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Abstract: Doping of nanocrystals (NCs) is a key, yet under-
explored, approach for tuning of the electronic properties of
semiconductors. An important route for doping of NCs is by
vacancy formation. The size and concentration dependence of
doping was studied in copper(I) sulfide (Cu2S) NCs through
a redox reaction with iodine molecules (I2), which formed
vacancies accompanied by a localized surface plasmon
response. X-ray spectroscopy and diffraction reveal trans-
formation from Cu2S to Cu-depleted phases, along with CuI
formation. Greater reaction efficiency was observed for larger
NCs. This behavior is attributed to interplay of the vacancy
formation energy, which decreases for smaller sized NCs, and
the growth of CuI on the NC surface, which is favored on well-
defined facets of larger NCs. This doping process allows tuning
of the plasmonic properties of a semiconductor across a wide
range of plasmonic frequencies by varying the size of NCs and
the concentration of iodine. Controlled vacancy doping of NCs
may be used to tune and tailor semiconductors for use in
optoelectronic applications.

Optoelectronic properties of semiconductor nanocrystals
(SC NCs) depend strongly on their size, composition, and
shape.[1, 2] High-level synthetic control of NCs, accompanied
by their wet-chemical processability, has already led to their
application as chromophores in displays, biological tagging,
solar cells, sensors, and functional devices.[3–6] An important
route to achieve additional control of optoelectronic proper-
ties is through doping by the introduction of donor or
acceptor impurities,[7–9] which is the primary method used to
control bulk semiconductor properties. Aliovalent impurity
doping in NCs is challenging because of the difficulty
associated with controlled introduction of foreign atoms
into the SC NC lattice.[10] An alternative interesting route for
doping is by vacancy formation. This approach is of particular
importance when the insertion of impurities is difficult and

especially instrumental in NCs made of materials with
a tendency to form lattice vacancies, such as copper chalco-
genides and metal oxides.[11–15]

Vacancy formation in these systems leads to the appear-
ance of a localized surface plasmon resonance (LSPR) related
to the free carriers, and is perhaps the most notable signature
of vacancies.[16–18] The appearance of plasmonic behavior
within such SC NCs opens a path for investigation of coupled
plasmonic–excitonic behavior in quantum confined systems.
The ability to control plasmonic properties with reversible
redox reactions and vacancy control in metal-oxide NCs also
provides a basis for implementing such materials in smart
window technology.[6]

To date, most studies have reported the relation of
plasmonic behavior in SC NCs to composition, defect content,
and particle morphology and shape.[19] The size effect of the
plasmonic response in these systems is convoluted together
with the effect of the carrier concentration. In spherical metal
NCs only the former can be utilized to control the plasmon in
a given material system,[20, 21] while for SC NCs both param-
eters are important.[22] Hence, there is a need to develop
methods for controlling the plasmonic response by either NC
size or carrier concentration and to separately understand
their effects. To address these important questions we utilized
quasi-spherical copper(I) sulfide (Cu2S) NCs as a model
system. Cu2S and other copper chalcogenide NCs have been
widely studied in recent years owing to their reduced toxicity,
environmental compatibility, and their relevant band gap for
photovoltaic applications (1.21 eV for bulk Cu2S).[23–29]

Doping by copper vacancy formation occurs readily because
of the low chemical potential and high mobility of copper
ions.[30] This transforms the stoichiometric Cu2S phase to Cu-
depleted Cu2@xS phases, also possibly undergoing structural
transformation.[31] The vacancies in the doped NCs play the
role of free holes and manifest p-type doped material
properties with an LSPR feature appearing in the near-
infrared (NIR). This doping process was performed using
oxidation under air exposure[11] and also by strong oxidizers
such as iodine molecules (I2) for Cu2S nanorods.[15] A process
of thermal doping by copper vacancy formation in an array of
14 nm Cu2S NCs was also recently reported by us.[32] Unlike
common interfacial or surface defects, such vacancies are not
trap sites and provide free carriers.

Herein, we study vacancy doping and the related plas-
monic response in a Cu2S NCs model system, focusing on NC
size and vacancy concentration effects. We implement a post-
synthetic chemical method involving copper(I) sulfide oxida-
tion by I2, which creates a copper(I) iodide (CuI) phase, thus
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forming copper vacancies in a controlled manner and result-
ing in Cu2@xS NCs. Using a combination of optical absorption
measurements, advanced structural characterization by syn-
chrotron X-ray absorption and scattering methods, we studied
the reaction mechanism, the plasmonic response, and the size
and concentration dependence. We determined that the
vacancy formation reaction efficiency increases with NC
size; this is ascribed to an interplay between a thermodynamic
size effect that energetically favors the formation of vacancies
in smaller NCs, and a surface effect that stabilizes CuI islands
more easily on the larger facets of larger NCs. With this
chemical doping method, we can thus control the vacancy
concentration and plasmonic response in Cu2S NCs of
different sizes and it is possible to reach a similar plasmon
frequency by varying either parameter. However, larger NCs
offer a wider range of spectral tunability for the LSPR
response since they can support a higher vacancy concen-
tration in a stable manner.

To study the effect of the NC size on the doping process
and the LSPR response, a size-controlled synthesis for Cu2S
NCs was developed by modifying known procedures.[33–35] By
controlling the growth time and the precursor concentration,
a size series of highly monodisperse Cu2S NCs was synthe-
sized, with average diameters of 3, 7, 10, and 14 nm, as
measured by transmission electron microscopy (TEM;
Figure 1; see the Supporting Information for synthetic
details).

The powder X-ray diffraction (XRD) pattern of the as-
synthesized Cu2S NCs fits the monoclinic low-chalcocite Cu2S
phase and no features corresponding to an LSPR were
observed in the absorption spectrum. Upon air exposure, the
NCs were oxidized and a transformation from pristine Cu2S to
Cu-depleted phases was detected by XRD. A significant
LSPR feature appeared in the NIR because of copper vacancy

formation and the related free holes (Supporting Information,
Figure S1).

To investigate the optical and structural changes upon
vacancy formation we used a chemical method for doping
Cu2S NCs that involved reaction with I2.

[15] The described
reaction mechanism is a redox process in which I2 oxidizes
Cu2S by leaching out Cu+ ions to form CuI salt. The oxidized
NCs are p-type doped because of the formation of copper
vacancies while the sulfur anion backbone remains intact,
leading to a Cu-depleted Cu2@xS phase [Eq. (1)]:

Cu2Sþ 0:5 n I2 ! Cu2@nSþ n CuI ð1Þ

For the doping reaction the Cu2S NCs were dispersed in
chloroform and mixed with I2 at different ratios of iodine to
copper (I/Cu; see the Supporting Information for details on
determination of the concentration ratio). Figure 1e shows
the spectral behavior for 7 nm Cu2S NCs. With increased I/Cu
ratios the plasmonic peak intensity increased significantly and
blue-shifted in response to an increased concentration of free
holes. Within a time resolution of a few seconds, the changes
in the spectra took place immediately following addition of I2

and then remained stable.
To investigate the effect on the electrical properties, the I2

treatment was also applied to an array of 7 nm Cu2S NCs on
a substrate by drop casting. Figure 1 f presents I–V measure-
ments before and after the reaction, manifesting an increase
in the conductivity by about 7 orders of magnitude following
treatment with I2. This change is also well-correlated to the
presence of free holes arising from copper vacancy formation.

The structural changes in the NCs were studied by
synchrotron XRD measurements using 0.29 c radiation.
Cu2S NCs (14 nm) were measured after I2 treatment for
different I/Cu ratios (Figure 2a; Supporting Information,

Figure S3 for 7 nm NCs). The pure NCs exhibited
an XRD pattern that matches the stoichiometric
low-chalcocite Cu2S phase. The XRD patterns of
the I2-treated NCs match the djurleite Cu1.94S
phase for the lowest I/Cu ratios of 5% and 10 %,
and to the digenite Cu1.80S phase for a 30 % I/Cu
ratio. These transformations are well-visualized by
a shift to higher angles for the main diffraction
peaks of Cu2S (Figure 2b). These results show that
reaction with iodine atoms causes copper atoms to
leach from the NCs to form copper vacancies,
leading to the Cu-depleted phases.

The formation of crystalline CuI, the by-
product of the reaction, was also detected by
XRD. The ratio between the CuI and Cu2@xS
peaks increases with the I/Cu ratio (Supporting
Information, Figure S4). This observation is also
in agreement with the suggested mechanism for
the reaction: CuI forms at the expense of the
Cu2@xS phases as the Cu2@xS NCs are the sole
source of copper. When the solution contains
more iodine than copper (150% I/Cu), the CuI
phase dominates the XRD pattern, showing that
for a very high I/Cu ratio the crystalline structure
of the NCs is significantly compromised.

Figure 1. TEM images of as-synthesized Cu2S NCs. Average diameters of the NCs:
a) 3 nm, b) 7 nm, c) 10 nm, and d) 14 nm. Scale bars: 50 nm. e) Visible/near-infrared
(VIS/NIR) absorption spectra of 7 nm Cu2S NCs upon I2 treatment. Increasing the I2

concentration drives the formation of copper vacancies and development of the
LSPR peak. The plasmon peak increases in intensity and is blue-shifted because of
the increase in the free-charge carrier density. f) I–V measurement for the 7 nm Cu2S
NCs array before (blue) and after (purple) I2 treatment of the array. The conductivity
increases by about 7 orders of magnitude following the treatment because of the
increase in the density of free holes.
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In addition to the XRD measurements, X-ray absorption
fine structure (XAFS) spectroscopy measurements, including
X-ray absorption near-edge structure (XANES) and
extended XAFS (EXAFS), were conducted to investigate
the changes in the local chemical environment of copper and
iodine atoms. While XRD is predominantly sensitive to the
crystalline phase, and the diffraction peaks become broader
and less informative for small NCs, XAFS has excellent
spatial and chemical sensitivities to the local environment
irrespective of the degree of crystalline order. Figures 3 a and
b present copper K-edge XAFS spectra for 14 nm Cu2S NCs
following treatment with I2 at different I/Cu ratios. The local
environment of the copper atoms is composed of two
phases—Cu2S and CuI—as was observed from the XAFS
signal (Figure 3 a). The presence of isosbestic points supports
the mechanism of formation of one phase at the expense of
the other.

The contribution of Cu@S and Cu@I pairs to the copper
K-edge EXAFS data are visualized in the R-space plot
obtained by Fourier transform (Figure 3b). As the I/Cu ratio
increases, the peak at 1.8 c corresponding to Cu@S bonds
decreases in intensity and the peak at 2.4 c corresponding to

Cu@I bonds increases. No evidence was found for Cu@Cu
metallic bonding.

Iodine K-edge XAFS measurements complement the
copper K-edge results from the iodine point of view. The local
environment of iodine atoms in the treated NCs is the same as
that in bulk CuI powder, as was observed from the XAFS
measurements (Supporting Information, Figure S5b). Iodine
has one type of nearest neighbor, copper, contributing to the
peak at 2.2 c in the R-space plot (Figure 3c). Furthermore,
the peak amplitude in R-space increases with an increasing
I/Cu ratio because of the monotonic dependence of the
EXAFS function c(R) on the coordination number.[36, 37] For
a higher I/Cu ratio, the CuI region becomes larger, the
surface-to-volume ratio decreases, and the average Cu@I
coordination number increases towards its maximum value of
4 in bulk CuI (Figure 3d).

Similar measurements were also conducted for 7 nm Cu2S
NCs (Supporting Information, Figure S5). Summarizing the
analysis for the 14 and the 7 nm doped NCs at the same range
of I/Cu ratios, Figure 3d presents the changes in the relative
I@Cu coordination number NI (normalized by the bulk
coordination number of 4) extracted from the nonlinear
least squares fitting for the iodine K-edge data (see the
Supporting Information for a detailed analysis). The CuI
phase fraction was calculated by linear combination analysis
for the copper K-edge XANES signal using pure Cu2S NCs
and CuI powder as standards (Supporting Information,
Figure S7), and its dependence on the I/Cu ratio is summar-
ized in Figure 3 e. Generally, the CuI phase becomes more
dominant when the I/Cu ratio increases.

Both parameters, NI and CuI phase fractions, are size
dependent. While the absolute value of NI in the 7 nm NCs
increased gradually from 2.3 to 3.3 with an increase in the
I/Cu ratio, for the 14 nm NCs a high, weakly varying
coordination number was observed. The copper atom per-
spective showed a complementary behavior: in the 14 nm
NCs, the CuI fraction continuously increased at the expense
of the Cu2S phase, manifesting a gradual change in the copper
local environment, while the smaller 7 nm NCs showed only
a minor change and reached a saturation value early on.

These observations can be explained by growth of the CuI
nanocrystalline phase on the NC surface. On the surface of
larger NCs, larger crystals of CuI can grow. The growth of
larger CuI crystals requires the migration of more copper
atoms from the NC to the new CuI phase. This is reflected by
a significant change in the copper local environment, from the
initial Cu2S phase that contains only Cu@S bonds to the new
phase that is rich in Cu@I bonds. However, since the CuI
crystals are already large, the iodine coordination number is
already close to that of the bulk at low relative I/Cu ratios, and
the change in its coordination number value is negligible. For
the same reason, only small CuI crystals grow on the 7 nm
NCs surface. The growth of small CuI crystals requires a small
amount of copper from the NCs, which keeps the copper local
environment nearly the same as that in the NCs. The changes
for iodine are more drastic since any addition of I2 increases
the volume-to-surface ratio of the small nanocrystalline phase
of CuI and therefore significantly increases the coordination
number.

Figure 2. a) XRD data for 14 nm Cu2S NCs following I2 treatment at
different I/Cu ratios. The relevant reference spectra are shown below.
The initial phase of NCs is low-chalcocite Cu2S. The reaction with I2

forms a crystalline CuI phase (angles marked with a dashed purple
line) at the expense of the Cu2S phase. b) Dependence of the angles of
three main diffraction Cu2S peaks on the I/Cu ratio in the reaction
((102)(**), (110)(**), (103)(**), in Cu2S). Increasing the I/Cu ratio
forms copper vacancies, leading to transformation of the NCs to Cu-
depleted phases. Reference values for angles of the main diffraction
peaks appear as horizontal lines.
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Structural characterization clearly showed the formation
of crystalline CuI following I2 treatment of the Cu2S NCs, and
also the transformation to copper-depleted phases correlated
to vacancy formation. The main change in the optical
properties of the I2-treated Cu2S NCs is the development of
the LSPR. The free-charge carrier density can be calculated
from the Drude model [Eq. (2)]:[22]

Nh ¼
e0 mhðe1 þ 2 emÞ

e2 (h2 ðE2
spþ g2Þ ð2Þ

where Nh is the density of free holes, e0 is the vacuum
dielectric constant, mh is the hole mass in Cu2S, e1 is the high
frequency dielectric constant of Cu2S, em is the dielectric
constant of the medium (chloroform), e is the elementary
charge, (h is PlanckQs constant divided by 2p, Esp is the plasmon
energy, and g is the damping parameter. The plasmon peaks
were fitted using a Drude dielectric function model[22] (see the
Supporting Information for details on the model and analysis,
Section 7 and Figure S8) from which the plasmon energy (the
peak maximum) and the damping parameter (effective peak
width) were obtained. Subsequently, the density of free holes
was calculated for each I/Cu ratio using Equation (2). This
model and a Gaussian fit model provided similar results
(Supporting Information, Figures S9 and S10). We note that
the optical properties of the NCs are barely affected by the

formation of CuI upon increasing the I/Cu ratio.
This is because the Cu2@xS–CuI band alignment is
a type-I band offset and CuI has a large band gap
(3 eV), which means that the electron–hole states
are dictated mainly by the Cu2@xS phases. More-
over, the dielectric constant of CuI is similar to
that of chloroform (4.5 and 4.8, respectively).[38–40]

As shown in Figure 4a for the Cu2S NCs size
series, the Nh value increases linearly with the I/Cu
ratio. For larger NCs, larger I/Cu ratios were
accessible because of their more robust structural
stability (which is supported by the XRD data;
Figure 2b; Supporting Information, Figure S3).
Moreover, larger NCs were able to support higher
hole concentrations. The slopes represent the
doping reaction efficiency; that is, the number of
holes per copper atom (holes/Cu) that were
formed versus the I/Cu ratio that was introduced
to the NCs solution. Figure 4b presents the doping
reaction efficiency as a function of the NC
diameter. The efficiency increases with NC size,
from approximately 0.2 for the 3 nm NCs, to
about 0.4 for the 14 nm NCs.

Small NCs are known for their higher reac-
tivity; indeed, for metal NCs the energy of
vacancy formation was reported to increase with
size.[41,42] Yet the above analysis showed that the
larger NCs react with I2 and undergo the doping
process more efficiently. Therefore the doping
reaction also depends on an additional process
that has an opposite relation to NC size. The
vacancy formation is also related to the formation
of crystalline CuI; without the latter the former

could not exist. The growth of the CuI nanocrystalline phase
is facilitated by both the larger NC surface area and the better
defined facets on the NC surface—both of them increase with
the NC size. Larger crystals grow on better defined facets as
a consequence of a universal effect of elastic instability of
curved surfaces that lowers the dimensionality of the crystals
grown on such surfaces.[43] The growth of CuI on the surface of
the NC is inferred from the EXAFS results (Figure 3 d) and
also directly evidenced from scanning transmission electron
microscopy (STEM), showing a CuI nanocrystalline phase
covering the NCs (Supporting Information, Figures S11 and
S12).

The doping reaction efficiency is thus influenced by the
interplay of both factors: the thermodynamic effect of the
energy of vacancy formation and the surface effect. The
observed trend (Figure 4b) demonstrates that the surface-
area effect dominates the behavior of the reaction efficiency.

The LSPR of vacancy-doped NCs depends on the doping
level and also on the NC size. The absorption data showed
that the concentration of free holes increases with increasing
I/Cu ratio. This is because the I/Cu ratio dictates the vacancy
concentration. However, for the same I/Cu ratio the plasmon
energy depends also on the NC size. This offers an additional
dial with which to control the plasmon response in vacancy-
doped SC NCs that is not available in the widely studied
noble-metal nanoparticles.

Figure 3. XAFS data for 14 nm Cu2S NCs upon I2 treatment. a) Copper K-edge
XANES spectra and b) R-space plot for the copper K-edge EXAFS of 14 nm NCs
shows a gradual development in the CuI phase at the expense of the Cu2S phase.
c) The R-space plots for the iodine K-edge EXAFS signal shows a minor change.
d) Summary of data from XAFS analysis of 14 and 7 nm NCs. The relative amount of
CuI from the I@Cu coordination number (NI) perspective increases strongly with the
I/Cu ratio of the 7 nm NCs (**), while the 14 nm NCs showed a high and weakly
varying value (~~). e) From the copper atom perspective, for the 14 nm NCs the CuI
phase fraction increases gradually with an increase of Cu/I ratio (~~) manifesting
a notable change in the copper local environment, while the 7 nm NCs showed only
a minor change and the value reached saturation early on (**).
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Figure 4c presents the LSPR response of the Cu2S NCs
size series that was treated with 20% I/Cu. While the LSPR
features of the 10 and 14 nm NCs are nearly overlapping,
a general trend of a red-shift in the plasmon peak with
decreasing NC size is observed. This trend also correlates with
a decrease in the doping level, reflecting the size dependence
of the vacancy formation reaction efficiency. Therefore, for
the same I/Cu ratio, the energy of the plasmon can be tuned
by changing the NC size. A LSPR with a specific energy can
be achieved for all sizes by varying the I/Cu ratio while the
concentration of holes remains the same. Figure 4d presents
the LSPR response of the Cu2S NCs size series at a doping
level of 20% holes/Cu where the I/Cu ratio is different for
each size (ca. 10% for the large 14 nm NCs and up to 30% for
the small 3 nm NCs). Above a specific size-dependent I/Cu
ratio the intensity of the plasmon response decreases because
of aggregation of the NCs. The maximal I/Cu ratio is different
for each size and also the achieved doping level. Generally,
larger NCs can support higher doping levels and exhibit LSPR
at higher energy (Figure 4e).

In summary, we studied size effect on the vacancy doping
process in Cu2S NCs. The chemical efficiency of the reaction
for vacancy formation was found to be size dependent with
higher efficiency for the larger NCs. This results from
interplay between the thermodynamic contribution, which
decreases the energy of vacancy formation for smaller NCs,
and a surface effect that favors the growth of a crystalline CuI

phase on the defined surface facets of the larger NCs.
Reaction with I2 is thus a powerful and simple method for
tuning the plasmonic properties of doped Cu2@xS NCs, even
for strongly confined structures such as the 3 nm NCs. The
plasmonic response can be tuned either by the size of NCs or
by the doping level of holes, which is governed by the I/Cu
ratio. This provides a wide range of tunable plasmonic
frequencies in the NIR region for the same material. The
ability to control vacancy doping in Cu2S NCs, as demon-
strated herein, points to similar possibilities in other copper
chalcogenide and metal-oxide NCs of various shapes, sizes,
and compositions, and also with other oxidizing agents. These
findings open a path for precise control of vacancy concen-
trations in related NCs that may facilitate incorporation of
such materials into optoelectronic applications.
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