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ABSTRACT 
We present temperature and power dependent photoluminescence measurements on CdSe nanowires synthesized 
via vapor-phase with and without the use of a metal catalyst. Nanowires produced without a catalyst can be 
optimized to yield higher quantum efficiency, and narrower and spatially uniform emission, when compared 
to the catalyst-assisted ones. Emission at energies lower than the band-edge is also found in both cases. By 
combining spatially-resolved photoluminescence and electron microscopy on the same nanowires, we show 
that catalyst-free nanowires exhibit a low-energy peak with sharp phonon replica, whereas for catalyst-assisted 
nanowires low-energy emission is linked to the presence of nanostructures with extended morphological defects. 
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1. Introduction 

Direct band-gap semiconductor nanowires (NWs) have 
great potential for nano-photonic devices [1–3], 
including solar cells [4, 5], light emitting diodes [6], 
and photodetectors [7]. CdSe is particularly interesting 
for photovoltaics [4, 8], since its band-gap [9] favors 
absorption over a wide range of the visible spectrum. 
The preparation of CdSe nanocrystals has been 
intensively investigated: solution- [10] or vapor-phase 
processes [11] give a variety of shapes, ranging from  
NWs to tetrapods or nanosaws [10–14]. 

Photoluminescence (PL) is an established technique 
to gain insights on the optical quality of semiconductors. 

For direct band-gap NWs, PL is often measured over 
large ensembles [15–22]. This, however, can hinder 
the extrapolation of representative features as structural 
inhomogeneities may be present. There have been   
a number of investigations of PL emission from 
individual Ⅱ–Ⅳ  NWs, mostly at room-temperature 
(RT) [7, 23–28]. However, many radiative states  
have a binding energy lower than RT, and thus 
cannot be seen [7]. Low-temperature PL of individual 
Ⅱ–Ⅳ  NWs was recently reported [29]. However, 
understanding the origin of intra band-gap states 
also requires investigating the dependence of PL 
emission on power, as was done for NWs in Refs.   
[17, 28, 30–32]. 
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NWs can be synthesized through a metal catalyst- 
assisted process [33], with the metal particle being 
either liquid [33–36] or solid [37–41]. However, 
impurities such as Au [15, 42–44], Ag [16], or Ni [22] 
could potentially be incorporated in the growing NW. 
Therefore, catalyst-free NW growth is being pursued to 
avoid such contamination, and has been demonstrated 
for Si [45, 46], Ge [45], InAs [47], GaN [48], InP [49], 
ZnO [50], and CdSe [51] NWs. The catalyst-free growth 
of Ⅱ–Ⅳ NWs with a wurtzite structure [50, 51] is 
driven by the difference in surface energy along specific  
crystallographic directions [52]. 

Here, we present temperature and power dependent 
micro-PL measurements on individual CdSe NWs 
synthesized via vapor-phase with and without a metal 
catalyst. We find that NWs grown from Au seeds have 
broad emission, due to recombinations via intra-band- 
gap levels. On the other hand, NWs grown without a 
metal seed have PL features closely resembling those 
of crystalline bulk CdSe. By coupling spatially-resolved 
single-NW PL and transmission electron microscopy 
(TEM), we identify recombinations that are intrinsic 
for all NWs, as well as extrinsic recombinations due 
to morphological defects. We assign the difference in 
optical emission between catalyst-assisted and catalyst- 
free NWs to the differences in structural quality. NWs 
produced without a metal catalyst can be optimized to 
yield higher PL quantum efficiency, narrower emission 
peaks and better uniformity over large areas, while the 
catalyst-assisted process has a greater tendency to give  
rise to structural and optical in-homogeneities. 

2. Photoluminescence of bulk CdSe 

Before considering PL from CdSe NWs, it is important 
to analyze the PL features in bulk and thin film CdSe 
[9, 53–60]. An unambiguous match between emission 
peaks (or bands) measured by different groups is 
difficult, and a full understanding of the origin of each 
band is still missing. The position and width of several 
PL features can change for different temperature  
[53, 55], stress [53] or sample contamination [58, 61]. 

Table 1 summarizes the main PL features for bulk 
CdSe, as reported in Refs. [9, 53–60]. We classify the 
bands in various families, according to peak position, 
lineshape, or suggested literature assignment. We 

graphically summarize the content of Table 1 in 
Figs. 1(a) and 1(b). The PL peaks are marked with 
symbols, their abscissa indicating the energy (linear 
scale), and the ordinate the measurement temperature 
(logarithmic scale). The temperature dependence of 
the bulk CdSe band-gap is also shown (black line) [62]. 
Figs. 1(a) and 1(b) associate with every symbol a 
schematic line-shape, to indicate the width as reported 
in the literature, as well as possible phonon replicas 
or overlapping peaks. The intensity is arbitrary. 

 
Figure 1 PL contributions reviewed in Table 1 for the low-energy 
(1.3–1.80 eV) and near-band-edge (NBE) (1.78–1.83 eV) spectral 
regions. Every symbol is associated to a schematic emission peak, 
whose width reflects that reported in literature. Additional features 
such as phonon replicas and overlapping peaks are also shown. 
The intensity is chosen arbitrarily and has no comparative meaning. 
The temperature dependence of the bulk CdSe band-gap (black 
line) [61] is also shown 
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Table 1 Review of CdSe PL peaks as reported in literature. Each peak is labeled with a letter and a colored symbol, by which they are 
referenced in the text and in Figs. 1(a) and 1(b). Column T (K) lists the temperature (in K) at which each peak was observed. In case of 
reports of the same peak at different T, a range is indicated, and the peak position refers to the lowest T 

 Family Label Energy (eV) T (K) Assignment Reference 

XA 1.823–1.826 2–77 Free A exciton [9, 53–57] 
Free excitons 

   XB 1.851  Free B exciton (not shown) [54] 

 D1XA 1.821–1.822 3–10 Exc. bound to donor [53, 55, 56, 58, 59]

 D2XA 1.820 2–10 Exc. bound to donor [54–56] Bound  
excitons 

 A1XA 1.814 2 Exc. bound to acceptor [54] 

Biexciton  XX 1.812 4.2 Biexciton [58, 66] 

 D1 1.813 5 Donor state [56] 

 D2 1.795 5 Donor state [56] 

 NA1 1.810 77 Not assigned [58] 

Near- 
band- 
edge  

Other NBE 
 NA2 

1.790 4.2 
Not assigned for single crystal,  
donor–acceptor pair (DAP) for 

polycrystalline 
[55] 

A 1.755 2 DAP [54] 

B 1.725 4.2 DAP [55, 58] 

C 1.784 10–70 DAP [53] 

D 1.709 10–70 DAP [53] 

Peaks with 
phonon replica 

E 1.732 77 DAP [58] 

F1–F2 1.742–1.700 3 DAP [59] 

G1–G2 1.675–1.630 10–70 Impurities/defects [53] 

H 1.720 77 Acceptor state or DAP [57] 

Shallow  
states 

Peaks without 
phonon replica 

I 1.690 300 Not assigned (powders) [60] 

J 1.50 77 Ag deep states [58] Bands related 
to TM doping  K 1.33 77 Cu deep states [58] 

L 1.550 10 Not assigned [53] 

M 1.420 10 Not assigned [53] 

Deep  
states Other deep 

states 
N 1.400 300 Not assigned (NW sample) [7] 

 

 

Figure 1 shows that PL emission from CdSe occurs 
over a wide energy range. This is due to the wide range 
of possible intra-band-gap state energies. We group 
different sets of peaks according to their spectral region, 
since they are likely due to radiative states of similar 
nature [63, 64]. PL close to the band-gap is referred to 
as near-band-edge (NBE) emission [63], and mostly 
involves excitonic recombinations [63, 64]. This is the 
energy range covered in Fig. 1(b). At lower energies, 
we denote as “shallow states” peaks in the 1.60–1.78 eV 
range (Fig. 1(a)), and “deep states” those further into  
the band-gap (below 1.60 eV in Fig. 1(a)). 

Low-temperature PL emission arises mainly from 
free excitons and excitons trapped at either neutral  

or charged localized sites (bound excitons) [64]. The 
number of photogenerated bound excitons, likewise 
most localized states, can saturate if the excitation 
power (and therefore the total number of delocalized 
excitons) increases [65]. Hence, their relative intensity 
compared to free-excitons decreases for higher power 
[65]. The opposite happens for biexcitonic emission 
[65, 66]. Since this requires interaction between two 
excitons, its intensity depends on n2 (n being the density 
of photoexcited excitons), and therefore increases faster 
than that of free-excitons for increasing excitation 
power [65, 66]. Excitons can often be bound at donor 
or acceptor sites, either charged or neutral [63]. For 
simplicity, Table 1 and Fig. 1(b) only include NBE  
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emissions observed for nominally undoped CdSe. 
Intentional incorporation of elements such as Li, Na, 
P, In, or Cl [54, 58, 61, 67] may lead to several 
additional donor or acceptor complexes. We include in 
Table 1 and Fig. 1(a) “deep state” contributions arising 
from transition metal incorporation, since they are  
relevant to our investigation. 

Intra-band-gap states giving optical recombinations 
in the “shallow states” region are commonly referred 
to as donor–acceptor pairs (DAP, see Table 1) [53, 55, 
57–59]. However, this is quite a generic definition, as 
both states involved in the process (donor and acceptor) 
can have a number of different origins (impurities, 
structural defects, etc.) [63]. A way to discriminate 
between different DAPs is to look at their temperature 
dependence and note the threshold above which the 
emission becomes thermally quenched [68]. For 
example, peaks C and D in Fig. 1(a) disappear above 
70 K [53], whilst peak H is seen up to 200 K (Fig. 1(b)) 
[57]. This can be linked to the binding energy of the 
shallowest state, thus providing insights on its physical  
nature [57]. 

A characteristic feature of a DAP emission is a blue- 
shift with excitation power [69]. In fact, the energy of 
a DAP transition is given by [69] 

b b 2
DAP G D A 0 DAe / 4πE E E E A Rεε= − − +       (1) 

where GE  is the semiconductor band-gap, b
DE  and 

b
AE  are the binding energies of electron and hole to 

their respective (donor or acceptor) centers, and DAR  
is the average distance between individual donors and 
acceptors involved in the recombination. An increased 
carrier population due to a higher excitation power 
leads to lower DAR , because the average distance 
between occupied sites is smaller. This results in a 

DAPE  blue-shift. Peaks B, C, D, E, F1, and F2 in Fig. 1(a) 
were shown to follow this trend [53, 55, 58, 59]. In all 
cases, a blue-shift of a few meV/decade (i.e., peak energy 
shift when the excitation power is increased by one  
order of magnitude) was reported [53, 55, 58, 59].  

Phonon replicas are also commonly observed in the 
“shallow states” spectral region [53, 55, 58]. These are 
radiative recombinations that involve the absorption/ 
emission of one or more phonons [63], and are 
therefore shifted by the corresponding phonon energy 
[63]. Accordingly, in many studies summarized in 

Fig. 1(a) phonon replica appear as a series of peaks 
separated by a well defined energy value. This 
energy separation is 26.3 meV, corresponding to the 
longitudinal optical LO (Γ) phonon energy for CdSe 
[9, 70]. In a polar crystal such as CdSe, a LO phonon 
involves displacements of the charged atoms within 
the primitive cell. The macroscopic electric field 
generated by the relative displacements of oppositely 
charged atoms can interact with electrons and holes 
in a way similar to the piezoelectric field of acoustic 
phonons. This is known as Fröhlich interaction [71]. 
Since this depends on the phonon wave vector as q–1 
[71], LO (Γ) phonons are predominantly involved in 
radiative recombination. Peaks with no phonon replica, 
on the other hand, often have a larger full width at  
half maximum (FWHM, red family in Fig. 1(a)). 

The energy levels involved in “deep state” recom- 
binations are far away from the band-edges, roughly 
mid-band-gap. A class of deep states particularly 
relevant for our work is that induced by the incor- 
poration of transition metals [58, 72]. For example, 
peaks J, K in Fig. 1(a) appear as a result of Ag and  
Cu incorporation in CdSe [58]. At 77 K, these broad 
emission bands span from 1.1 to 1.8 eV, overshadowing 
all other contributions, including NBE emission [58]. 
To the best of our knowledge, there has been no study 
investigating the effects of Au impurities in CdSe. 
However, investigations of ZnSe:Ag and ZnSe:Au [72] 
revealed that both Ag and Au behave similarly, 
inducing deep states with broad emission at energies  
lower than NBE. 

3. Experimental 

CdSe nanowires are synthesized by vapor-transport 
in a horizontal tube, single-zone furnace [12]. Catalyst- 
assisted growth of CdSe NWs is carried out on Si 
substrates (1 cm2) coated with a thin (0.5 nm) Au layer. 
This de-wets prior to growth at temperatures >300 °C, 
forming a distribution of isolated nanoparticles [73, 
74], which initiate the nucleation and growth of CdSe 
nanostructures [12, 33]. As a result, dense NW forests 
without preferential orientation are obtained [12]. 
These NWs have a diameter of 29 nm ± 6 nm, as 
estimated by scanning electron microscopy (SEM), 
and they are several microns in length. After synthesis, 
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NWs can be mechanically transferred onto Si substrates 
or SiN membranes suitable for TEM. A FEI Philips 
XL-30 sFEG SEM and a FEI Philips Tecnai 20 TEM are  
used. 

Catalyst-free growth is achieved using CdSe seeds 
(5–10 nm in diameter) produced by solution-methods 
[75]. These act as selective nucleation points for the 
vapor-transport growth of CdSe NWs [50]. These NWs 
are thicker than those grown with a metal catalyst, 
having a diameter of 170 nm ± 80 nm. We refer to this 
Au-free synthesis method as “seeded growth” [13, 51, 
76], and label the resulting structures as seed-grown 
nanowires (SG-NWs), whereas the Au-catalyzed 
nanowires are referred to as Au-NWs. Additional 
structural characterization of SG-NWs and Au-NWs 
can be found in Figs. S-1, S-2, and S-3, in the Electronic  
Supplementary Materials (ESM). 

Micro-PL measurements at 514.5 nm excitation are 
recorded on a RM1000 Renishaw system, using a 50× 
objective long distance (Olympus SLMPlan), which 
corresponds to a focused laser spot diameter of ~1.5 µm. 
We will refer to this as “small spot”. Alternatively, the 
integrated PL of NW ensembles was collected using a 
5× objective (Leica N-Plan, 15 µm spot diameter, large 
spot). In all cases, samples are placed in a He-cooled 
vacuum-pumped cryostat allowing optical measure- 
ments down to 10 K. The power on the sample is 
varied in the 0.005–10 mW range. We note that our 
detector efficiency drops for energies below 1.35 eV. 
The PL peaks are labeled following Table 1 and 
Fig. 1(a). Their position and width are derived from  
Gaussian fits. 

In order to couple TEM and PL measurements on 
individual Au-NWs, these are transferred after growth 
onto separate 50-nm-thick SiN membranes. To ensure 
that TEM and PL are performed on the same NW, 
markers are patterned on the SiN membranes by 
electron-beam lithography prior to CdSe NWs transfer, 
and the CdSe NWs position is mapped via low- 
magnification TEM (see Fig. S-4 in the ESM). Micro-PL 
measurements are then performed in the cryostat, 
locating and probing the desired NW using the 50×  
objective long distance. 

Laser-induced heating is a well-known issue to be 
considered when probing one-dimensional nano- 
structures [77, 78], these having a lower thermal 

conductivity than their bulk counterpart, and poor 
thermal contact with the substrate [77, 79, 80]. Laser- 
induced heating was observed on 7-nm-thick, undoped 
Si NWs for power densities higher than 105 W/cm2 [77]. 
Here, we have thicker nanostructures (20–200 nm), 
and the power density is always kept lower than 
104 W/cm2. Above 10 K, the position of the free-exciton 
peak (XA in Fig. 1(b)) is very sensitive to temperature 
and can be used to determine it [53]. As will be 
shown later, we can detect XA shifts of 2–4 meV for 
temperature variations of just a few Kelvin. Since we 
do not see any shift by varying the excitation power 
at fixed temperature, we assume the temperature set 
by the cryostat coincides with that of the sample, even  
under laser irradiation. 

4. Results 

4.1 Au-catalyzed nanowires 

Figure 2(a) shows plots of PL spectra collected at 80 K 
on three points of an as-grown Au-NWs sample. A 
representative SEM micrograph of this dense NW forest 
shown in the inset of Fig. 2(a). The 15 µm laser spot 
collects light from a large number of NWs (102–103). 
A broad emission band from 1.5 eV up to the NBE 
region (1.85 eV) can be seen, with a complex structure 
arising from the overlap of several radiative contri- 
butions. Some of these vary for different positions on 
the sample (see, e.g., the peak indicated by the arrow  
in the upper spectrum of Fig. 2(a)). 

Figure 2(b) shows plots of PL spectra measured at 
80 K on transferred wires. Given that the density of 
transferred NWs (Fig. 2(b), inset) is lower than in 
as-grown forests, the 15 µm laser spot now only probes 
a few tens of them. Here, emission peaks are more 
resolved compared to Fig. 2(a). In particular, a well- 
defined NBE peak is detected at 1.815 eV, consistent 
with the XA emission measured for bulk CdSe at this 
T [9, 53, 55, 57] (Fig. 1(b)). At lower energies there is 
another band (labeled “O” in Fig. 2(b)), centered at 
~1.7 eV. This is always found when a large spot is 
used to investigate the PL emission of multiple NWs, 
although its intensity with respect to the NBE peak 
may vary significantly as different sample regions are  
probed. 
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Figure 2 Large spot (15 µm) PL spectra taken at 80 K on CdSe 
NWs (a) as-grown on Au-coated substrates, and (b) transferred from 
the original substrate onto clean Si chips. Insets show representative 
SEM images of the illuminated areas (scale bars: 2 µm). The circles 
represent the laser spot sizes 

To gain more insights on this band, we perform PL 
measurements as a function of excitation power (P) 
and temperature. Measuring a few tens of transferred 
wires ensures sufficient signal is collected. Figure 3(a) 
shows PL spectra taken at 10 K for powers varying from 
10 to 0.3 mW, normalized to the O-band maximum. 
By increasing P, the relative intensity of the O-band 
with respect to the NBE peak drops, as is typical for 
recombinations from localized states [63]. Furthermore, 
the peak position blue-shifts ~20 meV/decade, drifting 
from 1.64 to 1.73 eV in Fig. 3(a). As discussed in 

Section 2, this behavior is qualitatively consistent 
with DAP recombinations in semiconductors [69]. We 
note, however, that this shift is at least twice that 
reported for bulk CdSe (~10 meV/decade) [55, 58, 59]. 
An additional peak can be seen at ~1.785 eV (labeled 
Q in Fig. 3(a)), but is progressively overshadowed by 
the excitonic emission at high powers. Perna et al. [53] 
assigned a peak at this energy (peak C in Fig. 1(a)) to 
a DAP recombination. They reported a 10 meV blue- 
shift following a 400× increase of the excitation power, 
accompanied by several phonon replicas. For our 
samples, however, the assignment of these features is 
hindered by the low intensity of this contribution  
compared to the O band and NBE emission. 

Figures 3(b) and 3(c) plot the temperature depen- 
dence of the O-band for fixed excitation power. In the 
10–80 K range we detect a ~35 meV red-shift, more 
than observed for the NBE emission (~12 meV). The 
latter value corresponds to the temperature depen- 
dent shrinking of the CdSe band-gap (black curve  
in Fig. 1(b)) [62]. DAP recombinations are expected to 
exhibit this T response [63]. Indeed, as T rises, the 
overall PL intensity decreases, and so does the number 
of recombinations at the donor and acceptor sites 
involved in a DAP transition [6]. A reduced population 
of these sites would result in a larger RDA in Eq. (1) 
shifting the emission towards lower energies, similar 
to Fig. 3(b). For temperatures above 100 K, the O-band 
intensity rapidly decreases (Fig. 3(c)). Above ~170 K, 
the relative intensity of the O-band with respect to 
NBE is no longer measurable. A similar behavior was 
seen for peak H in Fig. 1(a) [57], which is thermally 
quenched at ~200 K [57], indicating that the radiative 
states involved in H and O emission have similar  
binding energies. We never observe PL below 1.5 eV. 

Figure 3 suggests that the O-band may have a DAP 
origin. However, if one considers the three spectra in 
Fig. 2(b) (taken at different points), the significant 
variation of O-intensity compared to the NBE implies 
that different NWs do not equally contribute. In order 
to clarify this point, we coupled small spot (1.5 µm) 
PL measurements to bright-field (BF) TEM imaging 
on isolated, individual NWs. Low-temperature PL was 
collected from exactly the same NWs imaged by TEM. 
We stress that PL from individual NWs showed no 
difference when measured before and after TEM  
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Figure 3 (a) Power and ((b), (c)) temperature dependence for large 
spot PL spectra taken on transferred CdSe Au-NWs. (a) Spectra 
measured at 10 K and normalized to the O-peak intensity. The latter 
is found to blue-shift when increasing the excitation power. The 
legend shows the beam attenuation factors for the laser power, 
with P0 = 10 mW. (b) Data for fixed excitation power. From 10 to 
80 K the O-band shows a quicker red-shift compared to NBE 
emission. (c) Above 100 K, the O-band becomes weaker and 
disappears at ~170 K 

characterization, ruling out artifacts due to electron  
beam irradiation (see Fig. S-5 in the ESM). 

Figure 4 summarizes the measured PL spectra on 
individual NWs, each with an associated TEM 
micrograph. Spectra of individual wires or small 
bundles can vary significantly. Whenever an isolated 
NW with no sign of morphological defects was 
measured, no O-band was seen, only NBE emission 
(Figs. 4(a) and 4(b)). On the other hand, the O-band 
appears as soon as curled bundles, or NWs with 
morphological defects and irregular sections, are 
measured (Figs. 4(c) and 4(d)). This is further supported 
by Fig. 4(e), showing the PL response on both edges  
of an individual NW several microns long. On the 
left side, Fig. 4(e1), this NW terminates with a curly 
irregular section, and the corresponding PL has a 
strong O contribution. As the laser spot moves towards 
the right side, Fig. 4(e2), where no such defects are 
present, the O intensity decreases. This implies that the 
O-band is intrinsic for our Au-NWs, but is associated 
to morphological defects or agglomerates. 

Previous studies considered RT PL of individual 
CdSe NWs [23, 24]. However, since the O-band is 
quenched at RT, low-temperature PL is essential to 
correlate it with different NW morphologies. The 
individual NW measurements at 10 K (Figs. 4(d) and 
4(e)) also allow us to resolve the separate contributions 
to the wide O-band seen in Figs. 2 and 3 for NW 
ensembles. These are centered at ~1.71 eV (O’) and 
~1.75 eV (O”), probably related to two defect states that 
give rise to DAP recombinations [53]. This common 
origin can be deduced from the rigid energy shift of 
band O with excitation power, Fig. 3(a). The lineshape 
only changes when band O approaches Q and NBE 
recombinations. The difference between O’ and O” 
intensities in different locations (see Fig. 4(e)) is an 
indication that they are related to different types (or 
possibly different densities) of defects. The overall O 
lineshape and its energy in ensemble measurements  
is given by the average of O’ and O”. 

4.2 Seeded-grown nanowires 

We now compare the integrated PL emission of several 
SG-NWs with that of an individual wire. The density 
of as-grown SG-NWs can be reduced by diluting the 
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CdSe seed suspension [13], enabling nucleation of 
isolated nanostructures that can be probed directly  
with no need for transfer. 

Figure 5(a) shows a representative PL spectrum 
collected at 10 K from several as-grown SG-NWs using 
the large laser spot (15 µm). A representative NW 
ensemble chosen for the measurements is shown in 
the inset. Figure 5(a) indicates that the NBE emission 
is composed of two main peaks at 1.825 and 1.821 eV. 
Several other peaks (at 1.765, 1.739, 1.713, and 1.687 eV) 
are seen at lower energies, separated by ~26 meV 
intervals. These can be identified as phonon replicas, as 
for A–E in Fig. 1(a). We label R the main zero-phonon  
peak at 1.765 eV. 

We find similar features in the PL spectra of 
individual SG-NWs (Fig. 5(b)). The NBE emission is still 
dominated by the two peaks at 1.825 and 1.821 eV. Also, 
an equally intense contribution is seen at 1.773 eV with 
a 6 meV width, accompanied by phonon replicas (at 
1.747, 1.721, and 1.694 eV), similar to Fig. 5(a). We stress 
that this peak is found for every SG-NW individually 
probed (shifted by no more than 15 meV from case to 
case). We thus conclude that the R peak in Figs. 5(a) and 
5(b) is an intrinsic feature of crystalline SG-NWs. The 
larger linewidth of the R peak in Fig. 5(a) (compared 
to Fig. 5(b)) reflects the superposition of individual  
R emissions from multiple CdSe SG-NWs and the  
contribution from the edge of each individual SG-NW. 

 
Figure 4 TEM micrographs of Au-NWs with corresponding PL spectra at T = 10 K. (a)–(d) NWs without morphological defects show
no O-band emission (scale bars: 200 nm); (e) individual, partially defect CdSe Au-NW. (e1) highlights the NW section with most
defects, while NBE dominates the spectrum, and low energy bands are less prominent, towards side (e2) (scale bar: 1 µm) 
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Figure 5 Comparison of PL measured at 10 K between (a) multiple 
and (b) single CdSe SG-NWs for large and small laser spot sizes, res- 
pectively. SEM frames show the illuminated areas (scale bars: 2 µm) 

Figures 6 and 7 show plots of the power and 
temperature dependence of the R peak, respectively. 
The same trends are observed for both multiple and 
individual SG-NWs. Figure 6(a) shows the power 
dependence at 10 K, with all spectra normalized to 
the highest energy NBE emission peak. As the power 
is increased from 0.005 to 2 mW, the R/NBE intensity 
ratio decreases from 16 to 0.04 (Fig. 6(b)). As pointed 
out for the O-band above, this behavior is typical for 

 
Figure 6 (a) Power dependence of SG-NWs emission at 10 K 
(P0 = 10 mW). Spectra are normalized to the NBE intensity. (b) 
R/NBE intensity ratio as a function of excitation power 

 
Figure 7 T dependence of SG-NW emission, showing that peak 
R is detectable only up to a few tens of K 
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recombinations occurring at localized states, which 
are prone to saturation as the power increases [65]. 
The temperature dependence in Fig. 7 shows that  
the R peak is hardly detectable as T rises above 50 K, 
similar to what has been previously reported for  
peaks C and D (Fig. 3(a) in Ref. [53]). 

Section 2 discussed how many peaks similar to R 
in terms of position, phonon replicas, temperature 
dependence, etc. (A–E in Fig. 1(a)) were previously 
assigned to DAPs [53–55, 58]. We estimate the R peak 
shift as a function of power in Fig. 6(a) as less than 
1 meV/decade. Shifts as small as 1 meV/decade were 
observed for DAPs [53]. The R peak is accompanied 
at low temperature by strong phonon replicas (here, 

up to three), another indication of DAP behavior 
[53–55, 58]. It is thus reasonable to associate the R 
peak with the A–E family of DAPs (the blue peaks in  
Fig. 1(a)). 

The power dependence of the NBE peaks for 
SG-NWs is reported in Fig. 8. In addition to the two 
peaks already observed in Fig. 5 (S at 1.825 eV and U 
at 1.821 eV), there is a third small peak at 1.818 eV 
(labeled V) seen at low powers (Fig. 8(a)). Using 
Table 1, we would assign peak S as the XA exciton 
and U as a bound exciton, whereas V does not seem 
to have a match. Note that Fig. 8(a) (where spectra 
are normalized to peak S) and Fig. 8(b) indicate that 
the U intensity increases faster than S. From the  

 
Figure 8 (a) Power dependence of NBE emission for SG-NWs at 10 K (P0 = 10 mW). Spectra are normalized to the highest energy
peak (S). (b) S, U, and V integrated peak intensities as a function of excitation power. (c) and (d) Fitted spectra showing the individual
peak contributions for the lowest and highest excitation power, respectively 
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discussion in Section 2, this behavior does not follow 
the typical trend for bound excitons [65], being more 
consistent with biexcitonic emission [81, 82]. However, 
the spectral position of this peak does not match 
previous reports of biexcitons in bulk CdSe [58, 66]. 
Moreover, by plotting the PL intensity of S, U, and  
V as a function of P (Fig. 8(b)), all peaks increase 
superlinearly with P, as for PLI Pα∝ . The exponents 
α, evaluated neglecting the measurement at the 
highest power which shows saturation (Fig. 8(b)),  
are 1.64, 1.78, and 1.69, for S, U, V, respectively. This 
does not support the biexciton assignment for peak  
U, which would be expected to increase quadratically 
(α = 2) with power [81, 82]. Hence, we assign U as a 
bound exciton, its position compatible with a donor- 
bound exciton (DXA) [54–56], and V as an acceptor-  
bound exciton (AXA) [54]. 

5. Discussion 

5.1 Photoluminescence of individual nanowires 

All spectra in Sections 4.1 and 4.2 do not show 
energies lower than 1.45 eV for Au-NWs and 1.65 eV 
for SG-NWs, since we did not detect PL beyond these 
limits, either from individual NWs or forests. We 
thus compare the low-temperature PL of individual 
Au-NWs and SG-NWs considering only the high- 
energy side of the CdSe emission spectrum (Fig. 9). 
The SG-NW spectrum is that of Fig. 5(b), while the 
Au-NW spectrum is from Fig. 4(b). In order to estimate 
and compare the corresponding quantum efficiencies, 
the spectra in Fig. 9 are measured with the same 
nominal parameters and normalized to the CdSe 
volume illuminated by the small laser spot. The volume 
is evaluated by measuring the length and diameter of 
individual nanostructures via electron microscopy. 
The spot diameter is used as the length when the 
NWs length exceeds this. Beam extinction effects are  
neglected. 

Comparing absolute PL intensities per estimated unit 
volume can be prone to significant errors. However, 
our measurement statistics reveal that intensities for 
NWs grown following the same procedure at most 
differ by a factor of four, once normalized to the 
illuminated volume. In Fig. 9, the Au-NW NBE emission  

 
Figure 9 Comparison at 10 K between small spot PL spectra of 
individual Au-NWs and SG-NWs, normalized to the estimated 
CdSe volume under illumination. The same excitation intensity and 
setup is used in both cases. The Au-NW spectrum is amplified by 
a factor 100 

is two orders of magnitude smaller than SG-NWs. 
This indicates that the PL efficiency per unit volume  
is significantly higher in SG-NWs. 

The second difference in Fig. 9 is the presence of a 
peak~1.773 eV (labeled R) for SG-NWs. Similar peaks 
at ~1.751–1.754 eV are observed in some Au-NWs (O” 
in Figs. 4(d) and 4(e)), while no contributions are found 
at similar energies for most Au-NWs. The localized 
donor and/or acceptor states responsible for R emission  
are thus not present in most Au-NWs. 

Finally, we consider the shape and structure of the 
NBE emission. Section 4.2 showed that for SG-NWs 
the NBE emission is dominated by three main peaks, 
S (1.825 eV), U (1.821 eV), and V (1.818 eV), giving an 
overall NBE with FWHM ~7 meV. Conversely, for 
Au-NWs the three observed NBE peaks are more 
spread-out. The high-energy peak W (1.826 eV) is 
consistent with the XA exciton. The other two peaks 
cannot be easily assigned on the basis of earlier reports 
on bulk CdSe (Table 1 and Fig. 1(b)), although it is 
likely that the intermediate peak (1.816 eV) could be a 
bound exciton [54, 55]. The third peak (1.809 eV) seems 
too red-shifted to be a bound exciton, and is probably 
due to a donor recombination [56], Fig. 1(b). Note that 
the overall shape of the NBE emission for Au-NWs 



 Nano Res. 2011, 4(4): 343–359 

 

354

can change slightly from wire to wire. For example, 
in Fig. 4(a) the structure of the NBE complex is more 
difficult to resolve than in Fig. 4(b) (also in Fig. 9). On 
average, the combination of all NBE peaks for Au-NWs 
has FWHM ~30 meV, more than four times that of 
SG-NWs. We note as well that most previous PL 
investigations on single CdSe NWs were carried out 
at room temperature [22, 23, 26], thus preventing  
the observation and characterization of many of the  
emission features reported here. 

Ideally, three major differences can be expected 
between the PL of a bulk sample and of a sample 
with reduced dimensionality (i.e., with at least one 
dimension comparable with the Bohr radius of CdSe, 
4.9 nm [9]). First, quantum confinement in one or more 
dimensions can strongly alter the band-gap and related 
energy levels, shifting the NBE emission towards higher 
energies [9]. This was used to tune the emission of 
CdSe nanocrystals across the entire visible spectrum 
[83]. In addition, confinement may also occur in crystals 
bigger than these dimensions, but consisting of nano- 
crystalline domains where electrons and holes can be 
locally confined [24, 84]. Such domains are often the 
result of grain boundaries, local changes in the crystal 
phase, and structural disorder [24]. Second, for crystals 
with high surface-to-volume ratio, recombination via 
surface states can reduce the average carrier lifetime, 
and therefore the emission efficiency [85, 86]. This 
problem may be overcome by a suitable surface 
passivation, for example by embedding the nanocrystal 
within an epitaxial shell made of a wider band-gap 
semiconductor, which can confine electron–hole pairs 
away from the surface [85, 86]. Third, NWs PL emission 
can be affected by strain, which results in a shift and 
broadening of the PL peaks [87]. However, our large 
amount of statistics on single NW PL do not suggest 
any shift of the main NBE optical features. In particular, 
assuming that transferred Au-NWs would be randomly 
strained or bent on the TEM membrane, one would 
expect much more scattered peaks if the effect of 
strain was significant, especially in the case of highly  
disordered Au-NWs (Figs. 4(c) and 4(d)).  

In our work, both Au-NWs and SG-NWs are not 
passivated, apart from the native oxide layer that forms 
upon exposure to atmosphere [40, 51]. Further, their 
surface-to-volume ratios differ by a factor of ten, owing 

to the smaller diameter of Au-NWs (~30 nm) compared 
to SG-NWs (~200 nm). It is thus not surprising that 
Au-NWs have much weaker PL per unit volume (Fig. 9), 
as the surface influence is more pronounced. Given 
that PL intensity can increase up to two or three orders 
of magnitude upon surface passivation [85, 86], this 
effect may account for the difference in emission 
intensity between Au-NWs and SG-NWs (Fig. 9). It is 
also possible, however, that Au-NWs may contain a 
larger density of non-radiative recombination centers. 
Concerning quantum confinement, we note that the 
thinnest Au-NWs we measured have 20 nm diameter, 
thus still above the CdSe Bohr radius. Indeed, the 
position of the XA exciton for Au-NWs (1.826 eV) is not 
appreciably blue-shifted with respect to the expected 
value for bulk CdSe at 10 K [62]. Consequently, the 
additional peaks seen in Fig. 9 at energies lower than 
the XA exciton cannot be due to local confinement 
induced by structural disorder (as for Ref. [24]), and 
we assign them to bound excitons or donor/acceptor  
emission as discussed above. 

Donor or acceptor states that can bind excitons and 
give rise to radiative transitions at energies lower than 
the band-gap may have different origins, which can be 
classified either as extrinsic impurities (incorporation 
of heteroatoms) or structural defects (such as, e.g.,  
Cd or Se vacancies [88]). We also consider that: (a) 
Transition metals such as Au typically behave as deep 
acceptors in Ⅱ–Ⅳ  semiconductors [72]. Evidence of 
excitons bound at Au, Ag, or Cu acceptor sites was 
reported for bulk ZnTe [89], ZnSe [72], and also for 
ZnSe NWs [15]. In all cases, however, these were 
accompanied by the corresponding low-energy 
transition involving the deep acceptor site [16, 72, 89]. 
Since no low-energy contribution is found for our 
NWs, we do not correlate any of the NBE peaks to 
excitons bound to isolated Au impurities; (b) Au-NWs 
and SG-NWs are grown in the same furnace with the 
same precursors [12, 51]. Apart from Au, any other 
impurity should be the same (unless incorporation is 
strongly dependent on the growth mechanism); (c) The 
synthesis temperature for SG-NWs (~700 °C [51]) is 
higher than for Au-NWs (~450 °C [12]). This discre- 
pancy could not be avoided as the conditions where 
Au-catalysed growth occurs are not optimal for 
seeded-growth and vice versa [12, 51]. The higher 
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temperature may result in annealing of structural  
defects in the growing nanocrystal. 

We thus conclude that SG-NWs have higher 
structural quality than Au-NWs. This accounts for the 
differences in PL emission, rather than it being due to 
incorporation of extrinsic impurities. It is important 
to note, however, that this does not necessarily imply 
a fundamental limitation of Au-assisted growth. It is 
possible that Au-catalyzed NWs grown by methods 
other than vapor-transport could have different PL  
features to those discussed here. 

5.2 PL of nanowire ensembles 

Many applications would benefit from NWs grown 
directly into devices. Hence, not only is the optical 
quality of individual NWs crucial, but it is also 
important to obtain a uniform emission from as-grown  
NW ensembles. 

For our Au-NWs, the PL of NW ensembles differs 
significantly from that of individual NWs, due to the 
presence of several nanostructures with morphological 
defects, as shown in Fig. 4. Instabilities during the 
Au-catalyzed growth can lead to worm-like [36, 38, 90], 
kinked [37], twinned [30, 91], and tapered wires [12, 
92]. Although we explored a wide range of parameters 
for the vapor-transport growth of CdSe Au-NWs and 
thoroughly optimized the process [12], we could not  
avoid having a few defected nanostructures. 

In contrast to Au-NWs, our SG-NWs ensembles show 
essentially the same PL as a single, isolated SG-NW. 
In Ref. [13] we showed that SG-NWs can stem directly 
from individual CdSe seeds without nucleating NWs 
or agglomerates of low morphological quality (see  

also the SEM insets in Fig. 5). Occasional branching 
[13] does not appreciably alter the PL emission. 
Therefore, even for a simple and cheap growth 
technique like vapor-transport, the Au-free growth 
can be optimized to achieve a more uniform nucleation 
(and therefore uniform PL) in comparison to Au- 
catalyzed synthesis. Further, we stress that plan-view 
SEM imaging can be often misleading and non- 
representative in evaluating the morphological quality 
of as-grown NWs (see, e.g., the inset in Fig. 2(a)), as a 
dense top-layer of straight and long wires can over- 
shadow a large amount of disordered wires at the 
bottom of the forest. The latter, though, are revealed 
by low-temperature PL, which is thus a powerful and 
non-destructive approach to evaluate the structural  
quality of NW ensembles. 

6. Conclusions 

We investigated the low-temperature PL of CdSe 
NWs synthesized via vapor-transport with and without 
a metal catalyst. A number of emission peaks 
(summarized in Table 2) were observed, and com- 
pared with the PL of bulk CdSe. By coupling spatially- 
resolved single-NW PL and TEM measurements,  
we separated intrinsic recombinations (seen for each 
individual NW) from extrinsic ones (only seen for 
NW ensembles or NWs with extended morphological 
defects). We do not ascribe the difference in optical 
emission between catalyst-assisted and catalyst-free 
NWs to Au incorporation, but rather to the different 
structural quality of NWs grown following different 
protocols. For vapor-transport growth, we find that 

Table 2 Summary and proposed assignment of PL peaks observed in this work for CdSe NWs 

 Peak Energy (eV) Best match with Table 1 Comments 

Au-NW 

W 
Y 
Z 
Q 
O 

1.826 
1.816 
1.809 
1.785 

1.71(O')–1.75(O") 

XA           (free exciton) 
------      (bound exciton) 
------      (no match) 
C         (DAP) 
F1–F2      (impurities/defects) 

 
 
 

Extrinsic features, not seen 
for individual NWs 

SG-NW 

S 
U 
V 
R 

1.825 
1.821 
1.818 

1.76–1.78 

XA            (free exciton) 
D1XA      (bound exciton) 
A1XA      (bound exciton) 
DAP 

 
 
 

Phonon replica observed 
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NWs produced without a metal catalyst can be more 
easily optimized to yield higher PL quantum efficiency, 
narrower emission peaks and better uniformity over 
large areas, while the catalyst-assisted process is more  
prone to inhomogeneities. 
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