWs.

According to the discussion outlined above, in the absence of efficient non-radiative re-

combination channels, the luminescence decay observed in our experiments–and in particular

the diameter-dependence of the luminescence lifetime shown in Fig. 3 of the manuscript–is

indeed dominated by the radiative recombination process of free excitons in our NWs. While

this process also includes the complex interactions of non-resonantly excited excitons [17],

we believe that our experiment predominantly reflects the dependence of the spontaneous

emission of excitons on the local density of photon states [28, 29]. This conclusion is directly

supported by the good overall agreement between our experimental results and the theo-

retical description of the excitons’ spontaneous emission into the photonic NW waveguide

modes.

Supporting Information 4 | Analytical and numerical simulations

Analytical 1D current model The spontaneous emission process of excitons in the

NWs is described by a 1D current model [30]. The NW emission is determined by a line

current along the NW axis, I(z), produced by a point dipole (representing the exciton emis-

sion) at position z0 that excites a guided mode. For parallel and perpendicular polarization,

these displacement currents can be written as I = I(z, z0)ẑ (emission by dipoles parallel to

the NW axis, p‖) and I = I(z, z0)ŷ (emission by dipoles perpendicular to the NW axis, p⊥),

with:

I(z, z0) = I0
eıkzz0 ± reıkzLe−ıkzz0

1− r2e2ıkzL
(
reıkzLeıkzz − e−ıkzz

)
, for − L/2 ≤ z < z0, (3a)

I(z, z0) = I0
reıkzLeıkzz0 ± e−ıkzz0

1− r2e2ıkzL
(
eıkzz − reıkzLe−ıkzz

)
, for z0 ≤ z < L/2, (3b)

where the ± sign depends on the dipole character (electric or magnetic) and the specific

mode being excited. r is the mode reflection coefficient at the NW ends, I0 is the current
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FIG. 3. (a) Dispersion relation for the lowest-order guided modes in cylindrical waveguides of

diameter D and refractive index n = 3.43 (GaAs at λ = 815 nm).

intensity, k0 is the wavevector of light in the surrounding media and kz is the wavevector of

the specific guided mode. The dispersion relation for the lowest-order modes in the range

of interest is shown in Fig. 3.

As shown elsewhere [30], the resulting electric far field components for parallel dipoles p‖

are:

Eθ =
ık0η0
4π

sin θ

∫ L/2

−L/2
I (z, z0) e

−ık0z cos θdz, (4a)

Eφ = 0, (4b)

while for perpendicular dipoles p⊥ are:

Eθ =
ık0η0
4π

cos θ sinφ

∫ L/2

−L/2
I (z, z0) e

−ık0z cos θdz, (5a)

Eφ =
ık0η0
4π

cosφ

∫ L/2

−L/2
I (z, z0) e

−ık0z cos θdz. (5b)

Now, let us consider a free dipole in a homogeneous environment characterized by its total

rate of energy dissipation, P0 and decay rate, γ0. In the presence of an inhomogeneous

environment these quantities are modified and, in the absence of non-radiative losses, the

new decay rate, γ, is

γ =
P

P0

γ0, (6)
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where P is the total rate of energy dissipation in the inhomogeneous environment [31, 32].

Since P0 and γ0 are constants of the dipole emission (exciton luminescence), if we calculate

P from the 1D current model, we obtain the modification in γ, and therefore the change in

the lifetime (τ = 1/γ).

For the calculations, a constant value of the reflection coefficient r = 0.4 has been consi-

dered. Although r depends on the diameter, we have checked that the results do not change

qualitatively. The current intensity I0 has been determined by the fraction of mode energy

stored in the different components of the electric field inside the NW. For parallel dipoles,

I0 ∝
∫ D/2
0
|Ez|2/Weρdρ, while for perpendicular dipoles I0 ∝

∫ D/2
0

(|Ex|2 + |Ey|2) /Weρdρ,

where We ∝
∫∞
0
|E|2ρdρ is the total energy stored in the electric field. Since the NW acts as

a Fabry-Perot cavity, P strongly depends on the position of the dipole z0; thus we average

the total power over a range of z0 ± 400 nm along the NW axis.

Numerical simulation The numerical simulations were performed using the com-

mercial software COMSOL Multiphysics v5.2a. The simulated space consists of a circular

cylinder of length L and diameter D, representing the NW, and two concentric spheres with

center coinciding with that of the cylinder. In the outer sphere an additional spherical layer

was added and defined as a perfectly matched layer that absorbs all the outgoing radiati-

ons. In the inner spherical boundary additional post-processing calculation are performed

to compute the total radiated power P . At the NW axis a point dipole is placed, avera-

ging P over different positions. From the simulation, the effect of all radiation channels are

included. In addition, P0 can be also calculated.

Discussion of the modeled lifetimes The results of the 1D current model for the

HE11 mode are shown in Fig. 4a. For comparison, Fig. 4b also displays the diameter de-

pendence of the lifetime for the TM01 mode. It is seen that the HE11 mode emitted from

perpendicular dipoles clearly dominates the lifetime, qualitatively describing the observed

experimental behavior, as discussed in the main text of the publication. The TM01 mode

only contributes marginally, in particular below D < 300 nm. We do not show the depen-

dence for the TE01 mode, since we found its contribution to be negligible below D < 300 nm

in our model.

Noting the possibility of contributions from emission into other available modes, motiva-

ted us to set up the numerical model described above, including all radiation channels. The

diameter-dependence is shown in Fig. 4c. As discussed in the main text of the publication,
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FIG. 4. (a), (b) Results for the 1D current model: Inverse of the total rate of energy dissipation

P for (a) the HE11 and (b) TM01 guided mode. Both graphs are normalized to the maximum

of P given by the parallel dipole p‖. (c) Modification of the lifetime calculated numerically with

COMSOL.

this model is very close to the experimentally observed diameter-dependence, illustrating a

slight mitigating contribution of the other modes in addition to the dominant trend set by

the fundamental HE11 mode.

According to group symmetry arguments, the WZ crystal structure of our NWs inhibits

the emission from parallel dipoles [33]. Correspondingly, only the emission from the per-

pendicular ones is compared to the experimental data in the main text of our publication.

Figure 4a and b here also show the emission from parallel dipoles to demonstrate that even

if a small relaxation of the group symmetry-derived selection rules were to occur, these pa-

rallel dipoles will not dominate the diameter-dependence of the lifetime. In addition, the

numerical COMSOL simulation in Fig. 4c clearly shows that, taking all radiation channels

into account, the emission from parallel dipoles does not describe the experimentally ob-

served diameter dependence, while the perpendicular dipoles represent an excellent match.

From this, we deduce that the selection rules imposed by the WZ crystal symmetry are not

significantly relaxed in our NWs.

Supporting Information 5 | All-dielectric spatial control of mobile emitters

As shown in the manuscript, a local variation of the dielectric environment surrounding a

single wire allows us to tune the spontaneous emission of excitons along the axis of the NW.

The colored scanning electron micrograph in Fig. 5a shows the same NW suspended between

10



FIG. 5. (a) Scanning electron micrograph of the same NW shown in Fig. 4 of the manuscript. The

wire supported on both ends by a SiO2 stripe (highlighted by transparent yellow rectangles), while

in between a 3 µm long section of the wire is surrounded by vacuum. (b) Microscope images of

the PL intensity and the corresponding intensity profiles extracted along the axis of the NW. Both

profiles are normalized to the maximum intensity in the left panel and the encircled numbers in (a)

mark the position of the laser excitation spot. For this experiment, the laser energy was 3.1 eV.

The brightest part of the luminescence follows the excitation spot, excluding any structural effects

as the reason for the position dependent luminescence profile.

two neighboring stripes with both ends (position ¬ and ®) as the one depicted in Fig. 4a of

the manuscript; there we show the difference in the spatial luminescence emission between

a NW on SiO2 stripes and a NW, taken from the same wafer, which is dispersed on a plain

Si/SiO2 substrate.

Here, in the right panel of Fig. 5b, we furthermore demonstrate that the excitation of

the same wire at the opposite end (marked as position ®) spatially inverts the luminescence

profile. This observation excludes the influence of any structural anisotropies as a source

for the position dependent luminescence emission along the wire. We note that it also

discerns our observation from an entirely different effect, which is similar in appearance,

but based on the scattering of light at the ends of a waveguide and thus entirely different

in nature. It is thus fully consistent with our interpretation of a locally tuned spontaneous

exciton emission. Concomitantly to this emission tuning, the modified mode dispersion for

the sections in contact with Si/SiO2 compared to the section surrounded by vacuum will

additionally minimize the brightness of the nanowire section surrounded by vacuum.
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