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ABSTRACT
A general synthesis approach of aqueous glutathione-capped ternary Ag–In–S, Cu–In–S, and Hg–In–S nanocrystals (NCs) is introduced,
allowing the NC composition to be varied in a broad range. Ternary Hg–In–S (HIS) NCs are reported for the first time and found to have the
same tetragonal chalcopyrite motif as Cu–In–S and Ag–In–S NCs, corroborated by phonon spectra, while X-ray photoelectron spectroscopic
data indicate mercury to be present as Hg+ in the Hg–In–S NCs. Colloidal HIS and Hg–In–S/ZnS NCs showed little or no variations of the
spectral width of the photoluminescence band upon NC size selection, temperature variation in a broad range of 10–350 K, deposition of
a ZnS shell, or postsynthesis annealing. All these observations are similar to those reported earlier for Ag–In–S and Ag–In–S/ZnS NCs and
allowed us to assume a general photoluminescence mechanism for all three ternary compounds, based on the model of radiative self-trapped
exciton recombination.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5119991., s

I. INTRODUCTION

Luminescent ternary metal-chalcogenide nanocrystals (NCs)
or quantum dots, such as copper or silver indium sulfide/selenide,
have emerged recently as a viable alternative to the more conven-
tional binary cadmium or lead chalcogenide NCs for various opto-
electronic and sensing applications.1–10 The ternary NCs feature
strong absorption of visible light and intense photoluminescence
(PL) with PL quantum yields (QYs) higher than 60%, emitted in
broad bands located in the visible and near infrared (NIR) parts

of a spectrum.1–5,7–10 The spectral characteristics of absorption and
PL bands can be varied in a broad range by changing both the
NC composition and the size as well as by alloying with zinc sul-
fide and other chalcogenides. The highest PL efficiencies as well as
photochemical activities are typically observed for the nonstoichio-
metric Cu–In–S (CIS) and Ag–In–S (AIS) compounds depleted with
respect to the monovalent cation (Cu+ or Ag+).1,3–5,7–10 At the same
time, the nature and mechanisms of the broadband PL of In-based
ternary compounds, both in the bulk and nanocrystalline forms, still
remain among the controversially debated issues.3,5,8 In particular,
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comparative studies of CIS- and AIS-based compounds showed
that both copper and silver ions can act as hole-localizing cen-
ters despite the fact that Ag+ is more persistent to oxidation than
Cu+. To account for these results, a new model for the hole-
localizing centers was suggested assuming that holes are accom-
modated by AgX or CuX (X = S, Se) octahedra, resulting in a
NC lattice distortion and strong vibrational contributions to the
PL emission.3,5,11 In this view, further studies of other possible
ternary compounds, in particular, with metals capable of chang-
ing the oxidation state from +1 to +2, are expected to considerably
contribute to a better understanding of the general mechanisms
of photoexcitation and radiative recombination in ternary metal
chalcogenides.

In the present paper, we introduce a new member of the
“family” of nonstoichiometric ternary In-based sulfides—mercury
indium sulfide Hg–In–S (HIS) NCs as well as core/shell HIS/ZnS
NCs stabilized in aqueous solutions by biocompatible multifunc-
tional glutathione (GSH). We present a general aqueous synthetic
pathway to all three ternary compounds and focus on the discus-
sion of similarities and differences of the spectral properties of these
compounds.

II. MATERIALS AND METHODS
Aqueous colloidal core AIS, CIS, and HIS NCs were synthe-

sized in de-ionized (DI) water in a reaction between a mixture of
Ag(I), Cu(II), Hg(II), and In(III) complexes with glutathione (GSH)
and sodium sulfide followed by a thermal treatment at 96–98 ○C sim-
ilarly to our previous reports.12,13 A ZnS shell was then deposited
on core AIS, CIS, or HIS NCs by the decomposition of Zn(II)-
GSH complexes in the presence of core NCs at 96–98 ○C. Details
of the synthesis procedures are presented in the supplementary
material.

NCs were characterized by absorption and photolumines-
cence (PL) spectroscopy, Raman and infrared (IR) spectroscopies,
X-ray diffraction (XRD), inductively coupled optical emission spec-
troscopy (ICP-OES), atomic force microcopy (AFM), and X-ray
photoelectron spectroscopy (XPS). The spectroscopic measure-
ments and characterization were performed for core and core/shell
NCs synthesized at the nominal ratios M:In:S = 1.5:8:10 and M:Zn
= 1:10. The experimental details on the measurements and sample
preparations can be found in the supplementary material.

III. RESULTS AND DISCUSSION
A. Composition-dependent optical properties of HIS
and HIS/ZnS NCs

Glutathione is a multifunctional ligand providing several func-
tionalities for the formation of chelate complexes with metal ions
both in the free form and on the surface of metal chalcogenide NCs.
A broad range of binary chalcogenide NCs was reported to be stabi-
lized with GSH directly in aqueous solutions or transferred to water
via a ligand exchange, as discussed by us in detail in Ref. 12. GSH was
found to be a robust and versatile ligand to stabilize colloidal aque-
ous CIS-14–17 and AIS-based18–20 NCs. Recently, we also reported the
aqueous syntheses of colloidal AIS and AIS/ZnS NCs capped with
GSH.12,13

Here, we extend the latter synthetic approach to form col-
loidal ternary Hg–In–S NCs stabilized by GSH as well as a com-
bination of a surface ZnS shell and GSH ligands. The synthesis is
highly reproducible and is based on the interaction between sodium
sulfide and a combination of GSH complexes with Hg(II), In(III),
and Zn(II) in hot (96○–98○) alkaline aqueous solutions. We should
also note that, along with GSH, HIS and HIS/ZnS NCs can also
be capped with smaller multifunctional ligands such as thiogly-
colic acid, mercaptopropionic acid, and cysteine, similar to AIS and
AIS/ZnS NCs studied by us earlier.21,22 The spectral properties of
composition- and size-selected HIS and HIS/ZnS NCs capped with
these different multifunctional ligands were found to be very similar,
but the GSH-capped NCs showed the highest stability and resis-
tance to air oxidation at prolonged storage. In this view, we focused
our present study on the GSH-capped mercury-indium-sulfide
NCs.

The as-produced NCs can be precipitated by ethanol or
2-propanol, separated from unreacted complexes and redispersed
to concentrated colloids, retaining stability toward aggregation and
oxidation for many months. Alternatively, the crude HIS (HIS/ZnS)
can be subjected to a size-selected precipitation using 2-propanol
as a nonsolvent similarly as reported by us for AIS and AIS/ZnS
NCs12,21,22 and resolved into a series of fractions with different
average sizes and optical properties.

An increase in the nominal (set at the synthesis) Hg-to-In ratio
results in an increase of the total absorbance of the final colloidal
GSH-capped HIS NCs [Fig. 1(a)] in an almost linear proportion
to the mercury content [inset in Fig. 1(a), curve 1]. A qualita-
tively similar situation is observed for the core/shell HIS/ZnS NCs
[supplementary material, Fig. S1(a)]. The absorption spectra of HIS
(HIS/ZnS) NCs are characterized by a distinct maximum at around
450 nm (2.7–2.8 eV) and a longer-wavelength tail extending into
the NIR range [Fig. 1(a)]. In every case, a clear absorption edge can
be observed after the conversion of the spectral curves using the
Tauc equation for the case of direct allowed electronic transitions
[supplementary material, Fig. S2(a)], allowing the bandgap to be
estimated for a given Hg-to-In ratio. The bandgap of HIS NCs was
found to decrease monotonously from 2.74 eV for Hg-poor NCs
[Fig. 1(a), inset, curve 2 and supplementary material, Table S1]
to 2.45 eV for the HIS NCs with the highest mercury content
probed in the present work (nominal Hg-to-In ratio of 3/8).
Similarly, the bandgap of the core/shell HgS/ZnS NCs decreases
from 2.85 eV for Hg/In = 0.5/8 to 2.66 eV for Hg/In = 3/8
(supplementary material, Table S1). Taking the thioglycolic acid-
capped HIS/ZnS NCs as an example, we showed that the colloidal
solutions produced at a different nominal [Hg]/[In] ratio (from
0.063 to 0.375) have a similar average hydrodynamic size rang-
ing from 4 to 4.5 nm (supplementary material, Fig. S3). There-
fore, we can exclude a possible size effect on the variation of the
spectral properties observed for HIS (HIS/ZnS) NCs with different
mercury-to-indium ratios.

To assess the real Hg content in the composition-selected
HIS NCs, we determined the atomic composition of a set of sam-
ples with a nominal [Hg]/[In] ratio of 0, 0.063, 0.188, 0.25, 0.375,
and 1.0 using energy-dispersive X-ray spectroscopy (supplementary
material, Table S2). The real [Hg]/[In] ratios found were 0, 0.11,
0.22, 0.32, 0.42, and 1.1, respectively. The values are higher than the
nominal ratios, most probably due to a partial removal of InIII in the
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FIG. 1. Absorption (a) and PL (b) spectra of colloidal HIS-GSH NCs synthesized at different molar mercury-to-indium ratios [Hg]/[In] = 0.025 (curve 1), 0.063 (curve 2), 0.125
(curve 3), 0.188 (curve 4), 0.250 (curve 5), 0.313 (curve 6), and 0.375 (curve 7). Inset in (a): integral absorption of colloidal HIS-GSH measured in the range of hv = 1.77–3.18
eV (curve 1) and NC bandgap (curve 2) as functions of the NC composition. (c) Normalized absorption spectra (left section) and PL spectra (right section) of aqueous colloidal
HIS/ZnS NCs (curves 1), AIS/ZnS NCs (curves 2), and CIS/ZnS NCs (curves 3).

form of complexes with the ligand on the purification step and an
enrichment of the NCs with mercury relative to the nominal con-
tent. There exists a linear correlation between the nominal and the
real [Hg]/[In] ratios (supplementary material, Fig. S4), showing that
the real composition of HIS NCs follows the nominal composition
set during the synthesis.

The dependence of absorption on the mercury content is very
similar to the same dependence reported by us earlier both for CIS23

and AIS NCs12,21,24 where a linear proportionality on the Cu or Ag
content was observed for the entire range of the compositions stud-
ied. These results allow concluding that for all three cases the light
absorption centers are clearly associated with the M+ ion (Ag+, Cu+,
or Hg+) of the NC lattice, indicating a general mechanism of the
interband electronic transitions.

The absorption “tail” of GSH-capped HIS and HIS/ZnS NCs,
that is, the absorbance with energies lower than the bandgap,
can be linearized in the coordinates of the Urbach equation
[supplementary material, Fig. S2(b)], and the characteristic Urbach
energy EU can be determined from the slopes of the correspond-
ing curves. The Urbach energy characterizes the degree of the NC
lattice disorder and increases from ≈200 meV for Hg-poor NCs
to beyond 500 meV for Hg-rich NCs (supplementary material,
Table S1). It should be noted that EU remains roughly constant
at Hg/In ratios lower than ≈0.2, and then, it increases sharply for
Hg-richer compositions, indicating a much higher disorder. Sim-
ilar tendencies were also observed for core/shell HIS/ZnS NCs,
showing that the passivation of the HIS core with a ZnS shell
affects surface defects of the NCs (resulting in a PL increase as dis-
cussed below) but does not alter the internal structure of the HIS
cores.

The PL of HIS and HIS/ZnS NCs is emitted in broad bands
with large Stokes shifts and a composition-dependent position of
the band maximum [Fig. 1(b); supplementary material, Fig. S1(b)].
No PL emission is observed for pure GSH-capped indium sulfide

species. The PL intensity (normalized to the absorption at the PL
excitation wavelength) was found to increase from the Hg-poor
compositions, reaching a maximum at a nominal ratio of Hg/In
= 1.5/8, and then decrease for compositions enriched with mer-
cury [Fig. 1(b)]. The nominally stoichiometric HgInS2 NCs exhibit
a negligibly low PL QY. The decrease of the PL efficiency for the
compositions with Hg/In ratios larger than ≈0.2 correlates with the
sharp increase in the Urbach energy discussed above, indicating that
the internal disorder is likely to be responsible for the loss of the
efficiency of the radiative recombination.

The core HIS and core/shell HIS/ZnS NCs with a nominal Hg-
to-In ratio of 1.5/8 exhibiting the highest PL QY were selected for
further in-depth characterization and comparison with AIS- and
CIS-based NCs prepared at the same nominal Ag-to-In and Cu-to-
In ratios. Figure 1(c) shows that the HIS/ZnS NCs exhibit the largest
bandgap (the shortest wavelength of the absorption edge) of all three
compounds, while the PL is emitted in broad and symmetrical bands
irrespective of the core composition. The PL band maximum fol-
lows the bandgap and shifts from 2.16 eV for HIS/ZnS to 2.05 eV for
AIS/ZnS NCs and to 1.89 eV for CIS/ZnS NCs (Table I). The spectral
width of the PL bands (or FWHM) was found to be large for all three
compositions, decreasing from 440 to 450 meV for HIS/ZnS and
AIS/ZnS to 335 meV for CIS/ZnS NCs. The highest PL QY of around
50% was observed for AIS/ZnS NCs, while CIS/ZnS and HIS/ZnS
exhibit lower PL efficiencies and QYs of 18% and 7%, respectively
(Table I).

Earlier, we discussed the special features of the broadband PL
of AIS and AIS/ZnS NCs both in ensembles12,21 and on the single-
particle level13 and showed that the most probable origin of the
broadband emission of such ternary NCs is the self-trapped exci-
ton recombination. In this model, one of the charge carriers gets
localized on certain sites of the lattice, resulting in a strong electron-
phonon interaction and a considerable contribution of the phonon
replicas to the emission spectrum being the reason of large PL
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TABLE I. Comparison of the PL parameters of aqueous GSH-capped CIS/ZnS,
AIS/ZnS, and HIS/ZnS NCs of the same nominal composition. Note: the experimen-
tally determined errors are ±1%, ±0.01 eV, and ±5 meV for the PL QY, PL max, and
PL FWHM, respectively.

NC composition PL QY (%) PL max (eV) PL FWHM (meV)

CIS/ZnS 18 1.89 335
AIS/ZnS 50 2.05 440
HIS/ZnS 7 2.16 450

FWHMs. Below, we show that HIS and especially HIS/ZnS NCs
reveal a similar PL behavior with broad PL bands and no distinct
contributions from the NC size and trap energy distributions to the
PL FWHMs.

B. Characterization of the structure, composition,
and morphology of ternary NCs
1. XRD measurements

The X-ray diffraction patterns of HIS NCs resemble strongly
those of GSH-capped AIS and CIS NCs [Fig. 2(a)], showing the
structural identity of the three compounds. The diffractograms of
AIS and CIS NCs show a set of three strongly broadened reflec-
tions typical for tetragonal chalcopyrite that can be indexed as (112),
(220), and (312) planes (JCPDS card Nos. 25-1330 and 27-0159 for
AIS and CIS, respectively). The most intense (112) reflection shifts
from 27.8○ for CIS to 27.0○ for AIS, indicating a lattice expansion

FIG. 2. [(a) and (b)] XRD profiles of core AIS, HIS, and CIS NCs (a) and core/shell
AIS/ZnS, HIS/ZnS, and CIS/ZnS NCs (b); (c) size distribution of HIS/ZnS NCs
derived from AFM images; (d) high-resolution X-ray photoelectron spectrum in the
range of the Hg 4f electron binding energies.

due to the larger ionic radius of Ag+ (1.22 Å for the coordination
number 625), as compared to Cu+ (0.77 Å25). The (112) reflection of
HIS (27.4○) can be found in between the corresponding reflections
of AIS and CIS due to the intermediary ionic radius of Hg+ (1.19 Å
for the coordination number 625). The deposition of a ZnS shell
results in a decrease of the lattice parameters and in correspond-
ing shifts of the reflection positions, indicating doping of the core
materials with Zn2+ ions. The most intense (112) peaks can be found
at 27.4○ for AIS/ZnS, 27.9○ for HIS/ZnS, and 28.0○ for CIS/ZnS
[Fig. 2(b)].

Strong broadening of the reflections indicates a very small size
of the NCs of AIS, HIS, and CIS, which was estimated using the
Scherrer equation to be around 2.5 nm for the AIS-based NCs and
≈2 nm for the CIS- and HIS-based ones (supplementary material,
Table S3). However, these values should be regarded only as an eval-
uation in view of the structural disordering of the HIS and HIS/ZnS
NCs reflected optically in rather high values of the Urbach energy.
The core and core/shell NCs show very similar values of the size of
the coherent X-ray diffraction domains, indicating that the thickness
of the (outer) pure ZnS shell is too thin to appear in the XRD data.
Below, we discuss the results of resonant (UV) Raman spectroscopy
applied for this purpose.

The XRD measurements of freshly prepared and aged HIS/ZnS
NCs attest to their perfect long-term stability. The XRD pattern of
both samples has the same structure (peak position and FWHM) for
the freshly prepared HIS/ZnS colloid and for a same sample stored
in dark under ambient conditions for 11 months (supplementary
material, Fig. S5). This indicates that no Ostwald ripening or phase
transition takes place during the prolonged shelf-storage of the
HIS/ZnS colloids.

It should be noted that the synthesis and properties of tetrag-
onal HIS and compounds based thereon were to our knowledge
not reported before either as bulk crystals or as colloidal NCs. The
only reports found on the mercury-indium-chalcogenide systems
concern spinel HgIn2S4 based on mercury(II).26–30

2. ICP-OES measurements
ICP-OES of core AIS, HIS, and CIS NCs dissolved in HNO3

showed the following ratios of metals in core NCs: Ag:In = 1:3.0,
Cu:In = 1:2.8, Hg:In = 1:2.6. As the original ratios of metal (Ag,
Cu, Hg) to indium set during the synthesis were 1:4, a portion of
In(III) can be assumed to remain unreacted in the form of In(III)
complexes with GSH, which are then separated from the NCs dur-
ing the precipitation/redispersion procedures. We should note that
the nominal ratio of 1:4 produced the highest PL QY for AIS and
AIS/ZnS, while for HIS (HIS/ZnS) the highest emission efficiency
is observed at a smaller Hg content corresponding to the nomi-
nal [Hg]/[In] ratio of 1.5:8. To enable comparisons between AIS,
CIS, and HIS compounds, we therefore use the nominal metal(I)-
to-indium ratio of 1:4 for all three compounds in the ICP-OES
experiments.

The metal ratios in core/shell NCs were found to be Ag:In:Zn
= 1:3.0:7.0, Hg:In:Zn = 1:2.8:7.5, and Cu:In:Zn = 1:2.5:6.0. The nom-
inal metal (Ag, Cu, Hg) to zinc ratios were set as 1:10 during the
synthesis and, similar to In, we can assume that a portion of Zn(II)
is not transformed into ZnS and remains in the form of Zn-GSH
complexes in solution.
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3. AFM
Similar to the earlier studied CIS/ZnS and AIS/ZnS NCs,

the HIS/ZnS NCs strongly tend to agglomerate when deposited
onto carbon/copper substrates for transmission electron microscopy
(TEM), resulting in unresolved NC aggregates observed in the TEM
images (see examples in the supplementary material, Fig. S6). To
directly assess the size of NCs additionally to the above-discussed
XRD results, we studied very diluted NCs deposited onto mica
substrates using AFM. The HIS/ZnS NCs were observed as clearly
distinguishable objects with a relatively regular height of 2–3 nm
(supplementary material, Fig. S7). Figure 1(c) displays a height dis-
tribution chart confirming that the average NC size is around 2.5–
3.0 nm, which is close to the XRD-derived estimations. A shift of the
distribution toward larger values, as compared to the XRD results,
can be assumed to originate from the relatively thick GSH shell
around the NCs.

4. X-ray photoelectron spectroscopy
Survey spectra of the colloidal core/shell AIS (HIS, CIS) NCs

show the presence of Ag (Hg, Cu), Zn, In, and sulfur from the lattice
and ligands as well as carbon, nitrogen, and oxygen from the surface
ligand shell. We reported earlier that high-resolution XPS spectra of
the Ag 3d range of core and core/shell GSH-capped AIS/ZnS NCs12

as well as the Cu 3d range of mercaptoacetate-capped CIS/ZnS
NCs23 showed the typical features of silver and copper present in
the oxidation state +1. Here, we have additionally tested GSH-
capped CIS/ZnS NCs to find out the valence state of copper in these
NCs.

The Cu 2p electron binding energy range of the XPS spectrum
of GSH-capped CIS NCs shows a doublet of peaks at 931.8/951.7 eV
[supplementary material, Fig. S8(a)] with a splitting of 19.9 eV. Both
the peak positions and the doublet splitting are characteristic for
the Cu(I) state of copper.31,32 Also, the absence of additional fea-
tures at ≈934/954 eV as well as of satellite peaks of Cu(II) species
at ≈940–945 eV indicate that here copper is present in the CIS-
GSH sample most exclusively as copper(I). So, in both AIS/ZnS and
CIS/ZnS NCs, the silver and copper ions are in the oxidation state
+1 expected for the tetragonal chalcopyrites. As the GSH-capped
HIS/ZnS NCs show the same XRD pattern, we can expect Hg also
to be present as Hg+ because the rarely reported mercury(II)-indium
chalcogenides crystallize in lattices of different symmetries.26,27,33

The XPS spectrum in the range of the Hg 4f electron binding energy
[Fig. 2(d)] shows a doublet at 99.6 eV (4f7/2) and 103.6 eV (4f5/2)
with a characteristic splitting of 4 eV. Available data on the elec-
tron binding energies of mercury and its compounds are relatively
scarce and show a strong overlap of values reported for Hg0, Hg+,
and Hg2+. For example, metallic mercury was reported to show
the 4f7/2 peak at 99.7–99.9 eV,34 while HgS revealed a characteris-
tic peak at 100.0–101.0 eV, depending on the conductivity of the
samples.35,36

No data on Hg+ in compounds with sulfide could be found. The
majority of XPS reference data on salts of Hg+ showing 4f7/5 peaks
at 101.1–101.2 eV come from a sole source37 and cannot be veri-
fied. So, the presence of Hg+ in the HIS compound discussed here
cannot be proven as directly as Cu+ in CIS. The Hg 4f spectrum
fits to one doublet (FWHM 1.15 eV), which indicates one oxida-
tion state of mercury in the sample. At the same time, the range of

4f electron binding energies typical for Hg2+ is quite far from the
peak presented in Fig. 2(d). Therefore, we can conclude that Hg2+ is
absent in the studied HIS/ZnS sample or is present only as a negli-
gible contribution in accordance with the previously discussed XRD
data.

For both HIS and HIS/ZnS NCs, the range of the In 3d elec-
tron binding energies reveals a doublet at 444.6 and 452.1 eV with
the position and splitting (7.5 eV) characteristic of In3+ in indium
sulfide32 and in the ternary CIS compound.38 The Zn 2p range con-
tains doublet peaks at 1021.5 and 1044.5 eV with a doublet splitting
of 23 eV characteristic of Zn2+.

The S 2p electron binding energy spectrum can be decon-
voluted into a combination of three doublets at 161.3/162.5 eV,
162.2/163.4 eV, and 167.8/169.0 eV with a characteristic doublet
splitting of 1.2 eV [supplementary material, Fig. S8(b)]. The first two
are typical for thiol-capped metal-sulfide NCs and can be assigned
to lattice sulfur and surface-bound thiol moieties, respectively. The
third doublet is typical for oxidized forms of sulfur, SOx,31 and
indicates the partial surface oxidation of GSH-capped HIS and CIS
NCs. No such signal was observed previously for mercaptoacetate-
and GSH-capped AIS (AIS/ZnS) NCs,12,21 indicating that the pres-
ence of these species depends on the M+ metal in ternary NCs.
Taking into account the reported capability of copper sulfide and
other copper-containing species for the catalytic oxidation of sul-
fide (hydrosulfide) ions,39,40 which was also observed for mercury
sulfide NCs,40 we may assume that the GSH-capped CIS and HIS
NCs undergo a partial surface oxidation due to the catalytic prop-
erties of Cu+ (Hg+) ions in the process of sulfide oxidation by air
oxygen.

The C1 range reveals three peaks at 284.8 eV, 285.9 eV, and
288.0 eV [supplementary material, Fig. S8(c)] assigned to aliphatic
carbon in –CH2– groups, C–OH, and COOH groups of GSH,
respectively. The N1 electron binding energy range shows two peaks
at 399.9 and 401.3 eV [supplementary material, Fig. S8(d)] that
can be assigned to amine/amide species in GSH in consistence
with the presence of amine and amide nitrogen atoms in the GSH
ligand.

C. PL properties of HIS and HIS/ZnS NCs
with optimal composition
1. Influence of shell deposition and postsynthesis
heating

The deposition of a protective shell (such as ZnS for metal
chalcogenide NCs) and a postsynthesis thermal treatment are the
two most common methods of improving the efficiency of the radia-
tive electron-hole recombination in semiconductor NCs. We found
both of these methods to be very efficient when applied to aque-
ous AIS NCs12,21,24 and CIS NCs,23 resulting in much higher PL
QY and prolonged stability toward oxidation and aggregation. Ear-
lier, we showed that probably the most striking feature of both the
ZnS shell deposition and the postsynthesis heating of GSH-capped
AIS/ZnS colloids is that the strong enhancement of the PL QY is not
accompanied by any appreciable changes of the spectral width of the
PL bands.13 These facts indicate that defects present in the volume
and on the surface of AIS NCs do not govern the radiative events in
the AIS/ZnS NCs because otherwise both treatments would invari-
ably change the density and energy distribution of the defect sites
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and affect the final distribution of the PL energies. Such insensitivity
of the PL FWHM to the ZnS shell deposition and to the postsyn-
thesis annealing is also observed in the present case of HIS/ZnS
NCs.

As discussed above, the deposition of a ZnS shell on the HIS
core by thermal decomposition of a Zn(II)-GSH complex results in a
strong enhancement of the PL efficiency and a “blue” shift of both
the absorption band edge and the position of the PL band maxi-
mum [Fig. 3(a)]. The latter shift is a generally reported phenomenon
for the In-based ternary NCs originating from the incorporation of
Zn2+ ions into the lattice of the ternary compounds and the for-
mation of an alloyed structure.8 The HIS-ZnS alloy is expected to
have a higher bandgap as compared to the core HIS NCs. At the
same time, the effective size of the HIS core is reduced due to the
alloy formation. Both factors can contribute to the increase of the
bandgap of core/shell HIS/ZnS NCs, resulting in the “blue” shift of
the absorption and PL bands.

Earlier, we reported on Cu-doped AIS NCs23 where copper
dopants occupied the lattice vacancies available in the AIS structure
and the deposition of a ZnS shell was not accompanied by the Zn2+

penetration into the lattice, thus only resulting in the PL enhance-
ment. This example shows that both phenomena—Zn2+ inclusion
and PL enhancement—are not necessarily inter-related and the
increase of the probability of radiative recombination in AIS NCs
upon the deposition of a ZnS shell originates from the passivation
of surface defects, as happens in the case of “conventional” binary
NCs, such as CdS or CdSe NCs, rather than from the formation of
AIS-ZnS alloys.

Therefore, we may expect a considerable suppression of the
defect-related radiative recombination as well as narrowing of the
defect-related PL after the ZnS shell deposition if we assume the
broadband PL to be associated with deeply trapped charge carriers.
However, both for AIS/ZnS NCs12,13 and for the present HIS/ZnS
NCs, we observe an opposite trend—the PL enhancement resulting
from the ZnS shell deposition is accompanied by a spectral broaden-
ing. As shown in Fig. 3(a), the PL intensity of the HIS cores increases
by almost a factor of two after the shell deposition. The PL spectra
of both HIS and HIS/ZnS NCs can be fitted with a single Gaussian
profile, yielding FHWMs of 450 meV for the core HIS and 530 meV
for the core/shell HIS/ZnS NCs. As discussed above, the core/shell
HIS/ZnS NCs are characterized by a larger Urbach energy, which

in combination with the increased FWHM and a change of the lat-
tice parameter observed by XRD shows that the lattice of HIS NCs
is disturbed and modified by the inclusion of Zn2+ ions. So, we
may conclude that the formation of a ZnS shell exerts the opposite
effect of distorting the lattice of HIS NCs rather than passivating
the existing surface defects. Therefore, the most probable role of
the ZnS shell is in the formation of a higher-bandgap interfacial
barrier, impeding the electron transfer from the HIS core NCs to
the surrounding medium and thus favoring the radiative recombi-
nation.

The postsynthesis annealing of colloidal HIS NC solutions at
96–98 ○C also results in a considerable enhancement of the PL,
which is proportional to the treatment duration at early stages but
reaches a saturation at longer times [Fig. 3(b)]. The treatment results
also in a slight shift of the absorption band edge and makes the
absorption maximum more prominent, both factors indicating a
narrowing of the size distribution of the HIS NCs due to the well-
known Ostwald ripening process. As summarized by Table S4 in
the supplementary material, the annealing results in a decrease of
the bandgap from 2.57 to 2.54 eV, a shift of the PL band maximum
from 2.09 to 2.05 eV, and an almost 5-fold enhancement of the total
PL intensity. At the same time, both the Urbach energy calculated
from the absorption spectra and the PL band FWHM remain almost
unchanged. These observations indicate that any possible narrow-
ing of the energy distribution of available defect sites induced by the
annealing is neither reflected in changes of the absorption “tails” nor
in the spectral width of the PL band. Therefore, the defects present
in HIS NCs do not strongly affect the dynamics and energetics of the
broadband PL emission of HIS NCs, similarly as earlier observed by
us for the cases of AIS and AIS/ZnS NCs.12,13

2. Absorption and PL properties of HIS (HIS/ZnS)
NCs—size-selective fractionation

Earlier, we reported on the feasibility of the size-selective pre-
cipitation of a number of fractions from the original colloidal ensem-
ble of AIS and AIS/ZnS NCs capped both by mercaptoacetate21,22

and GSH.12,13 We found that the fractions have a distinctly differ-
ent average size decreasing from 3 to 3.5 nm for the first fractions
to 2 nm and less for further fractions, with the total number of frac-
tions reaching 8–10 and more.12,13 As the AIS and AIS/ZnS NCs of

FIG. 3. (a) Absorption spectra (section
a) and PL spectra (section b) of core-
only GSH-capped HIS NCs (curves 1)
and core/shell HIS/ZnS NCs (curves 2)
prepared at the same nominal ratio of
[Hg]/[In] = 0.188. (b) Absorption spectra
(section a) and PL spectra (section b) of
colloidal HIS NCs subjected to thermal
treatment at 96–98 ○C for 1–60 min (see
the color coding in the figure).
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such sizes exhibit strong spatial exciton confinement, a tiny varia-
tion of the average NC size among the fractions results in spectacular
changes of the optical properties, in particular, the PL color chang-
ing from deep red for the largest NCs to yellow and bluish for the
smallest NCs.12,13 A detailed study of fractionated AIS and AIS/ZnS
NCs by XPS showed them to display similar compositions, which
infers that size effects are exclusively responsible for the observed
spectral changes. Here, we found that a similar size-selection pro-
cedure can be applied to GSH-stabilized colloidal ensembles of
HIS/ZnS NCs. The results are of preliminary character, and fur-
ther work is currently under way for the evaluation of the average
sizes of HIS/ZnS NCs in separate fractions and correlations between
the sizes of the HIS (HIS/ZnS) NCs and their bandgap and PL
properties.

In particular, we found that a portion-wise addition of
2-propanol to aqueous GSH-stabilized HIS/ZnS colloids results in
the acquisition of several fractions with distinctly different absorp-
tion spectra. This is illustrated in Fig. S9 of the supplementary
material for HIS/ZnS colloids synthesized with the optimal compo-
sition (Hg-to-In ratio of 1.5/8 as discussed above). More than 60
mass% of the original NCs can be found in the first fraction, and
the population of the other fractions decreases quite rapidly, leaving
less than 1% of the total HIS/ZnS mass in fraction No. 4 [Fig. S9(a)].
This in not particularly encouraging; however, it can be taken as an
indication that HIS/ZnS NCs have a much narrower size distribu-
tion than the previously studied AIS/ZnS NCs. The latter conclusion
is also supported by the presence of a clear maximum in the absorp-
tion spectra of the HIS/ZnS NCs [see Figs. 1(a) and 1(c)], which was
not observed for AIS/ZnS NCs.12,13 The absorption edge shifts grad-
ually from ≈480 nm for fraction No. 1 to 450 nm for fraction No. 3
and to less than 400 nm for the last fraction No. 4 [supplementary
material, Fig. S9(b)].

The PL band maximum of the fractionated HIS/ZnS NCs also
shows a shift from 560 nm (2.22 eV) for the first fraction to 545 nm
(2.28 eV) with the FWHM remaining almost constant (around
440 meV) for all four fractions [supplementary material, Fig. S9(c)].
A similar lack of a size effect on the PL band FWHM was observed
by us earlier for AIS/ZnS NCs and taken as one of the arguments in
favor of the self-trapped excitonic model of the PL emission for such
ternary NCs.12,13

3. Temperature-dependent PL properties of
HIS/ZnS NCs

The PL behavior of HIS and HIS/ZnS NCs was studied in the
broad temperature range of 10–350 K using samples that were drop-
cast and dried from the concentrated colloidal solutions on glass
substrates. Recently, we reported on the temperature dependence
of the PL properties of ternary AIS/ZnS NCs produced by similar
approaches.13,41 We found that AIS and AIS/ZnS NCs show tenden-
cies typical for the PL originating from the direct radiative electron-
hole recombination such as widely reported for CdS or CdSe NCs.
In particular, the PL bands did not show any narrowing and shift
with decreasing temperature that can be ascribed to a thermally acti-
vated redistribution of trapped charge carriers among the traps of
different depths. Additionally, the AIS/ZnS NCs showed some low-
temperature features characteristic for the radiative recombination
of self-trapped excitons, in particular, a drop of the PL intensity at

temperatures lower than 50 K.42–44 To shed light on the tempera-
ture dependences of the PL of the present HIS and HIS/ZnS NCs, we
compare them to similar dependences observed for AIS or AIS/ZnS
NCs. As core/shell NCs retain a much higher stability toward oxida-
tion under the experimental conditions as well as a generally better
reproducibility of the optical characteristics, we mainly discuss the
temperature dependences of the PL of core/shell NCs, while the
results obtained for core-only HIS and AIS NCs are provided in the
supplementary material (Fig. S10).

Both AIS/ZnS and HIS/ZnS NCs show a considerable and
monotonous increase in the PL intensity as the temperature is low-
ered [Fig. 4(a)]. As discussed above, the GSH-capped AIS/ZnS NCs
show some drop of the PL intensity at T < 50 K [Fig. 4(a), curve 1]
that can be interpreted as the result of the thermal activation of an
exciton self-trapping46 or, alternatively, as the result of a rearrange-
ment of the ligand shell, which is often observed for such NC-ligand
systems.42–44 A similar drop is also observed for the GSH-capped
HIS/ZnS NCs, however, a smaller one and at a lower temperature,
namely, at T < 25 K [Fig. 4(a), curve 2]. The difference in the thresh-
old temperature of this effect can be interpreted in terms of a smaller
activation energy of the transition from the free exciton to a trapped
exciton45 for the HIS/ZnS NCs. The smaller activation energy of the
emitting self-trapped exciton state and a higher probability of its
nonradiative decay may account for the much lower PL QY of the
HIS/ZnS as compared to the AIS/ZnS NCs.

The core-only AIS and HIS NCs [supplementary material,
Fig. S10(a)] as well show a general increase of the PL efficiency with
decreasing temperature. However, for the core-only NCs, these ten-
dencies are much weaker, especially for the HIS NCs, most probably
due to a considerable interference from the defect-related radiative
processes competing with the self-trapped exciton emission.

Both AIS/ZnS and HIS/ZnS NCs show very similar temperature
dependences of the PL maximum that increases monotonously with
a decrease in temperature [Fig. 4(b)]. This is typical for the semi-
conductor NCs and arises from a “hardening” of the NC lattice and
a corresponding increase of the bandgap. While core-only AIS NCs
show qualitatively the same temperature dependence as core/shell
NCs [supplementary material, Fig. S10(b), curve 1], HIS NCs exhibit
a peculiar dependence with the PL band maximum decreasing by
≈100 meV as the temperature is lowered to ≈200 K [supplemen-
tary material, Fig. S10(b), curve 2] and then increasing at even lower
temperatures. As in the above case of the temperature dependence
of the PL intensity, this feature can be assumed to originate from
a complex interplay of the self-trapped exciton recombination and
radiative processes with the participation of deeply trapped charge
carriers with a distribution of depths and detrapping activation ener-
gies, as we observed earlier for the deep-trap emission of II-VI
NCs.41,46

In contrast to a narrowing of the excitonic PL bands with
a decrease in temperature typically reported for “conventional”
binary NCs like CdSe or PbS,42–44,46,47 both AIS/ZnS and HIS/ZnS
show a steady growth of the PL FWHM, reaching ≈150 meV for
AIS/ZnS and more than 200 meV for HIS/ZnS as the temperature
is decreased down to 50 K [Fig. 4(c)]. Such traces can be quite
naturally assumed to originate from temperature dependences of
the energies of phonons participating in the radiative recombina-
tion of the self-trapped exciton and/or from temperature dependent
electron-phonon interactions. At T < 50 K, both NC types display
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FIG. 4. Integral PL intensity (a), PL maximum (b), and PL FWHM (c) of AIS/ZnS NCs (curves 1) and HIS/ZnS NCs (curves 2) as a function of temperature.

a FWHM decrease as expected. This behavior may be accounted for
by several possible recombination routes existing in this temperature
window, for example, several types of self-trapped excitons respon-
sible for several overlapping emission bands. The core-only AIS
NCs show no particular temperature dependence of the PL FWHM
[supplementary material, Fig. S10(c), curve 1], while HIS NCs
display a complex behavior (curve 2), which is still to be inter-
preted in detail. We should also note that the samples for the
low-temperature measurements show a lower room-temperature
FWHM of the PL bands for all six samples (AIS, AIS/ZnS, CIS,
CIS/ZnS, HIS, HIS/ZnS) as compared to the corresponding colloids.
These differences can be attributed to partial reabsorption of the
PL in the relatively thick layers of NCs on glass produced by drop-
casting of concentrated colloids and used as samples for the low-T
measurements.

4. Phonon spectra of HIS (HIS/ZnS) NCs
Based on the similarity of the XRD patterns of the HIS NCs

under study and the previously studied AIS and CIS NCs, one can
assume the same type of the crystalline structure for these materi-
als. Additional confirmation of this assumption was obtained from
the phonon spectra, studied by FTIR and Raman spectroscopies.
The relatively strong PL of both core and core/shell NCs prevents
direct studies of colloidal solutions with Raman spectroscopy and,
therefore, an efficient electron acceptor, methyl viologen (MV2+)
chloride, was added to the solution to quench the PL. An almost
complete PL quenching of all samples studied can be observed at
a molar MIS/MV2+ ratio of 1–10 (M = Ag, Cu, Hg) as well as
the presence of characteristic features of the MV cation radical in
the Raman spectra [see Fig. 5(b)], indicating a photoinduced elec-
tron transfer from the NCs to MV2+ to be responsible for the PL
quenching.

The phonon absorption spectrum of HIS NCs reveals at
least three maxima, at 220, 278, and 335 cm−1, respectively
[Fig. 5(a)]. Although less structured, the Raman spectrum con-
tains the main phonon features in the same frequency range,
namely, 200–350 cm−1 [Fig. 5(b)]. Except for the frequency posi-
tions of the above features, the line shape of the IR phonon spec-
trum is similar for HIS and AIS NCs [Fig. 5(a)], confirming the

similarity of their crystal structure, derived above from the XRD
data.

The Raman spectrum of HIS NCs is distinct from the well struc-
tured spectrum of CuInS2 NCs reported earlier.48 The reason could
be the small size and lower crystallinity of the present HIS NCs
obtained in mild conditions. Nevertheless, for small AIS NCs (4 nm)
synthesized at similarly mild conditions,24 several peaks could still
be distinguished in the Raman spectrum, with the strongest being
found at about 290 cm−1 and weaker features at 240 and 345 cm−1

[Fig. 5(b)]. The larger broadening of the phonon Raman spectra
of HIS NCs compared to similar AIS NCs may be explained by
the fact that the Raman active vibrational modes are more sensi-
tive to the kind of structural disorder that occurs in HIS NCs and
that is manifested in the larger Urbach energy and broader XRD
peaks.

One more striking similarity between the phonon spectra
of all three kinds of core/shell NCs should be mentioned here
(supplementary material, Fig. S11). This similarity confirms the sim-
ilar effect of Zn assumed in Secs. III C 1 and III C 2 on the structure
of the NC, in particular the formation of similarly alloyed NCs. The
distinct peaks at 250 and 338 cm−1 are revealed in the IR spectra
of HIS/ZnS NCs [Fig. 5(a)] at frequencies close to the other two
core/shell systems (supplementary material, Fig. S11). The 338 cm−1

band could be the 335 cm−1 feature of the bare HIS NCs, shifted to
higher frequencies by shell-induced strain and Zn-alloying. Earlier,
we have observed by IR and Raman spectroscopies the development
of strain in CdSe cores, induced by the lattice mismatch with, e.g., a
CdS shell.49 Even though the IR spectra of core/shell NCs are usually
dominated by the TO (transverse optical) and SO (surface optical)
phonons of the shell (and probably of the core/shell interface50), the
phonon of the core can still be detected.50 On the other hand, the
feature at 338 cm−1 matches well the range of a SO phonon reported
for ZnS NCs.51,52 Moreover, in the spectrum of our HIS/ZnS NCs,
the rest of the HIS modes (particularly at 220 and 278 cm−1) is
absent; instead, one mode at 250 cm−1 is observed [Fig. 5(a)]. Even
though the latter peak is below the TO mode (the lowest optical
frequency) of the ZnS NCs (≈275 cm−1), it can be a hybrid inter-
face mode of these NCs, further modified by interdiffusion. Strong
additional proof favoring the assignment of both the 250 and the
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FIG. 5. IR (a) and Raman (b) phonon
spectra of HIS, HIS/ZnS, and AIS NCs.

338 cm−1 IR peaks of the HIS/ZnS NCs to an (alloyed) shell and an
interface is the observation of very similar spectra for the similarly
synthesized AIS/ZnS and CIS/ZnS NCs (supplementary material,
Fig. S11), despite noticeable differences between the spectra of
core-only NCs [Fig. 5(b)].

In previous work on II-VI core/shell NCs49,50 and more com-
plex CuInS2/ZnS, Zn–Cu–In–S, and Zn–Cu–In–S/ZnS NCs,53,54

resonant Raman scattering has been proven to allow us to dis-
tinguish between pure and alloyed NC shells. In particular, the
detection of ZnS-shell-related phonons in the Raman spectra was
possible only using UV excitation, namely, 325 nm,53 which is
resonant with the shell transitions.55 In the corresponding spectra
of HIS/ZnS and AIS/ZnS NCs, no distinct LO (longitudinal optical)
phonon peaks were observed under UV excitation but only asym-
metrically broadened features in the same frequency range as for
the corresponding core NCs [supplementary material, Fig. S8(b)].
Some redistribution of the scattering intensity toward the higher
frequency side of the band can be explained by more probable con-
tributions of the Zn–S bonds from the Zn-rich part of the alloyed
shell at this excitation wavelength. This observation further confirms
the above assumptions about the alloyed structure of the HIS/ZnS
core/shell NCs and their similarity to the structures of AIS/ZnS
NCs.

IV. CONCLUSIONS
We introduce a general synthesis of aqueous GSH-capped

ternary AIS, CIS, and HIS NCs as well as corresponding core/shell
NCs with zinc sulfide shells. The method allows for a broad varia-
tion of the NC compositions and sizes with applying size-selective
precipitation as discussed for the case of AIS NCs in detail else-
where.12,21 This enables comparisons of the spectral properties of
all three compounds with other properties remaining identical (dis-
persing medium, ligand, ratio of components, size, etc.). The HIS
NCs display the same structural motif as the previously studied
tetragonal chalcopyrite CIS and AIS NCs, which, in combination
with the evidence collected by XPS, suggest that the most prob-
able oxidation state of mercury in the HIS and HIS/ZnS NCs
is +1. Such chalcopyrite Hg–In–S compounds seem not to be
reported yet, neither as bulk crystals nor in the nanocrystalline
form.

All three compounds manifest broadband PL with spectral
widths larger than 400 meV centered in the visible spectra range. As
in the case of AIS and CIS NCs reported earlier, the aqueous colloidal
HIS (HIS/ZnS) NCs show little variations of the PL band FWHM
upon size selection, temperature variation in the broad range of
10–350 K, deposition of a ZnS shell, or postsynthesis annealing.
This can be regarded as an indication of a general PL mechanism
in all three ternary compounds, which involves radiative recombi-
nations of self-trapped excitons as the most plausible origin of the
broadband light emission.

Raman phonon spectra of tetragonal HIS and HIS/ZnS NCs
were reported for the first time, showing strong similarities with the
Raman spectra of both AIS and CIS-based compounds and provid-
ing support for the assumed alloyed core/shell structure of HIS/ZnS
NCs.

The reported synthetic approach allows detailed comparative
studies of the three ternary compounds to be performed, maintain-
ing as many as possible parameters of the NCs identical. Compara-
tive investigations of the properties of the size-selected NC fractions,
such as size- and composition-dependent dynamics of the PL decay
and photoinduced electron transfer to acceptor substrates (such as
methyl viologen), the behavior of CIS, AIS, and HIS NCs as spectral
sensitizers and components of photoelectrochemical solar cells, etc.,
are currently under way.

SUPPLEMENTARY MATERIAL

See supplementary material for details of the synthesis of
ternary MIS (M = Hg, Cu, Ag) and related core/shell NCs; descrip-
tion of setups and spectrometers; sets of data on the bandgap and
Urbach energy of HIS and HIS/ZnS NCs with a different mercury-
to-indium ratio as well as HIS NCs subjected to a thermal treatment,
results of the energy-dispersive X-ray spectroscopic (EDX) analy-
sis of composition-selected HIS NCs, and XRD peak positions and
FWHMs as well as sizes of MIS and MIS/ZnS NCs; absorption and
PL spectra of composition-selected HIS/ZnS NCs; hydrodynamic
size distributions of HIS/ZnS NCs with a different nominal com-
position; XRD patterns of fresh and aged HIS/ZnS NCs; exemplary
TEM and AFM images of HIS/ZnS NCs, X-ray photoelectron spec-
tra of HIS/ZnS NCs in the ranges of Cu2p, Zn2p, C1s, and N1s
electron binding energies; absorption and PL spectra of size-selected
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HIS/ZnS NCs; temperature dependences of spectral PL parameters
of HIS and AIS NCs; and IR phonon spectra and Raman spectra
(excited at 325 nm) of MIS/ZnS NCs.
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