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Semiconductor nanoparticles (SNPs) are excellent candidates for various applications in fields like solar
cells, light emitting diodes or sensors. Their size strongly determines their properties, thus characterizing
their size is crucial for applications. In most cases, they are included in complex matrices which make it
difficult to determine their average diameter and statistical distribution. In this work, we present a non-
destructive, cheap and in situ procedure to calculate particle size distributions (PSDs) of SNPs in different
media based on deconvolution of the absorbance spectrum with a database of the absorbance spectra
of SNPs with different sizes. The method was validated against the SNP sizes obtained from transmission
microscopy images, showing excellent agreement between both distributions. In particular, CdS SNPs

embedded in mesoporous thin films were analyzed in detail. Additional composite systems were studied
Received 1st June 2019

Accepted 8th July 2019 in order to extend the method to SNPs in polymers or bacteria, proving that it applies to several SNPs in

diverse matrices. The PSDs obtained from the proposed method do not show any statistical difference

DOI: 10.1039/c9na00344d with the one derived from TEM images. Finally, a web app that implements the methodology of this
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1 Introduction

Semiconductor nanoparticles (SNPs) with a radius less than the
exciton Bohr radius (re,) behave as “artificial atoms” or
quantum dots (Q-dots), exhibiting unique and size tunable
optical properties. These SNPs with confined electrons and
holes are of wide interest for building devices' such as solar
cells,>? light emitting diodes* or sensors.® A variety of SNPs in
solution have been synthesized, whose absorbance spectra
cover diverse ranges of UV-Vis spectra, from UV (e.g. ZnS),°
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going through the visible range (e.g. CdSe or CdS)”® or up to the
NIR (e.g. PbS).° The possibility to confine SNPs into a solid
matrix' widens the application fields. The matrix gives the
composed nanostructure interesting properties such as mechan-
ical support, chemical protection (isolating hazardous SNPs) or
ability to act as an exo-template to get a SNP solid matrix."*

The characterization and interpretation of NP optical prop-
erties is an essential issue for tailored designs of nano-
structured composite materials. Inverse methods allow
structural information to be obtained by analyzing their
spectra. Moreover, optical measurements of the extinction
spectra result in a non-invasive, easy and low-cost technique
that contains information about the constituents of nano-
structured composite materials. In this sense, spectroscopic
optical extinction inverse methods based on plasmon reso-
nance have been developed to determine structural information
(NP size or its filling factor). This technique has been used in
the case of the bare core,"* core-shell** spherical metal
colloidal solutions or metallic NPs inside inorganic
frameworks.*

Several theories such as EMA (Effective Mass Approxima-
tion)' or TBM (Tight Binding Method)"” have been used as
inverse methods for SNP size determination. These methods
consider the first exciton absorption peak, centered at the
wavelength A, as a fundamental reference directly associated
with the SNP particle size.'* However, for more complex systems
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such as polydisperse solutions or SNPs embedded in diverse
matrices, these theories are not directly applicable mainly due
to the absence of a single-exciton peak. The resulting spectrum
in these systems generally leads to a flat curve without defined
features which makes the quantification of the particle size
distribution (PSD) difficult. Typically, the degree of mono-
dispersity is directly associated with the slope of the absorption
edge; the sharper the edge is, the more monodisperse the
sample is. In this direction, Pesika et al.'® demonstrated via
EMA that the shape of the absorbance spectrum near the onset
is dominated by the PSD. Micic et al.*® used a reference sample
measured by TEM to generate a prediction of the absorbance
spectrum using an EMA function. Segets** et al. employed
TBM simulations to correct the PSD obtained from bulk spectra.
Thessing et al.>* used the complete extinction spectrum of
a representative series of monodisperse initial spectra to find
the PSD of polydisperse CdS nanocrystal solutions by Monte
Carlo simulations.

The determination of PSD for SNPs in polydisperse solutions
or embedded in matrices has not been much studied. Due to
the number of potential applications of these nanocomposites,
there is a need of simple inverse methods to extract SNP's
structural information which nowadays is limited to costly and
non-routine characterization techniques, such as transmission
microscopy. UV-Vis spectroscopy is a non-destructive, non-
invasive characterization technique that is appropriate for
rapid screening or for the in situ determination of the extinction
spectra in a NP formation process. These characteristics make
it suitable for high-throughput measurements since sample
preparation is not needed. Extracting the structural informa-
tion contained in the UV-Vis spectra would introduce a real
benefit in the PSD determination for nanocomposites, being
especially appropriate as a routine technique for samples
sensitive to electron beams, high temperatures or vacuum
conditions.

In this work, we present the Diameter distribution by
Deconvolution (DdD) method that uses the information con-
tained in the absorption spectra of SNPs embedded in solid or
complex media. CdS SNPs grown by precipitation inside the
pores of a SiO, mesoporous thin film (MTF) have been analyzed
using an absorption database for different CdS particle sizes.
This system was originally conceived to build luminescent films
where the SNPs are isolated from the outside environment to
prevent contamination by the release of SNPs or the dissolution
of highly toxic cations. As the MTF is composed of pores con-
nected by necks of different sizes, the first stages of nucleation
and growth give rise to a distribution of SNP's diameters. DdD
was developed as a simple and robust method for determining
the size distribution of SNPs in pores. The results obtained by
the DAD method are compared to spherical aberration cor-
rected (Cs-corrected) High Resolution Scanning/Transmission
Electron Microscopy (HRSTEM) images as a validation process.
The characteristics of the method such as the database features
or the effective mean size information obtained from the
method are discussed in detail. To extend the study, we applied
the method to different nanocomposites found in the literature,
ranging from SNPs in solutions to SNPs embedded in polymers
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or living cells. A statistical analysis comparing the mean sizes
obtained by the DD method and by TEM techniques is done.
Finally, the DdD method is implemented in a free web app
where it is possible to obtain the PSD of a SNP nanostructure.

2 General approach

Fig. 1 summarizes the DdD inverse method presented in this
work where the absorbance spectrum (Abs*™"(2)) of a sample is
deconvoluted using an absorbance database Abs®®(1,A.) of
monodisperse SNPs of the same type as the studied ones to
obtain the SNP particle size distribution (PSD).

To apply the DAD method, the inputs, Abs®"F(1) and
AbsP®(},2.), should satisfy some considerations. On one side,
SNPs should have a radius 7 < re (regardless of whether they
are monodisperse or polydisperse) to exhibit quantum
confinement effects. Negligible light scattering is also required
to correctly carry out the method, so the nanostructured
composite features should be much smaller than the incident
wavelength A. The absorbance spectrum Abs*“*(1) is obtained
by subtracting the extinction signal of the blank from the
sample extinction spectrum; either it corresponds to the
solvent where SNPs are immersed or to an organic or inorganic
framework. Although there could be some minor nonlinear
differences between the sample spectra and its constituents
(SNPs and blank), this step allows isolation of the SNP absor-
bance spectra, Abs*™*(1), from the blank. On the other side, the
database Abs”®(1,1.) can be a set of measured or bibliographic
SNP absorbance spectra of the SNP under study which should
exhibit the different exciton positions (4.) due to the difference
in sizes. Diverse considerations over the database number of
curves, their monodispersity degree and the effect of a capping
shell are discussed in S2-ESI.7 In brief, for executing the DAD
method, curves in the database should preferably come from
monodisperse samples, and if there is a capping shell, it
should be taken into account. As band edges could shift up to
0.75 eV depending on the capping (a thorough discussion is
given elsewhere®), this shift could produce an offset on the
calibration curve of size vs. exciton position with respect to
non-capping databases.”** An easy solution for this problem is
to calculate this offset relying on some HRTEM images from
the sample. It is worth noticing that it is usual to find
normalized spectra for the database set. As the absorbance
depends on particle size, to properly deconvolute the measured
spectrum, each normalized curve in the Abs"®(4,1.) should be
scaled with the corresponding molar absorption ¢(A.) to accu-
rately consider the contribution of the different SNP sizes in
the absorbance spectrum.?

To find a solution to the proposed deconvolution problem,
the following equation (eqn (1)) has to be solved:

Abs™ (An) = X" (A, 2e, )3, —,|C(Dy), (1)

where Abs®™F(A,,) is discretized into M elements to form
a matrix equation system, while X"®(Am,A.) refers to the
measured or bibliographic absorbance spectrum database dis-
cretized into M x N elements as given in eqn (2)

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scheme of the DdD method.

Abs® (24, 2, Abs®2(41, )
XPP (A, Ae,) = : : )
Abs®® (A, L)) Abs®E (A, Aey)

Eqn (1) is solved using a non-negative least squares method
C(Dy)
whose output is the vector C(D,) = : , which corre-
C(Dy)
sponds to the relative weight coefficients we are searching for.
C(D,) represents the coefficient for the n-diameter SNP; however
the spectrum database is defined, following the A, position. To
obtain the correct relative weight for the C(D,) elements, it is
necessary to apply the transformation Jacobian |/, p,|, which

links each SNP diameter with its corresponding A. position

through the relation J, p,(D1, ...Dy) = {dﬁg))} | 27
AensDn

3 Results and discussion

To illustrate and validate the proposed method, mesoporous
SiO, thin film embedded with CdS SNPs grown inside pores has
been chosen as a model example. Mesoporous thin films (MTFs)
synthesized via the sol-gel route have been selected due to their
excellent optical properties, high degree of reproducibility and,
especially, on account of their pore distribution which assures
the r < rexc condition,f constraining the growth of the SNP to the
MTF pore size and spatially fixing them. After analyzing the
validity of the approach and its characteristics for this system,
the DAD method is extended to other nanocomposites reported
in the literature, obtaining the PSD of other SNPs in arbitrary
media. Finally, a statistical analysis comparing the spectro-
scopic and microscopic methods for all studied cases is
performed.

1 Where rexe = &7me/u, p is the exciton effective mass, m, is the electron mass, ¢, is

the material dielectric constant and rg is the Bohr radius (e.g. rédse
r$3 = 5.8 nm).

= 5.4 nm;

This journal is © The Royal Society of Chemistry 2019

Particle Size
Distribution

3.1 Model case: CdS@SiO, MTF

CdS SNPs were grown inside SiO, MTF by precipitation,
following the SILAR route whose procedure is shown in S1-ESL.}
In this synthesis pathway, precursor concentrations, infiltration
times or/and number of cycles performed are the variables that
rule the CdS SNP growth. Pores of the MTF may host SNPs of
different sizes and it is even possible that more than one SNP
grows within each pore. Fig. 2 shows UV-Vis absorbance spectra
of MTFs resulting from CdjSk@SiO, SILAR cycles (j,k = 1,...,4).
It is interesting to observe that due to the polydispersity of the
sample, the resulting spectrum for each cycle does not exhibit
a defined exciton peak.>* CdS SNPs inside the MTF pores behave
as a dilute system of non-correlated particles; thus the signal is
the superposition of the spectra of different size SNPs in the
nanocomposite.

To obtain the PSD of the CdS@SiO, samples applying the
DdD method, the measured extinction spectrum was pre-pro-
cessed by subtracting the extinction from the substrate and the
mesoporous thin film, hence obtaining only the absorbance
from the nanoparticles embedded in the pores Abs®IS(%).
Afterwards, to build the matrix system described in eqn (1) and
(2), a discretization of the inputs Abs®#S(1) and Abs”®(2,1.) had
to be fulfilled. A detailed discussion of this process is included
in S2.2-ESLf In particular, for the CdS case under study, the
database of ref. 24 was selected to fulfill the AA. = 0 criteria

012l —cCd1s1 |
- ——Cd2S1
5 010} ——Cd2s2
& ——Cd3s2
g 0.08 - ——Cd3S3 T
B ——Cd4S4 |
8
S 0.041+ g
<
0.02} .
0.00} , , ; =
350 400 450 500
A (nm)

Fig. 2 Absorbance spectra of CdS@SiO, — AbsC9S(2) — with different
CdS loadings produced by a diverse number of SILAR cycles.
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which ensures an appropriate resolution in the PSD histogram.
CdS molar absorption and the empirical function D(A.) data
were considered as shown in S2.3-ESL.}

Fig. 3 shows the normalized PSD obtained by the DdD
method (blue histograms) in comparison with the PSD obtained
by Cs-corrected HRSTEM analysis (red histograms) for different
SILAR loadings of CdS NPs (j,k = 1, 2 and 4). It is possible to
observe a very good agreement between both methods, exhib-
iting a more localized distribution for cycle Cd1S1 that spreads
out to higher particle sizes when incrementing the SILAR cycles.
This behavior with SILAR cycles is expected for the growth of
CdsS particles inside the (8.0 + 0.5) nm pores. It can be observed
that the DAD method did not only recover the main diameter
value, but it was also able to determine a low weight population
associated with larger diameters, also observed in HRSTEM
images. It is worth noting that the agreement between the two
methods is largely due to the consideration of the molar
absorption ¢(4.) that properly weights the different sizes in the
deconvolution process. There is a discrepancy between DdD
and Cs-corrected HRSTEM for particles of D < 2.5 nm since the
coefficient C (2 nm) derived from the DdD analysis includes all
contributions for sizes below this threshold as the database
included values from D = 2 nm. Consequently, it is recom-
mended to disregard the coefficient associated with the lowest
diameter (see filter option in the Web app section).

Characteristic Cs-corrected HRSTEM images included in
Fig. 3 clearly show the particle size increment in the PSDs. In
these images, 2D projections of spherical SNPs were considered.
However, in these micrographs, it is not possible to define
a unique dimension determination for particle size characteriza-
tion since they exhibit an oblate feature. During heat treatment of
the MTF, where template removal and the network condensation
take place simultaneously, a uniaxial contraction of 35%
approximately occurs in the axis perpendicular to the substrate.®
This shrinkage generates connected oblate air spheroid pores
where the minor axis pore dimension for SiO, F127 molded thin
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films is near 3 nm where the major axis pore dimension is around
8 nm. Details on SiO, MTF structural characterization can be
found in S1-ESL}

Thus, in Fig. 4(a) and (b) oblate particles with minor and
major axes, d,, and dy; respectively were considered for the
Cd2S1 SILAR cycle. The axis average values obtained from PSD
are different: d,,, = (3.0 £ 0.5) nm and dy; = (3.8 = 0.8) nm. This
indicates a NP growth limited by the pore size that adapts to the
pore shape with the characteristic uniaxial contraction when
the MTF is calcined.” Fig. 4(c) shows the PSD for dp,, Udy which
exhibits a histogram nearly similar to that obtained by DdD
(Fig. 4(e)). The average values derived from Fig. 4(c) and (e) are
DHRSTEM _ (3 0 + 0.6) nm and D?° = (3.0 £ 0.4) nm respec-
tively. Thus, this method is able to obtain from the UV-Vis
spectra an effective particle size insensitive to the SNP
geometrical shape.

22

Normalized Density Distribution

1 2 3 4 5 6 7
Particle Size [nm]

Fig. 4 Histograms from the fitting ellipses for the HRSTEM corre-
sponding to the (a) dn, minor diameter, (b) dum, major diameter, (c)
diameter (dmUdwm), and (d) an example of the HRTEM micrograph for
the Cd2S1 cycle. (e) The PSD obtained with the DdD method.

w
53]
8
el

7

RRIZ
SR
2o%etotetes
<

5

2
5
o]
e w%
RS
SRS
R
S
RS
%558
ofetote?
]
5
X
]

i
?

25
25
5

6 7 8
Particle Size [nm]

920%0

w
IS
(3]

4 5 5 7 1 2
Particle Size [nm]

Fig.3 HRSTEM images, their respective histograms (red), and the PSDs determined by DdD (blue) for Cd1S1, Cd2S2 and Cd4S4. Histograms have

been computed counting over 100—300 SNPs.
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It is also interesting to note from Cs-corrected HRSTEM
images in Fig. 3 and 4 that as SILAR cycles proceed, CdS NPs
start to connect between pores reaching very high SNP
connectivity for CdjSk cycles with j,k = 4. Despite this connec-
tion, DAD has been able to recover reliable average diameters.

Fig. 5 compiles the mean particle size for the DdD method
and from the Cs-corrected HRSTEM images in a quantitative
way demonstrating the agreement between results obtained
with both spectroscopic and microscopic experiments. Mean
particle sizes were obtained using the mean value u of the
LogNormal distribution given in S3-ESL{ In Fig. 5 two extra
SILAR cycle steps, Cd3S2 and Cd3S3 have been analyzed by the
DAD method (absorbance spectra included in Fig. 2, no
microscope associated images available).

3.2 Method validation for SNPs embedded in arbitrary
matrices

In order to prove the versatility of the DdD method, it was
applied to other systems taken from literature data: CdS and
other SNPs, such as CdSe, included in diverse media (liquid,
soft or solid). Fig. 6 shows the comparison between the DdD
results and the transmission microscopy images for four
systems using the LogNormal distribution fitting already
employed in Fig. 5.

3.2.1 Case 1: CdS embedded in different media. Due to
their diverse applications, CdS SNPs have been included in
different media. Sun et al.*® synthesized a sample which corre-
sponds to an in situ synthesis of CdS SNPs in a polymer matrix
through a laser interference technique designing 2D-3D
microstructures that include the mentioned SNPs. For this case,
the DAD method was applied to the corresponding UV-Vis data
and the results exhibit very good agreement with the TEM image
analysis data reported by the authors.

Marusak et al®* synthesized intra and extra-cellular CdS
SNPs produced by Escherichia coli through metabolic cysteine.
In this bio-synthesized CdS SNP system, the DdD method again
shows a good agreement between the obtained mean size values
and the corresponding values obtained from microscopy, even
without subtracting the light scattering contribution by bacteria

8
2 7] O HRSTEM
@ DdD
E 6+
S
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2z 49
2 3]
E %
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o
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=
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> & O S o S
N 9”7 Q7 o O 3
S FFE S &

Fig. 5 Mean Particle Size comparison for different SILAR cycles ob-
tained by a LogNormal fit of Cs-corrected HRSTEM (empty red dots)
and by the DdD method done over the absorbance spectra of Fig. 2
(solid blue dots).
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Fig. 6 Mean Particle Size of LogNormal distribution fitting of the PSD
obtained with TEM or HRTEM images (empty red dots) and the cor-
responding DdD analysis (solid blue dots) from some literature
examples.

and macromolecules. The larger standard deviation resulting
from the DAD method is probably a consequence of this base-
line from light scattering.

3.2.2 Case 2: CdSe embedded in different media. CdSe has
a bulk band gap shifted 0.7 eV towards red compared to CdS,
and thus the spectral region is different than in the previous
cases. For CdSe, the database taken as the input for the DdD
method considers diameter values ranging from 1.3 nm to 4.5
nm (Fig. S4-ESIt), and hence if a filter needs to be applied, it
would cut-off at d = 1.3 nm.

CdSe synthesized by Mahmoud et al.** in aqueous solution at
65 °C using 2-mercaptoethanol as a capping agent exhibits
nearly monodisperse 3 nm CdSe SNPs, as determined both by
DdD and TEM (Fig. 6). CdSe SNPs grown on ITO substrates
using a wet chemical synthesis by Sharma et al.*® also show
a very good agreement between TEM and the DdD method,
giving a mean diameter of 1.7 nm and also a very monodisperse
population. It is worth mentioning that although the two CdSe
samples showed significantly different mean diameters, each
one matched TEM and DdD data with the same database. Thus,
with a database built considering an appropriate sampling
distance and a wide range of sizes (S.2.2-ESI}) the average
particle size and PSD can easily be obtained with the DdD
method even for particles in different environments.

3.3 Statistical analysis

In Sections 3.1 and 3.2, SNPs embedded in diverse media were
studied comparing transmission microscopy images (TEM,
HRTEM or HRSTEM) and DdD methods. To analyze the confi-
dence in the comparisons, a paired ¢test was performed to
compare if differences were significant. Table 1 shows the mean
values for cycle Cd2S1 of Fig. 5 and for all cases of Fig. 6 as
examples of different systems. To compare the mean values
obtained by DdD methods, the ¢, parameter was calculated as
indicated in eqn (3)

is the absolute value of the mean

leale =

where d = [xPd0 — xTEM|

difference. ¥°° = In(x>?") and ¥™™ = In(x¢"™™) are the mean
values of the normal distribution associated with the

Nanoscale Adv., 2019, 1, 3499-3505 | 3503
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Table 1 Comparison between the mean size obtained in Fig. 5 and 6
by DdD and transmission microscopy methods

SCDdD
Sample x24P (nm) xe™ (nm) — ¥ (nm)
SILAR Cd2S1 3.00 2.96 0.13
Sharma 2011 1.70 1.49 —-0.15
Mahmoud 2012 2.97 3.20 0.13
Sun 2008 2.91 3.35 —0.07
Marusak 2016 4.15 4.34 —0.05
Absolute mean difference (d) 0.02
Standard deviation (s) 0.11

LogNormal distribution of centers x29 and xI™ for DAD and
transmission microscopy methods respectively (see Section S.37
for more details). In eqn (3), s corresponds to the standard
deviation of the differences and n the number of degrees of
freedom.

From the information obtained in Table 1, t.,. = 1.04 was
obtained, which is smaller than ¢upe = 2.776 for 95% confi-
dence and 4 degrees of freedom (7 = 4, « = 0.05). The obtained
value for t.4 indicates that the confidence could be restricted
up to 70% which ensures that the results obtained by DdD and
the analysis performed over the transmission microscopy
images are statistically equal, proving robustness of the
proposed method.

4 Web app

To ease the implementation of the DdD method, a free web
app®* was developed for the community to analyze their own
systems. This web application was coded using Python and the
library Plotly.>* Fig. S61 shows the app interface before using
and after applying DdD an absorbance spectrum. The app
requires the absorbance sample spectrum, the database
absorbance spectra and the Jacobian. Files can be loaded as CSV
or XLS. When the data is loaded to the app, the DdD method can
be applied deconvoluting the absorbance sample spectrum and
showing the PSD. A filter option is also available; this feature
applies a threshold value to disregard all contributions for sizes
below the defined threshold. This option is useful to avoid
accumulative errors in the lowest coefficient. In addition, the
distribution is fitted with a LogNormal function that returns the
mean and standard deviation parameters.

5 Conclusions

In summary, we have demonstrated that the numerical decon-
volution of a measured absorbance spectrum using an absorp-
tion spectrum database gives the PSD of SNPs dispersed in
arbitrary media. In particular, absorption spectra of CdS NPs
embedded in mesoporous silica thin films have been analyzed
by DAD method. The obtained PSD reproduces with a deviation
of less than 5% that obtained with Cg-corrected HRSTEM
images, even considering the deviation from sphericity of real
SNPs. The validation of the DdD method extended to other SNPs
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and matrices allowed us to conclude that DdD is a successful
resource to analyze SNP sizes and obtain their PSD regardless of
the media where they are included. For widespread application
of the DAD method, we have developed a web app for the
community to obtain the PSD of their own SNPs.

In comparison with previously reported methods, the DdD
approach only uses UV-Vis spectra, which is a ubiquitous, non-
invasive technique that makes it possible to use DdD as an
automated routine. It also takes into consideration the
complete spectral information which is identified by the exciton
position 4., which in conjunction with the application of
a Jacobian A, — D transformation, returns a well-weighted and
defined PSD. We have proved that it is applicable for a wide
range of cases ranging from solid to soft media, including
colloids and even inside cells and covering diverse SNPs. Thus,
with an appropriate database, the method is applicable to other
materials as other chalcogenides, InP, GaAs or perovskites. The
possibility to use a simple and practical technique to get the
SNP PSD in complex systems, eases the development of
composed nanostructures, being able to monitor online
processes, such as the growth of SNPs during a high tempera-
ture reaction or the formation inside solar cells which turns
DdD into a high-throughput strategy.
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