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Ultrasmall Color-Tunable Copper-Doped Ternary Semiconductor

Nanocrystal Emitters**

Suresh Sarkar, Niladri S. Karan, and Narayan Pradhan*

Synthesis of light-emitting dispersed semiconductor nano-
crystals with tunable emission has been widely studied in the
last two decades because of their potential applications in
photovoltaics, optoelectronics, and biology.'! Soon after the
development of high-quality CdSe nanocrystals with spectac-
ular size-dependent tunable excitonic emission in the entire
visible window, simplification of the synthetic method,’"
stabilization of the emission,! surface functionalization of the
nanocrystals,” design of non-cadmium nanocrystal emitters,'*
fabrication of different kinds of composition-tunable multi-
functional alloy nanocrystals[” and related photophysical
properties®® have been widely investigated for both funda-
mental understanding and their implementation in day-to-day
developing technology. Analysis of up to date literature
reports reveals that biological applications require strongly
emitting, small and nontoxic nanocrystals preferably with
excitation in the visible window,®°! light-emitting diodes
require nanocrystals having large Stokes shift and high
quantum efficiency,'™#11 and for solar cells nanocrystals
having visible/near-IR (NIR) absorption and/or ternary/
quaternary nanocrystals with excess of either of the charge
carriers (electron or hole)!'*%! are preferred. So far, no
nanocrystal emitters having all such required properties have
been reported, and thus further investigations are required to
obtain new materials with new properties that would be
suitable for versatile applications.

We have now designed a new series of ultrasmall (<
2.5 nm), nearly fixed size, alloyed nanocrystals composed of
Cu-Zn"-In"-Se"" ions which show composition-dependent
tunable emissionover most of the visible window. In addition,
these nanocrystals are cadmium-free and have aqueous
dispersibility, photostability, large Stokes shifts, and high
emission intensity (quantum yield (QY)=25-30%), which
makes them a versatile light-emitting nanoscale materials
providing one-step solutions for various applications. The
fundamental designing principle of these nanocrystals
involves a mechanism whereby composition-variable alloy
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formation tunes the optical bands from lower to higher energy
and vice versa. Here we report details of the synthesis,
chemistry of formation, and composition-variable optical
tuning of these fixed-size alloy nanocrystals. In addition,
aqueous dispersibility and photovoltaic properties of these
nanocrystals were investigated.

The alloy nanocrystals were synthesized by simultaneous
precipitation and surface cation-exchange protocols. Injection
of a selenium precursor into a mixture of Zn", In"", and Cu"
salts at 220°C (see Experimental Section) results in copper-
doped zinc indium selenide alloy nanocrystals whose absorp-
tion and emission wavelengths are determined by the In:Zn
ratio of the reaction mixture. Further addition of Zn with
continuous annealing slowly shifts both absorption and
emission bands to the blue in a surface ion-exchange process.
Successive photoluminescence (PL) spectra, absorption (UV/
Vis) spectra, and a schematic model of surface cation
exchange for a typical alloying process are shown in Fig-
ure 1a—c. With an initial Zn:In ratio of 1:2, the emission
appears at about 660 nm soon after injection of the Se
precursor and is tuned up to 575 nm (Figure 1a) on intro-
duction of additional Zn precursor, while for an initial Zn:In
ratio of 1:1, the emission appears at about 620 nm and is tuned
further to the blue, to 540 nm (Figure 1b), that is, a total
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Figure 1. a), b) Typical tunable photoluminescence (PL) spectra during
formation of Cu-doped zinc indium selenide and c) tunable UV/Vis
spectra of a typical reaction with different In:Zn ratios. Initial Cu:
Zn:In:Se ratios in the reaction mixture are inset in (a) and (b).
Schematic presentation of internal and surface alloying processes with
different In:Zn ratios are also inset in both panels. d) Digital image of
samples collected from the reactions of (a) and (b) under UV
excitation at 365 nm. I: photoluminescence intensity.
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window of about 120 nm is covered. The tuning of UV/Vis
(Figure 1¢) and corresponding PL spectra (Figure 1a) of
these alloy nanocrystals clearly indicates composition-depen-
dent variation of the bandgap from low to high energy during
the alloying process. Figure 1d shows a digital image of
samples with all possible emission colors obtained by
variation of both internal and surface In and Zn contents.

To understand the origin of the emission and absorption,
the evolution of these optical bands was categorized on the
basis of presence/absence of particular element(s) in the
reaction mixture. First, the role of Cu, which is present in
small amounts (<2% of initial total cation concentration)
compared to the other cations, was investigated. Its absence
from the reaction mixture does not alter the absorption
pattern, but no emission was observed. However, in the
absence of any one of In, Zn, and Se, neither such absorption
nor emission was observed. This indicates that the host
nanocrystals are composed of an alloy of In, Zn, and Se and
control the composition-dependent absorption band tuning,
while Cu acts as a dopant which is responsible for emission
from these alloy nanocrystals. The large Stokes shift (ca.
60 nm), broad nature (full width at half-maximum: 80-
115 nm), and long lifetime (ca. 0.3 um; Supporting Informa-
tion, Figure S1) of the emission spectra further suggest that
the emission is due to the dopant and originates from the Cu
center. The emission should not be attributed to Cu-doped
ZnSe, as these alloy nanocrystals could be excited even
beyond the bulk band of ZnSe (2.7 eV, ca. 465 nm) and Cu-
doped ZnSe does not emit within this range.*! Even though
we used Cu! salts in the reaction mixture, the absence of a
characteristic Cu" signal in the EPR spectrum suggests that
Cu is in oxidation state of +1. Conversion of Cu" to Cu'
during the doping process™® and/or in the presence of fatty
amines'"®! was proposed in the literature. Hence, the tunable
dopant emission here is expected to be due to the exciton
generated from the ternary host zinc indium selenide nano-
crystals, which recombines through Cu' d states.'!

Apart from variation of composition, tuning of the optical
bands observed with progress of the reaction could also be
due to variations in the size of the nanocrystals, which is well
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known to control the bandgap in quantum-confined nano-
crystals.”! To rule out this possibility, size and composition of
samples at various stages of the reaction were measured. The
TEM images in Figure 2a and b show that the size of the
nanocrystals remains almost same throughout the reaction
(2.1 £0.2 nm; Supporting Information, Figure S2) but their
composition, measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES), changes successively.
Since the Zn content of the nanocrystals increases with
progressing reaction, while the size of nanocrystals remains
constant throughout the reaction, we assume that Zn
continuously replaces In in the outer layer of the nanocrystals.
As ZnSe (bulk bandgap: 2.7 ¢V) has a larger bandgap than
In,Se; (bulk bandgap: 1.8 eV), a higher Zn:In ratio shifts the
absorption and emission position bands of the alloy nano-
crystals to the blue. To further confirm this, powder XRD
patterns of samples at different stages (Figure 2c) were
measured to understand the composition-dependent tuning of
the optical bands. Detailed analysis of the XRD data revealed
that the alloy has the characteristics of zinc blende (ZB)
ZnSe. When indium selenide was synthesized with Cu' as
dopant (<2 % of total In concentration) in a control reaction
without zinc precursor by following a similar reaction
protocol, no XRD peak was obtained from the sample. This
suggests that the indium selenide formed here is probably
amorphous in nature, and hence our observed XRD peaks are
compared with bulk ZB ZnSe. The corresponding XRD
peaks of the samples with higher In:Zn ratio shift to lower
angle compared to ZB ZnSe, because of substitution of
smaller Zn®* (r=0.88 A) by larger In** (r=0.94 A). The
fractions of In and Zn in samples having different emission
wavelength, measured by ICP-AES, are indicated in Fig-
ure 2c¢ for clear comparison.

To further understand the evolution and tuning of the
dopant emission through surface cation exchange during the
entire alloying process, X-ray photoelectron spectroscopy
(XPS) measurements were carried out at different stages of a
reaction. The XPS measurements showed Zn:In ratios of
0.25:1 and 9:1 at the initial (emission center at 650 nm) and
final (emission center at 590 nm) stages of the reaction
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Figure 2. a), b) TEM images of the sample taken before and after injection of additional Zn precursor. ¢) XRD patterns during the surface alloying
process. The indicated fractions of Zn and In were determined by ICP-AES. The amount of Cu was less than 1% of total Zn and In in all cases.

d) XPS of initial and final samples during the surface alloying process. The Zn:In ratios before and after surface alloying were calculated with Casa
software and values are reported in the text. All measurements were carried out on samples from the reactions of Figure 1a and b. I: intensity. In
(d) the solid line represents the final sample, and the dotted line the initial sample. BE: binding energy.
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(Figure 2d), but ICP-AES analysis of the sample showed 0.7:1
and 9.8:1 respectively. The XPS data clearly show that the
Zn:In ratio is greatly increased in the final compared to the
initial stage of the reaction, but the ICP-AES analysis does
not show such high enhancement of this ratio. The XPS
measurements, which are sensitive to the surface, confirm that
most of the In ions from the surface of the nanocrystals are
replaced by Zn ions. Further addition of Zn precursor and
annealing for a longer time do not help to tune the emission
below 575 nm. This indicates that the inner core composition
remains the same and mostly the surface composition changes
with progressing reaction. Hence, once maximum replace-
ment of surface cations (In) has occurred, further addition of
Zn does not alter the emission position. This suggests that the
composition tunability during the reaction (i.e., after addition
of Zn) is mostly controlled by cation exchange at the surface
layer of the nanocrystals, which tunes the optical bands,
whereas the initial position of the optical band is mainly
governed by the initial stoichiometry in the reaction mixture.
However, the overall tuning is governed by both the initial
ratio of precursors and the surface cation-exchange process.
Hence, for long-range tuning, more than one reaction must be
performed, and though this may be seen as a demerit of the
system, it provides a clear view of the chemistry of internal
and surface composition variation during the reaction.

Next, we investigated the fixed and restricted diameter
(2.1 +£0.2 nm) of the nanocrystals during the alloying process.
For the whole range of tunability (Figure 1a or b), the
reaction must be continued for hours. The necessary pro-
longed reaction was designed with proper manipulation of
reaction parameters, reagent concentration, and suitable
capping ligands to slow down the cation-exchange process.
With excess of In, the reaction mixture turns colloidal
immediately after injection of the Se precursor. The TEM
image of this colloidal sample (Supporting Information,
Figure S3) indicates formation of faceted or anisotropically
shaped nanocrystals, which is typically due to the excess In
content. To prevent this, the reaction was carried out with
optimized In content at a suitable reaction temperature with
an excess of strongly binding ligands such as long-chain alkyl
thiols and long-chain fatty amines. Trioctylphosphine (TOP)
was also used for long-term dispersity of these nanocrystals in
solution. In the entire reaction process, thiols act as growth
inhibitor ligands owing to their restricted dynamicity on the
surface of nanocrystals, and the ideally designed reaction
conditions control the slow cation-exchange alloying process.
Hence, the average diameter of the nanocrystals is restricted
to 2.5 nm, even after annealing for more than two hours.

Ternary nanocrystals involving In and Cu have already
been reported in the literature, and Cu-In-S (or Se) nano-
crystals are well known.[*=7¢1 However, these are not Cu-
doped but a homogeneous mixture of Cu, In, and S (or Se)
with significant amount of Cu and have different crystal
structure with different photophysical properties. Recently,
Peng et al. reported tunable emission (500-950 nm) from
CulnS, with ZnS shell, which grows up to 20 nm. This
represents optical-band tuning from higher to lower energy as
the nanocrystal grows, and is similar to other reports on Cu—
In-S.* Most importantly, the optical spectral tuning is mainly

Angew. Chem. 201, 123, 6189-6193

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

controlled by the content of In and Cu in the nanocrystal.
Similarly, Cu-Zn-In-S was also reported with low quantum
yield and short-range tunability from higher to lower energy
window with increasing nanocrystal size.*'! Bawendi et al.
also reported Cu-In-Se nanocrystals which mostly emit in the
NIR window, but the nature and stability of emission have not
been clarified.> Recently Cu-doped InP has been reported
with ZnSe diffusion barrier, which emits in the red-to-IR
window.'”! Nevertheless, the current designed nanocrystals
are unique in retaining their small fixed size while the
emission is tuned from lower to higher energy over most of
the visible window, and thus provide a clear mechanism of
composition-dependent bandgap tuning. Hence, these nano-
crystals are different from CulnS, and CulInSe,**’*! nano-
crystals with respect to their physical dimensions, chemical
composition, and photophysical properties.

While optical tuning in semiconductor nanocrystals
mostly takes place from higher to lower energy during
annealing and growth,” we observed composition-dependent
tuning from lower to higher energy bands. Interestingly, it can
also be tuned from higher to lower energy by using an
appropriate In:Zn ratio followed by the cation exchange of
Zn with In. This makes our system more flexible for selecting
the initial absorption and emission and their tuning to either
side of the spectrum, by overcoming the chemical reactivity
barriers of In and Zn cations. As per chemical reactivity, one-
way cation exchange is possible because of the allowed free-
energy changes, but at higher temperature in nonpolar
solvent, where ions are mostly covalently bonded, this
principle may not be strictly followed. As the tunability of
optical bands is mostly governed by surface cation-exchange,
and a particular cation (Zn or In) present in higher content in
the reaction mixture replaces the other cation present on the
surface of the nanocrystals, it can be assumed here that the
feasibility of ion replacement is mostly controlled by bulk
cation population rather than chemical reactivity. Even in a
single set of reactions in which the bulk cation concentration
is varied, the emission can be tuned back and forth (see
Supporting Information, Figure S4), which further supports
our assumption. However, in either case, the tunability is
restricted to a small spectral window, which suggests that
cation replacement occurs only at the surface. When we tried
to replace the core cations by increasing the reaction temper-
ature, the reaction mixture turned colloidal and mixtures of
nanocrystals were obtained with several new nuclei. Hence,
we can conclude that the entire process of ion exchange
restricted to the surface of nanocrystals is driven by the excess
monomer concentration present in the bulk solution.

The ultrasmall green-, yellow-, and red-emitting nano-
crystals were explored in different applications. They were
functionalized with polyacrylamine and mercaptopropionic
acid ligands (Supporting Information, Figure S5) and found to
be stable while dispersed in water. As the nanocrystals are
cadmium-free, ultrasmall, and can be excited in the visible
window, these would be a suitable candidate for different
biological applications after proper surface functionalization.
In spite of the small dimensions, the nanocrystals are stable
for months without aggregation. We also carried out photo-
current measurements on these Cu-doped ternary alloy
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Figure 3. |-V characteristics of a p—n junction involving Cu-doped Zn-
In-Se nanocrystals and n-silicon in the presence of light (80 mWcm™)
and in the dark. Inset: sketch of the device for |-V measurements. J:
current density. Empty and filled circles represent the measurements
in the presence and absence of light, respectively. Details of the
measurements are provided in the Supporting Information.

nanocrystals showing visible-window excitation. Figure 3
shows the [-V characteristics of a thin film of nanocrystals
in the dark and in the presence of light. The observed
rectification behavior suggests that these materials can be
used for photovoltaics. In addition, they have large Stokes
shift (minimum reabsorption/interparticle energy transfer)
and can be used as an efficient materials in LEDs.

In summary, we have reported the synthesis of stable,
ultrasmall (size <2.5nm), cadmium-free, Cu-doped Zn"-
In"-Se"! ternary alloy nanocrystals by simultaneous precip-
itation and surface cation-exchange protocols. The size of
these doped ternary nanocrystals remains unchanged
throughout the alloying process. By varying the surface
composition at fixed size, we achieved emission covering
most of the visible window (ca. 660-540 nm). The bandgap
can be reversibly tuned from low to high energy and vice
versa by simply changing the ratio of the cations in the
reaction mixture. In addition, these ultrasmall nanocrystals
have versatile characteristics which would meet the demands
of biomedical, solar cell, and LED applications.

Experimental Section

Synthesis of Cu-doped Zn-In-Se nanocrystals: 0.05 mmol of Zn
stearate (ZnSt,) and 0.5 mL of indium acetate stock solution (1 mmol
of indium acetate in 10 mmol of oleic acid, ODE added to give total
volume of 10 mL) with 4 mL of 1-octadecene (ODE), 2 mL of 1-
dodecanethiol (DDT,) and 1 mL of trioctylphosphine (TOP) were
loaded into a 25 mL three-necked round-bottom flask and degassed
for 15 min with argon. Then the temperature was raised to 220°C and
0.5 mL of TBP/Se solution (23.17 mmol of Se in 10 mL of tributyl-
phosphine, TBP) with 2.0 mmol 1-octadecylamine (ODA) was
injected, followed by addition of 0.05mL of Cu stock solution
(0.1 mmol of CuCl, in 5 mL of oleylamine). The reaction mixture was
annealed at the same temperature and monitored through UV/Vis
and photoluminescence spectra. Then, the entire stock solution of
ZnSt, was injected in 0.5 mL portions at intervals of 15 min at the
same reaction temperature. Samples were collected for photolumi-
nescence and absorption measurements during further annealing.
Nanocrystals were purified by using acetone as nonsolvent and
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dispersed in chloroform. The Cu source can also be introduced at the
beginning along with In and Zn in the reaction mixture.
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