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ABSTRACT We present a detailed analysis of Raman and infrared (IR) phonon spectra of 

strongly luminescent non-stoichiometric M-In-S (M = Cu, Ag, Hg) and core/shell M-In-S/ZnS 

nanocrystals (NCs) of small size (d ≈ 2-4 nm), formed by means of aqueous colloidal chemistry 

under mild conditions. Despite presumably similar factors determining position and broadening 

of the Raman and X-ray diffraction (XRD) peaks, phonon spectra are shown to be more sensitive 

to NC composition and crystals structure. The spectral Raman pattern of these strongly M-

deficient M-In-S NCs is different from that of the corresponding stoichiometric phases, e.g. 

CuInS2 or AgIn5S8, and excludes its assignment to relevant binary sulfides, e.g. In2S3. Resonant 

behavior of relative peak intensities in Raman spectra is different from that of larger-size 

stoichiometric NCs and bulk samples studied before, while the temperature dependence reveals 

an analogous enhancement of the highest-frequency LO modes supporting an unambiguous 

assignment of the latter. Therefore, we conclude that the Raman spectra observed are 

characteristic of the specific structure of these highly non-stoichiometric small NCs. IR modes of 

these NCs occur in the same frequency range as the Raman ones but at higher frequencies than 

the IR phonons in bulk material. The IR spectra are less characteristic, compared to Raman ones, 

revealing more similarity among the three NC compounds and with the bulk counterparts. 
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Introduction  

Colloidal I-III-VI nanocrystals (NCs) 
comprise one of the most promising types of 
metal-chalcogenides that have emerged in the 
recent years as a viable alternative to CdX 
and PbX (X = S, Se, Te) NCs [1–7]. 
Particularly interesting, both for fundamental 
studies and practical applications, are small 
(below 5 nm) M-In-S and core/shell M-In-
S/ZnS (M = Ag, Cu, Hg) NCs, possessing 
untypically strong broad-band 
photoluminescence (PL), with quantum yields 
up to 95 % in non-polar solvents [8] and up to 
60 % in water [5,6,9]. The nature of this PL is 
the subject of intense discussion in the 
literature [7,10–13] and may reflect some 
peculiarities of their electronic and lattice 
structure as well as electron-phonon coupling 
(EPC). A combination of the small size and 
tolerance towards strong non-stoichiometry 
can be the key to emerging new features in 
the electronic structure and optical properties, 
not existing in bulk crystals and larger (5-10 
nm) stoichiometric NCs. The model based on 
radiative recombination of charges deeply 
trapped at donor and acceptor levels [14], 
which is most often used for explaining the 
large Stokes shift and full width at half 
maximum (FWHM) of these NCs, is unable 
to explain the PL dependence on temperature, 
NC size, and stoichiometry [5,6,9–11], as 
well as single NC PL results [15]. Recently, 
the large band width and Stokes shift, as well 
as temperature dependence of the highly 
efficient PL emission of Ag-In-S and similar 
ternary compound NCs was proposed to 
originate from a kind of self-trapped exciton 
(STE) state involving strong EPC [9]-[11]. 
Indications of a very strong contribution of 
optical phonons to PL, with up to nanosecond 
long lifetime, were indeed observed earlier 
for bulk CuInS2 [16]. Therefore, knowing the 
phonon spectra of small M-In-S NCs is of 

crucial importance for understanding their 
EPC and optical properties. The high PL 
intensity can be a reason for the absence of 
thorough Raman studies of their phonons so 
far.  

Besides providing the phonon spectra 
themselves, Raman spectroscopy is an 
efficient tool of probing both the lattice 
structure of semiconductor NCs and local 
resonances. Such resonances can be related 
either with intentional heterogeneity, like in 
core/shell structures [17–24] , or spontaneous 
formation of secondary phases and other 
kinds of structural inhomogeneity in complex 
chalcogenide NCs [25–32], which are not 
detectable by other structural techniques. 
These capabilities of Raman spectroscopy are 
based on spectrally well separated vibrational 
peaks related to different compounds, the 
possibility to selectively probe 
compounds/phases with different bandgaps 
by using resonant energy/wavelengths of the 
exciting light, and no special treatment of the 
sample needed for investigations. Being 
sensitive to the ionicity of bonds, the phonon 
frequencies may provide unique information 
about chemical bonds in a complex 
compound, also not accessible by other 
methods. A valuable complementary 
technique to Raman spectroscopy is far 
infrared (FIR) absorption, which allows 
Raman-inactive phonons to be probed. IR 
phonon spectra of M-In-S NCs have not been 
studied so far.  

Here we report the Raman and IR phonon 
spectra of strongly luminescent (quantum 
yield up to 60 %) M-In-S and M-In-S/ZnS 
NCs of small size (d ≈ 3 nm), formed by 
means of aqueous colloidal chemistry under 
mild conditions, and perform a detailed 
analysis of the spectra, including critically 
reviewed data from the literature and a 
support from own DFT calculations. 
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Experimental 

The details about the aqueous synthesis and 
characterization of the NCs investigated in 
this work by PL, wide-angle X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy 
(XPS), atomic force (AFM) and transmission 
electron (TEM) microscopy was already 
reported by us earlier [5,6,9,11,17]. For this 
study M-In-S NCs of average size about 3 nm 
were used, stabilized with glutathione. The 
UV-vis and PL (Fig. S1), XRD (Fig. S2), and 
XPS (Fig. S3) data are presented in the 
Supplementary Information. The possibility 
to measure Raman scattering on these highly 
luminescent NC samples was provided by 
adding a strong electron acceptor, methyl 
viologen dichloride (MV2+) [33], that 
quenches PL strongly enough to acquire good 
quality Raman spectra. For acquiring Raman 
spectra, MV2+-containing NC solutions were 
drop-casted on Si substrates and dried under 
ambient conditions. The samples for IR 
measurements were prepared by spin-coating 
of pristine NC solutions (without MV2+) on 
gold mirror substrates. 

Raman spectra were excited with a (λexc =) 
488 nm DPSS laser (Sapphire, Coherent), 
514.7 nm DPSS laser (Cobolt), 633 nm He-
Ne laser or 325 nm He-Cd laser and 
registered with a LabRam HR spectrometer 
with a spectral resolution of 3 cm-1 for visible 
λexc's and 5 cm-1 for 325 nm excitation. 
Raman spectra at λexc = 785 nm (DPSS laser) 
were registered using a Xplora Raman 
microscope (Horiba). The peak positions 
were determined with an accuracy better than 
1 cm-1. The incident laser power was kept 
below 0.1 mW (≈10 W/cm2) in order to avoid 
sample heating under the microscope 
objective (50× for visible excitations and 40× 
for 325 nm). Low-temperature (80 K) Raman 
measurements were performed using a 
Linkam Stage THMS-600 micro-chamber. IR 
phonon spectra were collected in specular 

reflection geometry at an angle of 45° or in 
attenuation total reflection configuration 
(ATR) with a diamond crystal using a 
vacuum VERTEX 80v FTIR spectrometer 
(Bruker) equipped with a RT-DLaTGS 
detector and Mylar multilayer beam splitter. 
Density Functional Theory (DFT) 
calculations were performed with PWscf and 
PHonon Packages of the QUANTUM 
ESPRESSO software [34] [35]. The Dynmat 
code was used for the calculation of IR 
intensities and LO-TO splitting. The initial 
tetragonal AgInS2 crystal structure was taken 
from the Crystallography Open Database 
[36]. 

 
Results and discussion 

The most important feature of the 
luminescent NCs investigated in this work is, 
besides their small size, a strong deviation 
from the compositional stoichiometry of 
established bulk counterparts such as CuInS2 
and AgIn5S8. It was already shown in our 
previous studies, that for such I-III-VI NCs, 
synthesized in water using small thiol 
molecules as stabilizers, the highest PL 
efficiency is achieved not at a Cu:In (Ag:In) 
ratio of 1:1 but rather at highly Cu- or Ag-
deficient compositions (like Cu:In or Ag:In 
molar ratios of 1:5 - 1:3) [5,6,9,11]. Similar 
trends were reported by other groups [1],[2] . 
The nominal M:In ratio set during the 
synthesis of the NCs studied in the present 
work was about 1:4, resulting in a real ratio in 
the NCs of about 1:3, according to the XPS 
data (Table 1 and Fig. S3,a). The net metal-
to-Sulfur ratio is 40:60 for all compounds 
when both S2- (lattice) and S1- (shared lattice 
and ligand sulfur) species are taken into 
account (see SI, Fig. S3,b). When only S2- is 
considered, the latter ratio becomes S-
deficient for all three M-In-S compounds with 
respect to any of their tentative (bulk) 
modifications (CuInS2, AgIn5S8, etc.). This 
fact is fully understood in view of the very 
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small NC size (2-4 nm) and stabilization 
mechanism by thiol ligands. Here, the 
Sulphur atom of the ligand, attached to the 
surface metal atoms of the NC (identified as 
S1- in XPS spectra), is simultaneously a part 
of the NC lattice. Therefore, omitting this 

contribution in the calculation of the NC 
composition would result in (incorrectly) S-
deficient compositions. 

 
 

 

Table 1. XPS data on elemental ratios in the NCs studied. 

AIS CIS HIS 

Ag:In:S=12:29:59 Cu:In:S=9:30:61 Hg:In:S=10:28:62 

Ag:In=28:72 Cu:In=23:77 Hg:In=26:74 

AIS/ZnS CIS/ZnS HIS/ZnS 

Ag:In:S:Zn=4:11:60:25 Cu:In:S:Zn=2:13:61:24 Hg:In:S:Zn=4:12:59:25 

Ag:In=26:74 Cu:In=15:85 Hg:In=27:73 

Ag:In:Zn=10:28:62 Cu:In:Zn=6:33:61 Hg:In:Zn=11:29:60 

(Ag+In+Zn):Sall=41:59 (Cu+In+Zn):Sall=49:61 (Hg+In+Zn):Sall=41:59 

(Ag+In+Zn):S2-=78:22 (Cu+In+Zn):S2-=52:48 (Hg+In+Zn):S2-=55:45 

 

Several features of the obtained elemental 
compositions have to be noted, which are of 
primary importance for the subsequent 
discussion/understanding of the phonon 
spectra. The ratio of M:In ≈ 1:3 can 
correspond either to a highly M-deficient M-
In-S compound or to a 1:1 mixture of MInS2 
and MIn5S8. Therefore, in the following 
analysis and discussion of the phonon spectra 
and analysis of XRD patterns we have to 
consider this option at least for M = Ag, Cu 
(HgIn5S8 was not reported yet). They should 
also contribute to XRD patterns but are not 
discernable due to proximity of the 
corresponding reflexes (in bulk crystals) and 
substantial broadening of peaks in NCs. 

Another important observation from the XPS 
data is that the cation-anion ratio (~40:60) is 
not affected by adding Zn in all three 
compounds. This can mean that Zn does not 
take vacancies or substitutes other cations but 
extends the lattice (template) given by the M-
In-S core NC. Even more interesting is a 
reduced Cu/In ratio in the core/shell NCs, 
while Ag/In and Hg/In ratios are not affected. 
Possible reasons will be discussed in the 
section devoted to phonons in core/shell NCs.  

 
Figure 1 shows representative room-

temperature (RT) phonon Raman spectra of 
Ag-In-S NCs at different λexc. The sharp peak 
at 520 cm-1 comes from Si substrate [37], 
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while weaker peaks at 686 and 822 cm-1 are 
due to vibrations of methyl viologen (MV) 
[38]. As the relative contribution of the 
lower-frequency MV peaks gets progressively 
enhanced towards longer λexc (Fig. 1a), MV 
mode at about 280 cm-1 needs to be taken into 
account when analyzing the NC phonon 
spectra measured with λexc=633 nm. In order 
to confirm the origin of the latter mode from 
MV, as well as its relative intensity, we 

investigated composites of MV with similarly 
synthesized aqueous NCs of other compounds 
(e.g. CdTe), which do not have phonon 
features around 280 cm-1 (Fig. S4). Due to the 
negligible contribution of the latter MV mode 
to the NC spectra at 488 nm, spectra taken at 
this λexc are mostly used in the following 
analysis of vibrations in Ag-In-S, Cu-In-S, 
and Hg-In-S NCs (Fig. 2). 

  
Figure 1. (a) Representative RT Raman spectra of Ag-In-S NCs obtained at different λexc. The 
peaks of methyl viologen are marked by asterisks. (b) The first-order phonon range shown in 
detail.  

 

  
Figure 2. (a) First-order phonon Raman spectra (RT, λexc=488 nm) of Ag-In-S, Cu-In-S, Hg-In-
S 2-4 nm NCs, as well the spectrum of 15 nm CuInS2 NCs [39]. In the upper part, the positions 
of key modes of main bulk modifications and potentially secondary phases are indicated. (b) The 
same Raman spectra as in (a) but including the second-order phonon range. 
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Based on the similarity of the XRD patterns 

of Hg-In-S, Ag-In-S NCs, and Cu-In-S NCs 
(Fig. S2, a), the same type of crystalline 
structure in these three compound NCs can be 
assumed. From comparing them with 
calculated XRD patterns of different possible 
structural modifications (Fig. S2, b) the best 
matching modification is tetragonal MInS2, in 
agreement with previous reports for NCs 
obtained by the same synthesis route 
[5,6,9,17]. Nevertheless, the reflexes for zinc-
blende and wurtzite MInS2, MIn5S8, In2S3, 
and InS fall within the width of the XRD 
features of the M-In-S NCs, and therefore the 
presence of these secondary phases cannot be 
excluded based on XRD data only.  

Despite presumably similar factors 
determining position and broadening of 
Raman and XRD peaks, it is obvious from 
comparing Fig. 2 and Fig. S2 that the phonon 
spectra are more specific for the three 
compound NCs studied. In the following, we 
will address in more detail several aspects 
that have the strongest effects on the phonon 
spectra of the NCs.  

Before that, we would like to emphasize 
several important features of the 
characterization techniques used. Unlike 
XRD and XPS, the contribution of different 
constituent chemical and structural phases to 
the Raman spectrum of a composite or 
heterostructure is not necessarily proportional 
to their atomic or volumetric ratios. They are 
often determined by the Raman scattering 
cross-section of a certain bond/vibration and 
possible resonances of the exciting light with 
an electronic transition in the given phase 
[20,28,30]. The effective XRD contribution 
of large crystallites (roughly above 10 nm) 
will be much stronger than that of poorly 
crystalline fragments or very small 
crystallites. The probing depth of XPS is only 
several nanometers, so it is a purely surface-
sensitive technique for bulk samples, but in 
the case of 2-4 nm NCs studied here, this 

technique is suitable to deliver the average 
NC composition and chemical environment 
of the constituent atoms. The account of these 
details is crucially important for the analysis 
of the corresponding data. 

 
 
Effect of the non-stoichiometry on the 

phonon spectra of M-In-S NCs 
As was shown in the XPS part, the strongly 

M-deficient composition of our M-In-S NCs 
may correspond either to homogeneously M-
deficient M-In-S or to a roughly 1:1 mixture 
of MInS2 and MIn5S8. In view of the Cu-
deficiency of the Cu-In-S NCs, the absence of 
CuxS features in the Raman spectrum, at 
about 470 cm-1 [40], was quite expected 
(Fig. 2). We excluded the possibility of a 
noticeable content of the In2S3 phase based on 
two observations made from comparing the 
Raman spectra of the three compounds at the 
same λexc (Fig. 2). Firstly, a different line 
shape of the spectra is more expected for 
three different compounds than for the same 
one (i.e. In2S3). Secondly, none of our M-In-S 
NCs has a feature around the highest 
frequency expected for In2S3, 367 cm-1 [41].  

Distinguishing the MInS2 and MIn5S8 
phases is more challenging, due to 
overlapping ranges of their phonon 
frequencies and large broadening of the 
present NC spectra. Nevertheless, one can see 
from Fig. 2 that the highest bulk mode of 
AgIn5S8, 328 cm-1, is 22 cm-1 lower than that 
of CuIn5S8, 350 cm-1 [42], while the Raman 
spectrum of Ag-In-S NCs extends to higher 
frequencies than that of Cu-In-S NCs. Based 
on this fact we can exclude a noticeable 
content of the MIn5S8 phases in our NCs.  

Moreover, the presence of two structural 
modifications in the NCs, i.e. MInS2 and 
MIn5S8, would also be detectable in PL 
spectra, which can be satisfactorily fitted with 
a single Gauss profile in most cases. If both 
phases are fluorescent, the resulting spectrum 



 8 

of M-In-S NCs would be much broader and 
asymmetric compared to single-phase NCs, 
because the PL positions of MInS2 and 
MIn5S8 NCs were shown to differ by 200-300 
nm or 300-350 meV [43]. Alternatively, if 
one of the phases were non-fluorescent due to 
abundance of non-radiative defects/states, this 
would most likely quench PL of the whole 
NC, due to exciton delocalization over the 
whole volume of the NC.  

 
Spectral range of 340-350 cm-1 
It should be noted that results and 

conclusions of previous publications on the 
relation between the (possible) presence of 
MIn5S8 phase in M-In-S and the lineshape of 
the Raman spectrum are very contradictory. 
Some authors concluded on the presence of 
MIn5S8 phase based on observing a strong 
340-350 cm-1 feature, even for MInS2-
stoichiometric [44–46] and very In-poor NCs 
[44]. Others, on the contrary, observed a very 
weak [47] or no [48,49] such Raman peak 
even for strongly Cu-deficient samples 
(favorable for the formation of an In-rich 
phase such as CuIn5S8). A single 
unreasonably broad (FWHM ~100 cm-1) 
Raman band at 326 cm-1 was reported for 20 
nm CuIn5S8 NCs [50], even though the most 
pronounced Raman features of CuIn5S8 are 
expected at 350 cm-1 [42]. The spectra of ≈3 
nm AgInS2 NCs reported in Ref. [51] are 
similar to ours, but their NCs of a similar size 
identified as AgIn5S8 possessed a main peak 
at 290-305 cm-1, i.e. at the position of bulk 
A1-phonon of AgInS2 [52] and far from the 
main vibration of bulk AgIn5S8 at 329 cm-1 
[42].  

A more reasonable assignment of the 340-
350 cm-1 Raman band, both in Ag-In-S and 
Cu-In-S, is to E/B(LO) modes of the 
tetragonal-like structure [39,53–55]. We use 
the term 'tetragonal-like' because in highly 
non-stoichiometric NCs the tetragonal lattice 
gets strongly distorted [7]. The lattice 
distortion can also be responsible for the 

activation of phonon modes that are not 
Raman-active in the ideal tetragonal lattice, 
as well as for changing of the relative 
intensities of the Raman-active modes.  

An additional strong argument favoring the 
assignment of the 340-350 cm-1 Raman band 
to the LO mode is a noticeable increase of the 
relative intensity of this feature at low 
temperature (Fig. 3). This behavior is similar 
to that previously found by us for 
stoichiometric CuInS2 NCs [39].  

 
A-mode around 290-300 cm-1 
The most intense and characteristic Raman 

peak of tetragonal (chalcopyrite) CuInS2 and 
AgInS2 is the one at about 290 cm-1 caused by 
vibrations of anions with cations at rest [52]. 
The frequency and FWHM of this Raman 
peak are sensitive to the crystallinity of the 
sample and its stoichiometry [56]. The so-
called CuAu (CA) structural modification of 
CuInS2 was identified only by Raman 
spectroscopy, for which this mode (A1

*) 
occurs at 305 cm-1 [56], favored for Cu-poor 
compositions [27,47,55,57–59]. The 
analogous crystal structure for AgInS2 has not 
been observed yet, but in the Raman spectrum 
of our Ag-In-S NCs one can distinctly see 
that the first of the two major bands consists 
of at least two components peaked at about 
290 and 300 cm-1, respectively 
(Figs. 2 and Fig.3). The latter can be, 
therefore, an analog of the A1

*-mode of 
CuInS2, observed here for the first time for 
Ag-In-S compounds. Multi-peak fitting of the 
most structured NC spectrum allowed up to 
eleven components to be deconvoluted in the 
range of first-order phonons, 150-450 cm-1 

(Fig. 3,c), which is in a good agreement with 
the number of first order phonons previously 
reported by us using DFT calculations for 
stoichiometric CuInS2 [39]. Realistic 
calculations of highly non-stoichiometric M-
In-S NCs, such as those studied in the present 
work, is a highly challenging problem, not 
solved yet. 
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Figure 3. Comparison of the room-
temperature (295 K) and low-temperature 
(80 K) Raman spectra of Ag-In-S (a) and Hg-
In-S (b) NCs at λexc=515 nm. The first-order 
phonon range of the spectra in (a) is shown in 
more detail in the inset. Asterisks show 
features not belonging to the spectra of the 
NCs. Multiple-peak deconvolution of the Ag-
In-S NC spectrum from (a) is shown in (c). 

 
 
The non-stoichiometric composition can be 

the reason of the large Raman FWHM 
(Fig. 2), as compared to bulk crystals and 
large NCs of nearly ideal stoichiometry (i.e. 
AgInS2, CuIn5S8, etc.). In order to separate 
the effect of size and non-stoichiometry, we 
analyzed the evolution of the A1 Raman mode 
FWHM with x in CuxIn1-xS, available in the 
literature [46,48,49,51,58], but found no 
unambiguous correlation. Broader Raman 
peaks are not necessarily observed for NCs or 
microcrystal films with off- (inter-) 
stoichiometric composition. Noteworthy is 
that for I-III-VI NCs synthesized at low 
temperature and not subjected to post-
synthesis thermal annealing/sintering, as in 
the present work, the detection of phonon 
Raman spectra was usually not possible, even 
in the absence of PL, as recognized by some 
authors [44]. Surprisingly, the latter authors 
attributed the 345 cm-1 peak to the CuIn5S8 
phase even in their very In-poor NC sample. 
That NC sample possessed also a strong 
Raman feature of the CA phase, which is 
more commonly reported for Cu-poor CIS. It 
is remarkable that the Raman peaks got much 
sharper in their large (d = 18 nm) non-
stoichiometric NCs, compared to 2-5 nm 
stoichiometric ones. This result indicates that 
the Raman peak width is governed not by the 
average non-stoichiometry itself but probably 
by the fact that the NC consists of volumes of 
stoichiometric compounds like CuInS2 and 
CuIn5S8.  

Therefore, by excluding many possible 
"stoichiometric" phases (AgInS2, CuIn5S8, 
In2S3 etc.) are constituents of present M-In-S 
NCs , we can come to a preliminary 
conclusion that the Raman peaks broadening 
is an inherent property of this strongly 
confined and highly M-deficient system, 
rather than a result of a multiphase 
composition. We obtained an additional proof 
for this conclusion from the analysis of our 
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low-temperature Raman spectra (Fig. 3). 
They reveal magnitudes of both the 
narrowing and upward shift of the phonon 
features, which are common for "ordinary" 
(in terms of stoichiometry or larger size) 
semiconductor NCs such as CdSe [60]. 

 
 
Effect of the monovalent cation on the 

phonon spectra 
Based on the same type of crystal structure 

in all three compounds, assumed from the 
above discussion of the Raman spectra and 
similarity of XRD patterns (Fig. S2), one 
could expect a qualitative trend of the 
frequency of a certain phonon mode with the 
mass of the M (M = Cu, Ag, Au) cation. In 
this way, the frequency of a certain phonon 
mode should decrease from Cu (atomic mass 
M = 64) to Ag (M = 108) and further to Hg 
(M = 201). However, no such trend can be 
seen in Fig. 2 or Fig. 3. The highest-
frequency feature occurs at nearly the same 
frequency for Cu-In-S and Hg-In-S, ≈350 cm-

1, and at a higher frequency, ≈360 cm-1, for 
Ag-In-S. Therefore, the relation between the 
structure of our small NCs and their phonon 
spectra is obviously more complex. Such 
complex relation can be interpreted, for 
example, in the frame of the model proposed 
by Bhar et al. [61], assuming that the 
frequency of the polar vibration of a 
particular bond is dependent on the effective 
charge on the bond, rather than on the elastic 
constant or the ion mass.  

As far as the A1 mode is concerned, it is a 
vibration of anions only with no contribution 
of the motion of cations, and, therefore, not 
the masses of the cations but the force 
constants are responsible for the trends of the 
A1 mode frequency. As a result, the A1 mode 
frequencies are nearly identical for 
compounds with the same anion and even for 
compounds with different crystal symmetry 
[62]. Nevertheless, as the cations with higher 
masses are normally also bigger and exhibit 

lower force constants due to the larger 
distances to the anions, there is a shift of the 
A1 mode to lower frequencies with increasing 
cation mass, serving as a probe of a mean 
force constant [62]. This was observed, for 
instance, in a series of compounds CuBS2 for 
B=Al, Ga, In, where the A1 vibration shifts 
from 315 via 312 to 294 cm-1, or in AGaS2 
for A=Cu, Ag from 312 to 295 cm-1, or in 
AGeP2 for A=Zn, Cd from 328 to 321 cm-1.  

In the Raman spectra of our Cu-In-S and 
Ag-In-S NCs, the most pronounced maximum 
of the scattering intensity is observed at 
higher frequencies, 300-310 cm-1 (Fig. 2,a), 
with respect to the corresponding A1-mode 
position in bulk AgInS2 and CuInS2 (around 
290 cm-1). One explanation for this can be a 
contribution of the CuAu-phase, having its 
characteristic A1

* mode at a higher frequency 
(305 cm-1 for CuInS2, see discussion in the 
previous section). An alternative explanation 
can be the phonon confinement effect. Even 
though it usually shifts optical phonon peaks 
in chalcogenide NCs to lower frequencies 
[21], an upward shift was also reported for 
CuInS2 [63] and Cu-Zn-Sn-S NCs [26], and 
explained by the opposite (positive) 
dispersion of the highest-frequency optical 
phonon branches in these materials. Note that 
an upward shift of the phonon modes 
occurring due to structural reconstruction in 
ultrasmall NCs was reported for CdS and 
CdSe [64]. 

Therefore, the observed lineshape of the 
phonon Raman spectra of the three M-In-S 
NC systems is generally consistent with their 
rather small size and significant non-
stoichiometry (with respect to the known bulk 
modifications). In view of the very close 
FWHM of the XRD reflexes of all three NC 
compounds (Fig. S2,a), only a tentatively 
stronger structural disorder in Hg-In-S, 
compared to Ag-In-S and Cu-In-S (inferred 
from the slightly broader XRD reflexes), 
cannot be sufficient to explain much more 
broadened Raman lineshape of the former. 
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Apparently, we have to assume other effects 
playing a significant role in determining the 
(different) Raman phonon lineshapes in these 
small NC compounds – presumably, different 
effective charges, phonon anharmonicity, and 
electron-phonon coupling. Our temperature-
dependent Raman spectra did not reveal any 
drastic difference in narrowing of the Ag-In-S 
and Hg-In-S spectra with temperature 
decrease. The conclusion about the EPC 
resonance effects are discussed below. 

 
 
Resonance effects in the Raman spectra and 

EPC 
As already mentioned above, our preferred 

assignment of the band around 340-350 cm-1, 
which is most pronounced for Ag-In-S NCs 
(Fig. 2), is a E1/B2

1(LO) of tetragonal-like M-
In-S [57]. According to polar nature of LO 
modes, their resonant enhancement is 
expected at near-bandgap excitation, which 
often facilitates their assignment [39,55,65]. 
It should be noted, however, that in the case 
of the featureless optical absorption spectra of 
I-III-VI2 NCs, the existence of pronounced 
resonant conditions is questionable. 
Nevertheless, it was shown earlier that 
excitation of large (above 10 nm) 
stoichiometric CuInS2 NCs, showing a 
similarly featureless absorption band edge, 
with 750-785 nm laser lines results in a much 
higher relative intensity of this B2(LO)/E(LO) 
Raman band, compared to A1-mode(s), as 
well as the observation of LO overtones and 
combination tones of different LO modes 
[39,55,66]. It should be noted, however, that 
the 2LO/LO ratio for CuInS2 NCs was 10-20 
times lower than for bulk CuInS2 at the same 
λexc [66]. This may simply reflect a shift of 
electronic transitions in the NCs away from 
the resonance with λexc. Alternatively, this 
can be a part of a general property/trend 
consisting in a weaker EPC of LO modes 
with the excited electronic state in strongly 
confined NCs due to a reduced polarity of the 

exciton [21,67–70]. The strong EPC strength 
in the emitting exciton state, which manifests 
itself in the PL spectra and inferred from the 
STE model [11], may be due to different 
symmetry and spatial localization of the 
electron wave function compared to the 
excited state participating in the Raman 
process. 

The most pronounced difference in the 
resonant behavior of the present NCs 
compared to bulk CuInS2 is related to 
opposite trends in the relative intensity of the 
350 cm-1 mode: in bulk Cu-In-S it gets 
strongly enhanced towards longer λexc [39], 
while we observe a distinct opposite trend 
(Fig. 1). The relative intensity of ILO/IA1 at 
λexc = 785 nm does not differ much from that 
at λexc = 633 nm. We may assume that in the 
stoichiometric bulk crystals and large NCs, 
the latter excitation condition is more 
resonant with excitonic states. In the case of 
our highly non-stoichiometric and strongly 
confined NCs, the absorption edge is formed 
by disorder-related states (the Urbach tail) 
[71], and excitation in these states may result 
in a lower overall Raman intensity and a 
relatively lower intensity of extended optical 
(LO) modes. The 785 nm excitation is, in 
turn, well below the resonance with interband 
transitions, explaining the low ILO/IA1 ratio. 

Investigating and understanding the 
resonant behavior of the Raman spectra helps 
in clarifying the nature of modes. In 
particular, it is known that the A1 mode does 
not produce second-order Raman peaks even 
at resonant excitation, while overtones and 
combination tones of LO modes are readily 
observed [39]. Under appropriate resonant 
conditions, their intensity can even exceed 
that of the first-order peaks [55]. These 
conclusions are well proved by resonant 
Raman studies on CuGaS2 [66,72], which was 
more intensively investigated compared to 
Cu-In-S and Ag-In-S. For CuInS2 
multiphonon spectra were previously reported 
only in [39,55], but analyzed only in our 
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previous work on stoichiometric 15 nm 
wurtzite CuInS2 NCs [39]. Resonant 
enhancement of LO modes and related 
higher-order Raman scattering is a general 
property of polar modes in various 
semiconductor compounds, explained by the 
Fröhlich electron-phonon coupling 
mechanism [73–75]. In the spectra of the 
present M-In-S NCs a clear second-order 
feature is observed at ≈ 650-700 cm-1 (Figs. 
2b, 3, 4b), and its intensity correlates with the 
intensity of the feature around 350 cm-1. In 
the low-temperature spectra, we succeeded to 
resolve at least three components in the 
second-order phonon range (Fig. 3), with the 
following tentative assignment: 225 cm-

1+362 cm-1590 cm-1, 305 cm-1+362 cm-

1665 cm-1, 2×362 cm-1720 cm-1. This 
behavior is an additional solid argument in 
favor of the B2(LO)/E(LO) origin of the 340-
350 cm-1 band, rather than its assignment to 
the non-polar A1-mode of MIn5S8. 
Remarkable is the fact that the relative 
intensity of the second-order scattering, 
which is proportional to the strength of the 
electron-optical phonon coupling via the 
Fröhlich mechanism [70,73–75], is stronger 
in our NCs compared to stoichiometric and 
larger CuInS2 NCs (Fig. 2b). Even in the Hg-
In-S spectrum, with hardly discernible 
vibrational structure (Fig. 2b), the second-
order band is observable (≈590 cm-1). This 
can be a further argument supporting our 
recent hypothesis about the self-trapped 
exciton mechanism of the strong PL emission 
of the given type of NCs, which particularly 
demands the assumption of strong EPC [11]. 

 
Figure 4. (a) First-order phonon range of 

the Raman spectra of Ag-In-S, Cu-In-S, and 
Cu-In-S/ZnS NCs at λexc=785 nm. (b) 
Comparison of the Raman spectra of Ag-In-S 
and Cu-In-S NCs at λexc=785 nm and 
λexc=488 nm. 

 
 
Size and surface effects 
Contrary to II-VI, III-VI, and IV-VI NCs, 

where small but distinct and regular optical 
phonon shift and broadening were observed 
with decreasing NC size below ≈5 nm [67–
69], the observation of phonon confinement 
in I-III-VI NCs is strongly precluded by their 
non-stoichiometry, lattice distortion, and 
weak dispersion of optical phonons. For this 
reason, as already mentioned, the reports on 
Raman peak positions and widths of phonons 
localized in different NC sizes are 
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contradictory. Obviously, any assessment of 
the magnitude of the phonon confinement 
effect is only allowed/reasonable when 
comparing NCs and bulk material with the 
same composition. As long as the 
corresponding bulk references are not 
available, any assessment of phonon 
confinement in NC samples is not reliable 
(cannot be verified). 

Surface optical phonon modes, expected 
between the zone-center TO and LO phonon 
frequency and regularly observed for binary 
NCs even larger than 5 nm [21,76], cannot be 
distinguished in I-III-VI NCs due to the large 
number of modes, their larger FWHM, as 
well as smaller TO-LO splitting. 

 
 
IR spectra of M-In-S NCs 
A further insight into the understanding of 

the phonon spectra and possibly their relation 
to the NC structure can be obtained from IR 
spectra (Fig. 5). Generally, IR spectra are 
considered as complementary to Raman, 
based on different selection rules. Usually 
polar TO phonons are active in IR, while 
fully symmetric vibrations give strongest 
peaks in Raman scattering (the A1 mode is a 
good example for the M-In-S compounds). 
Due to the resonant nature of Raman spectra 
in this work and the non-stoichiometrical 
phases, they may contain modes that are 
expected in the IR spectra only. The 
experimental IR spectra of the Ag-In-S and 
Cu-In-S NCs reveal main features (227, 300, 
and 345 cm-1) in the same range as the Raman 
spectra, but, compared to Raman spectra, they 
show more similarity between the two 
compounds and with spectra of bulk MInS2 
and MIn5S8 from the literature [42,62,77–82].  

We observe a good qualitative correlation 
(i.e. the number and positions of main 
features) between the spectra of the same 
sample measured in classical reflection and 
attenuated total reflection (ATR) geometries. 
Therefore, the representative spectra of Ag-

In-S and Cu-In-S NCs in Fig. 5 are shown for 
different geometries, enabling comparison 
with corresponding spectra from the literature 
[42,52]. 

 

 
Figure 5. Infrared phonon spectra of Ag-

In-S (a) and Cu-In-S (b); NCs in comparison 
with the spectra of bulk AgInS2 [52] and 
CuInS2 [52], and AgIn5S8 [42]. 

 
 
We observe a good correlation between the 

IR and Raman spectra of our NCs, confirming 
the assignment of the modes made in the 
previous sections. In particular, the highest-
frequency and strongest IR mode of Ag-In-S 
NCs, at 352 cm-1, and of Hg-In-S NCs, at 335 
cm-1, correlate well with the corresponding 
position of Raman peaks at 340-350 cm-1 and 
their assignment to polar (LO) modes of 
tetragonal-like M-In-S rather than A-mode of 
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MIn5S8. The main IR modes of bulk AgIn5S8 
occur at 83, 207, 278, and 313 cm-1 [82].  

Less characteristic is the IR mode at 225 
cm-1 (also in Raman), which is related to the 
vibration of In-S bonds common for all the 
three compounds. Only at λexc = 785 nm we 
observe a shift of this feature to 220 cm-1 for 
Ag-In-S and to 230 cm-1 for Cu-In-S (Fig. 
4a). 

Probably most interesting is the presence of 
the band at ≈300 cm-1 in the IR spectra for all 
M-In-S NC compounds (Fig. 5) because this 
is the range of the presumably most strong 
Raman-active A1-mode. However, in view of 
a relatively strong and broad second-order 
Raman band (for all M-In-S NCs compounds) 
(Fig. 3), we may assume contribution of LO 
modes to the Raman spectrum in the range of 
≈300 cm-1 as well. This could be an 
additional factor explaining the broadening of 
the first-order Raman spectra.  

The most intense bands in the IR-spectra of 
chalcopyrites are normally characterized by 
B2

1-, B2
2-, E1- and E3-symmetry, as can be 

seen from comparison of our DFT-modelled 
with experimental IR spectra (Fig. 6). A good 
overall agreement between the calculated 
positions of the IR-active modes and the 
maxima in the experimental IR spectra can be 
noticed (Fig. 6).  

 
Figure 6. DFT calculations of IR active 

modes (vertical bars) for tetragonal AgInS2 
lattice superimposed on the experimental IR 
spectrum of AIS QDs (solid line).  

 
Effect of Zn shell/alloying 
Forming a higher-bandgap shell is a well-

known approach to increase the PL of 
colloidal NCs and improve its stability 
against oxidation [83]. The same effect was 
observed for M-In-S NCs, with PL QY 
increasing from 14 % for AIS NCs up to 
60 % for AIS/ZnS NCs [11]. From previous 
reports on different core/shell systems it is 
known that the spectral changes induced by 
adding shell are not always the same and 
strongly dependent on the mechanism of Zn 
incorporation [84]. A red shift in PL and UV-
vis absorption spectra upon adding a shell 
indicates its regular formation as additional 
monolayers around the (core) NC [83]. In 
case of blue shifts in the optical spectra, one 
obtains partial or complete alloying of the 
shell material with the core [1]. The latter 
scenario is markedly observed for our 
MIS/ZnS NCs (Fig. S1). Therefore, the 
increase of the PL intensity in this case is not 
only due to forming the potential barrier 
around the core, but probably also due to 
eliminating non-radiative defects inside the 
core. For M-In-S NC PL, which presumably 
combines properties of excitonic and trap-
related emission (in the STE model), the 
relation between the lattice structure and the 
PL spectra still lacks a deep understanding. 
This is an additional motivation to explore the 
modification of phonon spectra of the three 
M-In-S NC systems upon incorporation of Zn 
from the ZnS shell. 

A comparison of XPS data of core vs 
core/shell NCs of all three systems provides 
additional information about the structure and 
distribution of elements within the NCs, as 
well as sheds light on the mechanism of NC 
stabilization by ligands. The latter is not 
straightforward for such relatively complex 
systems and may differ substantially for the 
three M-In-S NC compounds. In our case, 
XPS data show that at close (M+In)/Zn ratios 
in all three core/shell systems, Ag:In and 
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Hg:In ratios are preserved in core/shell NCs, 
while Cu:In is notably reduced. This 
difference may be explained by weaker in-
diffusion of Zn into CIS core compared with 
AIS and HIS ones. The resulting Zn-enriched 
surface in CIS/ZnS NCs, compared to a more 
smooth Zn gradient for AIS/ZnS and 
HIS/ZnS, can be seen in XPS as Zn-richer or 
Cu-poorer NCs. This presumably less intense 
alloying can be responsible for the smaller PL 
blue shift, related with adding ZnS, in case of 
CIS/ZnS (0.08 eV) compared with AIS/ZnS 
(0.20 eV) and HIS (0.14 eV) (Fig. S1). 
Nevertheless, this weaker alloying does not 
lead to the formation of noticeable pure ZnS 
shell on CIS NCs, as can be seen from the 
similarity of the Zn-S vibration peak in the 
UV Raman spectra of all three NC 
compounds (Fig. 7b). The IR spectra of all 
the three systems also look very similar as 
well, as discussed below (Fig. 7c). 

The present results are in accordance with 
the observation from our previous work on 
Cu-doped AIS-TGA NCs [5]. There, we 
observed the expected blue shift of AIS 
absorption and PL bands after the deposition 
of a ZnS shell. However, if we doped AIS 
with Cu, we did not observe any shift after 
the deposition of ZnS. We explained it by a 
simplified model that Cu ions assumedly fill 
vacancies precluding Zn2+ ions from 
incorporating in the core, but there could also 
be an alloyed CAIS layer on the QD surface 
and this surface alloy cannot be easily 
penetrated by Zn2+.  

No major difference in the Raman spectra 
of Hg-In-S and Hg-In-S/ZnS NCs excited 
with visible light (488, 515, 633 nm; the case 
of λexc = 488 nm is shown in Fig. 7a) can be 
explained by the resonance with core-related 
electronic transitions, resulting in the 
dominance of core-related phonons in the 
spectra of core/shell NCs as well. Same 
situation we observed recently for Zn-Cu-In-
S and Zn-Cu-In-S/ZnS NCs [18]. The only 
apparent difference between the present 

Raman spectra of Hg-In-S and Hg-In-S/ZnS 
NCs in Fig. 7a is the higher relative intensity 
in the range of 300 to 350 cm-1 for Hg-In-S 
sample may be related with stronger intensity 
of the LO modes due to a more favorable 
resonance conditions of λexc=488 nm for this 
sample, as compared to the Hg-In-S/ZnS, 
with a blue shifted absorption onset (Fig.S1). 
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Figure 7. (a) RT phonon Raman spectra of 
Hg-In-S and Hg-In-S/ZnS NCs at λexc = 488 
nm; (b) Raman spectra of Hg-In-S, Hg-In-
S/ZnS, Cu-In-S/ZnS, and Ag-In-S/ZnS NCs 
at λexc = 325 nm; (c) ATR-IR phonon spectra 
of Ag-In-S, Hg-In-S, Ag-In-S/ZnS, Hg-In-
S/ZnS, and Cu-In-S/ZnS core/shell NCs.  

 
This also indicates that addition of ZnS 

results mainly in NC alloying but not in the 
formation of a ZnS shell. Such a resonant 
selectivity of the Raman scattering was 
systematically studied for II-VI core/shell 
NCs [21] as well as for more complex 
compound semiconductor NCs, such as 
CuInS2 and CuInS2/ZnS, Zn-Cu-In-S and Zn-
Cu-In-S/ZnS [18]. For the latter systems, it 
was shown that the detection of the shell-
related phonons in the Raman spectra was 
possible only using UV excitation, 325 nm 
[18], which is resonant with the ZnS bandgap. 
Raman spectra taken at the UV excitation in 
Fig. 5b do not reveal a ZnS LO phonon peak 
(expected at 345-350 cm-1 in the NCs, 
depending on their size [18,85], but instead 
show a broad feature, asymmetrically 
broadened towards lower frequencies, 
indicative of Zn-S bond distribution in an 
alloy [86]. 

Due to a significant increase of the PL 
intensity in core/shell NCs, it was possible to 
acquire Raman spectra at visible excitation 
only for Hg-In-S/ZnS NCs (Fig. 7). For the 
other two core/shell systems, we analyzed 
only the Raman spectra at 325 nm (Fig. 5b), 
785 nm (Fig. 4) excitations, as well as IR 
phonon spectra (Fig. 5). 

The IR spectra of Hg-In-S/ZnS NCs reveal 
distinct peaks at 250 and 338 cm-1 (Fig. 7c). 
The latter could be a 335 cm-1 feature of bare 
Hg-In-S NCs, slightly shifted to higher 
frequencies and broadened by shell-induced 
strain and Zn-alloying. Earlier, we observed 
by IR and Raman spectroscopies the 
development of strain in CdSe cores, induced 
by the lattice mismatch with CdS or ZnS 

shells [20–22]. On the other hand, the feature 
at 338 cm-1 matches well the range of SO 
phonon reported for ZnS NCs [85]. 
Moreover, in the spectra of all our core/shell 
NCs, another core mode, at 220-240 cm-1, is 
apparently transformed into a mode at 250 
cm-1 (Fig. 7с). Even though the latter peak is 
below the TO mode (the lowest optical 
frequency) of ZnS (bulk ≈275 cm-1 [87]), it 
can be a hybrid interface mode of these M-In-
S/ZnS NCs, modified by more intense Zn 
diffusion into the core. A strong additional 
proof favoring the assignment of both 250 
and 338 cm-1 IR peaks of the core/shell NCs 
to (alloyed) shell was the observation of very 
similar spectra for all three similarly 
synthesized core/shell NCs (Fig. 7c), despite 
noticeable differences between the spectra for 
the three bare NC systems (Ag-In-S, Cu-In-S, 
and Hg-In-S) (Fig. 3 and Fig. 7c).  

 
 
Conclusions  
A detailed analysis of phonon spectra of 

strongly luminescent colloidal M-In-S 
(M=Cu, Ag, Hg) and M-In-S/ZnS NCs of 
small size (d ≈ 3 nm) was performed. We 
established the relation between the optically 
active lattice vibrations and lattice structure 
and found the phonon spectra to be more 
sensitive to the NC composition and 
crystalline structure, compared to XRD 
patterns.  

Based on the comparison of our 
experimental Raman spectra, measured at 
different λexc and temperatures, with those of 
corresponding stoichiometric phases, e.g. 
CuInS2 or AgIn5S8, and potential binary 
sulfides, e.g. In2S3, we conclude that the 
Raman spectra observed are characteristic of 
the specific structure of these highly non-
stoichiometric small NCs. Particularly, we 
resolved one of the major discrepancies in the 
literature, the interpretation of the Raman 
phonon mode(s) in the range of 340-350 cm-1, 
and show that the latter are not due to MIn5S8 
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as a secondary phase but the LO modes of the 
tetragonal structure, corroborating our XRD 
results.  

Both the low-temperature and second-order 
Raman spectra of Ag-In-S NCs are reported 
here for the first time. Combination of these 
data was crucial for suggesting the 
combinations of the first-order phonons that 
may form the second-order scattering 
spectrum. It is remarkable that the second-
order scattering is only possible with 
participation of LO phonons – either as 
purely LO overtones or combination of LO 
and A1-modes. 

Furthermore, we suggest for the first time a 
phonon feature observed in the Raman 
spectrum of Ag-In-S NCs is related to the 
structural analog of the CuAu phase reported 
earlier only for Cu-In-S.  

IR spectra of the M-In-S NCs are less 
characteristic, revealing more similarity 
among the three NC compounds and with 
bulk counterparts, and are corroborated by 
our DFT calculations. Similar changes in both 
the Raman and IR spectra of all three 
compound NCs upon adding ZnS shell, 
accompanied by its partial alloying with the 
M-In-S core, additionally confirm the 
structural similarity of the three NC 
compounds and their structural difference 
from the bulk counterparts. The combination 
of XPS and resonant Raman spectroscopy 
with UV (325 nm) excitation proved to be 
efficient in distinguishing strongly alloyed 
and clearly heterogeneous structures of 
core/shell NCs in strongly confined and non-
stoichiometric nanosystems like the M-In-
S/ZnS NCs studied. 

 
Supporting Information. UV-vis, PL, XRD, 
and XPS data on the samples investigated are 
available free of charge. 
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