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  1. Introduction 

 The successful incorporation of semiconductor nanowires 
(NWs) into opto-electronic and photovoltaic devices as both 
elements and interconnects has sparked intense interest in the 
nature of carrier dynamics in such nanoscale materials. [  1–6  ]  
Optical probing of ultrafast carrier dynamics in these materials 
has provided valuable insights here into both the quantum-
confi ned and surface-mediated behavior of carriers. [  7–10  ]  
For nanowires with diameters much larger than the exciton 
Bohr radius, the carrier relaxation is strongly affected by 
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unsaturated surface defects, which also increase the nonradia-
tive recombination rate of excitons. [  11–13  ]  We have previously 
shown that by overgrowing the NW surface with a layer of 
large-bandgap semiconductor, the surface defect density can 
be reduced tremendously resulting in strong increases of 
charge carrier lifetimes towards their intrinsic bulk values. [  14  ]  

 The conducting-to-insulating phase transition in semi-
conductor has been studied extensively both in bulk and 2D 
structures [  16–21  ]  since the original concept was developed by 
Mott. [  22  ]  In a semiconductor, such transitions result from 
screening of the attractive Coulomb interaction between an 
electron and a hole by the surrounding bound or free charge 
pairs, which increases with pair density. Following nonreso-
nant excitation, the photoluminescence (PL) of a semicon-
ductor with direct bandgap is fi rst characterised by the 
recombination of unbound electron–hole pairs with Fermi-
energy that shows signifi cant occupation at high energy and 
bandgap renormalization (BGR) caused by exchange and 
correlation effects. As the pair density reduces, excitonic 
emission subsequently begins to dominate the PL spectra. 
Despite initial expectations, Mott transitions have often been 
found to be smooth crossovers across a range of electron–
hole pair densities for both bulk semiconductors [  21  ,  23  ]  and 2D 
semiconductor quantum wells. [  24  ,  25  ]  

 We report here on femtosecond time-resolved meas-
urements conducted to investigate the transition from an  DOI: 10.1002/smll.201200156 
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 The dynamics of free electron–hole pairs and excitons in GaAs–AlGaAs–GaAs core–
shell–skin nanowires is investigated using femtosecond transient photoluminescence 
spectroscopy at 10 K. Following nonresonant excitation, a bimolecular interconversion 
of the initially generated electron–hole plasma into an exciton population is observed. 
This conducting-to-insulating transition appears to occur gradually over electron–
hole charge pair densities of 2–4  ×  10 16  cm  − 3 . The smoothness of the Mott transition is 
attributed to the slow carrier-cooling during the bimolecular interconversion of free 
charge carriers into excitons and to the presence of chemical-potential fl uctuations 
leading to inhomogeneous spectral characteristics. These results demonstrate that 
high-quality nanowires are model systems for investigating fundamental scientifi c 
effects in 1D heterostructures. 
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initial hot electron–hole plasma to a relaxed exciton density 
in high-quality GaAs–AlGaAs–GaAs core–shell–skin NWs 
at substrate temperatures of 10 K. The coaxial type-I hetero-
junction confi nes all carriers within the GaAs core through 
the use of the higher bandgap AlGaAs shell layer. The 
resulting nearly defect-free NW core allows the observation 
of contributions to the photoemission from both free (uncor-
related) and bound charge pairs (excitons). We fi nd that fol-
lowing nonresonant excitation with a femtosecond pulse, 
the NW emission reveals a fast, charge-density-dependent 
interconversion from the initial free electron–hole plasma to 
a predominant exciton population. We are able to quantify 
the time-evolution of this conducting-to-insulating transi-
tion through the use of a coupled rate equation model that 
accounts for the bimolecular formation of excitons from the 
plasma, exciton-carrier ionization and radiative recombina-
tion. In addition, we directly monitor the charge dynamics 
at the Mott transition from time-resolved PL spectra. We 
fi nd that with time after excitation, the homogeneous line 
width of the emission reduces gradually, while the PL peak 
becomes centered at the exciton energy and bandgap renor-
malization effects are reduced below the exciton binding 
energy. All three markers indicate that the Mott transition 
in high-quality NWs occurs gradually with decreasing charge 
pair density around a range of 2–4  ×  10 16  cm  − 3 . We suggest 
two possible reasons for the origin of the smooth transition, 
which are the long time taken for the carrier cooling to the 
lattice temperature during the bimolecular interconversion 
of free charge carriers into excitons and the presence of inho-
mogeneities that may lead to local chemical potential fl uctua-
tions in the NWs. We fi nd that if the passivating shell layer is 
absent (i.e., in “bare” GaAs core NWs) both free-charge pair 
and exciton dynamics become dominated by rapid trapping 
at defect sites within a few picoseconds after excitation.   

 2. Results and Discussion 

  2.1. Time-Integrated PL Spectra from GaAs Nanowires 

   Figure 1  a shows a scanning electron microscopy (SEM) 
image of the as-grown GaAs nanowires under investigation: 
these comprised a GaAs core of 50 nm diameter, overcoated 
with a 30 nm thick AlGaAs shell which was protected by an 
outer skin layer (5 nm of GaAs). As previously reported, 
GaAs core–shell–skin (CSS) nanowires exhibit low defect 
density [  14  ]  allowing the observation of strong photolumines-
cence following excitation. Figure  1 b shows the normalized 
time-integrated PL spectra measured for these NWs for a 
range of excitation fl uences. At low excitation fl uence, the 
PL spectrum is dominated by free exciton recombination 
(sharp peak at 1.521 eV) and also displays a weaker defect-
mediated exciton recombination (peak at 1.50 eV). These 
defect trapping sites saturate quickly and free-exciton 
recombination is found to dominate the PL spectrum for 
excitation fl uences above  ∼ 0.2  μ J cm  − 2 , indicating the high-
quality nanowires obtained from such growth mechanism. 
As the excitation fl uence is increased further, a high-energy 
tail begins to emerge above the exciton energy, which we 

ascribe to an increasing contribution of band-to-band 
plasma recombination to the emission. Figure  1 b further 
reveals that the peak of the PL remains fi xed at the exciton 
emission energy of the NWs while the intensity of the 
higher-energy electron–hole plasma emission increases suc-
cessively with the excitation density. The inset of Figure  1 b 
demonstrates a gradual increase of the full-width at half-
maximum (FWHM) of the overall PL, as the excitation 
density is increased. These data therefore suggest that as 
the nonresonant excitation density is increased, the forma-
tion of excitons from initially created unbound free-carrier 
is weakened, which can be attributed to increasing charge-
carrier screening effects. [  20  ]     

 2.2 Time-Resolved Nanowire Emission and Analysis 

 In order to probe the dynamic exchange between such 
exciton and electron–hole plasma populations we conducted 
time-resolved PL measurements on the GaAs-CSS nanowires. 
We recorded the dynamics of the exciton population at the 
exciton emission peak ( E  x   =  1.52 eV) and monitored the 
electron–hole radiative plasma recombination at suitably 

      Figure  1 .     a) The SEM image of as-grown GaAs core–shell–skin nanowires 
on a GaAs(111)B surface. b) Normalized time-integrated PL spectra 
of GaAs core–shell–skin nanowires at 10 K for a range of excitation 
fl uences. The inset shows the full-width at half-maximum (FWHM) of 
the full PL spectra as a function of excitation fl uence. The dashed line 
is a guide to the eye.  
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higher energy ( E  eh   =  1.55 eV) in order to avoid overlapping 
signals. In addition, we kept the excitation fl uence range low 
(≤1  μ J cm  − 2 ) in order to ensure that contaminating contri-
butions from the plasma emission at the exciton emission 
energy were negligible. 

   Figure 2   shows the normalized emission transients meas-
ured for exciton recombination and electron–hole plasma 
recombination. With increasing injected charge carrier 
density, the excitonic PL rises increasingly fast and decays 
increasingly quickly. This fast initial rise of the excitonic PL 
is matched by a corresponding decay of the electron–hole 
plasma recombination, both of which exhibit a fast (~5 ps) 
and a slow component (~150 ps). These dynamics suggest 
that excitons in high-quality NWs are formed via bimolecular 
recombination of the uncorrelated electron–hole plasma, 
which may be mediated by interaction of carriers with lon-
gitudinal optical (LO) and acoustic (AC) phonons. [  28  ]  Such 
mechanisms have previously been observed for 2D quantum 
wells: [  29  ]  with increasing carrier density, the increased prob-
ability of binding an electron to a hole through phonon 
interaction was found to lead to an increase in the exciton 
formation rate. Here we demonstrate that high-quality GaAs 
nanowires can also exhibit such slow, bimolecular exciton 
formation from an initially generated uncorrelated electron–
hole plasma.  

 We may rule out alternative explanations for the 
observed dynamics, such as charge trapping or bimolecular 
exciton–exciton annihilation for the following reasons. 

Charge carrier trapping, e.g., at surface defects, should lead 
to increasing excitonic emission lifetimes with increasing fl u-
ence near the trap saturation regime [  14  ]  or negligible fl uence-
dependence signifi cantly below it, which is contrary to what 
we observe. Exciton–exciton annihilation processes are also 
unlikely to be of any infl uence here because in bulk semicon-
ductors they are restricted by energy and momentum con-
servation requirements [  30  ]  and even in quantum wires, where 
such restrictions are lifted, these processes operate at charge 
densities that are over two orders of magnitude higher [  30  ,  31  ]  
than those employed here. 

 To gain further insight into the dynamics of exciton for-
mation from free carriers, we apply a model based on coupled 
rate equations that includes carrier–exciton interconversion 
as well as radiative and nonradiative recombination of exci-
tons and free carriers. [  32  ]  Here, the exciton formation con-
stant  C  governs the bimolecular formation of excitons with 
density  X  from an electron–hole plasma with charge density 
 n . Recombination within the uncorrelated electron–hole 
plasma is governed by both radiative, bimolecular mecha-
nisms (plasma constant  B ) or nonradiative, defect-mediated 
mechanisms (  τ   nr ) while exciton recombination is a monomo-
lecular process with lifetime   τ   NW :

 

dn

dt
= −Cn2 + Cn2

eq − n

τnr
− Bn2, n(0) = ni ;

d X

dt
= Cn2 − Cn2

eq − X

τNW
, X(0) = 0.

  

(1)

   

where  n  i  is the injected carrier density. As shown by 
Piermarocchi et al.,  C  can be further divided into contributions 
arising from both acoustic ( C  AC ) and optical ( C  LO ) phonons, 
both of which mediate the exciton formation process [  28  ]  (see 
Supporting Information (SI) for more details). The recombi-
nation lifetime of excitons,   τ   NW , can be directly determined 
from the excitonic emission at long times after excitation, 
for which free-charge interconversion into excitons has been 
completed. For this purpose, we extended the measurements 
shown in Figure  2 a to long (1.5 ns) delay times using a time-
correlated single photon counting (TCSPC) system (see SI). 
The monoexponential decay of the excitonic PL at long delay 
time thus allows us to extract an exciton recombination life-
time of   τ   NW   =  420 ps from single-exponential fi tting. Further-
more, the extracted exciton recombination rate is independent 
on the excitation density at the low excitation fl uences used, 
which supports the notion of a low defect density in these 
high-quality nanowires. We therefore set the nonradiative free-
charge recombination constant to a large value of   τ   nr   =  1000 ps, 
to refl ect that such defect-mediated processes are unlikely to 
have any signifi cant effect on the free-charge plasma decay. 
The radiative plasma recombination constant  B  [  33  ]  is taken to 
be the value for bulk GaAs,  B   ≈  6.9  ×  10  − 19  cm 3  ps  − 1 , given that 
the nanowires investigated here exhibit negligible quantum 
confi nement. Finally,  n  eq ( n ,  X ,  T ) is the equilibrium free car-
rier concentration given by the law of mass-action, [  34  ,  35  ]  for 
which we again chose the 3D (bulk) version: [  36  ] 

 

n2
eq

X
= K (Te) = 2

(
μX kBTe

2πh̄2

)1.5

exp
(

− EB

kBTe

)
,
  

(2)
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      Figure  2 .     a) Normalized PL transients of GaAs-CSS NWs measured at 
the emission energy of the exciton at 1.52 eV for a range of excitation 
fl uences. b) Normalized radiative plasma decay traces measured at 
1.55 eV. The spectral window over which PL was collected is set by 
the system’s resolution (0.03 eV) which is limited by the high time 
resolution (200 fs).  
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where   μ  x   is the reduced exciton mass and  E  B  is the exciton 
binding energy (taken to be the GaAs bulk values of 0.0546 m  e  
and 4.6 meV, [  20  ]  respectively) and  K  is the equilibrium con-
stant which depends on the carrier temperature  T  e . The term 
 Cn  eq  2  therefore describes the exciton ionization rate. [  35  ]   h̄    
and  k  B  are the reduced Planck’s constant and the Boltzman 
constant, respectively. 

 The photoluminescence data shown in Figure  2  directly 
link to the exciton density  X  and free carrier density  n  that 
are the solutions to  Equation 1 . First, the emission transients 
taken at the exciton emission energy (Figure  2 a) are directly 
proportional to  X ( t ). Second, the free-charge density  n ( t ) 
can be computed from the measured plasma emission  I  plasma  
(Figure  2 b) using their direct relationship,  n ∝ √

IplasmaT 1.5
e   . 

We use the well-established functions describing the charge 
carrier cooling processes in bulk GaAs [  37  ]  in order to extract 
 n  from  I  plasma  with the result shown in  Figure    3  . Details of 
the full procedure used for extracting  n  in this manner are 
provided in the SI.  

 Figure  3 a,b show the best fi ts to the free-carrier and 
exciton densities data obtained through the solution of the 
coupled rate  Equation 1 , with  C  AC  ,  and  C  LO  being the only 
free parameters. The excellent agreement between the data 
and the model confi rms the occurrence of a gradual con-
ducting-to-insulating transition in the nanowires, i.e., excitons 
are formed over time through a bimolecular process from 
unbound free carriers. The faster decay of excitonic PL at 
higher excitation density is therefore attributable to the faster 

exciton generation. Here, the contribution of band-to-band 
recombination of unbound free-charge-carrier becomes dom-
inant at increasing excitation density and competes directly 
with the exciton formation at early time delay. The transition 
from a conducting to an insulating phase occurs at later times 
after excitation, as a result of the decreasing screening effi -
ciency of charge-carriers in the nanowires. [  16  ,  17  ]  

 We have also carried out identical measurements on 
GaAs nanowires that lack the shell-passivating layers of 
AlGaAs and GaAs. For these “bare” GaAs nanowires we 
fi nd that both excitonic and charge carrier recombination is 
dominated by the rapid trapping at surface defects (see SI) 
in agreement with previous measurements of time-resolved 
terahertz conductivity dynamics in these materials. [  13  ,  14  ]  By 
again fi tting model solutions to the data as described above 
and using identical parameters, but letting   τ   NW  and   τ   nr  vary, 
we extract a value of 6 ps for these two time constants. 
These results show that effective defect passivation must be 
achieved in order for semiconductor nanowires to display 
intrinsic excitonic and charge properties.   

 2.3 Spectral Evolution of the Nanowire Emission 

 To gain further insights into the conducting-to-insulating 
transition, we measured the time-evolution of the PL 
spectra for GaAs-CSS nanowires under different excita-
tion fl uences. Two representative sets of time-resolved PL 
spectra measured at excitation fl uences of 0.5 and 1  μ J cm  − 2  
are shown in  Figure    4  . At early time delay, the PL is blue-
shifted from the exciton energy and spectral broadening 
can be observed, with Fermi-fi lling [  21  ,  25  ]  causing charge 
recombination above the band edge. At longer time-delay, 
the PL spectra shift to the centre at the exciton peak energy 
and spectrally narrow. These changes occur as the free-
carrier density is depleted by band-to-band recombina-
tion and exciton formation until a predominantly excitonic 
phase has formed. [  8  ,  21  ]   

 For a more quantitative analysis,  Figure    5   plots the peak 
position of the PL spectra as a function of time, together with 
the total electron–hole pair density ( N   =   n   +   X ) extracted from 
the model as described above. For PL spectra collected under 
initial excitation fl uence of 0.5  μ J cm  − 2 , the PL peak centers 
at the exciton emission energy at a time delay of ~30 ps. 
This occurs at longer time delay of ~150 ps, when the exci-
tation fl uence is increased to 1  μ J cm  − 2 . These observations 
confi rm that an increasing contribution to the total PL comes 
from the radiative recombination of free charge carriers as 
the fl uence is increased, consistent with the time-integrated 
PL measurements shown in Figure  1 . In theoretical support 
of this argument, we calculate the bandgap renormalization 
energy (BGR), as induced by the exchange and correlation 
of electron–hole pairs in the nanowires. It has been estab-
lished that an excitonic phase appears when the BGR is com-
parable to the excitonic binding energy ( E  B ). Vashishta and 
Kalia [  38  ]  showed that the sum of the exchange and correla-
tion energies is independent of the band structure and can be 
determined from the electron–hole pair density and exciton 
binding energy as:

      Figure  3 .     a) Free carrier density  n  and b) exciton density  X  in the 
GaAs-CSS NWs as a function of time after excitation for three different 
excitation fl uences. Open symbols are data points while solid lines are 
fi ts based on the coupled-rate equation model described in the text. 
The experimental data for the free carrier density were converted from 
the decay traces of the radiative plasma emission shown in Figure  2 b 
using the method described in the SI.  
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�BGR = −EB(−4.8316 − 5.0879rs)

0.0152 + 3.0426rs + r 2
s

,
  

(3)
   

   where  r  s  is a dimensionless quantity defi ned by the volume 
occupied by a carrier pair in the plasma compared with that 
for an exciton of radius  a  b , that is, [  38  ,  39  ]   rs = (

4/3nπa3
b

)−1/3  . By 
taking the uncorrelated plasma density  n  from the fi ts to the 
emission transients as described above, we are able to plot 
the theoretically expected value ( E  eh   +   Δ  BGR ) of the low-
energy emission edge (red line) in Figure  5 , together with 
the overall electron–hole pair density  N   =   n   +   X  (blue line) 
and PL peak position (green diamonds). We fi nd that the PL 
peak gradually shifts to become centered at the exciton emis-
sion energy, simultaneously with the band edge  E  eh   +   Δ  BGR  
(red line) crossing the exciton line (dashed black line). At 
this point the Coulomb screening becomes effectively weaker 
than the exciton binding [  20  ]  which therefore marks the com-
mencement of the excitonic phase. This transition appears to 
be smooth and gradual and occurs when the total electron–
hole pair density is reduced to ~2–4  ×  10 16  cm  − 3 . These data 

also show again that as the excitation density is increased, 
the free-carrier-to-exciton interconversion is weakened by 
the presence of Coulomb screening, resulting in delayed 
commencement of the excitonic phase and enhanced car-
rier recombination via direct band-to-band transitions. These 
observations therefore support the model described above 
and are consistent with the time-integrated emission spectra 
shown in Figure  1 b. 

 Such smooth transitions from an excitonic to a free 
charge plasma phase have been found previously to occur 
for both bulk semiconductors [  23  ]  and quantum wells. [  25  ,  32  ]  
We give two main reasons for why a gradual transition may 
also be observed for the GaAs nanowires investigated here. 
First, it is well-established that the carrier cooling is rather 
slow in GaAs due to the weak acoustic phonon coupling [  37  ]  
and hence the carrier temperature  T  e  is higher than the lat-
tice temperature  T  l  over the 500 ps observation window 
(see SI). The Mott criterion depends on the charge car-
rier temperature (for thermal lattice energies smaller than 
the exciton binding energy) [  20  ]  and therefore evolves with 
time after nonresonant excitation. In particular, the bimo-
lecular interconversion of free charge carriers into excitons 
in the nanowires occurs concomitantly with the slow car-
rier cooling which can induce a broadening of the observed 
transition from an electron–hole plasma to an excitonic 
phase. The Mott density  N  M  denotes the electron–hole pair 
density at which the Debye–Hückel screening length ( K  D ) 
becomes comparable to the exciton Bohr radius ( a  b ), which 
yields: [  20  ] 

      Figure  5 .     a) Schematic diagram for the Mott transition from uncorrelated 
free charge carriers into excitons. Temporal evolution of the peak 
energy of the total emission spectrum including plasma and excitonic 
contributions (green diamond) and the calculated band edge position 
(red solid line) and total electron–hole pair density (blue solid line) for 
excitation fl uences of b) 0.51 and c) 1.02  μ J cm  − 2 . The exciton emission 
energy is indicated as dashed black line while the dotted red lines are a 
guide to the eye indicating where the Mott-transition commences.  
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      Figure  4 .     PL spectra obtained at various times after pulsed excitation 
with fl uences of a) 0.51 and b) 1.02  μ J cm  − 2  for GaAs-CSS NWs. At early 
times, both high-energy emission from the electron–hole plasma and 
excitonic emission are observable, while at late times the PL converges 
towards predominantly excitonic emission. The pairs of vertical dashed 
lines indicate the spectral linewidths at half maximum for early 
(1 ps) and late (400 ps) time-delays. At later times after excitation, the 
predominantly excitonic spectra are broadened by both the spectral 
resolution of the system (limited by the high time resolution) and 
nanowire inhomogeneities.  
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NM = (1.192)

εrεokBTe

e2a2
b   

(4)
   

where   ε   o  is the vacuum permittivity and   ε   r  is the relative 
dielectric constant. In a bulk semiconductor, excitons are 
expected to become unstable when the electron–hole pair 
density exceeds the Mott limit. We calculated the theoretical 
Mott density from  Equation 4  using the simulated carrier 
temperature (see SI) and fi nd that following initial fast carrier 
cooling within the fi rst 10 ps after excitation,  N  M  decreases 
from ~4  ×  10 16  to 2  ×  10 16  cm  − 3  over the next 500 ps. These 
values are in excellent agreement with those we observe 
from the experimental spectral features shown in Figure  5 . At 
excitation fl uences signifi cantly higher than those employed 
in these transient PL measurements, the Mott limit will be 
exceeded and we indeed observe a distinct quenching of the 
excitonic emission and increase in plasma contribution to the 
time-integrated PL spectra for excitation fl uences exceeding 
~1.5  μ J cm  − 2  (see Figure  1 b). 

 A second plausible cause for the observed gradual Mott 
transition is the existence of inhomogeneities in the material. 
We may rule out the presence of charge carrier density gra-
dients in the nanowires as our experimental conditions were 
carefully chosen to avoid these (see SI). However, the TIPL 
spectra of the nanowires show an exciton linewidth that is 
much larger than thermal broadening effects to be expected 
at 10 K. This suggests that carriers within the nanowires expe-
rience chemical potential fl uctuations which may also affect 
their confi nement and Coulomb interaction energies, leading 
to partially overlapping emission features from excitons and 
free-carriers. Such variations can possibly arise from compo-
sition gradients, nanowire diameter fl uctuation or unexpected 
doping near the core–shell interfaces during the growth. 
Previous measurements on single GaAs nanowires pro-
duced from similar growth techniques have shown linewidth 
broadening of 23 meV at 10 K, attributed to strain and com-
positional non-uniformities. [  15  ]  It should be stressed that the 
measurements presented here were carried out on nanowire 
ensembles and hence further broadening is to be expected. 
SEM images show that both nanowire-to-nanowire diameter 
changes ( ± 5 nm) and slight ( < 3 nm per micrometer length) 
tapering of individual nanowires [  26  ]  occur in these materials. 
Variations in lateral width are common features even in high-
quality semiconductor nanostructures and have been investi-
gated in detail for 2D heterostructures [  40  ]  and more recently 
for tetrapod nanostructures. [  41  ]     

 3. Conclusion 

 In conclusion, we demonstrate that nonresonant excitation 
of nearly defect-free semiconductor nanowires is followed 
by bimolecular interconversion of the initially generated free 
electron–hole plasma into an exciton population. An increase 
in excitation fl uence leads to faster initial exciton formation, 
while at long times and low charge-pair densities a reduc-
tion of the exciton formation rate presents an obstacle to the 
system attaining thermal equilibrium. Analysis of the emission 
lineshape showed that the conducting-to-insulating transition 

occurs gradually over total electron–hole charge pair density 
of 2–4  ×  10 16  cm  − 3 . We attribute the smoothness of this Mott 
transition to the slow carrier cooling during the bimolecular 
interconversion of free charge carriers into excitons and the 
presence of chemical-potential fl uctuations. For “bare” GaAs 
core NWs for which the passivating shell layer was absent we 
found that both free-charge and exciton dynamics are domi-
nated by rapid trapping at defect sites within a few picosec-
onds after excitation and thus a clear Mott transition cannot 
be observed. For nanowires the surface-to-volume ratio is 
inherently high, which results in optoelectronic properties 
highly sensitive to surface defect states. Our results there-
fore demonstrate that high-quality nanowires are model sys-
tems for investigating fundamental scientifi c effects in 1D 
heterostructures.   

 4. Experimental Section 

  Growth of GaAs Core–Shell–Skin Nanowires:  GaAs core–
shell–skin (CSS) NWs were grown on semi-insulating GaAs(111)
B substrates with a 50-nm gold-colloid seeded vapor-liquid-solid 
metal-organic chemical vapor deposition technique. Trimethyl-
gallium and AsH 3  were used as precursors. The NWs were grown 
via a two-temperature growth procedure to minimize the forma-
tion of twin-defects. [  26  ]  The growth was initiated with a nuclea-
tion step at high temperature (450  ° C) and rapidly ramped down 
to the subsequent growth temperature (375  ° C). We have previ-
ously shown that the coaxial overgrowth of 30 nm AlGaAs/ 5 nm 
GaAs shell–skin layers onto the surface of the GaAs NW cores 
is essential to reduce the surface defect density and to prevent 
the oxidation of the AlGaAs layers. [  14  ]  The AlGaAs shell layer was 
grown at higher temperature (650  ° C) to obtain compositional 
and structural uniformity, as confi rmed in a representative SEM 
image shown in Figure  1 a. Full details of the growth procedure 
have been previously reported. [  14  ,  26  ]  To eliminate the otherwise 
dominant photoluminescence signal from the GaAs substrate, 
the NWs were then transferred from the as-grown substrate to 
a z-cut quartz substrate by gently touching the two substrates 
together. 

  Time-Integrated and Time-Resolved Photoluminescence 
Measurements:  For time-integrated and time-resolved photolu-
minescence (PL) measurements, the sample was maintained at a 
temperature of 10 K in a liquid-helium fl ow cryostat. Time-resolved 
PL measurements were performed using a PL up-conversion 
set-up that has already been described in detail elsewhere. [  27  ]  
The sample was excited at a photon energy of 1.68 eV 
with the output from a mode-locked Ti:Sapphire laser oscillator 
supplying 100-fs pulses at 82 MHz repetition rate. The PL was 
gated optically in a  β -barium borate crystal using a split-off part 
of the laser output that was subjected to an adjustable time delay 
with respect to the excitation pulse. Time-resolved and time-inte-
grated PL spectra were recorded with a liquid-nitrogen cooled 
charge-coupled device (CCD) detector connected to a spectrom-
eter, and corrected for the spectral response of the apparatus. 
The spectral resolution of the time-resolved and time-integrated 
PL systems at the selected detection wavelengths was 32 and 
4 meV, respectively, and the former system had a time-resolution 
of 200 fs.   
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