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Introduction

Semiconductor nanostructures with exceptional properties
have emerged as important building blocks for next-genera-
tion nanoelectronics and nano-optoelectronics. To promote
their device applications, however, the capability to rationally
tune their electronic and optoelectronic properties is essential.
The doping technique is regarded as one of the most efficient
methods for this purpose owing to its versatile use of different
functionalities. Optical, magnetic, electronic, and optoelectron-
ic properties of the nanostructures could be remarkably en-
hanced and finely tuned by introducing appropriate foreign el-
ements into them. Thereby tremendous efforts have been de-
voted to implement doping in nanostructures. The successful
realization of complementary doping, i.e. both n- and p-type
doping, in IV and III–V group nanostructures has led to the ac-
tualization of a variety of novel nanodevices, such as comple-
mentary metal-oxide-semiconductor transistors (CMOS),[1] light-
emitting diodes (LEDs),[2] laser diodes (LDs),[3] photovoltaic de-
vices,[4] and so on. In spite of this progress, studies on the con-
trolled doping of the semiconductor nanostructures, particular-
ly in II–VI group nanostructures, are critical and still at their
very initial stages.

ZnSe is an important II–VI group semiconductor with a wide
direct band-gap of approximately 2.7 eV at room temperature.
It has been widely used in LEDs, LDs, and photodetectors op-
erated in the blue to ultraviolet (UV) range. In the past decade,
synthesis of ZnSe nanostructures has been intensively studied
and various growth methods have been developed to obtain
ZnSe nanowries (NWs) and nanoribbons (NRs).[5–7] Although
Mn, Ag, and Cu doping have been utilized to modulate their
optical and structural properties,[8–10] n- and p-type doping in

ZnSe nanostructures have been rarely investigated and remain
a challenge. As we known, p-type doing in II–VI group films is
often obstructed by the serious self-compensation effect,[11]

that is, the acceptors introduced into the II-VI group films are
usually counteracted by the generation of more donor defects.
In contrast, we recently demonstrated efficient p-type doping
in ZnSe NWs and ZnS NRs with a high hole concentration by
using V group elements such as Bi and Sb as the dopants.[12, 13]

The high crystalline quality and consequently less intrinsic de-
fects are likely responsible for the superior p-type doping be-
havior of the II–VI group nanostructures. This progress may
open new opportunities for the nano-optoelectronic applica-
tions of the II–VI group nanostructures by constructing the ho-
mojunctions based on them, while only heterojunctions such
as n-CdS NW/p-Si have been studied so far.[14] Considering that
both p- and n-type doping are demanded for constituting the
homojunctions, achieving efficient n-type doping in II–VI group
nanostructures is urgently required.

Herein, we describe the synthesis of n-type ZnSe NRs by
using ZnCl2 as the Cl dopant through a thermal co-evaporation
method. The conductivity of the ZnSe NRs was remarkably en-

Although significant progress has been achieved in the fabrica-
tion of ZnSe nanostructures with various structures and mor-
phologies, it remains a major challenge to rationally tune their
transport properties for applications in future nano-optoelec-
tronic devices. The synthesis of chlorine-doped ZnSe nanorib-
bons (NRs) with tunable n-type conductivity is achieved by
a thermal co-evaporation method. The ZnSe:Cl NRs have
single-crystal wurtzite structure and [120] orientation, which
also show high crystalline quality and structural integrity com-
parable with the undoped NRs. Electrical measurements on
a single ZnSe:Cl NR reveal a substantial enhancement of the

conductivity upon Cl doping. The conductivity could be further
tuned by adjusting the doping level. In addition, highly sensi-
tive blue/UV photodetectors are constructed based on the
ZnSe:Cl NRs. The devices exhibit an extremely high gain of ap-
proximately 106, and the UV response could be enhanced
through a fast annealing process in air. By replacing the rigid
SiO2/Si substrate with a PET substrate, flexible ZnSe:Cl NR pho-
todetectors with excellent stability and durability under strain
are realized. It is expected that the ZnSe:Cl NRs with tunable
n-type conductivity will have important applications in the
new generation nano-optoelectronic devices.
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hanced upon doping and could be tuned up to three orders
of magnitude by adjusting the doping level. The doped NRs
exhibited great potential as blue/UV light photodetectors with
extremely high photoconductive gain. Their application in flex-
ible optoelectronics was further exploited by using polyethy-
lene terephthalate (PET) as the device substrates.

Results and Discussion

Figure 1 a shows a typical SEM image of the ZnSe:Cl NRs, indi-
cating that the NRs have width in the range of 500 nm–3 mm,
length of 30–100 mm, and thickness of 10–60 nm. It is noted
that the ZnSe:Cl NRs are uniform along the length with clean

and smooth surfaces and free of visible particles and impuri-
ties. From the energy-dispersive X-ray spectroscopy (EDS) pro-
file of Sample C (inset in Figure 1 a), the Zn/Se atomic ratio is
estimated to be about 48:52, which is close to the stoichiomet-
ric ratio of ZnSe. The X-ray diffraction (XRD) patterns of the
ZnSe:Cl NRs, together with the undoped sample for compari-
son, are shown in Figure 1 b. All the diffraction peaks in the
patterns could be properly assigned to ZnSe with a wurtzite
structure (JCPDS no. 80-0008),[15] and no obvious peak shift is
observed for the doped samples, which might be attributed to

the similar ionic radius of Cl� (1.81 �) with Se2� (1.91 �). The
typical high-resolution transmission electron microscopy
(HRTEM) image and corresponding selected-area electron dif-
fraction (SAED) pattern of the ZnSe:Cl NR are shown in Fig-
ure 1 c. The (001) and (010) planes with lattice space of
0.67 nm and 0.34 nm, respectively, could be clearly distinguish-
ed in the HRTEM image, thus revealing that the NRs are single
crystalline with wurtzite structure and [120] growth orientation.
The NR shows atomically sharp edge without any amorphous
outer layer, which is clear evidence of the high quality of the
ZnSe:Cl NRs.

Figure 1 d shows the X-ray photoelectron spectroscopy (XPS)
spectrum of the ZnSe:Cl NRs (Sample C). In addition to the
peaks corresponding to Zn and Se, a weak peak at approxi-
mately 199.0 eV that corresponds to the Cl 2p core level emis-
sion is observed, thus indicating the existence of the element
Cl in the sample. The content of Cl is estimated to be approxi-
mately 2 % from the XPS spectrum. In contrast, no Cl signal
could be detected in the undoped sample, thus implying that
efficient Cl doping has been achieved in the ZnSe NRs. Fig-
ure 1 e shows the photoluminescence (PL) spectra of both the
doped and undoped ZnSe NRs. The PL peaks at 460 nm
(2.73 eV) can be ascribed to the near-band edge (NBE) emis-
sion of ZnSe,[16] whereas the peaks at around 630 nm are asso-
ciated with the deep-level emissions, which are assigned as
donor-to-acceptor pair (DAP) transitions related to self-activat-
ed (SA) zinc vacancies.[17–19] Note that the deep-level emission
becomes stronger upon Cl doping, which is a result of the in-
creased ClSe-VZn concentration. The peak position and width of
the doped sample are near identical to the undoped one
except the change in band intensity, thus revealing that the
crystalline quality and structural integrity of the ZnSe NRs are
not seriously degraded by the incorporation of Cl. This feature
will be conducive to the optoelectronic applications of the
ZnSe:Cl NRs.

To assess the effect of Cl doping on the transport properties
of the NRs, field-effect transistors (FETs) were constructed
based on the individual ZnSe:Cl NRs (Figure 2 a). Figure 2 b
plots the typical source–drain current (IDS) versus source–drain
voltage (VDS) curves measured on the ZnSe:Cl NRs with varied
doping level in the dark at zero gate bias. The good Ohmic
contact of indium tin oxide (ITO) with the NRs was proven by
the good linearity of the curves. It is noted that the use of ITO
electrodes is vital to obtain this Ohmic contact, which could
be interpreted by the formation of a highly conductive interfa-
cial oxide layer between ITO and the ZnSe:Cl NRs, as a result,
the surface Fermi level pinning of the NRs is eliminated giving
a more efficient carrier injection from ITO to the NRs. Notably,
the conductance of the ZnSe NRs increases remarkably with in-
creasing the level of Cl doping. The undoped ZnSe NRs are
highly insulating with conductance lower than 0.03 pS, while
the chlorine-doped ZnSe NRs exhibit much improved conduc-
tance of 0.8 nS, 61 nS, and 1.4 mS for Sample A, Sample B, and
Sample C, respectively. To gain a statistical significance, the
conductivities of 20 NRs were measured for each sample, and
the corresponding conductivity distribution is shown in Fig-
ure 2 c. As compared with the undoped NRs (�10�7 Scm�1),

Figure 1. a) Typical FESEM image of the as-synthesized chlorine-doped
ZnSe NRs. Inset shows the corresponding EDS spectrum. b) The XRD pat-
terns of both the undoped and doped ZnSe NRs. c) HRTEM image of the
ZnSe:Cl NR. Inset shows the corresponding SAED pattern. d) The XPS spec-
trum of ZnSe:C NRs (Sample C). Inset shows the enlarged Cl 2p peak cen-
tered at approximately 199.2 eV. e) The PL spectra of both the undoped and
doped (Sample C) ZnSe NRs.
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the conductivity of the ZnSe:Cl NRs has been dramatically en-
hanced with a maximum improvement of near eight order of
magnitude for Sample C (1–10 Scm�1). From Figure 2 c, it is
also clear that conductivity of the ZnSe:Cl NRs could be tuned
in a wide range of about three orders of magnitude by adjust-
ing the level of Cl doping.

Figure 3 shows the representative IDS–VDS curves of the
ZnSe:Cl NRs measured at varied gate voltage (VGS) ranging
from �30 to + 30 V in steps of + 10 V, along with the IDS–
VGS curves at fixed VDS of + 1 V. We note that all the devices ex-
hibit an obvious gating effect and the conductance of the
ZnSe:Cl NRs consistently increases with the increasing of VGS.
This feature is in good agreement with the typical characteris-
tic of an n-channel metal-oxide semiconductor FET (MOSFET)
and reveals the n-type nature of the ZnSe:Cl NRs. The n-type
conductivity of the NRs could be attributed to the substitution
of Se2� ions by Cl� ions in the ZnSe NRs. Table 1 summarizes
the key parameters of the ZnSe:Cl NR FETs at various doping
levels. It is seen that the ION/IOFF ratio estimated from the IDS at

the accumulation state (+ 40 V) and depletion state (�40 V) of
the FETs has decreased from approximately 103 for Sample A
to about 101 for Sample C. This outcome is a result of the in-
creased carrier concentration and consequently weaker gate
modulation to the conduction channel. Also, Vth, which is de-
duced by extracting the linear portion of the IDS–VGS curve, has
decreased gradually from Sample A to C because lower voltage
is needed to turn-on the devices at higher doping levels. The
electron mobility (mn) can be estimated from the channel trans-
conductance (gm) of the ZnSe:Cl NR FETs in the linear regimes
of the IDS–VGS curves. The gm value is given by Equation (1):

gm ¼
dIDS

dVG
¼ Z

L

� �
mnC0VDS ð1Þ

where Z/L is the ratio of channel width to channel length, C0

(1.15 � 10�8 Fcm�2) is the gate capacitance per unit area and is
deduced from C0 = ee0/h, where e (3.9 for SiO2) and h (300 nm)
are the dielectric constant and the thickness of the SiO2 dielec-
tric layer, respectively. From Equation (1), we note that mn in-
creases with increasing doping level and a maximum value of
17.3 cm2 V�1 s�1 is obtained for Sample C. Although the in-
crease of mn obviously departs from the conventional assump-
tion that the mobility in a semiconductor tends to decrease at
higher doping level owing to the enhanced carrier scattering,

Figure 2. a) Schematic illustration of the back-gate FET based on a single
ZnSe:Cl NR. b) Representative I–V curves of the ZnSe:Cl NRs with varied
doping levels. I–V curve of the undoped ZnSe NR is shown in the right inset
for comparison. Left inset shows the typical SEM image of the NR device.
c) Conductivity distribution of the ZnS:Cl NRs with different doping level,
20 devices each for Sample A, Sample B, and Sample C. Figure 3. Electron-transfer characteristics of the back-gate FETs based on

ZnSe:Cl NRs with different doping level. The IDS–VDS curves were measured
under varied VGS values ranging from �30 to + 30 V with a voltage step of
+ 10 V. The IDS–VGS curves were measured at fixed VDS = + 1 V. Parts (a), (b),
and (c) corresponds to Sample A, Sample B, and Sample C, respectively.

Table 1. Key device parameters of the back-gate FETs based on
ZnSe:Cl NRs with different doping levels.

ZnSe:Cl NRs ION/IOFF Vth [V] mn [cm2 V�1 s�1] s [Scm�1] n [cm�3]

Sample A �103 12.6 0.4 1.1 � 10�3 1.8 � 1016

Sample B �102 6.8 2.8 8.5 � 10�2 1.9 � 1017

Sample C �101 0.1 17.3 2.1 6.9 � 1017

472 www.chempluschem.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPlusChem 2012, 77, 470 – 475

J. S. Jie et al.

www.chempluschem.org


this phenomenon is often observed for nano-FET sensors fabri-
cated from semiconductor nanostructures. The enhanced
channel conduction and the improved electrical contact at
higher doping levels are considered important factors.[20] On
the other hand, electron concentration (n) is calculated accord-
ing to the following relationship shown in Equation (2):

n ¼ s

mnq ð2Þ

where s is the NR’s conductivity, and q is the elementary
charge. Significantly, n increases remarkably with the increas-
ing Cl doping and reached 6.9 � 1017 cm�3 for Sample C. This
value is comparable with the previous results for n-type ZnSe
films and unambiguously demonstrates that Cl could be an ef-
ficient n-type dopant for ZnSe nanostructures.[21]

Owing to the appropriate band-gap and the high crystalline
quality, ZnSe NRs have great potential as high-performance
photodetectors operated at short wavelengths.[22] Figure 4 a

plots the wavelength (l) dependent I–V curves obtained when
the ZnSe:Cl NR (Sample B) was exposed to the monochromatic
light at a constant light intensity of approximately
0.60 mW cm�2. It is seen that the NR’s conductance strongly
depends on the light wavelength, which increases with de-
creasing wavelength and reaches the maximum value at ap-
proximately 460 nm. Nevertheless, further shortening of the
wavelength results in the decline of the conductance. Fig-
ure 4 b shows the spectroscopic dependence of the sensitivity ;
it is found that the ZnSe:Cl NR has highest sensitivity at the
blue-light region with the cut-off wavelength at approximately
490 nm, which is consistent with the band-gap of ZnSe, thus
revealing that the enhancement of the photocurrent mainly
originates from the electron–hole pairs excited by the incident
light with energy larger than the band-gap. The decrease of
the sensitivity at shorter wavelengths could be attributed to

the enhanced surface absorption and recombination. To en-
hance the UV response of the ZnSe:Cl NRs, the NRs were fur-
ther annealed in air at 500 8C for 5 minutes so as to form
a thin ZnO oxide layer on the surface of the NR. As ZnO has
a wider band-gap of 3.37 eV, the formation of a ZnSe/ZnO
cable structure is conducive to enhance the UV response of
the ZnSe NR. This assumption is confirmed by the spectroscop-
ic response of the ZnSe:Cl NR obtained after annealing (Fig-
ure 4 b), a strong response peak at approximately 350 nm cor-
responding to the ZnO outer shell has appeared in addition to
the original ZnSe peak at approximately 460 nm, thus indicat-
ing that the spectroscopic response of the NRs in the blue to
UV range could be readily controlled by this simple post-an-
nealing process.

Figure 5 shows the time response spectra of the ZnSe NRs
with varied levels of doping. All the devices exhibit excellent
stability and reproducibility, however, it is also clear that the

photocurrent of the undoped ZnSe NR is much lower than
that of the doped NRs. The photocurrent increases with in-
creased doping. Responsivity (R) of a photodetector is defined
in Equation (3):

RðA=WÞ ¼ Ip

Popt
¼ hðql

hc
ÞG ð3Þ

where Ip, Popt, h, h, c, l, and G are photocurrent, incident light
power, quantum efficiency, Planck’s constant, light speed, light
wavelength, and photoconductive gain, respectively. Based on
this equation, R is estimated to be as low as 1.4 � 10�1 AW�1

for the undoped ZnSe NR by assuming h= 1 for simplify
(Table 2), whereas R dramatically increases to 4.1 � 102, 1.9 � 104,
and 7.9 � 105 AW�1 for Sample A, Sample B and Sample C, re-
spectively. Accordingly, the photoconductive gain is enhanced
from 3.7 � 10�1 for undoped NR to 1.1 � 103 for Sample A,
5.1 � 104 for Sample B, and 2.1 � 106 for Sample C. It is worth

Figure 4. a) I–V curves of the ZnSe:Cl NR under light illumination with differ-
ent wavelength at a constant light intensity of approximately 0.6 mW cm�2.
b) Spectroscopic response of the as-synthesized and annealed ZnSe:Cl NR.
The voltage bias was fixed at + 5 V.

Figure 5. Time response spectra of both the undoped and chlorine-doped
ZnSe NRs at fixed voltage bias of + 5 V. a) undoped ZnSe NR. b) Sample A.
c) Sample B. d) Sample C. The blue light (460 nm, 0.4 mW cm�2) was turned
ON and OFF manually.
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noting that R and G in this study represent one of the best
values obtained for the nano-photodetectors in the blue/UV
range, These values are much higher than those of the com-
mercial photodetectors fabricated from ZnSe films (R =

0.128 AW�1).[23] The ZnSe:Cl NRs with such a high gain have
great potential for weak light detection with detectivity even
down to a single photon.[24] The substantial improvement in R
and G for the ZnSe:Cl NRs could be attributed to 1) the good
Ohmic contact of ITO with the ZnSe:Cl NRs and consequently
large photocurrent. 2) The high crystalline quality of the
ZnSe NRs, thus giving high quantum efficiency. 3) The surface-
energy-band bending near the NR surface that causes the sep-
aration of the photo-generated electron–hole pairs, i.e. holes
will accumulate at the NR surface, while electrons accumulate
at the bulk. As a result, the carrier lifetime is remarkably pro-
longed and more carriers can pass through the electrode in
a certain time. 4) The Cl donors in the ZnSe NR may serve as
the trapping centers for the holes, thus leading to the prolon-
gation of the carrier lifetime. On the other hand, a longer re-
sponse time is usually observed for the sample with higher
doping levels (Figure 5). Both the rise time (tr) and fall time (tf)
for the undoped NR are about 0.3 s, which in contrast to the
prolonged time for Sample A (tr 2 s, tf 2 s), Sample B (tr 27 s, tf

42 s), and Sample C (tr 120 s, tf 394 s). It is suggested that the
carrier traps induced by the Cl doping are responsible for this
result. The carrier traps can capture the photo-generated carri-
ers during the light illumination and then gradually release
them after the light is OFF, thus leading to the slow response
speed.

The outstanding mechanical properties of one-dimensional
nanostructures such as extraordinary flexibility and resilience
have attracted much attention to terms of their potential ap-
plications in flexible and transparent optoelectronics. Here, we
conduct a primary study on the flexible photodetectors based
on the ZnSe:Cl NRs by using PET flexible substrate instead of
the rigid SiO2/Si substrate. Figure 6 a shows I–V curves of the
device measured in the dark and under illumination with blue
light, respectively. It is seen that the device maintains good
device characteristics with linear shape I–V curves and large
photocurrent. Time response spectra of the device measured
at flat and under strain (0.15 %) conditions are near identical,
thus revealing the excellent stability of the device. Moreover,
no obvious changes in dark current and photocurrent are ob-
served as the tensile strain is applied between 0–0.35 % and
after the bending of 50 cycles (Figure 6 c,d), further indicating
that the flexible device is durable and stable within the detec-
tion range.

Conclusions

In summary, n-type ZnSe NRs were synthesized using ZnCl2 as
the Cl dopant by an in situ doping process. The ZnSe:Cl NRs
were single crystalline with wurtzite structure. The Cl doping
led to the remarkable enhancement of the NR’s conductivity,
which could be further tuned over three orders of magnitude
by varying the doping level. The field-effect transistors based
on ZnSe:Cl NRs showed pronounced n-channel device charac-
teristics with a deduced electron concentration of up to 6.9 �
1017 cm�3. Highly sensitive blue/UV light photodetectors with
an extremely high photoconductive gain of 2.1 � 106 were con-
structed from the ZnSe:Cl NRs. Furthermore, their UV response
could be improved through annealing in air. Flexible
ZnSe:Cl NR photodetectors fabricated on PET substrates also
exhibited excellent stability and durability. Our results demon-
strate the promising applications of ZnSe:Cl NRs with tunable
optoelectronic properties in new-generation nano-optoelec-
tronic devices.

Experimental Section

Synthesis of ZnSe:Cl NRs

Chlorine-doped ZnSe NRs were synthesized in a horizontal tube
furnace by a thermal co-evaporation method. Briefly, 0.3 g of ZnSe
(99.99 %, Aldrich) and ZnCl2 (99.99 %, Aldrich) mixed powder was
loaded into an alumina boat and transferred to the center region
of the furnace. The ZnCl2 served as the Cl dopant because it could
decompose at a relative low temperature. Ultrasonically cleaned Si
substrates were coated with 10 nm of gold catalyst and placed
downstream, i.e. approximately 10 cm away from the ZnSe/ZnCl2

source. The H2 (5 % in Ar) carrier gas was fed at a constant flow
rate of 20 sccm and the gas pressure in the reaction chamber was

Table 2. Key device parameters of the photodetectors based on both the
undoped and chlorine-doped ZnSe NRs.

ZnSe NRs tr [s] tf [s] R [AW�1] G

Undoped 0.3 0.3 1.4 � 10�1 3.7 � 10�1

Sample A 2 2 4.1 � 102 1.1 � 103

Sample B 27.6 42.8 1.9 � 104 5.1 � 104

Sample C 120.2 394.2 7.9 � 105 2.1 � 106

Figure 6. (a) I–V curves of the flexible ZnSe:Cl NR photodetector measured
in the dark and under light illumination (460 nm, 0.4 mW cm�2), respectively.
The flexible PET substrate was used. b) Time response spectra measured
without tensile strain and under tensile strain of 0.15 %. c) Dark current and
photocurrent measured at varied strain from 0 % to 0.35 %. d) Current varia-
tion of device by applying (forwards) and removing (backwards) the strain
gradually, revealing the good stability of the device. The photo in the inset
shows the measurement configuration for the flexible photodetector.
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adjusted to 100 Torr. Afterwards, the mixed powder was heated up
to 1020 8C in 1 h and maintained at that temperature for 2 h. A
layer of bright yellow colored product could be observed on the Si
substrates after growth. In this study, three samples with various Cl
doping levels were synthesized. These samples were labeled as
Sample A, Sample B, and Sample C, corresponding to the ZnSe/
ZnCl2 molar ratio of 8:1, 4:1, and 2:1, respectively, in the mixed
powder. Undoped ZnSe NRs were synthesized under the same con-
ditions except ZnCl2 was not used.

Characterizations of ZnSe:Cl NRs

Morphologies and structures of the ZnSe:Cl NRs were characterized
by X-ray diffraction (XRD, Rigaku D/Max-rB) with CuKa radiation,
field-emission scanning electron microscopy (FESEM, SIRION 200
FEG), and high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2010). Compositions were analyzed by energy-
dispersive X-ray spectroscopy (EDS, attached on the SEM) and X-
ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250).
Room-temperature photoluminescence (RT-PL, LabRAM-HR) spectra
were obtained under the excitation at 325 nm of a He-Cd laser.

Device construction and analysis

To assess the transport properties of the ZnSe:Cl NRs, back-gate
field-effect transistors (FETs) based on individual ZnSe:Cl NRs were
constructed. The NRs were first dispersed onto SiO2 (300 nm)/P+-Si
substrates with desired density, and then the indium-doped tin
oxide (ITO) source and drain electrodes (120 nm) were deposited
on the NRs through a pulsed laser deposition (PLD) system with
KrF excimer laser (Lambda Physik COM-PexPro 102, 248 nm,
120 mJ, 5 Hz) under the assistance of a shadow mask that consist-
ed of tungsten wires (5 mm thick). The degenerately doped Si sub-
strate then acted as the back gate electrode. To fabricate the flexi-
ble photodetectors, PET flexible substrates instead of the rigid
SiO2/Si substrates were used and the devices were constructed by
the same process described above. Electrical measurements were
conducted at RT by using a semiconductor characterization system
(Keithley 4200-SCS). To measure the photoconductive characteris-
tics of the ZnSe:Cl NRs, a light source combining a xenon lamp
(150 W) and a monochromator (Omni-l300) was used to provide
the monochromatic light, which was focused and guided onto the
NRs in a perpendicular manner.
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