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ABSTRACT: Copper, indium, and gallium chalcogenide nanocrystals (binary, ternary, and
quaternary) have been used to fabricate high-efficiency thin-film solar cells. These solution-
based methods are being scaled-up and may serve as the basis for the next generation of low-
cost solar cells. However, the formation pathway to reach stoichiometric ternary CulnSe, or
any chalcopyrite phase ternary or quaternary nanocrystal in the system has not been
investigated but may be of significant importance to improving nanocrystal growth and
discovering new methods of synthesis. Here, we present the results of X-ray diffraction,
electron microscopy, compositional analysis, IR absorption, and mass spectrometry that
reveal insights into the formation pathway of CulnSe, nanocrystals. Starting with CuCl,
InCl;, and elemental Se all dissolved in oleylamine, the overall reaction that yields CulnSe,
involves the chlorination of the hydrocarbon groups of the solvent. Further, we show that the
amine and alkene functional groups in oleylamine are not necessary for the formation of
CulnSe, nanocrystals by conducting successful syntheses in 1-octadecene and octadecane.

Hence, the role of oleylamine is not limited to nanocrystal size and morphology control; it also acts as a reactant in the formation
pathway. Typically, the formation of copper selenide (CuSe) and indium selenide (InSe) nanocrystals precedes the formation of
CulnSe, nanocrystals in oleylamine. But it was also found that Cu, ,Se (0 < x < 0.5) and In,Se; were the primary intermediates
involved in the formation of CISe in a purely non-coordinating solvent such as 1-octadecene, which points to the surface-
stabilization effect of the coordinating solvent on the less thermodynamically stable indium selenide (InSe) nanocrystals. We also
show that the yield of the chalcopyrite phase of CulnSe, (as opposed to the sphalerite phase) can be increased by reacting CuSe

nanocrystals with InCls.

1. INTRODUCTION
CulnSe, (CISe) and related Cu(Inl_xGax)(Sl_ySey)z materi-

als (0 < x,y < 1) continue to receive considerable attention for
applications in thin-film solar cells due to their unique structural
and electrical properties"” and their demonstrated high photo-
voltaic performance.” However, the high costs and the scale-up
difficulties associated with vacuum-based fabrication processes
have led researchers to investigate solution-phase processes
based on the Cu(In,Ga)(S,Se), family of nanocrystal inks to
make low-cost solar cells.* "' The creation of suitable colloidal
nanocrystal inks for use in a scalable coating process is a key step
in the development of low-cost solar cells.">"* Notably, con-
siderable progress has been made in semiconductor nanocrystal
synthesis in recent years,'* '® and there have been several
reports describing the synthesis of CISe and related ternary
and quaternary nanoparticles.'” ' Recently, Guo et al. reported
a solution synthesis of stoichiometric, chalcopyrite CulnSe,
nanocrystals and a power conversion efliciency of 2.8% from
solar cells made by consolidating the CISe nanocrystals into
larger crystalline domains by a brief thermal treatment.* Insights
into the formation pathway of the CISe nanocrystals would allow
better control over the size and morphology of the nanocrystals
and also might lead to discovery of new routes to synthesize the
photoactive semiconductor.

Several methods have been reported in the literature for the
synthesis of CISe and related nanoparticles, but very few attempts
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have been made investigate the formation pathway.”*"*"""

Xie and Qian’s group”” synthesized CulnSe, nanoparticles via a
solvothermal route with ethylenediamine and speculated the
reaction mechanism to involve (InSe,) and Cu(en)," (ethylene-
diamine complex of copper) as the intermediates. Gedanken and
co-workers proposed a mechanism for the formation of micro-
wave-assisted CISe nanoparticles involving the reaction of Cu
(reduced from CuCl by polyol) with elemental In and Se
releasing Cl, gas.”’ Chun et al.*’ reported the solvothermal
synthesis of chalcopyrite-structured CISe and CIGSe nanoparti-
cles and proposed a mechanism wherein selenium and copper
first dissolved in ethylenediamine solvent to form Se*~ and
[Cu(en),]" complexes, respectively. In and Ga (in their molten
state) then reacted with the selenium to form In,Se; and Ga,Se;
respectively, followed by their reaction with the Se’” and
[Cu(en),]" complexes to form CIGSe nanoparticles. Zhong’s group
synthesized selenium-deficient, chalcopyrite CulnSe, nanocryst-
als using alkanethiol as the ligand and octadecene as the non-
coordinating solvent from CuCl, InCls, and TOPSe precursors.>"
They observed that both the metal-coordinating ligand and the
non-coordinating solvent were necessary for the synthesis of
CISe nanocrystals. More recently, Sargent’s group>> reported
the synthesis of narrowly size-distributed CISe nanoparticles in

Received: ~ May 8, 2011
Published: September 01, 2011

17239 dx.doi.org/10.1021/ja204230d |J. Am. Chem. Soc. 2011, 133, 17239-17247



Journal of the American Chemical Society

oleylamine using acetylacetonate precursors of Cu and In and
elemental Se. They speculated the oxidation of oleylamine and
the reduction of Cu® to Cu” and Se to Se”” to be the reaction
mechanism. The reports mentioned above do provide some
hypotheses for formation pathways and a sense for the breadth of
possible syntheses, but there is little spectroscopic or analytical
data to support the proposed formation pathways (evidence of
specific solid intermediates or the metal—ligand intermediates).
Further, these alternative synthesis routes have not yet yielded
high-efficiency photovoltaic devices. From here forward, we
restrict our discussion to the oleylamine route that has yielded
good-performing photovoltaic devices.

Previously Guo et al,*** and more recently Panthani et al.,’
reported the synthesis of stoichiometric, chalcopyrite CulnSe,
nanocrystals using CuCl, InCl;, and elemental Se using oleyla-
mine as the sole solvent. The former also reported the formation
of the sphalerite CulnSe, nanocrystals by simply altering the
order of addition of one of the precursors. A film of the sphalerite
CISe nanocrystals was then subsequently converted to the
chalcopyrite crystal structure via a brief thermal treatment in
selenium vapor.* The ordered chalcopyrite phase of CulnSe, is of
most interest for photovoltaic applications. As such, it is im-
portant to understand the formation pathway to develop new
routes to synthesize nanocrystals and thin-films of CISe.

If one assumes that the solvent is not involved in any of the
chemical reactions, then (starting with chloride precursors and
elemental Se) the overall reaction is

CuCl(s) + InCly(s) + 2Se(l) = CulnSe,(s) + 2Cl(g)
(1)

However, the Gibbs free energy of this reaction at 275 °C as
calculated using HSC Chemistry software®* is +309 kJ/mol. The
fact that the free energy of this reaction is very thermodynami-
cally unfavorable shows that this cannot be the correct formation
pathway and that either the solvent is a likely active participant in
the chemical reaction or solvation effects or surface interactions
are dominant factors in the thermodynamics. Here, we present
results from X-ray diffraction, electron microscopy, composi-
tional analysis, FTIR, and mass spectrometry to investigate this
question. We show that the solvent is an active participant in the
reaction, in addition to any solvation effects or surface stabiliza-
tion of nanocrystals. We also identify some of the intermediates
observed during the synthesis and a method to synthesize
chalcopyrite CISe nanocrystals in solvents without any metal-
coordinating groups.

2. MATERIALS AND METHODS

2.1. Materials. Copper(I) chloride (99.995%), indium(III) chlor-
ide (99.999%), selenium (99.99%), oleylamine (technical grade, Fluka),
octadecane (technical grade), 1-octadecene (technical grade), toluene
(anhydrous), and ethanol (ACS reagent grade, >99.5%) were purchased
from Aldrich (unless otherwise specified) and used without purification.

2.2. Synthesis. All manipulations were performed using standard
air-free techniques. Chalcopyrite CISe nanocrystals were synthesized
using a procedure similar to that reported by Guo et al.* In a typical
synthesis, 7.5 mL of oleylamine was added to a 25 mL three-neck round-
bottom flask connected to a Schlenk line apparatus, degassed around
130 °C and purged with Ar gas alternatively for three cycles. Next, 3 mL
of 0.25 M solution of CuCl in oleylamine (CuCl—OLA), and 3 mL of
0.25 M solution of InCl; in oleylamine (InCl;—OLA), and 1.5 mL of
1 M Se suspension in oleylamine were added to the reaction flask in the

same order. The contents of the flask were then purged with argon and
degassed alternatively for three cycles. Next, the temperature of the
reaction mixture was raised to 275 °C, which typically took about 1 h.
During this process, 1 mL aliquots of the reaction mixture were extracted
from the reactor and quenched in a vial containing toluene for further
analysis. These extracts were taken at temperatures of 130, 155, 180, 195,
210, 225,250, and 275 °C. The temperature was then held for 30 min at
275 °C to allow for the growth of the CISe nanocrystals. After the
reaction, the mixture was allowed to cool to 60 °C, after which toluene
and ethanol were added to it and centrifuged at 10 000 rpm for 10 min.
The supernatant was decanted and the nanocrystals were redispersed in
toluene to form an ink.

CuSe crystals (hexagonal phase) and InSe nanocrystals (cubic phase)
were synthesized using the same apparatus described above. For the
synthesis of CuSe crystals, 7.5 mL of oleylamine was taken in the
reaction flask at room temperature, and heated up to 130 °C, after which
2mL of 0.25 M CuCl—OLA and 0.5 mL of 1 M Se—OLA were added to
the reaction mixture. The contents were heated to 230 °C, which
typically took about 45 min, and then immediately cooled back down to
room temperature within a minute to suppress the formation of the
Cu,_,Se phase. The Cu,_,Se phase is typically formed in higher
quantities at extended reaction times. For the InSe nanocrystals,
7.5 mL of oleylamine was taken in the reaction flask at room temperature
and heated to 130 °C, after which 2 mL of 0.25 M InCl;—OLA and
0.5 mL of 1 M Se—OLA were added to the reaction mixture. The
contents were heated to 275 °C, which typically took about 1 h. The
nanocrystals were allowed to grow for 30 min at 275 °C, before cooling
the reactor back to room temperature. Increasing the reaction time of the
InSe nanocrystals beyond about 60 min led to the formation of
In,Se; phase.

In the synthesis of CISe nanocrystals using l-octadecene and
octadecane, a similar procedure was followed as mentioned for the
synthesis in oleylamine. The only difference was that CuCl and InCl;
powders (in the same quantity as before) were added to 13.5 mL of the
solvent at room temperature, followed by three cycles of purging and
degassing. The addition of 1.5 mL of 1 M Se suspension in 1-octadecene
or octadecane was done at 130 °C.

2.3. Characterization. For characterization purposes, the nano-
crystals were deposited on to appropriate substrates followed by the
evaporation of toluene from the ink. The size and morphology of the
nanocrystals were characterized using a FEI Nova NanoSEM field
emission scanning electron microscope (FESEM). The phase and the
crystallographic structure of the nanocrystals were characterized by
powder X-ray diffraction (PXRD) using a Scintag X2 diffractometer
(using Cu Ko radiation, A = 0.15406 nm). The composition of the
nanocrystals was analyzed by energy dispersive X-ray spectrometry
(EDX) using an Oxford Inca250 EDS system built on a FEI Nova
NanoSEM.

Matrix-assisted laser desorption ionization (MALDI) mass spectro-
metry was used to identify fragile byproduct of the reaction using an
Applied Biosystems Voyager DE Pro mass spectrometer. This instru-
ment utilizes a nitrogen laser (337 nm UV laser) for ionization with a
time-of-flight mass analyzer. The positive ion mass spectra were
obtained in the linear mode. The accelerating voltage was set at 20 kV
and the grid voltage at 85%. The matrix used for these samples was
a-cyano-4-hydroxycinnamic acid. The sample and matrix were mixed
in a ratio of 1 uL:1 uL on the sample plate. This mixture was allowed
to air-dry prior to insertion into the mass spectrometer for analysis.
Fourier transform infrared (FTIR) spectra of the reaction mixture and
the surfacatant-capped nanocrystals were obtained using a Nexus 670
spectrometer. For MALDI mass spectrometry and FTIR spectroscopy
analysis, the liquid phase of the reaction mixture was collected after the
separation from the solid-phase using centrifugation. For these measure-
ments specifically, the concentration of all the precursors in oleylamine
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Figure 1. MALDI mass spectrometry of (a) oleylamine and (b) reaction supernatant collected at the start (130 °C) of the reaction.

during the synthesis was roughly doubled to get a better signal-to-noise
ratio of the byproduct in the reaction mixture. For FTIR analysis of the
liquid phase in the transmission mode, a few microliters of the super-
natant were placed on a AgCl window. For the nanocrystals, samples
were prepared by drop-casting a dispersion of the nanocrystals (in toluene)
on a AgCl window and letting the solvent evaporate. GC-MS spectra
of the liquid phase were collected with a Agilent 5975C mass spectro-
meter system. Typical electron energy was 70 eV with the ion source
temperature maintained at 250 °C. The individual components were
separated using a 30 m HP-S capillary column (250 #m i.d. X 0.25 um
film thickness). The initial column temperature was set at 150 °C (for
0.1 min) and programmed to 300 at 10 °C/min. The flow rate was
typically set at 1 mL/min. The injector temperature was set at 250 °C.
Methane was used as the reagent gas for the chemical ionization
analyses. The quantitative analysis of the byproduct formed in the liquid
phase of the reaction mixture was done by comparing the GC spectrum
of a sample with a known concentration of the chlorinated compound
with the spectrum of the reaction supernatant with an unknown
concentration. Standards with 0.02 and 0.05 molar ratios of 1-chloro-
octadecane in octadecane and 1-octadecene were used.

3. RESULTS AND DISCUSSION

3.1. Reaction in Coordinating Oleylamine Solvent. The
starting solvent and the supernatant from the reaction mixture
were analyzed using Matrix-assisted laser desorption ionization
(MALDI) mass spectrometry and FTIR spectroscopy to inves-
tigate the chemical changes during the reaction. MALDI was
used to detect the formation of fragile byproducts of the reaction
in the liquid phase. Figure 1a shows the mass spectrum of as-
received oleylamine (OLA = C,gH3,N), with m/z peaks at 268.3
corresponding to the molecular weight of the [C,gH;,N—H]"
ion. The rest of the peaks in the spectrum are typical of technical-
grade purity oleylamine and are mainly due to the presence of
other amines with varying carbon chain lengths. Quantification
of the MALDI spectrum of the as-received oleylamine gave the
following constituents and compositions: oleylamine, 71%;
Cy6H31NH,, 7.5%; hexadecylamine, 6.5%; octadecylamine, 6%;
C4-amine, 2%; C,,-amine, 2%; C,;-amine, 1.5%; C;;-amine,
1%; and Cy-amine, 1%.

The mass spectrum of the reaction supernatant is shown in
Figure 1b, which consists of the [ C,sH3,N—Cu]" ion witham/z
ratio of 330 and an isotope at 332, whose intensity ratio matches
with that of the copper isotopes (2.2:1). The other ion that was
identified in the mass spectrum of the supernatant belongs to the

Table 1. Observed m/z Peaks in the MALDI Spectra of Pure
Oleylamine (Figure 1a) and the Reaction Supernatant
(Figure 1b) and Their Corresponding Ionized Molecules

m/z ion
330.3, 332.2 [CisH3,N—Cu]"
302.2, 304.2 [Cl-CsH3N—H]"
268.3 [CisH3,N—H]
266.3 [CisH3sN—H]
254.0 [CisHy,—H]"

252.0 [CisH3s—H]

2423 [CiH3sN—H]"
240.2 [C¢H33N—H]"
214.2 [C4Hy N—-H]"

chlorinated oleylamine molecule [ Cl—C,gH3sN—H]" which has
a corresponding m/z ratio of 302 and an isotope at 304, and
whose intensity ratio matches closely with that of the chlorine
isotopes (3:1). No complexes of indium or selenium with
oleylamine were detected. Table 1 lists all the ionized molecules
observed in significant quantities in both the spectra.

FTIR spectroscopy was used to identify the functional groups
present in the byproducts that were formed in the liquid phase
during the reaction. Figure 2 compares the transmission FTIR
spectrum of oleylamine (Figure 2a) with that of the reaction
supernatant (Figure 2b) and a film of the as-synthesized CISe
nanocrystals (Figure 2¢).

Table 2 lists the wavenumbers corresponding to the vibra-
tional modes (v indicates stretching modes and § deformation
modes, where subscripts “s” and “a” stand for symmetric and
asymmetric vibration modes correspondingly) of the functional
groups identified in Figure 2.

The FTIR spectrum of the reaction supernatant (Figure 2b)
shows the presence of broadened peaks in the wavenumber range
of 3100—2600 cm ™" as well as the appearance of a wide band
around 2164 cm ™, both of which are characteristics of a protonated
amine group (N"—H vibration modes).>® This spectrum matches
well with that of an alkylamine hydrochloride® (in this case
oleylamine), which suggests that hydrogen chloride is one of the
byproducts that reacts with the excess oleylamine to form the
oleylamine hydrochloride salt.

In the CISe nanocrystals’ spectrum (Figure 2c), stretching
modes corresponding to the C—Cl bond were observed at
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Figure 2. FTIR transmission spectra of (a) oleylamine, (b) reaction
supernatant, and (c) the oleylamine-capped CISe nanocrystals showing
the vibration modes in the latter (661 cm ') owing to the presence of
the C—Cl bond.

Table 2. Vibrational Modes Observed in the FTIR Spectra of
Oleylamine Shown in Figure 2a

wavenumber (cm™ ) vibrational modes reference
3337 v, (NH,) 3335 em '
3005 cis vy (—CH=) 3006 cm ™ 13¢
2955 v, (CHs) 2954 cm™ '’
2922 v, (CH,) 2922 cm™'3¢
2852 v, (CH,) 2854 cm™ ' 3¢
2164 unidentified 2220—1820 cm ™' 3®
1652 v (C=C) 1647 cm™ '3
1566 0, (NH,) 1593 em '3
1466 0, (CH,) 1464 cm ™%
1378 0, (CH3) 1380 cm ™' **
966 trans O (—CH=) 970 cm ™' 3¢
794 0 (NH,) 787 cm ™+
722 0 (CH,) 720 cm™ ' ¥
661 v (C—Cl) 830—560 cm ' **

661 cm ™~ '.>® This observation tells us that one of the liquid-phase
reactions involves the chlorination of either the methyl (—CHs),
methylene (—CH,) or methine (=CH) groups in the hydro-
carbon chain of the oleylamine molecule. This is consistent with
the identification of [Cl—C,;sH;sN—H]"* observed in the MAL-
DI spectra of the supernatant of the reaction mixture. Also, the
absence of the N—H stretching mode (around 3337 cm™')
points to the coordination of the amine group to the surface of
the CISe nanocrystals.

Chlorination of hydrocarbons with Cl, via radical formation in
the presence of UV light or heat has been extensively studied.”®
The formation of chlorinated alkylamines with multiple chlorine
atoms on the same hydrocarbon chain cannot be ruled out, but
due to the vast excess of oleylamine molecules in comparison to
the number of chlorine atoms (approximately 15:1 ratio) in the
reaction mixture, a higher yield of monochlorinated amines is

expected. Also, it is quite possible that either of precursors
(CuCrl* or InCly), or any of the reaction intermediates, might
be catalyzing the chlorination reaction. The chlorination of the
amine group is another pathway by which the reaction might take
place, but the higher availability of the hydrocarbon groups (18:1
number ratio of combined methyl, methylene, and methine
groups to amine group) may result in a lower rate for that
pathway.

The MALDI spectrum of the reaction supernatant at the end
of the reaction (chalcopyrite nanocrystals synthesis) also re-
vealed the presence of dioleylamine (secondary amine with the
molecular formula (C,gHs5),N—H corresponding to the m/z
ratio of 518.6). This molecule was formed upon the reaction
between two oleylamine molecules with the release of NH; as the
byproduct. The purge gas (argon) exhaust from the reaction was
bubbled through distilled water and the pH of the solution was
analyzed during the reaction as a function of time to check for the
acidic/basic nature of the gaseous byproduct of the reaction. The
pH did not change significantly until the temperature of the
reaction mixture reached 275 °C, after which the pH increased
from 7 to 10 over a period of 15 min. This lends support to the
evolution of ammonia due to the dimerization reaction of
oleylamine at higher temperatures. However, it is still not very
clear if this reaction plays a significant role in the overall
formation pathway.

Based on the formation of the chlorinated oleylamine com-
pound and oleylamine hydrochloride salt (upon reaction of HCI
with oleylamine) as observed from the MALDI and FTIR
experiments, the overall reaction for the formation of CulnSe,
nanocrystals is

CuCl + InCI3 + 2Se + 2R1-CH2-R2
— CulnSe, + 2R;—CHCI-R, + 2HCI (2)

where the molecule R;—CH,—R, is oleylamine. The hydro-
chloric acid formed in the reaction mixture then readily reacts
with the excess oleylamine to form the amine —hydrochloride salt
by the following reaction:

R,—CH,NH, + HCl — R;—CH,NH; CI~ (3)

where R; is —C;,H3; in the oleylamine molecule.

CulnSe, nanocrystals have also been synthesized using salts of
copper of indium other than the chlorides. The formation
pathway with iodide, acetate and acetylacetonate (acac) salts of
the metals should be determined by experimentally detecting
the intermediates of the reaction. Since the conjugate acids of
both the iodide and acetate ions are quite thermodynamically
favored products, the formation of hydroiodic acid and acetic
acid respectively are very likely possibilities. The oxidation of
the —CH,—NH, group (in oleylamine) to —CH=NH or —C=N
is another possible pathway through which the reaction may take
place.*® The side product with the acac precursors would very likely
be the acetylacetonate molecule formed a similar mechanism.*'

3.2. Reaction in Non-coordinating Solvents. Nanocrystal
synthesis experiments were carried out in non-coordinating
solvents to verify the role of the solvent as a reactant and to
determine the effects of chemisorption of coordinating solvents
in the formation pathway. Based on the proposed formation
pathway in reaction 2, it was expected that CulnSe, nanocrystals
would be formed in solvents without any metal coordinating
groups, since it is the presence of the hydrocarbon groups that is
the critical requirement for the reaction to take place. Therefore
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Figure 3. PXRD spectra of CulnSe, nanocrystals synthesized in (a) 1-octadecene and (b) octadecane using a similar synthesis route as that for

oleylamine.
(a) (3}, .7
3
s
P
8
c
]
E
44 94 144 194 244 294 34
(b) miz
N \
0 500 1000

Time (sec)

Figure 4. Gas chromatogram and mass spectrum of the reaction
supernatant for the synthesis of CISe in I1-octadecene collected at 155
°C. Insets (a) and (b) shows the mass spectra of the peaks (a) and (b)
labeled in the GC at retention times of S11 and 792 s, respectively.

the synthesis recipe involving oleylamine was used to test the
formation of CulnSe, nanocrystals in solvents with and without
the alkene double bond and the amine group. Indeed our
synthesis efforts in 1-octadecene and octadecane resulted in
chalcopyrite-structured CISe nanoparticles as observed from the
presence of the (211) and (101) secondary peaks (Figure 3).
This is in contrast to a previous report in literature that states the
necessity of the presence of a coordinating ligand for the
formation of CulnSe, nanoparticles in a non-coordinating
solvent like 1-octadecene.

As expected, the CISe nanoparticles synthesized in 1-octade-
cene and octadecane had irregular morphologies and a wide size
distribution and did not disperse well in organic solvents due to
the absence of any metal-coordinating functional groups (e.g,
amine).

To check the consistency of the formation pathway for the
synthesis in 1-octadecene, the reaction supernatant collected at
155 °C was analyzed using gas chromatography—mass spectro-
metry. The mass spectrum shown in Figure 4a indicates the

17243

presence of unreacted 1-octadecene (m/z = 252, and its corre-
sponding fragments at lower m/z ratios) which eluted at a
retention time of 511 s. In addition, a chlorinated compound
of l-octadecene corresponding to m/z ratio of 287 and an
isotope at 289 (which correspond to the isotopes of the chlorine
atom (35 and 37) in the molecule [C,sH35Cl—H]") as shown in
Figure 4b was detected in the reaction mixture which eluted at a
retention time of 792 s. Similarly, the GC-MS spectrum of the
reaction supernatant of the nanocrystal synthesis in octadecane
revealed the formation of the chlorinated compound of octade-
cane as a byproduct of the reaction. This further confirms that the
presence of the methyl, methylene, and methine groups is the
only necessary requirement for the formation of CISe nanocryst-
als. However there was no direct evidence of the formation of
HCl in the nanocrystal syntheses conducted in 1-octadecene or
octadecane. The exhaust purge gas from the reactor was bubbled
into a beaker containing water, whose pH was monitored as a
function of the time and reaction temperature. The measured pH
did not decrease as expected for the amount of HCI generated in
the reaction. It is quite possible that all the chlorine atoms from
the precursors reacted with the hydrocarbon chain in the solvent,
hence forming the chlorinated compound and resulting in
evolution of H, gas. The molar ratio of chlorinated octadecene
to unreacted l-octadecene (as quantified from the GC of the
reaction supernatant in Figure 4b, details in Materials and
Methods section) is around 0.03. Assuming that all the chlorine
from the precursors gets converted to chlorinated octadecene,
that molar ratio should be 0.13. This observation could be
possibly explained by the lower yield (40—60%) of nanocrystals
in 1-octadecene resulting in lower conversion of the precursors.
Also, it is quite possible that some of the chlorinated octadecene
interacts with and adsorbs to the surface of the nanocrystals,
hence resulting in its lower concentration in the liquid phase of
the reaction mixture

3.3. Formation of CulnSe; Nanocrystals. In the chalcopyrite
CISe synthesis in oleylamine, aliquots of the reaction mixture
were extracted at various temperatures. The solid precipitates
from these aliquots were separated from the supernatants by
centrifugation and analyzed using PXRD as shown in Figure S.

As soon as all the three precursors are added at 130 °C, the forma-
tion of (hexagonal phase) y-CuSe crystals (JCPDS 06-0427) is

dx.doi.org/10.1021/ja204230d |J. Am. Chem. Soc. 2011, 133, 17239-17247
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Figure 5. PXRD spectra of the solid intermediates formed during the reaction (a) between 130 and 225 °C and (b) between 225 and 275 °C, showing

the (101) and (112) crystallographic planes in chalcopyrite CulnSe,.

Figure 6. FESEM images of the intermediates formed in the reaction
mixture after being extracted at different temperatures. In many cases
(210 °C) a bimodal particle size distribution is observed. EDX analysis
and size-selective precipitation were used to identify that the larger
particle distribution was composed of CuSe while the smaller was
composed of InSe. (a) Low-magnification image of solids from extrac-
tion at 210 °C. Small InSe nanocrystals are seen beside larger CuSe
crystals. (b) Higher magnification image of the region with InSe
nanocrystals indicated by the square in part (a). (c) Image showing
the chalcopyrite-structured CulnSe, nanocrystals formed at 275 °C.

observed. At this temperature, unreacted solid selenium (JCPDS
06-0362) is also present in the reaction mixture. As the tempera-
ture is increased, the CuSe crystals begin to grow (Figure 6a), and
their sizes increase to about 10—30 ym around 210 °C.

At 180 °C, almost none of the selenium remained as a
crystalline phase (Figure Sa), as most of it had either reacted
with the metal halides or melted in oleylamine®* (melting point
of selenium is 220 °C). Around 195 °C, XRD peaks correspond-
ing to cubic-phase InSe nanocrystals* began to appear, and
correspondingly nanocrystals of around 50—100 nm diameter
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could be seen in the SEM images (Figure 6b) of the precipitate
collected at 210 °C. Diffraction peaks corresponding to CulnSe,
(JCPDS 40-1487) began to appear around 195 °C as well.
Beyond 210 °C, the intensity of CuSe and InSe peaks began to
decrease, and correspondingly the sizes of the CuSe and InSe
crystals also began to shrink. At 250 °C, CulnSe, nanocrystals of
about 10—15 nm diameter were observed in the FESEM images,
and corresponding CISe peaks of higher intensities were also
observed in the PXRD. Also, the peak corresponding to the
(101) crystallographic plane of the chalcopyrite structure of CISe
(JCPDS 40-1487) became more prominent above 250 °C
(Figure Sb). The reduction in size of the CuSe and InSe crystals
and the appearance of 10—15 nm sized CISe nanocrystals points
to the dissolution of formed CuSe and InSe crystals and their
reaction in the liquid phase to form CISe nuclei. As the reaction
temperature reached 275 °C, the nanocrystals of CISe kept on
growing, as seen from SEM images (Figure 6¢) and from the
sharpening of the peaks in the XRD spectra (Figure Sb). EDX
analysis of the precipitate extracted at 210 °C verified the
existence of CuSe and InSe nanocrystals which were separated
by size-selective precipitation. Based on these observations, i.e.,
the initial formation of CuSe followed by the formation of InSe
and CulnSe, subsequently around 200 °C, the following step is
found to exist in the typical synthesis: CuSe + InSe — CulnSe,.

To verify this step, CuSe and InSe nanocrystals (of the same
crystal structure as observed in the intermediates) were synthe-
sized in two separate syntheses (as described in the Materials and
Methods section). Then, equimolar ratios of the binary selenides
were added to oleylamine at 130 °C, and the reaction mixture was
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Figure 7. XRD patterns of (a) CuSe crystals, (b) InSe nanocrystals, (c)
a-CulnSe, (chalcopyrite) nanocrystals (and Cu,_,Se) as synthesized
from the hot injection of InCl;—OLA into a solution containing CuSe
nanocrystals, and (d) 0-CulnSe, (sphalerite) nanocrystals as synthe-
sized from reaction between the CuSe and InSe nanocrystals (from (a)
and (b), respectively) in 1:1 molar ratio in oleylamine. Note the
presence of the secondary peaks in the chalcopyrite-structured nano-
crystals (c) but not in the sphalerite-structured ones (d).

heated to 275 °C and left for 30 min at that temperature, which
resulted in -CulnSe, nanocrystals. Figure 7 shows the XRD spectra
of the CuSe, InSe, and the resulting 0-CulnSe, nanocrystals.

The absence of the secondary peaks of the chalcopyrite
structure and the calculated ratio of the lattice constants (c/2a)
of 1.000 % 0.001 verified the sphalerite crystal structure of the
nanocrystals. Binary selenides (CuSe and InSe) deposited by
molecular beam expitaxy have also been shown to form CulnSe,.*
Time-resolved, high-temperature XRD measurements revealed
the formation of the sphalerite phase of CulnSe, without the
formation of any other intermediates.*

Based on the observations made from the PXRD experiments,
the intermediate reactions involved in the formation of CulnSe,
nanocrystals in oleylamine are

CuCl(s) + Se(s/l) + 0.5R;—CH,—R,(1)
— CuSe(s) + 0.SR;—CHCI-R,(1) + 0.5HCI  (4)

InCl3(s) + SE<S/1) + ISRI*CHszz(l)
— InSe(s) 4+ 1.5R;—CHCI—R,(I) + 1.SHCl  (5)

CuSe(s) + InSe(s) — CulnSe,(s) (6)

where the molecule R;—CH,—R, is oleylamine.

The aliquot-extraction set of experiments were performed in
the chalcopyrite CISe synthesis in 1-octadecene to identify the
intermediates formed during the reaction in a purely non-
coordinating solvent. Here, Cu,_,Se (JCPDS 06-0680) and
In,Se; (JCPDS 40-1407) were observed as the primary reaction
intermediates using powder X-ray diffraction techniques. This
shows that presence of the coordinating solvent leads to the
formation of less energetically favorable indium binary (InSe),
whereas the absence of any coordinating solvent results in the
formation of the more thermodynamically favorable binary inter-
mediate (In,Se;) (standard free energy of formation, A/G®,0g-
(InSe) = —112 kJ/mol and A/G®505(In,Se;) = —331 kJ/mol).**
This again points to the surface-stabilization effect that the

Table 3. Variation of Reaction Conditions Leading to Dif-
ferent Crystal Structures of CulnSe,”

precursor 3 precursor 4 product
S1 InCl;—OLA Se in OLA 0-CulnSe,
Thaa 130 °C 275 °C
S2 Se in OLA InCl;—OLA a-CulnSe,
Todd 130 °C 275°C
S3 Se in OLA InCl;—OLA 0-CulnSe,
Toaa 275 °C 275 °C (0 min)
S4 Se in OLA InCl;—OLA a-CulnSe,
Tadd 275 °C 275 °C (30 min)

“In each synthesis, precursor 1 is oleylamine (OLA) solvent and was
added at room temperature. Precursor 2 is CuCl—OLA and was added
at 130 °C. The precursors were added in the same order as their number
suggests. In syntheses S3 and S4, precursor 4 was added after a specific
time (given in brackets) following the addition of precursor 3. T,qq4 is the
temperature of the reaction mixture at which the precursor is added.

coordinating solvent has on the small InSe nanocrystals
(Figure 6b), which is absent during the reaction in the non-
coordinating solvent.

3.4. Effect of the Order of Precursor Addition. Guo et al.*
report the formation of the disordered sphalerite phase of the
CISe nanocrystals upon the hot injection of Se into a solution of
CuCl and InClj; in oleylamine at 285 °C. However, when the Se
precursor is added with all the other precursors at 130 °C
followed by heating the reactor contents to 285 °C, they report
the resulting nanocrystals to have the ordered chalcopyrite
structure. We found that the formation of the chalcopyrite crystal
structure of CulnSe, took place primarily due to the solid—liquid
reaction between CuSe nanocrystals and the InCl; dissolved in
oleylamine. This was verified by reacting CuSe nanocrystals with
InCl; as the only other reactant (injected at 280 °C and reacted for
30 min) in oleylamine, the resulting product being @-CISe and
Cu, ,Se (Figure 6c). It is proposed that some of the CuSe is
converted to Cu,_,Se, allowing for selenium to go to the formation
of CulnSe, when starting from a 1:1 molar ratio of CuSe and InCl,
(overall selenium deficient). Further experiments were done to
prove the hypothesis and are listed in Table 3.

From the results from synthesis S1, it is hypothesized that hot
injection of Se—OLA into the halide precursors rapidly leads to
the formation of both the binary selenides, which react with each
other yielding 0-CISe. However, in synthesis S2, CuCl—OLA
and Se in oleylamine react with each other to form CuSe (and a
small fraction of Cu, _,Se) until the temperature reaches 275 °C,
which then reacts with the InCl;—OLA precursor (injected at
275 °C) to form a-CISe. The reaction between InCl;—OLA and
the unreacted selenium to yield InSe is feasible, hence the
formation of sphalerite CulnSe, nanocrystals in this synthesis
cannot be completely ruled out. In synthesis S3, InCl;—OLA and
Se in OLA were injected together into CuCl—OLA at 275 °C
leading to 0-CISe, as both the halide precursors react with
elemental Se at the same time forming the binary selenides
(CuSe and InSe) first. Whereas in synthesis S4, when the
injection of InCl;—OLA was delayed by 30 min after the
injection of Se in OLA into CuCl—OLA, it allowed the formation
of CuSe nanocrystals (in addition to Cu, ,Se) which then
reacted with InCl;—OLA to form a-CISe nanocrystals.

This explains the effect of the order of the selenium precursor
addition on the crystal structure of the resulting CISe nanocrystals.
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When Se is injected into a solution of CuCl and InCl; at 275 °C,
the rapid formation of both the binary selenides leaves a very
small quantity of unreacted InCl; to react with CuSe, hence
primarily resulting in the sphalerite crystal structure of the nano-
crystals. Although the above mechanism is a very likely possibi-
lity, the formation of CISe by the direct multibody reaction
between the copper, indium and selenium precursors at such
high temperatures cannot be ruled out. But, when all the three
precursors are added at 130 °C, we observe the formation of
CuSe instantly, followed by the formation of InSe beginning
around 195 °C (Figure Sa). This allows CuSe to react with
unreacted InCl; at high temperatures resulting in the formation
of the ordered and thermodynamically favored chalcopyrite
phase of CulnSe,. However, as InSe is also formed at these high
temperatures, it would react with some of the existing CuSe
hence resulting in the formation of some sphalerite structured
nanocrystals. It has also been observed that sphalerite CISe
nanocrystal-based films when treated with selenium in oleyla-
mine at 280 °C for longer times (30 min to 1 h) get partially
converted to the ordered chalcopyrite crystal structure. This
result hints at the relatively slower kinetics of the formation
of chalcopyrite CISe from the reaction between CuSe and
InSe as compared to the one between CuSe and dissolved
In** in oleylamine. Similar results (slow CulnSe, formation
from CuSe and InSe) are reported in a detailed analysis of the
formation pathways of CulnSe, from solid-state reactions
by Hergert et al,** which is explained by the need to break
the dication [In,]*" present in InSe and oxidize the indium to
form In’".

4. CONCLUSIONS

The formation of CulnSe, nanocrystals from chloride pre-
cursors and elemental selenium in oleylamine is preceded by the
formation of cuprous selenide (CuSe) and indium selenide
(InSe), as detected using X-ray diffraction, electron microscopy,
and compositional analysis. It was also found that both the binary
selenides were formed from the chloride precursors via the
chlorination of the hydrocarbon chain of oleylamine as seen
from MALDI mass spectrometry and FTIR spectroscopy. The
formation of a very stable molecule such as hydrochloric acid and
its acid—base neutralization reaction with oleylamine makes the
overall reaction favorable to take place.

Contrary to earlier reports in the literature, and as supported
by the proposed nanocrystal formation pathway, CulnSe, nano-
crystals were synthesized in solvents devoid of any metal-
coordinating functional groups such as 1-octadecene and octa-
decane. The chlorination of the hydrocarbon chain of 1-octade-
cene and octadecane was observed, lending support to the
formation pathway observed in oleylamine. However, in the
absence of any coordinating solvent, Cu,_,Se and the more
thermodynamically favorable binary In,Se; (as compared to
InSe) were the intermediates which preceded the formation of
CulnSe,. This shows that oleylamine plays a major role in the
surface stabilization of the small nanocrystals of InSe, hence
making their formation favorable. Also, it was found that the
reaction between the binary selenides, CuSe and InSe, primarily
resulted in the formation of the disordered sphalerite phase of
CulnSe,, however the relatively faster liquid—solid phase reac-
tion between InCl; and CuSe in the presence of selenium
increased the yield of the ordered chalcopyrite crystal structured
nanocrystals.

These formation pathway experiments also suggest potential
methods to deposit device-quality CISe films (chalcopyrite phase
with larger grains), perhaps at lower temperatures. One could
perhaps expose a thin film of CuSe nanocrystals to a solution of
dissolved InCl; and Se (a so-called chemical liquid deposition
technique). Another potential technique could be to treat a thin
film of CulnSe, or the sulfide (CulnS,) in a solution phase con-
sisting of Se in a dissolved form (a so-called solution selenization
technique) to circumvent the high-temperature vapor-phase
selenization step.
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