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Submillimeter and lead-free Cs3Sb2Br9 perovskite
nanoflakes: inverse temperature crystallization
growth and application for ultrasensitive
photodetectors†

Zhi Zheng, ‡a Qingsong Hu,‡b Hongzhi Zhou,‡c Peng Luo,a Anmin Nie, d

Haiming Zhu,c Lin Gan, a Fuwei Zhuge, a Ying Ma, a Haisheng Songb and
Tianyou Zhai *a

Lead-free Cs3Sb2Br9 perovskites demonstrate wide applications in

photodetectors owing to their remarkable optical properties and

nontoxicity. Herein, we utilized an inverse temperature crystal-

lization strategy to synthesize submillimeter Cs3Sb2Br9 perovskite

nanoflakes. The carrier relaxation dynamics was investigated. More-

over, the Cs3Sb2Br9 perovskite nanoflake device exhibits fast

response speed, high responsivity and excellent detectivity.

APbX3 (A: Cs, CH3NH3, X: Cl, Br, I) based all-inorganic perovs-
kites demonstrate excellent optoelectronic properties including
long carrier diffusion length, high carrier mobility and chemical
stability.1–8 However, Pb compounds are toxic to humans and
the environment.9 They may cause brain-related symptoms such
as memory problems when accumulating in the human body;
owning to their high solubility in water, they could also threaten
the local biological system at a high risk.10 It is therefore highly
desirable to replace Pb with a less toxic metal before advancing
for commercialization of perovskites.

Lead-free halide perovskites based on lead substitution,
such as Sb(III), and Bi(III), showed much lower toxicity.11–17 In
particular, Cs3Sb2Br9 perovskites with the Sb(III) substitution of
Pb(II), demonstrated a high absorption coefficient (4105 cm�1),

small effective masses (me: 0.34, mh: 0.42), and direct band gap
(2.4 eV).18 At present, QDs, bulk crystals or polycrystalline thin
films based on lead-free halide perovskites have been reported
through common synthesis methods such as liquid reprecipita-
tion, co-evaporation or spin-coating.19–24 However, QDs or bulk
crystals involve further complex device fabrication processes,
leading to the high-cost of large-size assembly; polycrystalline
thin films have high density of grain boundary defects, which
are not beneficial to boost device performance. Large-size
monocrystalline thin films are compatible with device integration.
Moreover, they have lower bulk defects and longer carrier lifetime,
and the high purities and superior carrier transport behaviors
allow for the excited carriers to drift the device directly and
quickly.25,26 Therefore, developing an efficient approach to synthe-
size large-size monocrystalline and lead-free halide perovskite thin
films is highly desirable but remains a tremendous challenge.

Herein, we present an inverse temperature crystallization
(ITC) method for synthesizing submillimeter-size monocrystalline
lead-free Cs3Sb2Br9 perovskite nanoflakes (CPN). By tuning the
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New concepts
Lead halide perovskites with remarkable optical and electrical properties
are widely applied in optoelectronics. However, lead is poisonous to the
environment and humans, which hinders their further applications.
Herein, we utilize antimony (Sb3+) substitution of lead (Pb2+) to synthesize
submillimeter Cs3Sb2Br9 perovskite nanoflakes. A substrate-independent
inverse temperature crystallization method was demonstrated to grow
submillimeter level (4100 mm) and monocrystalline Cs3Sb2Br9 perovskite
nanoflakes. The in-plane size can be controlled by adjusting the
evaporating temperature and solute concentration. The band edge
carrier relaxation processes including carrier trapping, electron–hole
radiative recombination and Auger recombination based on Cs3Sb2Br9

perovskite nanoflakes were investigated. The fabricated Cs3Sb2Br9 nano-
flake photodetector demonstrated high performance including fast
response speed (24/48 ms), high responsivity (3.8 A W�1) and excellent
detectivity (2.6 � 1012 Jones). The developed submillimeter and lead-free
Cs3Sb2Br9 perovskite nanoflakes promise great potential for fabricating
high-performance optoelectronic devices.
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evaporation temperatures and solute concentrations, we are
able to control the morphology of the lead-free nanoflakes.
In addition, the low-temperature photoluminescent (PL) and
carrier dynamic process are revealed. The CPN device exhibits
outstanding photodetecting performances such as high respon-
sivity and detectivity.

Fig. 1 depicts the ITC synthesis process for CPN. Firstly,
cesium bromide (CsBr) and antimony bromide (SbBr3) were
dissolved in hybrid hydro bromic (HBr/H2O) at 403 K. Then, a
drop of precursor solution was dripped onto the quartz substrate
when the solution displayed a transparent and yellow color
(Fig. 1a). The CPN were obtained via evaporating HBr hybrid
solution at 413 K. This crystallization process is schematically
illustrated in Fig. 1b. In hybrid HBr solution, dissociative Br
atoms of CsBr attached to the extended SbBr3 octahedral net-
work as terminal groups, allowing the formation of a typical
hexagonal cell structure as the reaction proceeded. As the corner-
sharing (Sb2Br9)3� network extended, CPN were formed. The
unit cell crystal structure of CPN is similar to a traditional APbX3

crystal structure as schematically described in Fig. 1c. Cs3Sb2Br9

perovskites were made up of distorted and corner-sharing
(SbBr6)3� octahedra, ten Cs cations encircled the dioctahedron
(Sb2Br9)3� clusters.19 For the growth of CPN in HBr hybrid
solution, two factors determine the growth rate: (1) the deposi-
tion rate of CsBr and SbBr3 solute molecules from solution onto
the Cs3Sb2Br9 crystal surface; (2) the diffusion rate of CsBr and
SbBr3 solute molecules from the crystal’s surface into HBr hybrid
solution.27 The diffusion rate shows an exponential increase as
the temperature increases according to eqn (1):

D ¼ D0 exp �
DH
RT

� �
(1)

where D0 is the diffusion constant, and DH is the diffusion
activation energy. Inapposite high temperature results in a high

crystal defect density owing to the excessively rapid solute
diffusion rate. Hence, it is important to adjust the diffusion
rates through controlling the evaporation temperature. We tried
various evaporation temperatures, such as 393 K, 413 K and
433 K, to synthesize CPN (Fig. 1d and Fig. S1 (ESI†)). Submilli-
meter flakes with uniform hexagonal distribution were obtained
at 413 K, demonstrating the importance of choosing a suitable
temperature to accomplish a sufficient crystallization process.

The importance of HBr for synthesis of CPN was also
investigated as shown in Fig. S2 (ESI†). Only random CsBr
particles were obtained in the pure water solution (without
adding HBr) (Fig. S2a and d, ESI†). This result demonstrates
that HBr facilitates the nucleation of Cs3Sb2Br9 clusters.28

Other polar solvents, such as dimethyl formamide (DMF) and
dimethylsulfoxide (DMSO), were also used to synthesize CPN.
However, they were not as effective as HBr in morphology
control, and large particles (Fig. S2b and c, ESI†) with impurity
peaks appeared in the final products (Fig. S2e and f, ESI†). The
in-plane size and thickness of the pre-synthesized flakes were
first characterized through optical microscope (OM) and
atomic force microscope (AFM). The in-plane size of a typical
nanoflake was around 105 mm (Fig. 1e and Fig. S3 (ESI†)), and
its thickness was 90 nm (Fig. S4 (ESI†)). In addition, the
obtained CPN exhibit hexagonal P%3m1 symmetry referring to
the calculated patterns using the CIF card of Cs3Sb2Br9 single
crystals through vesta software (Fig. 1f). The main strong peaks
of the (222) plane show that this was the preferred growth
orientation. This conclusion corresponds to a hexagonal
perovskite structure. In order to investigate the stability
measurement of CPN, we stored the sample in a constant
humidity (50%, 298 K) for one month. The XRD of the stored
sample is similar to the fresh one and maintains the main
crystal planes including (003) and (222) as shown in Fig. 1f,
demonstrating the high water-resistant stability of these CPN.

Fig. 1 (a) Schematically illustrated dissolution process. (b) Schematically illustrated growth process of CPN. (c) The crystal structure of CPN. (d and e)
Optical images for CPN grown on quartz substrates. (f) XRD patterns for freshly prepared CPN and after storage in moist air for one month. The bottom
red lines are calculated patterns using CIF card (ICSD#39824).
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Importantly, submillimeter CPN can also be obtained on
other substrates such as glass (100 mm, Fig. S5a (ESI†)) or PET
(90 mm, Fig. S5b (ESI†)), indicating an excellent repeatability
and convenience through this ITC strategy. Moreover, lead-free
Cs3Bi2Br9 nanoflakes were also successfully synthesized through
this strategy. The in-plane size and thickness of a typical nano-
flake are about 50 mm and 150 nm, respectively (Fig. S6, ESI†),
demonstrating a universality of this strategy.

The possible growth mechanism of submillimeter nano-
flakes is explained as follows.29 Anions such as Br� and (Sb2Br9)3�

in the droplet adsorb on the substrate surface to form an adlayer,
serving as seed crystals as well as lowering the nucleation
activation energy for Cs3Sb2Br9 growth. As HBr evaporates,
the solution reaches the critical nucleation supersaturation.
Cs3Sb2Br9 clusters nuclei on the substrate, leading to the
decrease of the solute concentration at the solid–liquid inter-
face. A driving force is established owning to this concentration
gradient, leading to the diffusion of Cs+, Br� or (Sb2Br9)3�

across the diffusion layers.30 The influence of solute concen-
tration on the in-plane size was then investigated via supple-
mentary experiments as shown in Fig. S7 (ESI†). The in-plane
size of CPN increases as the CsBr solute concentration varies
from 0.04 mmol L�1 to 0.08 mmol L�1 (Fig. S7a and b (ESI†)).
Owning to the continuous supply of solute source, larger
in-plane size of CPN was synthesized at higher concentration.
However, an exorbitant concentration of CsBr and SbBr3 solute
was not beneficial to obtain larger size of CPN.31

We measure the thickness of these nanoflakes under different
evaporating temperatures and solute concentrations. The statistical

result is shown in Fig. S8 (ESI†). The thickness of these nanoflakes
decreases primarily as temperature and concentration increase,
then increases as temperature and concentration continue to
increase. This growth law of thickness is inverse to the variation
of size, which was determined by the in-plane growth rate and
vertical growth rate.32 For the synthesis at 0.08 mmol L�1 solute
concentration, the thickness of CPN decreases as the tempera-
ture increases from 393 K to 413 K because the in-plane growth
rate increases faster than the vertical growth rate. However,
too high temperature will lead to growth along the vertical
direction.33 It is reasonable that the thickness decreases as
the solute concentration increases from 0.08 mmol L�1 to
0.12 mmol L�1 when synthesizing the CPN at 413 K, because
the increase of concentration benefits the growth of nanoflakes
both in-plane and in the vertical direction;34 the thickness
of CPN increases when the concentration decreases from
0.08 mmol L�1 to 0.04 mmol L�1, which may result from the
increase of in-plane growth rate.35

The key to realize high-performance photodetectors is to
synthesize CPN with high crystalline quality. The hexagonal
morphology of the low-magnification transmission electron
microscopy (TEM) image is in accordance with its crystal
structure while viewing from the [111] orientation (Fig. 2a).
The 0.198 nm lattice distance is corresponding to the (02%20)
interplanar spacing of hexagonal Cs3Sb2Br9 (Fig. 2b). The related
selected-area electron diffraction (SAED) pattern of CPN is shown
in Fig. 2c. In a hexagonal crystal system, (02%20), (20%20) and
(2%200) planes are equal to a (111) plane in a 4-axis coordinate
system. The sharp edge and clear lattice fringe demonstrate a

Fig. 2 (a) TEM image of CPN. Inset is the crystal structure of CPN viewed from the [111] orientation. (b) HRTEM image of CPN. (c) SAED pattern of CPN.
(d–f) EDS mapping of Cs, Sb, and Br, respectively. (g–i) XPS of Cs, Sb, and Br, respectively.
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high-quality crystalline characteristic of CPN. Moreover, the
detected Cs, Sb and Br counts in the energy dispersive X-ray
spectroscopy (EDS) in Fig. S9 (ESI†) confirm the composition of
the CPN, and their uniform distributions were demonstrated by
the EDS mapping images (Fig. 2d–f).

To investigate the valence state and component of this CPN,
the X-ray photoelectron spectroscopy (XPS) of single Cs3d, Sb4d
and Br3d was collected as shown in Fig. 2g–i, respectively. The
strong peaks at around 724.5 eV and 738.5 eV are from Cs3d5/2

and Cs3d3/2, respectively. While the couple peaks located at
34.5 eV and 35.6 eV are attributed to Sb4d5/2 and Sb4d3/2. For
Br3d5/2 and Br3d3/2 of Br3d, the prominent peaks are located at
around 68.9 eV and 69.7 eV, respectively. These peak positions of
Cs3d, Sb4d and Br3d are verified by the reported values of
Cs3Sb2Br9 QDs.19 According to the analytical results of OM, AFM,
XRD, HRTEM and XPS, large size and highly crystalline CPN were
successfully synthesized through the ITC growth strategy.

To investigate the optical properties of the CPN, the photo-
luminescence (PL) and UV-vis absorption properties were
recorded as shown in Fig. 3. As the incident wavelength sweeps
from 450 nm to 700 nm, the reflectance curve shows a sharp
rising step from 450 nm to 515 nm, and displays a stable
horizontal line when the incident light is longer than 515 nm
(Fig. 3a). This increase of reflectance results from the increased
light absorption coinciding with the band-gap of Cs3Sb2Br9.
The optical band-gap can be investigated by the Kubelka–Munk
equation as follows:

ahn = A(hn � Eg)n (2)

where a is absorption coefficient, A is a constant, n is light
frequency, h is Plank’s constant, and Eg is the band-gap energy.
For direct band-gap semiconductors, n = 1/2. According to the
fitting results in Fig. 3b, CPN possess a direct band-gap of
2.65 eV. Compared to the UV-vis absorption spectrum, the PL
emission peak is located at 515 nm, showing a 250 meV Stokes
shift. The redshift of the PL spectrum was also observed
in organohalide perovskites, which was attributed to energy
dissipation.36 The lifetime of CPN is about 0.85 ns (Fig. 3c),
slightly longer than previous synthesized CsPbI3 perovskite
nanosheets.37 Furthermore, low-temperature PL spectra were
measured to investigate an intrinsic PL mechanism in CPN. As
shown in Fig. 3d, the PL intensity decreases as temperature
increases from 4 K to 300 K, indicating a thermal quenching
effect.38 According to the temperature dependent PL intensity
plot in Fig. 3e, the exciton binding energy (Eb) of CPN was
calculated as 33 meV.39 This value is comparable to KbT (300 K,
25.8 meV), indicating that free carriers instead of excitons were
mostly generated in CPN under light excitation. Owning to the
negative Varshni parameter, the PL peak position retained a
slight blue shift as temperature increases (Fig. S10 (ESI†)).40

The relationship between temperature and the full width at half
maximum (FWHM) was also explored as shown in Fig. 3f. The
values of G0, s, Gop, and �hoop were fitted as 277 meV,�0.5 eV K�1,
2.61 eV and 91.1 meV, respectively. s and Gop both contribute to
the broadening FWHM as temperature increases from 4 K to
300 K. G0 plays a dominant role in G(T) at low temperature, that
is why the temperature dependent FWHM curve demonstrates
stable tendency of 277 meV when the temperature is lower than

Fig. 3 (a) PL spectrum and UV-vis diffuse reflectance spectrum of CPN. (b) The plot of (ahn)2 and hn. (c) Lifetime curve of CPN. (d) Measured PL spectra
of CPN when increasing the temperature from 4 K to 300 K. (e–f) Temperature dependent integrated PL intensity and FWHM curves, respectively.
The solid lines are fitted curves.
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100 K. However, the FWHM displays a nonlinear increase when
the temperature was higher than 100 K, which mainly results
from the contributions of acoustic and optical phonon inter-
actions.41 The above results provide useful perception into the
optical properties of large-size lead-free perovskites, benefitting
their potential applications in optoelectronic devices.

Detailed information about both carrier relaxation processes
and rate constants in the CPN was investigated through ultrafast
transient reflection (TR) measurements. In the TR experiment,
we focused both a 450 nm pump pulse and white light probe
pulse on a single CPN using a microscope objective. We tested
the sample by above the gap excitation and measured the
reflectance change of broadband white light after a certain time
delay (Fig. 4a). Fig. 4b shows the pseudo-color plot of represen-
tative TR spectra of a CPN with a few selected TR spectra at
indicated delay times shown in Fig. 4c. The TR spectra showed a
derivative-like spectral shape with a node at B545 nm, which
can be ascribed to the carrier occupation induced band filling
and associated reflectance change, similar to previous reported
TR spectra of lead bromide single crystals.42 The TR signal
reflects the photoexcited carrier population and its decay
kinetics directly yielding the carrier recombination process in
CPN. The TR kinetics of a single CPN at different photoexcited
densities, (1.8–9.0) � 1018 cm�3, are shown in Fig. 4d. The TR
signal decays faster with increasing carrier density and can be
described by the following equation43

dn/dt = �k1n � k2n2 � k3n3 (3)

where k1 is the first order rate constant for carrier trapping, k2 is
the second order rate constant for electron–hole radiative
recombination and k3 is the third order rate constant for Auger
recombination.44 Fitting these kinetics globally provides k1, k2, and
k3 of 1.4 � 109 s�1, 2.9 � 10�9 cm3 s�1 and 8.8 � 10�28 cm6 s�1,
respectively. This carrier trapping rate constant corresponds to
a low-excitation density carrier lifetime of B0.7 ns, which is
consistent with the PL lifetime and much larger than the
values in lead halide perovskites.45,46 The radiative and Auger
recombination rate constants are similar to lead halide
perovskites, highlighting the capability for efficient opto-
electronic applications.42,47

To systematically explore the photodetecting properties of
CPN, we fabricate the CPN device through a dry transfer
strategy as described in the experimental section.48 The device
illuminated under monochromatic light is shown in Fig. 5a.
The width and length of the device channel are about 5 mm and
20 mm, respectively (Fig. S11 (ESI†)). The photoresponse of the
device in the dark and under illumination of wavelengths
ranging from 300 to 600 nm was first studied. Every single
current–voltage (I–V) curve exhibits straight shape, suggesting a
good Ohmic contact of the device. Moreover, the device under-
going on–off illumination of the above wavelengths is shown in
Fig. 5b. A photocurrent can be clearly observed when the device

Fig. 4 (a) The schematic diagram of TR measurements. (b) Pseudo color TR plot of CPN pumped by 450 nm pulse light with 4.6 � 1018 cm�3

photoexcited density. (c) TR spectra at the indicated delay time from�0.12 ps to 790 ps. (d) TR kinetics at various photoexcited densities, (1.8–9.0)� 1018 cm�3.
Solid lines represent fits with a 1st, 2nd- and 3rd-order decay function described in the main text.
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was excited by the light wavelength shorter than 600 nm.
The photocurrent of the device increases as the light wave-
lengths increase from 300 nm to 450 nm, then decreases as
the light wavelength goes on increasing to 600 nm. The photo-
current reaches the largest value (3.0 nA) under 450 nm light
illumination, consistent with the UV-vis diffuse reflectance
curve shown in Fig. 3a. Fig. 5c demonstrates the switching
stability of a photoresponse under 450 nm light illumination in
CPN devices. After 5 cycles of a switching test, the device still
shows unfailing photoresponse current and speed, confirming
the excellent stability of the device. The detailed response
process of the device was investigated by extracting a single
on/off cycle. The response and decay time of CPN could be
calculated as about 48 ms and 24 ms, respectively. Moreover,
the photoresponse under irradiation at 450 nm light upon
various powers is shown in Fig. 5d. The relationship between
photocurrent and incident light power can be fitted with a
power law (Fig. 5e). The y can be calculated as 0.52, corres-
ponding to the generation, separation, trapping and recombi-
nation processes of photo-generated electron–holes in the
CPN.49 As shown in Fig. 5f, the responsivity of the device
ranges from 3.8 A W�1 to 1.1 A W�1 as the light power increases
from 0.289 mW cm�2 to 2.79 mW cm�2. The detectivity (D*)
shows a similar decreased regularity from 2.6 � 1012 Jones to
7.4� 1011 Jones as the light power increases from 0.289 mW cm�2

to 2.79 mW cm�2.50 Compared to the performance of other devices
based on perovskite nanoplates in Table S1 (ESI†), the lead-free
CPN device demonstrates a comparable high responsivity and
excellent weak light detecting ability.

Conclusions

In summary, a facile ITC strategy is demonstrated for the
growth of submillimeter and lead-free CPN. Moderate evaporating
temperature and solute concentration are verified to control the
in-plane size of the lead-free nanoflakes. The prepared CPN
demonstrate comparable long lifetime (0.85 ns) and radiative
and Auger recombination rate constants (2.9 � 10�9 cm3 s�1

and 8.8 � 10�28 cm6 s�1). These superior intrinsic optical and
electrical characteristics endow the Cs3Sb2Br9 based photodetectors
with a fast respond speed (24/48 ms), high responsivity (3.8 A W�1),
high photodetecting sensitivity (2.6 � 1012 Jones), and good
repeatable characteristics. Excellent photodetecting performance
of the CPN as well as the facile synthetic approach may speed up
the fabrication of large-size lead-free all-inorganic perovskite nano-
flakes for future optoelectronic applications.

Experimental
Synthesis of CPN

CPN were achieved through an ITC method. Firstly, CsBr and
SbBr3 powder mixtures with a 3 : 2 mole ratio were dissolved in
5 ml solvent such as 40% HBr (in water), DMF or DMSO. Then
the solution was stirred and heated at 403 K. The color of the
available uniform solution should be transparent and yellow.
We dripped the precursor solution onto the substrate (quartz,
glass, PET) heated at 393–433 K. After minutes of evaporation,
final nanoflakes were obtained.

Fig. 5 (a) I–V curves of the CPN device in the dark and under illumination of light wavelengths ranging from 300 to 600 nm. (b) 3D I–t curves of the
device under illumination of 300–600 nm wavelength light, respectively. (c) I–t curve of the device for on–off tests under 450 nm light, inset is a
single on/off cycle measurement. (d) 2D Pseudo color of I–V curves illuminated under 450 nm light with power intensities ranging from 0.289 to
2.79 mW cm�2. (e) Power dependent photocurrent curve and the corresponding power law fit curve under 450 nm light illumination. (f) Power
dependent responsivity and detectivity curves under 450 nm light illumination.
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Characterization of structure and morphology

An optical microscope (BX51, OLMPUS) and a field-emission
scanning electron microscope (Quanta650 FEG, FEI) were
used to monitor the morphology of the CPN. The thickness
and superficial morphology were measured by an atomic force
microscope (Dimension Icon, Bruker). The crystal structure of
CPN was analyzed by powder X-ray diffraction (XRD) (Empyrean,
PANalytical B.V.). The microstructure was further characterized
by transmission electron microscope (Tecnai G2 F30, FEI).

Characterization of optical properties

The diffuse reflectance and the electronic structure were recorded
by a UV-vis spectrophotometer (U-3900H, Hitachi) and X-ray
photoelectron spectroscope (AXIS-ULTRA DLD-600W, Kratos).
Furthermore, the PL decay curve was measured by confocal Raman
spectroscopy (ALPHA300 RAS, WITec) with a pulsing 355 nm laser.
The PL property measurements including temperature range
4–300 K were performed using a fluorescence spectrometer
(FLS980, Edinburgh). The band edge carrier relaxation pro-
cesses were investigated based on the ultrafast transient
reflection system. Two light beams separated from a Yb:KGW
laser (Pharos, Light Conversion Ltd) function as seed light
for the pump beam (450 nm, pulse duration B35 fs) and
probe beam, respectively. Both beams reached the pump–
probe spectrometer colinearly (mFemtoTR100, Time-tech
Spectra) and were focused into a cycloidal beam size with
0.4 mm diameter. The reflected probe light before and after
pumping on the sample was collected by EMCCD (Princeton
Instruments). The delay time was controlled through a delay
stage (Newport).

Fabrication of CPN photodetector

The CPN device was fabricated using a dry-transfer strategy.
Firstly, the blank electrodes (10 nm Ti/90 nm Au) with 5 mm
channel were fabricated on the SiO2/Si substrate through a
traditional photolithographic process. Afterwards, a small piece
of PVA thin film was used to stick the CPN grown on the quartz
substrate. Then, the PVA film with CPN was transferred onto
pre-fabricated electrodes under a microscope.

Photodetection measurements

The optoelectronic measurements including I–V and I–t
curves were performed using a low-temperature cryogenic
probe station (CRX-6.5K, Lake Shore) combined with a
semiconductor parameter analyzer (4200-SCS, Keithley). The
monochromatic light in the range of 300–600 nm was split
from a white light source (LDLS, EQ-1500, Energetiq). More-
over, the different power intensities for 450 nm light were
realized through changing the size of the spot area. The power
intensities were calibrated using a UV enhanced Si photodiode.
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