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ABSTRACT: Copper chalcogenides and pnictogenides often behave as heavily dopedspryponductors due to the presence
of a high density of Cu vacancies, with corresponding hole carriers in theedand. If the free carrier concentration is high
enough, localized surface plasmon resonances can be sustained in nanocrystats rofthrials, with frequencies that are tylpica

ly observed in the infra-red region of the spectrum (<1 eV), éffity from the typical resonances featured in the visible range by
metallic nanoparticles. Here, we demonstrate that Cu vacancies in hex@gegfalnanoplatelets can be directly quantified by
scanning transmission electron microscopy (STEM) analysis. We also mpibre first time the spatial localization of the plasmon
resonances in individu&us,P nanocrystals by means of STEM energy loss spectroscopy (EELS), areawhiethat to date had
been demonstrated only on nanoparticles of noble méftals plasmon modes can be seen from STEM-EELS, which are in
agreement with the resonances calculated from the vacancy concentration obtained from the SEEM analy

Nanostructures of heavily doped semiconductors, similarly and quantification possible. The first main achievement of the
to metallic nanoparticles, can exhibit plasmonic featuresderi present work is indeed the direct quantification of the number
ing from the collective excitations of free carriéfsAmong of Cu vacancies per unit cell \(ynin colloidally synthesized
the various types of plasmonic semiconductor nanocrystalsCus,P hexagonal nanoplatelets, by means of STEM imaging.
(NCs), copper-based binary compounds have receivedpartic This is obtained by comparing the image contrast from the
lar attention in recent years. Notable examples of theseimater atomic columns in the experimental image with the contrast
als are colloidal NCs of copper chalcogenides,(SuCuy.,Se, from gquantum mechanical image simulations (using a multi-
and Cy,Te)>*® The interest in these compounds stems from slice simulation algorithm).

the fact that the density of fre(_a_hole carriers in _the valence Tpe ability to image the spatial localization of the plasmonic
band, hence the spectral position of the localized Suffaceresonances may then greatly assist in engineering these
plasmon resonance (LSPR) is directly related to the density ofyanostructures for sensing and SERShe second main
copper vacancies. These, in turn, can be tuned by varying thgchievement of this work is thus the direct visualization of
synthesis conditions or by post-synthesis treatnfeitsin LSPRs in individual Cy,P nanoplatelets by means of electron
mcreasmg.densny of Cu vacancies translates into a higher holeenergy loss spectroscopy (EELS). Although the visualization
concentration, and consequently into a shift of the LSBRs t of | SPRs is now routinely performed in individual metallic
ward higher frequencies. Pnictogenide, FuNCs also feature  anostructures such as Ag and'®8*® and can be used to

a band in the absorption spectrum, peaked at about 1500 NMygyify predictions from various models (Drude and Miedmo
which has been recognized as a LSPR and attributed to th@s, or boundary element methodtc.)! it is still challenging

910,111 . ; ) . :
presence of Cu vacancig¥:*' This LSPR in the near infra-red i, Cy-based chalcogenides, for two main reasons: a) the low

is of interest for application in the field of invisible opties  cross-section of the electronic coupling with respect to the
communicatioror energy harvestingf: photon coupling in optical spectra, resulting in low signal to
To unambiguously prove that the LSPR properties derive noise ratio; b) the low carrier densityl(*>-10°* cm’®), resut-
from the presence of Cu vacancies in the structure, a guantif ing in LSPR located at low energiessually in the infra-red,
cation of the Cu vacancies in the individual nanostructure iswhere the tail of the elastic peak (i.e., the zero-loss, or ZL
required. However, in copper chalcogenides,” @ns are peak) dominates the spectrum, resulting in low signal t&-bac
highly mobile and therefore the sublattice of @ns is highly ground ratio. Several attempts have been made to study LSPRs
disordered, which makes it difficult to visualize directly Cu in Cu-based semiconducting NCs by STEM-EEES.How-
vacancies with techniques such as scanning transmission ele ever, the results so far were limited to average spectra, due to
tron microscopy (STEM). On the other hand, ingGUNCs low signal to noise ratio, with no direct evidence of the lecal
the Cu vacancies are expected to be preferentially located atation of the resonances. In our ;G nanoplatelets,wo
specific sites in the cell, which should make their visualization



'ET EER T REET EE YRR T BN
PR R R EAE AR R
I F AR F AR FE R FEE F B E B
" EET ERET AR TERATRRY
R R R R R
A FARF AR FAS T AR F A

|
.
-
i
i
L
.
L
-
.
Bl
A
.
*
-
.
.

PR R B E T E R B S
T T AT T AT T AT T AT AR
P EETERET ERETEE T R R T
YT EE T TR T DR RO RO B
‘A F AT FAR FATY FE S BB

‘-
.
.
.
-
-
-
-
-
-
~
.
-
$
-~
*
.
N

T EAT EERT EA T BR'T BE ¥
FYE TR S TR R RO RE -
'EE T AT T AR FEARIF A RIS B
'EE T EERET EERETREE VYRR OV OE

»

-
B
.

-
K
»
-
-
-
-
-
»
-~
-
L
-

AT AR T AT T AR N AR F LN

-
-
L
>
-
.
-
-
L
v
L
A
£l
-
»
-
-

S

c f
?%0896)?%989@0
QO 8 @ © @or ®
o ©06.0.0 0.0 o
@D B8 . @ D, Bocu E
©®_ 8 @0 _8_o S
Q’cgo&{b\\ 8°@°°°“3u.
Qo Q.- @ _ 8 ocuz
©o -6 _olo “o. o
'03 (b o)\%\\ eOCu1
-@eﬂe‘@ @ogoQ}% Cus  Cul+Cu2 .

0.2 0.4 0.6 0.8 1 1.2
distance (nm)

Figure 1. a) ADF-STEM image of a single GyP nanoplatelet. Scale bar 20 nm. b) High magnification image a€then indicated in

a). The hexagonal P63cm unit cell (ICSD #15056) (purple dastedahd the orthorhombic cell (purple solid line) used for simulation are
indicated. Scale bar 1 nm. c) Plot of the P63cm structure, viewed f101] zone-axis, with color codes for the inequivalent atoms. A
occupancy f< 1 in Cul and Cu?2 is indicated, while Cu3 andh@ud 1.0 occupancy. d-e) Simulated ADF-STEM images for thstfir
chiometry CyP (f = 1) and with £ 0.875 occupancyn Cul and Cu2 site&Cu, ;5P), respectively. f) Integrated profile of intensity along
the diagonal of the orthorhombic cell (dashed black profile in Figgrerhe experimental data (open cirglase compared with the sim
lation with full stoichiometry (orange line) and with the 0.875upancy in Cul and Cu?2 (blue line).

LSPRs modes could be unambiguously detected by STEM-be seen from the image, the full stoichiometric structure does
EELS: a mode at about 0.6 eV and another one at about 0.80t match the contrast from the atomic columns in the exper
eV. The two LSPR modes match with the two dominant ment. In particular, the Cul and Cu2 atomic columns in the
modes from a boundary element simulation of the EEL8-pro fully stoichiometric CyP structure are too bright. Indeed, as
ability, and based on a Drude model of the dielectric function, previously calculated by density function theory (DFT), the
calculated from the experimentally measured vacancy density. probability of having a fully stoichiometric structure is low, as

Synthesis of Nanoplateletsin order to synthesiz€u, ;2 the vacancy formation energy\Hs negative for the Cul and
nanoplatelets with a uniform size distribution we have Heve Cu2 sites (and positive for the Cu3 and Cu4 sifesjccord-
oped a new colloidal approach which relies on the use ofing o _these rgsults, we lowered the occupancy of the Cul and
tris(diethylamino)phosphine as the phosphorous precursor (se&U2 sites, while keeping that of the Cu3 and Cu4 sites at 1.0.
the Experimental Methods section for detailse platelet A derivation of the estimate of the occupancy in Cul and Cu2
had an average diameter d of 50 nm and an average thickned§ described in more detail in Figure S2 in Sl. An optimal
h of 10 nm. ®eFigure S1 in the Supporting Informatio&ly match with the experiment was obtained with 0.87512)

for a representative low magnification TEM image of a gelle  0ccupancy, which corresponds to G, 74> stoichiometry
tion of nanoplatelets (Figure le). The contrast differences in the atomic columns

with respect to full Cu stoichiometry is more evident from the
integrated profile along the diagonal of the orthorhombic cell
(Figure 1f). The occupancy of 0.875 for the Cul and Ge2 s
corresponds to x = 0.25, or 3.0 Cu vacancies in the ortherho
bic cell (full line Figure 1b-e), or 1.5 in the hexagonal unit cell
(dashed line). This observation further confirms the prediction
of the presence of Cu vacancies in this system, as already
found through DFT calculations and X-ray diffraction lana
yses reported in previous work¥. (See also S| for PXRD
analysis). Tie excellent agreement with compositional gnal

Direct STEM imaging of Cu vacancies. The high-
resolution annular dark-field STEM (ADF-STEM) image from
a [001] projection of a single Gy NC is presented Figure
lab. A hexagonal structure compatible with;CR is visible.
The atomic structure (ICSD #15056) is presented in Figure 1c,
in which the not-equivalent Cu sites are indicated with diffe
ent colors. In Figure 1d we display the simulated ADF image
corresponding to 2x2 orthorhombic cells, obtained from a full
CugP stoichiometry with all Cu occupancies set to 1.0. As can



sis by energy-dispersive X-ray spectroscopy (Cu/P = 2.8, seesignal regions have 0.1 eV width. b) Intensity maps from the two
SI) further proves the capability of STEM as a quantitative resonances, obtained after background subtraction of a power-law
technique, if all the relevant parameters of the acquisition arefunction from the ZL peak taitnd extrapolated from the twd-fi

well known.

Estimate of hole carriers and direct mapping of localized
surface plasmonsThe second step of the study was to Visua
ize the LSPR modes inside a single;RINC. Assuming that
every vacancy geneega hole carrier (n= ny), we expect f
to be around 5.0-bcm?®, and in a hexagonal nanoplatelet,
having d = 50 nm and h = 10 nm, this correspondsl{@
hole carriers, which are enough to sustain a LSPRe LSPR
of this material was observed to be at low energiesin the
infra-red (around 0.8 eV), according to optical measur
ments”'® For these reasons, we opted FaralEELS™ acqu-

ting regions BG1 and BG2. The intensity maps refer to thee int
grated regions S1 and S2, respectively. The shape of the ésystal
sketched with a dashed grey line.

Figure 2a shows two integrated spectra recorded at the ce
ter (blue curve) and at the edge (orange curve) of the NC. Two
peaks are visible at approximately 0.6 eV and 0.8 eVgeorr
sponding to two different LSPRs. Indeed, by subtracting a
power-law background approximating the tail of the ZL peak,
two intensity maps corresponding to the two LSPRs can be
extracted (Figure 2b). The LSPR at 0.6 eV is located at the
edge of the hexagon, while the LSPR at 0.8 eV is located at

sition’* (see the Experimental Methods section for details), in the center.

order to achieve a careful measurement of the position of the To further confirm the plasmonic nature of the two peaks,
ZL peak as energy reference and, at the same time, good stwe performed a simulation of the EEL spectra and spectral
tistics in the plasmon region. To avoid damaging the structuremaps using the boundary element method (MNPREM
with the electron beam during a long acquisition over the € Toolbox)?® Unfortunately, the experimental dielectric constant
tirety of the NC, we intentionally limited the EEL spectrum (g for Cu,,P is not available from the literature. For this
image acquisition to a portion of the crystal, starting from the reason, we built a Drude model, by calculating the plasmon
center of the hexagon and crossing the edge. Indeed, ia4nsul (hy|k) frequency from the estimated carrier densityacod-

tors and semiconductors, areas of the sample not dire®tly U ing to the formuld’
der electron illumination may be damaged, a procesesom -
_ npe
Yo = \Jfomh’

times suggested to be phonon-mediétethis could result in
the creation of further vacancies and therefore a shift in the
LSPR energies. Restricting the scanning area together with

eq. 1,

———
lowering the beam energy to 60 keV reduce this probability. 0.12} :
The results from the spectrum image acquisition are presented ' corner
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| CuzrsP Figure 3. Simulated EEL spectra from the Drude model of the

dielectric function in eq. 2. a) EEL spectra simulated at a corner,

at the center, and at the edge d&Z@& ,{ nanoplatelet. b) Car

sponding intensity maps at the energy losses of the two peaks i

dicated in a) with dashed lines. The color circles correspond to the

~ ! spatial positions for the spectra in a). The shape of the crystal is
Vi - sketched with a dashed whitedin

Figure 2. a) Representative EEL spectra from g Funanopla-
let. Two main resonances can be seen at the edge (orange line)
and at the center of the crystal (blue line). All the backgrounad a



with g, the vacuum permeability, e the electron charge, andup to 120 °C and degassed at that temperature under vacuum.

m, the hole mass (= 1.4 m).” The complex dielectric fum After 1 hour the solution was switched to Ar and the teaper
tion (E) was calculated &3: ture was increased up to 260 °C. A solution of 0.9 mL of TOP
BZe2 and 0.164 mL of TDAP was swiftly injected inside the flask to

e(B) =1~ E(E+§,) eq. 2. trigger the nucleation of the NCs. The temperature waseimm

The derived dielectric function was used as an input in thed"'jltely set at 250 °C after the injection and_ the NC were a
lowed to grow at that temperature for 30 min. Eventually the

retarded simulationy(= 0.02 eV). The results of the EELS : .
; ) i . reaction mixture was cooled down to room temperature and 5
simulation are reported in Figure 3. Figure 3a shows the loss

-~ . LT mL of chloroform were added into the flask. The final solution
probability measured at three different positions: at one COMer < then transferred into a glass vial inside,diled glove
of the hexagon, at the center, and at one edge. Figure 3b shovxg,ox and the NCs were cleaned twice by dis;z)ersion in chlor
the corresponding intensity maps from the two peaks in the

loss probability: two intense modes are visible correspondingform followed by precipitation by the addition of 2-propanol.
to the two peaks observed experimentally. The first onesat 0. The NCs were exposed to 1ml of OLAM and heated up to 80

°C for 1 hour in order to completely replace TOP on the su

eV'is localized at the edges and comers of the hexagon, Wh”‘?ace with OLAM. This procedure assures that no phosphorous
the one at 0.94 eV is located at the center. The two modes Caprom the surfactant may interfere with the Cu:P quantification

%eogg)d:::;ggtsiv?aI%I%(yfaﬁ:t?aggg-&ﬂa;uwggg éﬁ;rgreeztg?g in EDXS. T_h_e resulting OLAM-capped NCs were Prec!pitated
butions (see Figuré S7 in SI). To take into account the- pre by the addition of 2-propa_1no|, eventually redispersed in 3 mL
’ of Chloroform and stored in a glove box.

ence of the support film, the hexagon in the simulation was ) . . ) i . )
laid on a 3 nm thin amorphous carbon substrate (the nominal STEM imaging and image simulation.Atomic resolution
thickness of the ultrathin carbon grids in the experiment), andimages of the CyP NCs were acquired at 60 keV primary
approximated with a square plate of 150 nm edge wideéa. R beam energy in annular dark field (ADF) STEM on a Nion
tardation effects were included in the simulation, to account UltraSTEM100 microscope, equipped with a probe aberration
for the red shift of the peaks due to the substrate. It must becorrector (SuperSTEM, Daresbury, UK) and an Enfinium high
noted that, within a Drude model approximation, the simulated esolution spectrometer (Gatan, Inc.). The convergence semi-

LSPRs are probably more intense than the real onese-Ther angle was 31 mrad and the inner cutoff angle of the STEM
fore, the simulation is to be intended for a sole qualitative detector 95 mrad. To achieve a higher signal to noise ratio and

comparison, and a more realistic model of the dielectric-fun reduced drift distortions in the ADF image, several fast scans

tion would be needed to accurately match intensities and ene (> 20) were acquired and summed after cross correlation co
gy positions of the LSPR peak&n estimated error in energy ~ ection. For the simulation of the ADF image, we used the 0
positions of the LSPRs aD.1 eV has to be considered, mai thorhombic notation of the pristine hexagonal cell{ a, b' =
ly deriving from the uncertainty in Cu occupancy from the 20— & ande’=c). The hexagonal cela(b, c) was taken from
ADF image contrast comparison. Nevertheless, the calculation/©SD #15056 (P63cm, s.g. 185ponsidering & b = 0.689

is in very good agreement with the experimental findings, "M and ¢ = 0.75 nm, as obtained from PXRD refinement
proving that LSPRs generated from hole carriers canbe i (see _SI). Th_e ADF images were calculated using a multi-slice
aged in this system using EELS. algorithm with the software DrProlléWe took into account

. o the finite size of the probe using a Gaussian profil@00 pm
In summary, we have experimentally verified the presence

A . . width (FWHM). The atomic structure was drawn usin
of Cu vacancies in single semiconducting; 1 NCs. From VESTA(ZS ) g

ADF-STEM images at atomic resolution, and in correlation ) .

with analytical energy-dispersive X-ray spectroscopye EELS ‘spectrum  imaging. Electron energy loss spectra
demonstrated that the Cu vacancies are located preferentiallfEELS), in the form of 3D (x, y, E) datasets (spectrum image
at the Cul and Cu? sites as predicted from theory, resulting inVere acquired at 60 keV on the same machine by adjusting the
aCu, 4P composition. We also confirmed that the presence of Slit position in the dispersion plane of thg monochromator
Cu vacancies generates free hole carriers which can be-colle (9round potential monochromatd?resulting in a FWHM of
tively excited, resulting in two localized surface plasmas re  the ZL peak of 0.024 eV (as a compromise between tfte hig
onances in the infra-red region, as seen in the EELS neaps a €St achievable energy resolution and the resulting probe cu
quired across the edge of tBes.,P NC. The two resonances rent and thus signab-noise ratio in the data). The acquisition
match with the two modes calculated from a Drude model of & 60 keV reduces the retardation effects on the energy loss

31 H H
the dielectric function based on the experimentally measuregSPectrum at low energ°39._ The spectra were acquired in
vacancy density. DualEELS™ mode, enabling the acquisition of two sinaudlt

neous spectra on the CCD camera of the spectrometer. One
EXPERIMENTAL METHODS spectrum (low-loss) contained the ZL peak acquired at short
Chemicals. Copper chloride (CuCl, 99.999%) and tri-n- exposure (10 msec), while the other spectrum (high-loss) co
octylphosphine (TOP, min. 97%) were purchased from Stremtained the region of the band-gap acquired at longer exposure
Chemicals.  Tris(diethylamino)phosphine  (TDAP, 97%), (100 msec). The total acquisition time for the two spectra at
Oleylamine (OLAM, 70%), 1-Octadecene (ODE, 90%),&hl  one pixel was about 110 msec. The energy loss dispersion was
roform anhydrous (CHCI3, > 99%), 2-Propanol anhydrous fixed to 0.002 eV per channel. The low-loss spectrum was
((CH3)2CHOH, 99.5%) were purchased from Merck. used to carefully align the spectra at sub-pixel level in the e
Synthesis of Cy,P nanoplatelets.In a typical synthesis 1  ergy scale by fitting a Gaussian peak under the ZL peak. The
mmol of CuCl (99 mg), 3 mL of OLAM and 6 mL of ODE result was applied to the corresponding high-loss spectra. We
were mixed in a 25 mL tri-neck flask. The solution was heated assumed no drift in the energy loss during the fast drift tube



change of the spectrometer from low-loss to high-loss regionlocalized surface plasmon resonance; NC, nanocrystal; PXRD
during the acquisition of a single pixel of the spectrum image powder X-ray diffraction; SERS, surface-enhanced Ramac- spe

A thickness of the NCs was estimated from the EEL spectrumtroscopy; STEM, scanning transmission electron microscopy; ZL,
by using the log-ratio method and the approximation for the zero-loss.

inelastic mean free path from Malis efah thickness around

12 nm was obtained, which includes the contribution from the REFERENCES

support film, and a relative error of 10% has to be considered.

EELS simulations. The simulation of the EEL spectra and
energy loss maps were performed with the MNPBEM

(1) Agrawal, A.; Cho, S. H.; Zandi, O.; Ghosh, $ohns, R. W.;
Milliron, D. J. Localized Surface Plasmon Resonamc8emicondo-

tor Nanocrystals. Chem. Re2018 118, 3121-3207.

(2) Luther, J. M.; Jain, P. K.; Ewers, T.; Alivisatds P., Loc&

toolbox,23.using the retarded approximation. A hexagonal j,eq surface plasmon resonances arising from faegecs in doped
platelet with rounded edges was used to approximate the shapguantum dots. Nat. Mate2011, 10, 361-366.

of the NCs, and a thickness h = 10 nm was consideredchrA 3 (3) Dorfs, D.; Haertling, T.; Miszta, K.; Bigall, \NC.; Kim, M. R.;
thin square plate made of amorphous carbon with a constanGenovese, A.; Falqui, A.; Povia, M.; Manna, L. ReugesiTunability
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