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Abstract A size-selected series of water-soluble luminescent Ag–In–S (AIS) and core/shell 

AIS/ZnS QDs were produced by a precipitation technique. Up to 10–11 fractions of size-selected AIS 

(AIS/ZnS) QDs emitting in a broad color range from deep-red to bluish-green were isolated with the 

photoluminescence (PL) quantum yield reaching 47% for intermediate fractions. The  size  of  the  

isolated AIS (AIS/ZnS) QDs varied from ~2 nm to ~3.5 nm at a  roughly constant chemical compo-  

sition of the particles throughout  the fractions as shown  by the X-ray photoelectron  spectroscopy. 

The decrease of the mean AIS QD size in consecutive fractions was  accompanied  by  an  

increase of the structural QD imperfection/disorder as deduced from a notable Urbach absorption “tail” 

below the fundamental absorption edge. The  Urbach increased from  90–100 meV for  the  largest  QDs 

up to 350 meV for the smallest QDs, indicating a broadening of the distribution of sub-bandgap states. 

Both the Urbach energy and the PL bandwidth of the size-selected AIS QDs increased with QD size 

reduction from 3–4 nm to ~2 nm and a distinct correlation was observed between these parameters. 

A study of size-selected AIS and AIS/ZnS QDs by UV photoelectron spectroscopy on Au and 

FTO substrates revealed their valence band level EVB at ~6.6 eV (on Au) and ~7 eV  (on  FTO) and 

pinned to the Fermi level of conductive substrates resulting in a masking of any possible size-  

dependence of the valence band edge  position. 
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Introduction 

 
 

Quantum dots (QDs) of ternary metal chalcogenides, in particular,  CuInS2  (CIS)  and  AgInS2 

(AIS) can be valuable alternatives to binary cadmium and lead chalcogenide QDs for applications in 

light-emitting and light harvesting systems, such as LEDs, bio-diagnostic tools, and solar cells
1–5

. CIS  

and AIS QDs revealed high absorption coefficients in the visible spectral range as well as quite high 

photoluminescence (PL) quantum yields (QY) reaching ~60% after passivation with protective shells 

such as ZnS
1,3–7

. CIS and AIS QDs were  successfully exploited as  light  harvesters in solar cells with  

the highest reported efficiency of  ~12%
2–4,6,8

. 

Ternary indium-chalcogenide-based QDs offer special features that cannot  be  observed  for  

binary cadmium and lead chalcogenide nanocrystals, in particular, the QD structure tolerance to 

composition   variations,   non-stoichiometry,   and   cationic   doping
3,4,6,9,10

.   The   preservation   of  the 

crystalline structure in a broad range of QD compositions allows the band gap and optical properties of 

ternary QDs to be tuned simply by changing the  ratio  of  copper (silver) to  indium  to chalcogen.  The 

PL maximum, for instance, can be tuned between the visible and the near-IR spectral range. 

Another special feature of the CIS (AIS) QDs is  the  large  width of their PL emission.  Similarly 

to cadmium and lead chalcogenides, the ternary QDs smaller than 5–6 nm exhibit distinct size 

dependences of absorption and PL characteristics as a result of spatial confinement of the charge 

carriers
5,7,9–11

. However, contrary to the defect state-related broadband emission observed for cadmium 

and lead chalcogenide QDs, the broadband PL of ternary QDs is characterized by a  high  QY  and  

notable size dependence of the PL maximum 
4,7,9

. 

As the composition of the ternary QDs can  be  simply controlled  by the  synthesis  conditions, 

most studies typically focus on their composition-dependent optical and/or photovoltaic properties. 

Reports  on  size-selected  series  of  ternary  QDs  are  far  less  numerous
12–18

.  However,  these  studies 

showed that the size variation of ternary QDs is also an efficient tool for influencing  their  opto- 

electronic properties, especially in the critical range of sizes smaller than 3–4 nm, where strong 

confinement of the charge carriers is expected for most ternary metal chalcogenide QDs
19

. 

The ternary QDs with a definite size and size distribution are typically synthesized in colloidal 

solutions, where the rates of nucleation and growth of the primary nuclei can be reliably controlled. 

Similarly to cadmium and lead chalcogenide QDs, the most precise control over the CIS (AIS) QD 

structure and morphology was achieved by using the well-reported heating-up and hot-injection  

syntheses in organic  solvents with  a  high  boiling point
2,5–7,9,10

.  However, many potential  applications 

of the ternary QDs, in particular as luminescing biomarkers, require the QDs to be soluble in polar 

solvents, particularly in water. The QD transfer into aqueous solutions is typically performed by 

exchanging  the  primary  liophilic  ligands  with  smaller  bifunctional  molecules,  such  as  thioglycolic 
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(mercaptoacetic) or mercaptopropionic acid that can passivate the QD surface and, at  the same  time, 

make them soluble in polar media
2,6,9–11,20

. Alternatively, attempts were made to produce ternary QDs 

directly in water and other polar solvents
21–25

. Such approaches appeared to be more or less successful  

for the production of CIS/AIS QD inks for solar cells
6,9,10,11,18,22,25  

and photocatalysis
21

. However, the 

PL characteristics of the ternary QDs produced by the direct aqueous synthesis approaches still remain 

largely inferior to those of the CIS (AIS) QDs synthesized in organic oils  and then  transferred  into  

water by ligand exchange
6,9,10

. 

The size-selected series of various semiconductor QDs can be produced by their selective 

precipitation from original polydisperse (“crude”) colloids. The precipitation is induced by a measured 

addition of a “poor” solvent that mixes freely with the colloidal solution but decreases the aggregation 

stability of the QDs. The aggregation involves the largest QDs in the present  ensemble that flocculate  

and precipitate, while smaller QDs remain dispersed in the colloidal solution. The  QDs precipitate and 

can be collected and re-dispersed and the entire procedure repeated many times to produce a series of 

size-selected  QDs.  Such  a  method  became  “classical”  for  the  size-selective  separation  of cadmium 

chalcogenide  QDs
26–39

,  but  it  also  revealed  general  applicability and  was  successfully used for other 

semiconductors,  such as Si
40

,  InP
31,41

, InAs
38

,  CuInS2
7,41–44

, CuGaS2
45

,  AgIn(Ga)S2
46

,  and Cu2ZnSnS4 

nanoparticle colloids
47,48

. The reported examples of the size-selective precipitation of ternary QDs are 

largely limited to colloids produced by the hot injection/heating up methods. 

Recently, we reported the synthesis of AIS QDs stabilized in water by mercaptoacetic acid  

(MAA)
24 

and polyethyleneimine
49

. The strongly emitting QDs were prepared by a facile and  

reproducible  method  with  the  potential of  scaling-up.  In  this paper,  we  show the  feasibility of size- 

selective fractionation of MAA-stabilized Ag-In-S QD colloids for the preparation of QD series with 

relastively bright and multi-color emission. This report focuses on the optical properties of the size- 

selected AIS QDs as well as on the relationships between their absorption and emission characteristics. 

 

 

Material  and methods 

 
Aqueous colloidal solutions of AIS QDs  were  prepared by a  reaction between sodium sulfide 

and a mixture of silver(I) and indium(III) mercaptoacetate (MA) complexes according to a reported 

procedure
24

.    In  a  typical  synthesis,  the  starting  (feed)  molar  ratio  of  silver  to  indium  to  sulfur, 

(Ag:In:S)0, was adjusted to 1:7:10. A detailed description of the synthetic procedure can be found in 

Supporting Information (SI). For comparison purposes, binary silver  sulfide  and  indium  sulfide  

colloids were prepared by the  same procedure. 
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The core/shell AIS/ZnS QDs were produced from AIS QDs by adding zinc(II) and MAA, 

typically at a molar zinc to silver ratio of (Zn:Ag)0  = 10:1. Then, the solutions were additionally heated  

to ~98 °C for 30 min to decompose a Zn-MAA complex and to form a ZnS shell. 

The as-prepared AIS or AIS/ZnS QD colloids were concentrated by a factor of ~15 on a rotary 

evaporator at around 40 °C. The concentrated AIS QD colloids are further denoted as “crude colloids”. 

In a typical size-selection procedure, to 10 mL of crude colloids 2.5  mL of  2-propanol  were 

added to initiate aggregation of the QDs with subsequent centrifugation at 4500 rpm for 5 min. The 

precipitate was separated and designated further as fraction #1. Then, a fresh smaller portion of 2- 

propanol (0.5 mL) was added resulting again in the formation of turbid solution which also was 

centrifuged at 4500 rpm for 5 min and the precipitate was collected. This  procedure  was repeated 6  

times with 0.5 mL of 2-propanol to produce precipitates that were designated as fractions #2–7. The 

following two fractions (#8 and  #9) of  the  QD precipitate were  obtained by a similar  procedure  using 

1.0 mL 2-propanol and finally the two last fractions, #10 and #11 were selected by adding 2 mL of 2- 

propanol. Precipitates of MAA-capped silver and indium sulfide QDs were also produced  for  

comparison in a similar way by adding 10.0 mL of 2-propanol to 10.0 mL of crude solutions and 

dissolved in 10.0 mL of Milli-Q water. The collected precipitates #1–11 were dissolved in 1 mL of Milli-

Q water and stored in the dark at  room  temperature.  For  absorption and  PL measurements the AIS and 

AIS/ZnS QD solutions were diluted by a factor of 100–500 (depending  on  the  fraction  number) by 

Milli-Q water. The above-described typical size-selection procedure can be applied to the crude AIS QDs 

of any starting composition and yields QD series with highly reproducible optical characteristics. Also, to 

produce a larger amount of the size-selected QDs we scaled the precipitation procedure up to 200 mL of 

starting concentrated crude solution without any observable variation in the optical properties of  the size-

selected QD series. 

The details of absorption, PL, X-ray photoelectron (XPS) and UV photoelectron (UPS) spectra 

acquisition, PL QY determination, as well as the experiments of X-ray diffraction (XRD) and 

transmission electron microscopy (TEM) can be found  in  SI. 

 

 
 

Results  and Discussion 

 
 

Preparation of crude AIS and AIS/ZnS QD colloids for the size-selective precipitation. In the 

present paper we adopted a synthesis of aqueous MAA-stabilized AIS QDs similar to ref.  24  using  

MAA complexes of Ag(I),  In(III), and Zn(II) as precursors and MAA ions as a stabilizer for the AIS   

and AIS/ZnS QDs. The composition of AIS and AIS/ZnS QDs depends on the feed ratios of the 

components,  (Ag:In:S)0  and (Zn:Ag)0.  As seen from  Fig.  S2, curve  1 (SI),  no PL can be  detected  for 
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colloidal solutions produced either without silver or indium. The introduction of Ag(I) results in the 

formation of AIS QDs  emitting in a broad range with PL maxima at 580–770 nm depending on the  

silver to indium ratio (SI, Fig. S2, curves 2–8). A maximal PL intensity, as well as the highest stability, 

were shown by the QD solutions prepared at an Ag:In ratio in the  range of 1:5 to 1:8. A variation of      

the In content at a constant silver to sulfide ratio also revealed that the maximal PL intensity can be 

achieved at (Ag:In:S)0 in the range of 1:6:10 to 1:8:10 (SI, Fig. S3).  The  observations  of  the  

aggregation stability of the AIS colloids indicated that the most stable systems were  formed  at  

(Ag:In:S)0 = 1:7:10 and this ratio was used in further syntheses. 

The   PL  intensity  of  crude   AIS-MAA  colloids  was  found  to  increase  strongly  upon   post- 

synthesis heating of the colloidal solutions at 96–98 °C with the PL band position and width not being 

affected (SI, Fig. S4). The highest PL enhancement was observed for the first 30 min heating and 

therefore this procedure as a routine for the preparation of crude AIS QD colloids. 

To  increase the stability of  the  AIS QDs against oxidation/aggregation, they were  covered with 

a protective ZnS shell by thermal decomposition of zinc(II) mercaptoacetate on the  QD  surface  

similarly to the previously studied AIS/ZnS
24 

and CIS/ZnS
25 

QDs. The PL intensity increases upon 

deposition of a ZnS shell more than twice already at a zinc to silver ratio of  (Zn:Ag)0  = 1:1 and  

continues to grow with higher ZnS contents up to (Zn:Ag)0 = 10:1 (SI, Fig. S5). Simultaneously the PL 

band maximum continuously shifts from ~650 nm to ~610 nm as a result of the well-reported effect of 

unintentional doping/alloying of the core material with Zn(II) ions
1,3,6,9

. The effect of alloying prevails 

over the effect of weakening of the quantum confinement in  the core/shell  structures,  which  should  

lead to a red shift of both PL and absorption spectra
1,3,4

. At a Zn-MAA content higher than (Zn:Ag)0 = 

10:1 only a small blue shift and no further PL increase were observed  (Fig.  S5)  indicating  the  

saturation of both the Zn
2+ 

doping and the degree  of passivation of  AIS QDs.  We  chose (Zn:Ag)0  = 

10:1 as an optimal ratio for further syntheses of core/shell AIS/ZnS QDs. 

Finally, the crude AIS and AIS/ZnS QD solutions were subjected to rotary evaporation. This 

treatment was found to affect the PL properties of the QDs. For example, in the case of bare AIS QDs      

a concentration increase during the rotary evaporation resulted in a red shift of both the  PL maximum  

(SI,  Fig.  S1,  curves  1  and  1
/
) and  the  absorption  band position  indicating additional  growth  of  the 

particles. At the same time, the PL band maximum of the core/shell AIS/ZnS QDs experienced a blue 

shift upon rotary evaporation of the solvent indicating some increase  in the  level of Zn(II) doping of    

the core QDs (SI, Fig. S1, curves 2 and 2
/
). 

Size-selective fractionation of crude AIS and AIS/ZnS QD colloids. Similarly to the earlier 

reported aqueous MAA-stabilized cadmium chalcogenide QDs
28,36–38

, AIS colloids become unstable  

upon the addition of a “poor” solvent – 2-propanol and are prone to fast aggregation. Similarly to the 

cadmium  chalcogenides and  other colloidal semiconductor QDs,  we  expected  that   such  a  procedure 
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will allow us to separate the QDs by their size. Presumably, in the case of the ternary AIS QDs, a 

dependence of the QD stability on their composition can be envisaged as  well,  thus  distorting  the 

“pure” size-selective precipitation. However, the results of X-ray photoelectron spectroscopy (XPS) of  

the size-selected AIS and AIS/ZnS QDs reported below, showed that the precipitation of the ternary  

QDs  is  governed  mostly  by  their  size,  not  by  the  composition  and  occurs  similarly  to  other 

nanoparticles as reported earlier
28,36–38

. 

The first portion of 2-propanol should be relatively large (2.5 mL for 10 mL of the concentrated 

QD solution) to induce the precipitation of the QD fraction #1.  This fraction could be readily dispersed  

in water but the resulting colloid was characterized by a low PL efficiency. As revealed by TEM (not 

shown) precipitate #1 contained large aggregates of nanoparticles formed, most probably, at the 

solution/air interface during the rotary evaporation. After elimination of fraction #1, the  QD  

precipitation could be continued by adding relatively small amounts of 2-propanol (0.5 mL). Each 

addition resulted in the formation of a precipitate that can be separated and re-dispersed in water. After 

5–6 repetitions  of  this procedure  the  2-propanol volume  was  increased to 1.0 mL for fractions  #8 and 

#9 and finally to 2.0 mL – for fractions #10 and #11. As the precipitates were dissolved in the same 

volumes of water, the  integral absorbance  of the resulting colloids  reflected directly the amount of   

QDs of a given sort in the general QD ensemble present in the crude colloid. Figure 1a (upper panel) 

shows that the mass of the precipitated QDs was maximal for  fraction #3,  then decreased constantly as 

the  precipitation was continued. 

In the case of  core/shell AIS/ZnS QD  colloids  the precipitation/re-dispersion procedure yielded  

a series of quite strongly luminescing colloidal solutions with spectacularly  different  PL  colors,  

varying from deep red for fraction #2 through orange for #5–7, to yellow for #9 and, finally to green     

and bluish-green for the least populated fractions #10 and #11 (Fig. 1a, lower panel). 

XRD of size-selected QDs. The XRD patterns of fractionated AIS QDs reveal several strongly 

broadened reflections, the three most intense of them are observed at 26.0°, 44.7°, and 52.2° (Fig. 1b). 

The positions are typical for the (112), (220), and (312) planes of tetragonal chalcopyrite (JCPDS # 25- 

1330), however, a contribution of other AIS phases, such as, for example, In-rich  cubic  AgIn5S8  

(JCPDS # 25-1329) cannot be either ruled out or confirmed due to the large width  of  the  reflections. 

The XRD patterns of the precipitated QDs are  essentially the same for all fractions (curves 2–10,  Fig. 

1b), differing only in the peak width and intensity. SImilar XRD patterns were also observed for the 

core/shell AIS/ZnS QDs (SI, Fig. S6a). Also, the  XRD patterns of  the  QDs  differ drastically from  

those of individual silver and indium sulfides prepared under the similar conditions (SI, Fig. S6b). 

The large width of the XRD reflections of the precipitated QDs indicates their small size. 

Estimations made using the Scherrer equations showed that fraction #2 is composed of QDs as small      

as 2.8 nm and the QD size is further reduced to 2.3 nm for fractions #10 and #11. Similar results, 3.0 
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nm for fraction #2 and 2.2 nm for #10 were obtained for the series  produced from another crude  AIS  

QD colloid,  synthesized at (Ag:In:S)0  = 1:7:5 (XRD patterns not shown) thus confirming a  general  

trend of the size variation with the AIS QD fraction number. As the  size  of  QDs  decreases,  the 

intensity of the XRD reflections lowers indicating an increase of average disordering of the crystalline 

structure of the precipitated QDs, which is quite expectable for such small particles. 

 
 

Figure 1. (a) Relative population of precipitated AIS QD fractions (upper panel) and  a  

photograph of colloidal AIS/ZnS solutions produced by re-dispersion of the precipitated fractions 

(number is given under the image) in water. (b) XRD patterns of size-selected  AIS  QDs.  Curve  

numbers correspond to the numbers of fractions. Insert: normalized XRD  patterns  for  AIS  and  

AIS/ZnS QDs from fractions #4 (left insert panel) and #9 (right insert panel). (Ag:In:S)0 = 1:7:10. 

 
Deposition of a ZnS shell does not alter the general XRD pattern of the AIS QDs but results in      

a distinct shift of the reflections to larger angles (see inserts in Fig. 1b), that is typical for the 

incorporation of Zn
2+  

ions into the chalcopyrite AIS structure
6,9

. In particular, the largest XRD peak 

shifts from 26.9° to 27.4° for fraction #4 (left insert) and to 27.7–27.8° for fraction #9 (right insert), the 

fact indicating that more Zn
2+ 

ions can penetrate into the lattice of smaller AIS QDs. 

XPS study of the size-selected QDs. The indium to silver ratio in the  crude  QD  colloid 

synthesized at (Ag:In:S)0 = 1:7:10 was expectably close to 7–8, however, it decreased to ~2 after the size-

selective precipitation (Fig. 2) implying that In-MAA  complexes  were  only partially  converted into 

QDs and were left in the liquid phase unreacted after the QD growth. 

Some enrichment with silver was observed for the fractions #2 and #3 of AIS QDs  (Fig. 2a)     

and in the fraction #2 of the AIS/ZnS QD colloid (Fig. 2b). For the fractions #4–9 a rather constant 

composition of the AIS QDs was revealed (Fig. 2a). Similarly, a reasonably constant QD composition 

was also observed for the AIS/ZnS QDs in fractions #3–9 (Fig. 2b). 
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We can conclude, therefore, that in a broad range of fractions the precipitation/re-dispersion 

procedure does allow us to produce size-selected QD series differing considerably in the PL properties 

but  having  almost the same chemical composition. 

As the QD amount in fractions #10 and #11 was very low we failed to obtain reproducible XPS 

results in the case of AIS QDs and found a somewhat lower Zn to Ag ratio than in fractions #3–#9 of 

AIS/ZnS QDs (Fig. 2b). A more or less stable value of the In to Ag ratio was also observed by XPS for 

other compositions of AIS QDs, in particular for the silver-rich QDs with (Ag:In:S)0 = 2:7:10 (SI, Fig. 

S7a) and for sulfur-poor QDs prepared at (Ag:In:S)0 = 1:7:5 (Fig. S7b). 

 

Figure 2. In-to-Ag (a,b) and Zn-to-In  (b) atomic ratio  determined by survey XPS analysis for  

AIS (a) and AIS/ZnS QDs (b). QDs were synthesized using an atomic ratio Ag:In:S of 1:7:10. 

 
In the case of AIS/ZnS QDs the Zn to Ag ratio was also found to be rather constant, around 4.5  

for all studied QD fractions (Fig. 2b). Similarly to the In to Ag ratio, the Zn to Ag ratio detected in the  

QD samples differs from the nominal ratio (Zn:Ag)0 as well, indicating that a portion of Zn-MAA 

complex remained unreacted and is removed with the liquid  phase  during  the  size-selective 

precipitation of the  AIS/ZnS QDs. 

High-resolution XPS showed all the constituents of AIS and AIS/ZnS QDs  to  be  in  the 

expected valence states – Ag
+
, In

3+
, Zn

2+
, and S

2– 
for each studied fraction of the size-selected QDs. A 

detailed description of  the high-resolution spectra deconvolution can be found  in SI. 

TEM of the size-selected QDs. Upon deposition on TEM grids, the AIS and AIS/ZnS QDs 

experience strong aggregation impeding the observation of discrete QDs, most probably due  to the  

strong capillary forces in the drying drop of aqueous colloidal solution. To exclude these effects we 

transferred  the  QDs  into  toluene  with  an  additional  transfer  surfactant
50   

and  managed  to  deposit a 
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relatively uniform layer of the QDs as shown in Fig. 3a. The  QDs showed normal size  distributions  

with a maximum at 3–3.5 nm for fractions #3 and 4 and at around 2 nm for fractions #8–10. The QDs 

synthesized at different nominal (Ag:In:S)0 ratios revealed generally similar size distributions for the 

same QD fractions (compare Fig. 3c and 3d). 

High-resolution TEM (HRTEM) images of MAA-capped AIS/ZnS are typically blurry, most 

probably due to an interference of organic ligands and zinc sulfide shells, but allow to distinguish 

separate 3–4-nm AIS QDs showing crystal fringes (Fig. 3b).  The lattice period is ~0.34 nm typical for  

the (002) face of chalcopyrite silver indium sulfide and differing notably from other possible binary 

phases, such as silver sulfide or indium  sulfide
12,20,22

. 

 

Figure 3. (a,b) TEM (a) and HRTEM (b) images of AIS/ZnS QDs in fraction #4 synthesized at 

(Ag:In:S)0 = 1:7:10. (c,d) Size distribution of AIS/ZnS QDs obtained using (Ag:In:S)0 = 1:7:10 (c) and 

1:7:5 (d) based on the TEM data for fractions #4 and #10 (c), #3 and #8 (d). 

 
The TEM results agree well with the above-discussed size estimations from the XRD patterns 

indicating that we, indeed, operate in a  narrow QD size range varying from  around 2  nm to 3.5–4 nm.  

In this view the size-selective precipitation is a unique method because it allows us to separate QD 

ensembles with a very narrow size distribution and to produce numerous fractions in a comparatively 

narrow size range. For example, the size-selective separation of CdSe/ZnS QDs by introducing super- 

critical  CO2  into  hexane  QD  solutions  yielded a  series  of fractions  with  distinctly  different  optical 

properties in a size range of 1.9–3.2 nm
29

. In a system similar to the one studied in the present paper 

the mercaptoacid-capped water-soluble CdSe QDs were separated by using 2-propanol into fractions 

encompassing a size range of 2.1–3.2 nm
30

. Dodecanthiol-capped CIS QDs were separated into 8–9 

different fractions varying in the average QD size from 1.4 to 3 nm as proven by a combined study 

using   TEM,   XRD,   and   analytical   ultracentrifugation
44

.   A   size-selective   separation   of liophylic 

AgIn(Ga)S2  QDs was successfully performed for 3–5 nm QDs
46

. Probably, the most striking examples 
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of a precise size-selective precipitation of QDs were reported for CdSe “magic-size” clusters that were 

separated into three distinct fractions in a size range of 1.5–2.0 nm
32

, for 1.8–3.5-nm CdTe  QDs 

separated into 24 distinctly resolved fractions by ultra-centrifugation
39

, as well as for the allylbenzene- 

capped Si QDs with 11 different fractions varying in the QD size from around 1 to 2 nm
36

. 

Probing the AIS and AIS/ZnS QDs with Raman spectroscopy showed  typical  signs  of  

tetragonal chalcopyrite structure with a relatively high degree of disorder. Also, the formation of 

core/shell AIS/ZnS structure, rather than homogeneous alloying between AIS and  ZnS was deduced.  

The details of Raman spectra analysis can be found in SI. 

Absorption spectra of the size-selected AIS QDs. The size-selected AIS QDs are characterized   

by a broad absorption band with the intensity lowering gradually to larger wavelengths and an edge at 

around 500–600 nm depending on the QD fraction (Fig. 4a). The integral absorbance of  different 

fractions of size-selected AIS (AIS/ZnS) QDs is a direct  measure  of the molar AIS concentration in  

each fraction and  was used to derive the  quantitative distribution of the  QDs in various fractions like  

the one presented in Fig. 1a  (upper panel). 

AIS is reported to be a direct-bandgap semiconductor near the absorption threshold, but the size-

selected AIS QDs  reveal a  quite  smeared absorption  band edge  making a  direct  determination of 

the band gap Eg from the absorption spectra quite tricky, though  this method  is nevertheless used in  

some reports on size-selected AIS QD series
14,51

. A more precise  Eg  determination  becomes possible 

after replotting the absorption spectra in the coordinates of the Tauc equation  for  direct  allowed  

electron transitions Dnorm = const×(hv – Eg)/hv 
52

, using the normalized optical density Dnorm of the size-

selected QD fractions  as  an equivalent of  the linear absorption coefficient  (see insert  in  Fig.  4a). 

Such plots show an extended linear section in the energy range  of   2–3 eV that can be approximated to   

y = 0 yielding direct Eg values for each fraction. The bandgap of the size-selected AIS QDs (denoted as  

Eg in Table 1) was found to increase with an increment in the fraction number. In particular, for the  

typical synthesis at (Ag:In:S)0 = 1:7:10 the  band gap increases from 2.12 eV for fraction #3 to 2.30 eV  

for fraction #10. 

The Eg   increment of 0.18 eV seems rather small for the QD size range of 2–3.5 nm probed in    

the present paper. A search for size scaling dependences of the optical properties of AIS QDs revealed     

a lack of reliable data on the “size – Eg” correlations for this ternary semiconductor, opposite to the 

broadly  studied  binary  cadmium  and  lead  chalcogenides  and  even  for  the  closest  analog  of  AIS – 

CuInS2  QDs
1,5,7,9

. Even the electron and hole effective masses (m
*    

and m
*  

, respectively) are rarely 

reported for AIS compounds and  the  values of m
* 

= 0.15m0 and m
* 

= 1.36m0 for tetragonal  AIS
53 

and 

*    
= ~0.15m0 and m

* 
= ~1.9m0 – for orthorhombic AIS

54  
can be found. Nevertheless, the calibration 

curve  produced  using the above m
* 

and m
* 

values (SI,  Fig.  S11, curve 1) apparently does not provide 

a good correspondence to the reported experimental data. In view of this scarcity, possible changes of 

m



  

 

the electronic properties of AIS QDs induced by their size variations are typically evaluated using the 

charge effective masses reported for the closest AIS analogs, such as CuInS2
14 

or AgInSe2
51

. 

 
 

Figure 4. (a) Absorption spectra of size-selected AIS QDs. Numbers  in the figure correspond to 

the fraction numbers. Insert: absorption spectra of fractions #3 and #11 in coordinates (Dnorm×hv)
0.5 

vs. 

hv, where Dnorm – normalized optical density, hv – quantum energy. (b) Absorption spectra of fractions 

#3 and #11 in coordinates ln(Dnorm) vs.  hv. 

 
Also, the calibration curves derived from semi-empirical calculations for CIS can be  used for  

AIS as a first approximation because of the closeness in the effective charge carrier masses of the CIS    

an AIS compounds. For example, the “size – Eg” calibration curve produced for CuInS2  using a finite 

depth  potential  well  model
19  

can be  adapted to AIS by adding the  calculated size-dependent increment 

to the bulk band gap of AgInS2,  Eg
bulk  

= 1.85 eV (the reported bulk band gap values for chalcopyrite   

AIS vary from 1.83 eV
53 

to 1.87 eV
51

),  or other AIS polymorphs, such as AgIn5S8,  Eg
bulk  

= 1.76 eV
55  

(SI, Fig. S11). The calibration curves for  both AIS polymorphs are very close  to each  other indicating 

the applicability to AIS QDs with a slightly varied composition and correspond reasonably well to the 

reported experimental data on the size dependences of the band gap of AIS QDs. 

The estimations based on such curves showed that we should expect Eg = 2.6–2.7 eV for 2 nm  

AIS QDs and Eg = 2.2–2.3 eV for the 3 nm QDs indicating that the band gaps determined from the 

absorption spectra of the size-selected AIS QDs are lowered for some reasons. Also, the band gaps of    

the first fractions of the size-selected AIS QDs  obtained at other (Ag:In:S)0  ratios, e.g. 2:7:10 (SI,    

Table S1) and 1:10:5 (SI, Table S2) were found to be even lower than the band gap of bulk tetragonal 

AIS.  Band  gaps  lower than  the  bulk Eg  of  tetragonal  AIS were  also  recently reported for ligand-free 

AIS QDs
28

. A thermal treatment of such AIS colloids performed to increase the size of the AIS QDs 

did not result in the expected decrease in the band gap but contrary in its increase. This fact was  

explained by a high density of  states  near  the  band  edges  of  AIS QDs  due  to  abundant  structural  

12 
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defects in the lattice and on the surface
22

. The presence of such states results in quite intense and long 

“tails” in the wavelength  range  of the absorption  spectra of AIS QDs that  mask the real absorption  

edge and contribute to a decrease of the measured Eg values. We believe that a similar situation is 

observed also for the present size-selected AIS QDs. 

 
Table 1. Band gap determined by different methods – from the  Tauc  plot  (Eg  ),  by  the 

derivative method (Eg ), and using the Urbach “tail” (Eg ), Urbach energy EU, energy of the PL band 

maximum EPL, and the FWHM (full width at half maximum) of the PL band of size-selected AIS QDs. 

The original crude colloid  was synthesized at (Ag:In:S)0  = 1:7:10. 

 

 

 

 

 

 

 

 

 

 

 
 

Note: accuracy of Eg
d, Eg , Eg , EU, EPL, and FWHM determination is ±0.005 eV, ±0.02 eV, ±0.01 eV, ±10 meV, ±0.01 

meV, and ±0.01 eV, respectively. 

 
As can be seen from the insert in Fig. 4a, there exists a notable absorbance in the range of hv <   

Eg. As the absorption spectra of the colloidal AIS QDs registered in the broad spectral range of 350–  

1200 nm in the conventional transmission mode and by using an integrating sphere  (SI,  Fig.  S12)  

almost coincide at λ > 500 nm, a possible contribution of  light  scattering from  the colloidal  QDs into 

the absorbance at hv < Eg  can be safely  excluded. 

A  comparison  of  the  spectra  for  fractions  #3  and  #11  shows  that  this  absorbance increases 

strongly as the size of AIS QDs is reduced from 3–3.5 nm to ~2 nm. In the case of fraction #11 the 

longer-wavelength “tail” extends as far as to 2.32–2.33 eV, that is above the band gap  energy  

determined using the Tauc plot approach (2.30 eV, Table 1). In this view, the deficiency of the 

conventional method for the determination of the band gap of such AIS QDs becomes evident and the 

effect of the defect-related “tail” states should be taken into account. 

Earlier we reported on size-selected ZnO/SiO2 QDs that exhibited quite broad absorption edges 

due to a broad distribution of the QD sizes
56

. To assess an average QD size in the ensemble we applied   

an approach  of  Pesika et al.
57

,  where the mean  size  was determined from the position of  an extremum 

Fraction # 
d 

Eg  , eV 
der 

Eg      , eV 
U 

Eg   , eV EU, meV EPL, eV FWHM, eV 

3 2.12 2.55 2.33 110 1.74 0.33 

4 2.14 2.54 2.35 120 1.75 0.34 

6 2.16 2.54 2.35 110 1.79 0.35 

7 2.19 2.55 2.37 120 1.81 0.36 

8 2.21 2.57 2.40 120 1.84 0.38 

9 2.24 2.60 2.56 200 1.86 0.40 

10 2.28 2.68 2.65 240 1.88 0.42 

11 2.30 2.73 2.79 360 1.93 0.45 
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of the first derivative of the absorption spectrum. We applied this method to the present AIS QDs 

expecting that this will mitigate the effect of the absorption tails. The first derivative absorption spectra 

indeed revealed a minimum  (SI,  Fig.  S13) allowing for the determination of  the average band gap of  

the AIS QDs in different fractions (denoted as Eg
der  

in Table 1). The band gap derived by this approach   

is higher than Eg
d 

and decreases from 2.73 eV for fraction #11 of the smallest QDs to 2.54–2.55 eV for 

fractions #3–#7. However, the minima on the derivative spectra are quite broad and their amplitude 

decreases  drastically  as  the  fraction  number  increases  from  #3–4  to  #9–11  (SI,  Fig.  S13)  thus 

compromising the accuracy of the band gap determination. Moreover, the method is characterized by a 

very low sensitivity for the band gap variation for larger QDs in fractions #3–7, and therefore its 

applicability is  further limited. 

Analysis of the Urbach dependence of size-selected AIS QDs. To make a correct distinction 

between the fundamental absorption caused by a direct electron transition from the “tail” absorption 

originating from the population of sub-bandgap states  we  applied the Urbach equation  in the  form  

Dnorm = const×exp((hv – Eg)/EU), where EU is the Urbach energy
52

. The absorption spectra of size- 

selected AIS QDs presented as log(Dnorm) versus hv showed a high degree of linearity near the  band 

edges (Fig. 4b) allowing EU to be determined from the slope of the linear section of the spectral curve. 

The value of Urbach energy depends on the nature of the semiconductor and on the degree of 

structural disorder in the crystal lattice
52

. Typical values reported for the metal chalcogenide  

nanoparticles vary in a broad range from tens to hundreds of meV
1,3,52 

reflecting the broad variety of 

possible defects in nanocrystalline semiconductors. The Urbach energy for the size-selected AIS QDs 

prepared at (Ag:In:S)0  =  1:7:10 was found to depend distinctly on the  QD size increasing from 110–  

120 meV for fractions #3,4 up to 360 meV for fraction #11 (Table 1). A strong variation of EU with the 

QD size was also observed for other starting compositions (SI, Tables S1 and S2). The EU increase  

clearly indicates a gradual disordering of the QD lattice as the QD size decreases, which is  in  

accordance with the above-discussed XRD data. In this view, the EU value can be accepted as a 

quantitative measure of the structural disorder of the QDs and the density of defect-related states in the 

band gap – the higher is EU the broader is the distribution of sub-bandgap states and its effect on the 

absorption  band edge. 

As shown in Fig. 4b (insert) the upper limit of the Urbach absorption range is clearly visible in   

the spectrum of fraction #11 as a point where the slope of the linear section of the spectrum changes 

quite abruptly, around 2.8 eV. We suggest that  this point  can  be approximately regarded as the  real 

band gap of the AIS QDs, denoted as Eg
U 

in Table 1. As the size of the particles increases (with 

decreasing fraction number) the slope of the linear Urbach section increases and an intermediate region 

can be observed between the linear Urbach section and a higher-energy part of the spectrum 

corresponding to the interband electron transitions. For example, this intermediate range extends from 



15  

 

~2.2 to around 2.5 eV for the AIS QDs from fraction #3 (Fig. 4b, insert, curve 1) and it precludes a 

precise  determination of the  intersection point between these two spectral features. 

The  highest  Eg
U
,  2.79  eV,  was found  for  the  smallest  QDs  in  fraction #11  and it  decreases 

gradually to 2.33–2.35 for the fractions 3–4 with the largest QDs.  These  band gap values are  of  a  

rather arbitrary character but nevertheless, they reflect more correctly the band gap  variation  from 

fraction  to  fraction  than the  previously discussed Eg
d
.  In  particular,  both Eg

U  
determined for fractions 

#3 (2.33 eV) and #11 (2.79 eV) fit the predictions of the “size – band gap” calibration curves for 3–3.5 

nm and 2.0 nm AIS QDs much better than the corresponding  Eg
d  

values  obtained  from  the  Tauc 

method (SI, Fig. S11, brown diamonds). However, the Eg
U 

values for fractions #3–7, which are quite 

close due to the determination uncertainties, should be  regarded as an approximation,  while  the  real 

band gap resides somewhere between the Eg
d  

and  Eg
U  

in these cases. 

In the case of AIS/ZnS QDs, no conclusive estimations can be done from the absorption spectra  

of the size-selected QDs because of the superposition of two phenomena: an increase of the band gap 

with reduced   QD size and a band gap widening due to the doping with Zn(II). As a result of doping,   

the band gaps Eg
d 

of AIS/ZnS QDs are in general by ~0.5 eV larger than the band gap of AIS QD core 

counterparts, increasing from 2.67 eV for fraction #3 to 2.90 eV for fraction #10 (SI, Table S3). Here 

also a linear Urbach section can be observed near the absorption band  edge.  The  Urbach  energy 

derived from the spectral dependence for the largest QDs, 150–170 meV, is somewhat higher than that  

for the core QDs. However, contrary to the core QDs, the core/shell AIS/ZnS QDs reveal no distinct 

dependence of EU on the QD size (SI, Fig. Table S3), most probably due to the incorporation of Zn(II) 

ions into the core material resulting in a partial elimination of the structural defects. 

PL properties of the size selected AIS and AIS/ZnS QDs.  Similarly to the original crude AIS  

and AIS/ZnS colloids, the size-selected QDs revealed broad PL bands with  a  varied  intensity and a  

band maximum shifting to higher wavelength as the fraction number increases (Fig. 5a). In general, the 

PL excitation (PLE) spectra of the size-selected AIS QDs and the corresponding absorption spectra are 

rather similar in shape and positions. The PLE band edge shows a red shift as the PL registration 

wavelength is increased (SI, Fig. S14) due to the QD size distribution in the fractionated colloids as 

revealed by the above-discussed TEM measurements. Similarly to the absorption spectra,  the  PLE 

spectra reveal sub-bandgap Urbach tails though of a comparatively lower intensity. 

The PL band maximum of the AIS QDs, EPL, shifts gradually from 1.74 eV for fraction #3 to 

1.93 eV for fraction #11 (Fig. 5a, Table 1) following the increase in the band gap of size-selected QDs. 

The shift can be clearly observed in the normalized PL spectra of the size-selected AIS QDs presented   

in SI (Fig. S15a). A shift, similar in the direction, but somewhat larger in magnitude, is also observed     

in the case of the size-selected AIS/ZnS QDs (SI, Table S3). 
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Figure 5. (a) PL spectra of size-selected AIS QDs (the numbers of the curves correspond to the 

QD fraction numbers). (b) PL QY of AIS/ZnS QDs from different samples. (Ag:In:S)0 = 1:7:10. 

 
The upward shift of EPL of the size-selected QDs is relatively small – 0.19 eV for the core AIS 

QDs and 0.32 eV in the case of the core/shell AIS/ZnS QDs, however, it results in a quite  distinct  

change of the PL color. The PL color variation is especially pronounced for AIS/ZnS QDs (Fig. 1a,  

lower panel) which emit from deep red (fractions #2,3) to bluish-green (fractions #10,11). Such a rich 

variety of the emission color at so small variation of the QD size (from ~2 to ~3–3.5 nm) can arise      

from the fact that a small upward shift of the PL band energy results simultaneously in a gain of shorter-

wavelength emission and a loss in the longer-wavelength PL, apparently producing a strong net effect for 

the human eye. By varying the precursor ratio (Ag:In:S)0,  the  PL  hue  can additionally be tuned both 

for size-selected AIS and AIS/ZnS QDs (SI, Fig. S16). 

The PL intensity of both AIS and AIS/ZnS QDs increases from fraction #2 to #5, reaches a 

maximal value for fraction #6 and decreases for higher fraction numbers. In the case of AIS/ZnS QDs 

((Ag:In:S)0 = 1:7:10, (Zn:Ag)0 = 10:1) the PL QY grows from ~25% for fraction #2 to the  maximal  

value of 47% for fraction 6 and then decreases to 30% for fraction #11 (Fig. 5b). Expectedly, the crude 

colloid shows an intermediate PL QY value of 37±1%, reflecting contributions of various fractions 

according to their population in the crude ensemble. 

The dome-shaped dependences between the QD size and PL QY are common for size-selected 

series of semiconductor QDs produced by selective precipitation from  QD ensembles
38

. The efficiency  

of radiative recombination typically increases with a QD size reduction due to a stronger confinement 

of  the  charge  carriers  and  overlapping  of  their  wavefunctions
1,3,4,7

.  However,  the  probability  of 

radiationless recombination increases as well, due an increase of the structural disorder  and  defect 

density  in  smaller  QDs,  as  well  as  larger  overlap  of  stronger  confined  wavefunctions  with surface 
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states. A counter-balancing of both trends results in an optimal intermediate QD size, at which the PL   

QY is maximal. 

The PL band of both AIS and AIS/ZnS QDs are symmetrical and can be in all cases  

approximated by a single Gaussian profile (see examples for the AIS QDs from fractions #3–#9  in SI, 

Fig. S15b). The fitting of the PL spectra with Gaussian curves revealed that  the  spectral  width  

(FWHM) of  the PL band of  the size-selected AIS QDs steadily grows from 0.33 eV for the largest    

QDs in fraction #3 to 0.45 eV for fraction #11 with the smallest QDs (Table 1). As the precipitation/re- 

dispersion procedure produces QD fractions with roughly the same size distribution, the PL band 

broadening should be accounted for by other reasons, in particular by an increase of the density 

(population) of possible defect midgap states participating in the electron-hole recombination. 

As discussed above, the structural imperfection of the size-selected AIS QDs can be quanti- 

tatively characterized by the magnitude of the  Urbach energy EU  derived from the absorption spectra.  

We found that the  Urbach energy of  the AIS QDs correlates distinctly with the spectral width of their  

PL band. Figure 6 shows a dependence between EU and FWHM for the size-selected AIS QDs (blue 

circles) produced at different (Ag:In:S)0 ratios and separated in different fractions.  Both parameters  

reveal a clear correlation, where the PL bandwidth increases from around 0.33 eV to 0.45 eV with EU 

variation from 90–100 meV to around 350 meV.  The  Pearson correlation coefficient for EU–FWHM  

data set depicted in Fig. 6 is 0.94 (the maximum is 1.00). 

 

Figure 6. Thes spectral width of the PL band of the size-selected AIS QDs as a function  of  

Urbach energy calculated from the corresponding absorption  spectra.  The  gray bar  serves  only as an 

eye guide for the correlation between FWHM and EU. 

 
The size-selected AIS/ZnS QDs,  on the contrary,  reveal no distinct variation of the  FWHM  

with  the  QD  size  and fraction number  (SI,  Table  S3).  In view  of  the  above-discussed   EU–FWHM 
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correlation this fact is expected because the AIS/ZnS QDs exhibited no appreciable variation of EU as 

well. The EU values for the core/shell AIS/ZnS QDs in the first fractions (#3,4) are higher than in the 

corresponding fractions of AIS/QDs and so the observed PL band FWHM of  AIS/ZnS  in  these  

fractions is also larger than that of the core AIS QDs (compare Table 1 and Table S3 in SI). 

UV photoelectron spectroscopy of size-selected AIS and AIS/ZnS QDs. In view of possible 

applications of the AIS (AIS/ZnS) QDs not only as luminescing species but also as light absorbers in  

solar cells, we studied the size-selected QD series produced in this work with UPS to probe a possible 

size-dependence of the valence/conduction band positions. The UPS spectra were collected for size- 

selected QDs deposited onto gold films and FTO substrates.  Typical spectra  obtained for AIS  QDs  

from different fractions as well as for AIS/ZnS QDs can be found in SI (Fig. S17). 

No distinct variation of the valence band top position as a function of the QD size (fraction 

number), the presence/absence of the ZnS shell, and the substrate type was observed. In particular, EVB 

varies from 6.4 to 6.7 eV for AIS QDs (SI,  Table  S4) with an average value at 6.6 eV versus the   

vacuum level. The original crude AIS QDs showed somewhat deeper EVB at 6.9 eV, most probably due  

to the  presence of  residual MA complexes on the QD surfaces, which are typically eliminated during   

the fractionation. The size-selected core/shell AIS/ZnS QDs revealed the same average EVB position at 

6.6 eV (SI, Table S5), despite the expectations for the influence of the ZnS shell on the overall valence 

band position
58

. Similarly, the size-selected AIS QDs deposited onto FTO  showed  a  very  narrow 

spread of EVB values from 6.9 to 7.1 eV with an average value at 7.0 eV (SI, Table S6). It should be 

mentioned  that  for  (AgIn)xZn2(1–x)Se2  a  non-monotonous  compositional  dependence  of  the  VB edge 

similar to our observations was predicted by calculations
59

. 

As discussed above, the size-selected AIS QDs exhibit quite distinct dependences of the optical 

properties (both absorption and PL) on their size. Also, unintentional doping of the AIS core QDs with 

Zn(II) during the  ZnS shell deposition alters their electronic  properties irrespective  of the core  size  

and,  therefore,  we may expect both effects of the size  and especially the  Zn
2+  

doping to be  observable 

in the UPS spectra. The absence of both such effects indicates that the properties of the QDs are consi- 

derably influenced by external factors, most probably by the interaction with the conductive support. 

The effects of “pinning” of the valence band level as a result of  electron  interaction  with 

supports were indeed reported for small metal chalcogenide QDs. In particular, CdTe QDs revealed no 

size dependence of the EVB  position in a range of 3.7 – 6 nm when deposited onto the gold surfaces 

modified  with  dithiolate ligands
60

.  This effect  was attributed  to  a  strong interaction  between  the QD 

surface and the electron gas of the metal resulting in the pinning of the EVB level to the Fermi level of 

gold. Similarly, pinning of the VB level was reported for CdSe QDs (2.1 – 4.2 nm)  bonded to  the  

surface of a ZnO single crystal via a short mercaptopropionate linker
61

. 
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In the present case, the QDs can also interact both with gold and FTO via short surface 

mercaptoacetate ligands. Thus, a strong influence of the conductive substrate on the properties of 

adsorbed AIS QDs can be envisaged as well, resulting in the pinning of the EVB level.  This  result,  

though discouraging from the viewpoint of the EVB determination, can be potentially positive for the 

application of size-selected AIS QDs in solar cells because some degree of EVB pinning can also be 

expected after the QD deposition onto wide-bandgap scaffolds, like TiO2 and ZnO, typically used in  

solar cells of various types. As the band gap of AIS QDs will increase with the size  decreasing, the  

entire Eg increment will be converted into an increment of the conduction band energy due to the EVB 

pinning. As a result, we may expect a distinct size-dependence of the rate of charge transfer from the 

conduction band of photoexcited AIS QDs to the wide-bandgap collector. Further investigations of the 

possible pinning effects to other substrates are in progress in our group. 

 

 
 

Conclusions 

 
 

Size-selected series of water-soluble luminescent non-stoichiometric mercaptoacetate-stabilized 

silver indium sulfide (AIS) and core/shell AIS/ZnS QDs were produced by the precipitation technique. 

Deposition of a ZnS shell onto AIS cores prior to their fractionation  was  found  to  considerably  

improve the stability of the particles toward aggregation and oxidation as well as to increase the PL 

efficiency. Up to 10–11 fractions of size-selected AIS  (AIS/ZnS)  QDs  were  isolated  differing  

distinctly in their optical properties and emitting in a broad color range from deep-red (fractions with 

larger QDs) through yellow-orange (fractions with intermediate sizes) to bluish-green (fractions with 

smaller sizes). The PL hue can be additionally varied  by adjusting the  composition  of  the  starting  

crude AIS (AIS/ZnS) colloids. The PL quantum yield of size-selected core/shell AIS/ZnS QDs varied 

among the fractions reaching up to 47% for the intermediate (yellow-orange emitting) fractions. 

The size range of the isolated AIS (AIS/ZnS) QDs was found to be quite narrow, varying from 

~2 nm for the smallest QDs to 3–4 nm for the largest QDs. The results of XRD  and  Raman  

spectroscopy provided arguments in favor of the formation of heterogeneous AIS core/ZnS shell QDs 

rather than a homogeneous alloying between Ag-In-S and ZnS, though  a distinct doping of the AIS     

core  with Zn
2+  

was deduced from  the  optical absorption and  PL spectra.  According to the results of X- 

ray photoelectron spectroscopy, the AIS and AIS/ZnS QDs have roughly the same composition 

throughout this size range. A study of the size-selected AIS and AIS/ZnS QDs by UV photoelectron 

spectroscopy on Au and FTO substrates revealed a strong pinning of the energy of  EVB  to the Fermi  

level  of the conductive  substrate making impossible an accurate  EVB determination. 
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As shown by XRD, a decrease of the size of AIS (AIS/ZnS) QDs is accompanied with an  

increase of the structural imperfection/disorder in the  QDs.  The  high  degree  of  structural disorder of 

the size-selected QDs is also evidenced by notable Urbach absorption near and below the fundamental 

absorption band edge. In the case of AIS QDs, the Urbach energy was found to increase from 90–100 

meV nm for the largest QDs up to 350 meV for the smallest QDs indicating a broadening of possible sub-

bandgap  (midgap)  states participating in the sub-Eg  light absorption. 

A distinct correlation between the Urbach energy and the spectral width of the PL band of the 

size-selected AIS QDs was found,  both parameters increasing considerably as the size of the AIS QDs   

is reduced from 3–4 nm to ~2 nm. This correlation unambiguously indicates the participation of  

structural defects in the radiative  electron-hole recombination and the  fact that the  spectral distribution 

of the PL quanta is governed by a population of sub-bandgap states of AIS (AIS/ZnS) QDs. 

 
The Supporting Information (SI): details on acquisition of XPS, UPS and Raman spectra; PL 

spectra of crude AIS colloids produced at various starting conditions; additional TEM  data  on  

fractioned AIS QDs; XRD patterns of AIS/ZnS QDs and individual silver and indium sulfide phases; 

XPS and Raman data for the size-selected QD series produced in different starting  conditions;  

description of high-resolution XPS spectra and Raman spectra of the size-selected AIS and AIS/ZnS  

QDs; correlations between the size and band gap of AIS QDs; data on spectral (absorption and PL) 

parameters of the size-selected AIS and AIS/ZnS QDs; photographs of various size-selected AIS and 

AIS/ZnS colloids under UV illumination; UPS spectra and results of EVB determination for the size- 

selected AIS and AIS/ZnS  QDs. 
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