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Virtually Bare Nanocrystal Surfaces: Significantly Enhanced
Electrical Transport in CulnSe, and Culn,_,Ga,Se, Thin
Films upon Ligand Exchange with Thermally Degradable

1-Ethyl-5-Thiotetrazole

Jannika Lauth, Jakob Marbach, Andreas Meyer, Sedat Dogan, Christian Klinke,

Andreas Kornowski, and Horst Weller*

A facile and safe ligand exchange method for readily synthesized CulnSe,
(CIS) and Culn,_,Ga,Se, (CIGS) nanocrystals (NCs) from oleylamine to
1-ethyl-5-thiotetrazole, preserving the colloidal stability of the chalcopyrite
structure, is presented. 1-Ethyl-5-thiotetrazole as thermally degradable ligand
is adapted for the first time for trigonal pyramidal CIS (18 nm), elongated
CIS (9 nm) and CIGS NCs (6 nm). Exchanged NC solutions are processed
onto gold electrodes yielding ordered thin films. These films are thermally
annealed at 260 °C to completely remove 1-ethyl-5-thiotetrazol leaving

conversion efficiencies at AM1.5.2 This
tunability and the high absorption coef-
ficient surpassing 10° cm™' predestine
the material for the use in solar cells.’l A
controlled stoichiometry of the system is
thereby essential and can be for example
sufficiently achieved by wet-chemical
colloidal synthesis approaches for CIS and
CIGS nanocrystals (NCs).**] The signifi-
cant progress of NC materials becomes

individual closely assembled NCs with virtually bare surfaces. The cur-
rent-voltage characteristics of the NC solids are measured prior to ligand
thermolysis in the dark and under illumination and after ligand thermolysis
in the same manner. The conductivity of trigonal pyramidal CIS increases
by four orders of magnitude (1.4 x 102 S cm™ (dark) to 1.4 x 1075 S cm™!
(illuminated)) for ligand-free NC films. Elongated CIS NC films show a
three orders of magnitude conductivity increase and CIGS NC films exhibit
improved conductivity by two orders of magnitude. Conductivity enhance-
ment thereby depends on the NC size accentuating the role of trap-states

and internal grain boundaries in ligand-free NC solids for electrical transport.

This approach for the first time offers the possibility to address chalcopyrite
materials’ electrical properties in a virtually ligand-free state.

apparent in their still emerging applica-
tion in optoelectronics*® 1 including
light emitting diodes (LEDs),!213]
lasers,™ and field effect transistors
(FETs)3] in the last two decades. Espe-
cially the solar cell sector is an important
field that profits from ongoing focused
research conducted in the NC sector, given
the fact, that closely packed monolayers of
PbS and CdSe quantum dots can enhance
broad-band absorption via dipolar cou-
pling!’®l and multijunction quantum dot
solar cells can significantly surpass the
Shockley-Queisser limit.!'7:18]

1. Introduction

Chalcopyrite materials, especially CulnSe, (CIS) and
Culn,_,Ga,Se, (CIGS) represent promising candidates for
regenerative energy conversion. The direct band gap of 1.04 eV
for pure CIS can be adjusted by the amount of gallium incor-
porated into the crystal lattice resulting in an increased band
gap of up to 1.15 eV which is close to the optimum of best sun
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A crucial drawback still preventing
most NC species from being accessible
and profitable for electronic applica-

tions is the way they are processed. Wet-chemical approaches,
on the one hand, represent low-cost ways to synthesize the
material but, on the other hand, the obtained NCs are mostly
stabilized with long-chained organic capping agents that secure
stability in solution and prevent aggregation. At the same time,
these organic surfactant molecules inhibit electronic inter-
particle interactions resulting in insulating behavior of NC
assemblies."?]

There are ways to increase the conductivity in NC solids
for example by using inorganic metal chalcogenide complex
ligands (MCCs)[1*2% but these involve the use of toxic and haz-
ardous anhydrous hydrazine and are hard to apply in industrial
large-scale dimensions. Chemical treatments with 1,2-ethan-
edithiol?!l and ethanethiol®? show that photovoltaic device
efficiency and electrical transport of NC films can be enhanced
but ligand exchange is performed after the deposition of the

wileyonlinelibrary.com

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201301957

(-
™}
s
a
=
wd
=
[

1082 wileyonlinelibrary.com

w.afm-journal.de

NCs confining the flexibility of device fabrication. Further
approaches like the use of thiocyanate as capping agent!?¥l and
Meerwein's salt?! for removing stabilizing amines, carboxylates
and phosphonates have not yet been shown for CIS and CIGS.
Recent results in stripping ligands off of NC surfaces with
(NH,),S1?! may be promising but have to show their abilities
in determining the electrical transport properties of the NC
materials.

Here, we report the characterization of two chalcopyrite NC
systems CIS and CIGS with regard to their electrical trans-
port properties once the initial oleylamine (OLA) ligand shell
is exchanged by 1-ethyl-5-thiotetrazole (ETT). The capability of
ETT as ligand and reactant for CdS NCs has been described by
Voitekhovich et al.?%l Here, it is successfully implemented for
the first time for CIS and CIGS NCs synthesized by modified
methods of Panthani et al.¥l and Koo et al.?’! Our surfactant
exchange method offers the possibility to control NC film thick-
ness by the number of spin-coating steps. ETT as ligand repre-
sents a safe and straightforward opportunity to obtain highly
conductive closely assembled organics-free CIS and CIGS NC
solids that have great potential in photovoltaic applications.

2. Results and Discussion

2.1. Characterization of CIS and CIGS NCs

CIS and CIGS NCs were characterized using transmission
electron microscopy (TEM), selected area electron diffraction
(SAED), and powder X-ray diffraction (XRD). Trigonal pyramidal
CIS NCs with an average size of 19 nm (£6 nm, edge length)
were synthesized according to Koo et al.?’! (see Experimental
Section for detailed syntheses and Supporting Information
for XRD and SAED of the NCs). The TEM image in Figure 1a
depicts the results of a typical ligand exchanged NC solution of
trigonal pyramidal CIS. The crystal phase, structure and size
distribution of the NCs remain unaltered after ligand exchange.
(TEM images prior to ligand exchange, Figure S1 (Supporting
Information), corresponding XRD and SAED, Figures S2,S3,
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Supporting Information). Elongated CIS NCs with an average
size of 9 nm (£2 nm) and CIGS NCs with a mean diameter
of 6 nm (£1 nm) were obtained by modifying a Panthani
et al.¥! method and likewise ligand exchanged with ETT, see
Figure 1b,c (TEM images prior to ligand exchange, Figure S4
(Supporting Information), (XRD and SAED, Figures S5,S6,
Supporting Information) and Figure S7 (Supporting Informa-
tion) (XRD and SAED, Figures S8,S9, Supporting Information).

Absorption spectra of CIS and CIGS NCs lack distinct excitonic
absorption features (see Figure S10, Supporting Information).
This phenomenon is well in accordance with observations made
by Zhong et al.?82% and othersP%3! who attribute this behavior to
the existence of inherent and surface traps in the NCs.

2.2. Ligand Exchange of CIS and CIGS NCs with ETT

2.2.1. Ligand Exchange Procedure

Ligand exchange of the NCs with ETT was conducted in solu-
tion. In a typical experiment 1 mL of a 0.025 M trigonal pyram-
idal CIS NC solution in chloroform, that had been precipitated
once with 2-propanol, was mixed with 2 mL of a 2.8 m ETT
chloroform solution (220 fold molar ligand excess, conditions
for ligand exchange, see Table S1, Supporting Information).
The ligand exchange mixture was stirred at 50 °C for 20 h (CIS
NCs) respectively 30 h (CIGS NCs) and subsequently precipi-
tated once with n-hexane. CIS and CIGS NCs maintained their
size distribution and appearance (see Figure 1).

2.2.2. Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy

Ligand exchange reactions were monitored using attenuated
total Reflectance fourier transform infrared spectroscopy (ATR-
FTIR). Figure 2 shows IR spectra of initially OLA capped and
ETT exchanged trigonal pyramidal CIS NCs (A-CIS). A well-
known feature is the olefinic (-HC=CH-) stretching mode of
the double bond in OLA at 3006 cm~'.32 This stretching mode is
observable in the OLA stabilized sample and completely absent

50 nm

Figure 1. TEM images of ETT stabilized NCs, insets with single NCs a) trigonal pyramidal CIS, b) elongated CIS, and c) CIGS.
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Figure 2. IR spectra of OLA capped and ETT exchanged NCs exemplarily
shown for trigonal pyramidal NCs (A-CIS).

in all ETT stabilized NC samples (Figure 2 and Figure S11,
Supporting Information). Distinct asymmetric and symmetric
—CH, stretching vibrations of OLA occur near 2925 and
2850 cm™! in OLA capped samples (Figure 2 and Figure S12,
Supporting Information). After ETT exchange the —CH; vibra-
tion of the ethyl-group in ETT at 2950 cm™! emerges. The -CH,
vibration at 2850 cm™! is still visible with lower intensity (only
one —CH, group in ETT). OLA stabilized samples show broad
N-H vibrations at 3250 cm™ and 1650 cm™ (Figure 2 and
Figure S12, Supporting Information). These N-H vibrations are
completely absent in ETT capped NC samples and confirm the
assumption that ligand exchange of OLA by ETT was successful.
ETT capped NCs show the weak stretching vibration of the tetra-
zole rings bound to the NC surface near 1020-1160 cm™1.13334
As described by Voitekhovich et al. >l these vibrations tend to
alter due to different binding possibilities of the tetrazole rings
to the NC surface. Furthermore, in ETT capped NC samples the
distinct vibration of the pure and unbound ligand at 3067 cm™!
is absent. This might be due to reduced vibration possibility of
ETT when bound to a NC surface.

2.2.3. Thermogravimetric Analysis and Electron lonization Mass
Spectrometry

As ETT is known to decompose at moderate temperatures
we followed the thermolysis of the ligand off NC surfaces by
thermogravimetric analysis (TGA). NC samples were heated at
a rate of 20 °C min™" up to 550 °C under nitrogen flow and
between 550 °C to 900 °C under a nitrogen/oxygen environ-
ment to remove residual carbon contents as carbon dioxide.
Figure 3a shows the thermolysis of pure ETT with a single mass
loss (94%) at 218 °C visible in the first derivative of the meas-
urement and attributed to the decomposition of the ligand. At
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Figure 3. TGA of a) pure ETT with thermolysis temperature of 218 °C,
b) ETT capped CIS and CIGS NCs and OLA capped trigonal pyramidal
CIS NC sample for comparison, all ETT capped NCs show a distinct first
mass loss attributed to ETT thermolysis in the range of 218-255 °C and
a second mass loss originating from evaporating selenium at around
600 °C.

=700 °C remainders dissociate as volatile species under oxida-
tive conditions (see Figure S13, Supporting Information, for
first derivatives of ETT capped CIS and CIGS NCs). Figure 3b
depicts that ETT capped CIS and CIGS NCs exhibit the same
decomposition trend with a first mass loss attributed to ETT
thermolysis between 218-255 °C. The second distinct mass
loss occurring in all measurements at around 600 °C originates
from selenium starting to evaporate from the samples at these
temperatures. All ETT capped NCs undergo ligand thermol-
ysis at lower temperatures than OLA capped NC samples (see
Figure S14, Supporting Information).

Electron lonization Mass Spectrometry (EI-MS) elucidates
the decomposition way of ETT. With respect to a big frag-
ment ion at m/z (%) 59 (68) [HSCN*] originating from thio-
cyanic acid we can confirm the ring fragmentation reaction
for cadmium 1-ethyl-5-thiotetrazole proposed by Voitekhovich
et al.?%l An azide based decomposition of ETT is suggested as
the spectrum lacks nitrogen associated mass peaks but shows
fragment ions at m/z (%) 87 (8) [HSCN;*] as azide and sulfur
containing part of the tetrazole ring and protonated azide at
mfz (%) 43 (15) [HN;*.3>3% Using the combined spectro-
scopic, thermogravimetric and spectrometric data we conclude
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that ETT decomposes virtually completely under the described
conditions leaving the surface of CIS and CIGS NCs organics-
free with residual sulfur (EDS see Figures S15,S16, Supporting
Information).

2.2.4. Small Angle X-Ray Scattering

To examine long-range ordering of ETT capped NCs in com-
parison with initial OLA capped samples small angle X-ray
scattering (SAXS) measurements were performed. The use of
spherical or cylindrical form factors and structure factors which
represent the ordering of the NCs allow the precise determina-
tion of size and shape of the NCs, the interparticle distances
and their size distribution. SAXS is an averaging method with
results representing the full sample. SAXS results reveal that
the interparticle distance of NCs decreases after ligand exchange
from OLA to ETT and underpins the successful procedure. The
center-to-center distance of elongated CIS NCs (size distribution
determination: 5.6 nm + 1.4 nm in length) decreases by 4.7 nm
after ETT exchange (Figure 4a). This high value originates from
the broad scattering profile and leads to certain inaccuracies in
NC size distribution and in OLA length and spacing estimation
(see simulated pattern). However, after ligand exchange ETT
capped samples show significantly improved ordering visible
in the narrowed peak width of the scattering curve and the fit
quality of the associated simulated pattern. After heating the
samples to 260 °C for 90 min the center-to-center distance of
the ligand-free NC films further decreases by 0.6 nm. At the
same time the peak width broadens due to close assembling
and aggregation of the NCs in bare films.

The center-to-center distance of CIGS NCs (size distribu-
tion determination: 7.4 £ 1 nm) decreases by 0.9 nm after
ligand exchange (Figure 4b). The peak width is significantly
narrowed indicating small size distribution of the NCs and
improved ordering. After annealing of the sample at 260 °C
the center-to-center distance of the NCs further decreases by
0.7 nm and the peak width of the heated samples broadens like
described for CIS NCs (see likewise TEM heating experiments,
Figure 5, closely assembled individual CIGS NCs at 250 °C).
SAXS patterns of trigonal pyramidal CIS NCs are excluded as
the particles show a broad size distribution and lack distinct
long-range ordering.

SAXS results show that elongated CIS and CIGS NCs both
feature improved long range ordering after ligand exchange
upon ETT accentuating the beneficial role of ETT as ligand for
the chalcopyrite systems.

2.2.5. TEM Heating Experiments

To trace the exact processes during the NC thin film annealing
step and the coalescence of the NCs at temperatures exceeding
260 °C we performed stepwise heating of ETT capped CIGS
NCs inside the TEM. At every heating equilibration step EDS
was performed (see Figures S15,S16, Supporting Information,
for zoom in). The materials’ composition and chalcopyrite
crystal phase thereby stay unaltered in the temperature range
up to 400 °C also seen in the SAED of the sample (Figure S17,
Supporting Information). Figure 5 shows CIGS NCs at different
temperatures. A reduced interparticle distance as determined
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Figure 4. SAXS of a) elongated CIS NCs, showing reduced center-
to-center distance and improved ordering of NCs after ETT exchange
b) CIGS NCs prior to and after ligand exchange, center-to-center distance
decreases from OLA capped over ETT exchanged to heated and ligand-
free NCs, ordering improves after ligand exchange and decreases after
heating of the sample.

by SAXS is also apparent in the TEM images at 250 °C, the
temperature where ETT starts to decompose. At 400 °C the NCs
have started sintering and form assemblies. During heating of
the CIGS NCs residual sulfur from ETT exchange is completely
removed within the heating range (see Figure S16, Supporting
Information, zoom in).

Comprehensive analysis of the ligand exchange processes
of CIS and CIGS NCs with ETT including ATR-FTIR, TGA,
SAXS, and TEM heating experiments emphasize the successful
functionalization of the materials. ATR-FTIR measurements
and TGA underpin the complete ligand exchange. SAXS meas-
urements reveal that after ligand exchange interparticle dis-
tances are reduced and improved long-range ordering of elon-
gated CIS and CIGS is apparent. Heating experiments inside
TEM show that after thermolysis of ETT sintering of virtually
bare-surfaced and organics-free CIGS NCs is possible at around

Adv. Funct. Mater. 2014, 24, 1081-1088
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Figure 5. Heating experiment of CIGS NCs inside TEM at 50 °C, 250 °C
with reduced interparticle spacing, at 400 °C NCs have started sintering.

400 °C without altering the chalcopyrite crystal phase and stoi-
chiometry of the material.

2.3. Electrical Transport Measurements

Electrical transport in closely assembled NC solids is highly
dependent on NC surface functionalization. Long-chained
organic capping agents like OLA suppress effective interparticle
coupling and lead to high tunnelling barriers for electrons and
thus insulating behavior of the materials.’3! Reduced inter-
particle distance improves particle coupling and hence charge
transport in NC assemblies. To monitor the effect of reduced
interparticle spacing upon ETT exchange, we investigate the
electrical transport behavior of the CI(G)S NCs before and after
ETT thermolysis. The current-voltage characteristics of trig-
onal pyramidal and elongated CIS thin films as well as CIGS
thin films are measured in the dark and under illumination.
As ETT undergoes thermolysis at different temperatures for
the three systems (see Figure 3b and Figure S13, Supporting

Adv. Funct. Mater. 2014, 24, 1081-1088
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Information) all NC thin film samples were heated to 260 °C
to assure complete ETT decomposition and comparable condi-
tions but prevent sintering of the NCs as observed at 400 °C.
In a typical experiment 20 uL (2 x 10 uL) of a colloidal CI(G)
S NC solution were spin-coated (20 s at 500 rpm, subsequently
20 s at 2000 rpm) onto a highly n-doped silicon substrate with a
300 nm insulating layer of silicon oxide and pre-deposited gold
electrodes. Directly after spin-coating the substrates were trans-
ferred to a probe station connected with a parameter analyzer
and electrical measurements were carried out under vacuum
conditions. The NC thin films are characterized in the dark
and under illumination with a Schott ACE 150 Watt halogen
AC powered light source with fiber optics. The bias voltage Vg
is swept between -5 V and +5 V. After measuring the current—
voltage curves of ETT capped NCs the samples were transferred
to an oven and heated to 260 °C for 90 min under oil pump
vacuum. The annealed samples were kept under argon as they
were prone to oxidation and transferred back to the probe sta-
tion. The previously characterized devices are measured again
in the dark and under illumination. The conductivity (o) of the
samples is then calculated according to

s L 0
Vie hW

with Vg5 = +200 mV, channel length L = 300 nm for trigonal
pyramidal CIS, 350 nm for elongated CIS and CIGS, width W =
14.5 um, and height h of the film =20 nm for trigonal pyram-
idal CIS and =40 nm for elongated CIS and CIGS films. Iy is
the current detected at every measured value. NC thin films
which were exemplarily heated to 400 °C to enable sintering of
the NCs were excluded from current-voltage measurements as
they featured intercalation of the NCs into the electrode setup.
Different electrode settings are under investigation to address
this problem. Figure 6a shows the current—voltage characteris-
tics of a trigonal pyramidal NC thin film before and after ETT
thermolysis on the logarithmic scale (Figure S18-S20, Sup-
porting Information, for high resolution SEM images of the NC
thin films showing no sintering processes).

Table 1 shows the calculated conductivities of ETT capped
CIS and CIGS NCs. Prior to ligand thermolysis trigonal pyram-
idal CIS NC exhibit a conductivity of 1.4 X 107 S cm™! in the
dark. These values are comparable to conductivities exemplarily
measured for trigonal pyramidal CIS NCs capped with the ini-
tial ligand OLA under same conditions. After ETT thermolysis
however the NC film shows a significant four orders of mag-
nitude enhanced electrical transport with a conductivity of
1.4 x 10~ S cm™! under illumination. Elongated CIS NC films
were characterized likewise (see Table 1 and Figure 6b) exhib-
iting conductivities of 3.7 x 107 S cm™ in the dark prior to ligand
thermolysis. The hysteresis in the current-voltage curves of
ETT capped samples prior to heating (Figure 6a—c) origi-
nates from charging of the NC film when a bias voltage of
-5 V to +5 V is applied. However, after annealing this effect is
minimized once more underpinning the successful ligand-free
state of the NC films. Electrical transport in elongated ligand-
free CIS NCs is enhanced by three orders of magnitude to con-
ductivities of 6.8 x 10 S cm™ under illumination. In compar-
ison with trigonal pyramidal NCs it is apparent that the NC size
plays a crucial role in electrical transport of the CIS materials.
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Figure 6. Current—voltage curves at room temperature: a) trigonal pyram-
idal CIS NCs (A-CIS), conductivity increase by four orders of magnitude
after thermolysis of ETT, b) elongated CIS NCs and three orders of mag-
nitude enhancement in conductivity after ETT thermolysis under illu-
mination compared to conductivity in the dark prior to ETT thermolysis,
¢) CIGS NCs, conductivity improvement by two orders of magnitude in total.

Table 1. Conductivity of CIS and CIGS NCs.

Trigonal pyramidal CIS ¢ Elongated CIS6¢  CIGS ©

[Sem™] [Sem™] [Sem™]

ETT dark 1.4x107° 3.7x10° 1.0x107°
ETT illuminated 4.0x107° 6.8x10°% 1.3x107%
ETT heat dark 7.5x10° 8.2x107 6.0x10°¢
ETT heat illuminated 1.4x10° 6.8x10°¢ 1.9%x107
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Elongated CIS NCs with an average size of 9 nm show 1.5
orders of magnitude reduced conductivity compared to 19 nm
sized trigonal pyramidal CIS NCs. Two factors are suppos-
able for this behavior: 1) The higher surface-to-volume ratio in
smaller and organic ligand-free NCs leads to more surface origi-
nating trapping states known to reduce electrical transport.l*’]
2) Charge carriers in smaller NCs have to overcome more grain
boundaries to cross the channel length and will likely more
often recombine.

Figure 6¢ shows electrical transport of spherical CIGS NC
films exhibiting conductivities of 1.0 X 10 S cm™ in the
dark prior to ligand thermolysis. After annealing the same
devices show two orders of magnitude enhanced conduc-
tivity of 1.9 x 10”7 S cm™! under illumination. Here again the
higher number of trap states and grain boundaries in smaller
NCs may lead to a lower conductivity. All NC types show
photoresponse after ligand thermolysis whereas CIGS NCs
exhibit the strongest effect. The current measured at +5 V
increases from 5 x 1071 to 1 x 10~ Ampere, a two-fold gain,
when ligand-free NCs are illuminated by diffuse microscope
light (see Figure S21C, Supporting Information).

3. Conclusion

We have demonstrated the successful functionalization of CIS
and CIGS NCs with ETT as thermally degradable ligand pre-
serving the NC’s colloidal stability prior to ligand thermolysis
and obtaining closely assembled organics-free individual NCs
after the annealing step. By this straight forward, facile, and
safe method for the first time we investigated CIS and CIGS NC
solids’ significantly enhanced electrical transport in a virtually
ligand-free state. Additionally ETT exchanged NCs can be sin-
tered to form close crystalline assemblies without altering the
chalcopyrite crystal structure and composition of the material.
The combination of synthesis, detailed characterization and
application of the chalcopyrites yields CIS and CIGS NC materials
that hold high potential for the utilization in photovoltaic devices.

4. Experimental Section

Chemicals: All Chemicals were used as received without further
purification. Copper(l) acetate (Cu(OAc), STREM, 99%), copper(l)
chloride (CuCl, Sigma Aldrich, 99.995%), indium(lll) chloride (InCl;,
Sigma Aldrich, 99.99%), gallium(lll) iodide (Gal;, Sigma Aldrich,
99.999%), selenourea (Sigma Aldrich, 98%), and oleylamine (OLA, Acros
Organics, 80-90%) were stored in a glovebox in a nitrogen environment.
Trioctylphosphine (TOP, 90%) was purchased from Sigma Aldrich and
stored under ambient conditions.

Methods: Unless stated otherwise all synthetic steps were carried out
using standard Schlenk-line techniques under nitrogen as inert gas or
inside a nitrogen filled glovebox.

Synthesis of Trigonal Pyramidal CulnSe,: Trigonal pyramidal CulnSe,
NCs were synthesized according to a method of Koo et al.?”] In a typical
synthesis of 19 nm NCs 0.50 mmol (50 mg) copper(l) chloride were
mixed with 0.500 mmol (111 mg) indium(lll) chloride inside a glovebox
in a 25 mL three-neck flask equipped with a septum and thermocouple.
10 mL OLA were added to the components and the solution marked A.
The flask was connected to a condenser under nitrogen flow outside of
the glovebox. In a separate 5 mL three-neck flask likewise equipped with
septum, thermocouple and condenser, 1.00 mmol (123 mg) selenourea

Adv. Funct. Mater. 2014, 24, 1081-1088
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was mixed with T mL OLA and marked solution B. Solution A was kept
stirring under oil pump vacuum at 60 °C for one hour and solution B
was stirred under nitrogen flow. After one hour solution A was set under
nitrogen, heated to 130 °C for 10 min and subsequently cooled to 100 °C.
Solution B meanwhile was heated to 210 °C to dissolve the reactant and
set free reactive selenium species for reaction. Subsequently, it was
cooled to 110 °C, taken out by syringe and rapidly injected into solution
A. The reaction mixture was then heated to 240 °C at a rate of 15 °C
min~!. After one hour of reaction time the suspension was cooled to
room temperature. 30 mL of ethanol were added to the crude product to
precipitate the NCs. The mixture was centrifuged at 4000 rpm for 4 min.
The colorless supernatant was discarded and the NCs redissolved in
5 mL chloroform. After centrifugation of this solution at 4000 rpm for
5 min the NC product in the deep black supernatant was separated from
the sediment which contained poorly capped NCs. The reaction typically
yielded =50% purified NCs. Characterization and ligand exchange was
conducted with the purified NCs from the supernatant (Figure S1-S3,
Supporting Information).

Synthesis of Elongated CulnSe,: Elongated CulnSe, NCs were
synthesized based on a method by Panthani et al.l¥ A typical synthesis
included 0.50 mmol (61 mg) copper(l) acetate, 0.500 mmol (111 mg)
indium(Ill) chloride and 1.00 mmol (123 mg) selenourea mixed in a
25 mL three-neck flask and combined with 10 mL OLA. The reaction
solution was kept under oil pump vacuum at 60 °C for one hour, then
set under nitrogen and stirred for another hour at 110 °C. Subsequently
the mixture was heated to 240 °C and kept at this temperature for one
hour. Afterwards, the solution was cooled to room temperature. For
purification and better stabilization of the NC product 4 mL of a TOP/
toluene mixture (TOP/Tol 3:1) was added to the crude product. The
solution was vortexed and centrifuged at 4500 rpm for 5 min to remove
poorly capped NCs. The supernatant was separated from the sediment
and 30 mL 2-propanol was added for precipitation. The mixture was
centrifuged at 10000 rpm for 15 min. The NC product was redissolved in
5 mL chloroform and filtrated with a 0.2 um hydrophobic syringe filter.
15 mL of a methanol/2-propanol solution (4:1) were added and the
mixture centrifuged at 10000 rpm for 5 min. The reaction typically yielded
=~25% (Figure S4-S6, Supporting Information). NCs were redissolved in
chloroform and used for characterization and ligand exchange.

Synthesis of Culn,_Ga,Se,: Culn,_Ga,Se, NCs were synthesized
based on a method by Panthani et al.l In a typical one-pot synthesis
0.10 mmol (12 mg) copper(l) acetate, 0.10 mmol (22 mg) indium(lIl)
chloride, 0.10 mmol (45 mg) gallium(lll) iodide, and 0.20 mmol
(25 mg) selenourea were mixed in a 25 mL three-neck flask and
10 mL OLA were added. The reaction mixture was stirred at 60 °C
under oil pump vacuum, then set under nitrogen and stirred at
110 °C for an additional hour and subsequently heated to 240 °C and
kept at that temperature for one hour for reaction. Afterwards the
solution was allowed to cool to room temperature. For purification
and better stabilization of the NC product 4 mL of TOP/Tol (3:1)
were added to the crude product. The solution was vortexed and
centrifuged at 5600 rpm for 5 min to remove poorly capped NCs.
The supernatant was separated and 25 mL 2-propanol were added for
precipitation. The mixture was centrifuged at 10000 rpm for 15 min.
The NCs were redissolved in 2 mL chloroform and filtrated with a
0.2 um hydrophobic syringe filter. The reaction typically yielded ~60%
(Figure S7-S9, Supporting Information).

1-Ethyl-5-thiotetrazole: 1-Ethyl-5-thiotetrazole was synthesized by
cycloaddition of sodium azide to ethyl isothiocyanate according to well
established literature procedures.?%3]

Transmission Electron Microscopy: TEM imaging was conducted either
with a JEOL JEM 2200FS (UHR) with CESCOR and CETCOR corrector at
an acceleration voltage of 200 kV, a Philips CM 300 UT at an acceleration
voltage of 200 kV or a JEOL JEM 1011 microscope at 100 kV equipped
with a CCD camera.

Energy Dispersive X-Ray Spectroscopy: Quantitative elemental analysis
of NCs was obtained using a Si(Li) JEOL JED-2300 energy dispersive
X-ray detector installed at the JEOL JEM 2200FS or with an EDAX DX-4
system installed at the Philips CM 300 UT.
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Scanning Electron Microscopy: SEM images were obtained on a
LEO1550 scanning electron microscope with a spatial resolution of
=1 nm.

X-Ray Diffraction: Powder XRDs were recorded using a Philipps X'Pert-
diffractometer with Bragg-Brentano-geometry on applying copper-Kor
radiation.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR): IR spectra were recorded with a Bruker Equinox 55 ATR-FTIR
technique. The dried NC sample was placed on the crystal of the ATR
unit and the spectra recorded in the range of 600-4000 cm™".

Small Angle X-Ray Scattering: SAXS experiments were performed at a
rotating anode device consisting of a rotating copper (Cu) anode (Seifert,
Ahrensburg), crossed Goebel mirrors, and an image plate detector (Fuji)
at a sample—detector distance of 1.0 m. The revealed scattering patterns
were radially integrated, transformed into SAXS curves and analyzed
with the software Scatter.*) Scatter is an application for analyzing
small angle X-ray scattering (SAXS) and Small Angle Neutron Scattering
(SANS) curves and patterns of nano- and mesoscopically structured
materials.

Thermogravimetric Analysis: TGA studies were carried out using a
Netzsch TG 209 C in the temperature range of 25-550 °C with a heating
rate of 20 °C min~' under nitrogen atmosphere. Subsequently samples
were heated from 550-900 °C under oxygen/nitrogen atmosphere at a
rate of 20 °C min".

Characterization of Electrical Transport and Conductivity Measurements:
Electrical measurements were performed on a 4200-SCS semiconductor
characterization system from Keithley Instruments inside a VFTTP4
probe station by Lake Shore Cryotronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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