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ABSTRACT: Chalcopyrite quaternary semiconductor Cu-
(In,B;—,)Se, nanocrystals have been successfully prepared
via a relatively simple and convenient solvothermal route.
The effect of different solvents on the formation of the
product also indicates that diethylenetriamine is the optimal
solvent for this reaction. The device parameters for a single
junction Cu(In,B,_,)Se, solar cell under AM1.5G are as
follows: an open circuit voltage of 265 mV, a short-circuit
current of 25.90 mA/cm?, a fill factor of 34%, and a power
conversion efficiency of 2.34%. Based on a series of com-
parative experiments under different reaction conditions,
the probable formation mechanism of crystal Cu(In,B;_,)-
Se, nanorods is proposed.

Multipart chalcogenide compound semiconductors have
been regarded as one of the most promising materials for
thin film solar cells because of their unique structural and
electrical properties, high conversion efficiency, and low
toxicity.' " The chalcopyrite ternary semiconductor has been
of interest as a crystalline thin film material for high efficiency
solar cell applications.”® However, the wide-spread utilization of
[-II-VI, based solar cells has required the use of high-cost
vacuum deposition techniques.”® The creation of a suitable
inorganic nanocrystal for use in a scalable wet-chemical process
is a key step in the development of low-cost solar cells.” '
However, these methods require either very high temperature or
special apparatus. In addition, these methods require a relatively
long reaction time.

The device properties of I-III-VI, based solar cells are known
to be critically influenced by their stoichiometric compositions,
defect chemistry, and structure, which are strongly related to the
preparation conditions. For example, the I-III-VI, film, which
was made by controlling the size, shape, and composition of
the layers at the nanoscale to form a reduced-dimensionality
structure, has stronger absorption compared to bulk semi-
conductors.'”””'® Here, we present the first report of a new
material, chalcopyrite Cu(In,B;_,)Se, nanorods, and demon-
strate that solvothermal based synthesis of these nanocrystals can
be used to create simple solar cells, with our first cells exhibiting
an efliciency of 2.34% under AML1.5 illumination. The main
advantages of solvothermal synthesis are related to homoge-
neous nucleation processes due to elimination of the calcina-
tion step to produce very low grain sizes and high purity
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powders.w_21 To the best of our knowledge, Cu(In,B;—,)Se,
has never been grown and studied. Boron should yield a higher
band gap, closer to the ideal value of 1.5 eV, for lower concentra-
tions of boron than either gallium or aluminum.*” We have been
interested in the use of a solvothermal route, which is carried out
at low temperatures and does not require toxic precursors, to
prepare Cu(In,B,_,)Se, nanocrystals with a wide range of
optical and electronic properties accessible in the nanoscale.

In our synthesis of the Cu(In,B,_,)Se, nanocrystals, the
order of addition of the boron precursor to a diethylenetriamine
solution plays a major role in the resulting crystal structure of the
final product. (Please see Supporting Information for experi-
mental details.) As known, X-ray diffraction (XRD) is the most
convenient and effective tool for investigation of a crystalline
structure; however, the standard XRD patterns of Cu(In,B,_,)Se,
(0 = x = 1) could not be found in the literature and JCPDS card
database. Nevertheless, we noticed that the XRD patterns of the
chalcopyrite Cu,In,Seg s, 1.5, nanocrystals remazin unchanged
when the ratios of indium to gallium were 1:1.>* Given their
similar compositions, quaternary Cu(In,B;_,)Se, nanocrystals
should exhibit chalcopyrite crystalline structures similar to those
of the Cu,In,Seg 5,4 1.5,- XRD patterns of the samples prepared in
diethylenetriamine are shown in Figure la. The average crystal
domain size of the nanocrystals calculated using Scherrer’s
equation based on the (112) peak is 7S nm (D = KA1/(f cos
0); K=0.89, 4 = 0.15418 nm, § = fwhm, 6 = diffraction angle).
The major diffraction peaks observed at 26.65°, 44.22°, 52.39°,
64.36°, 70.90° and 81.38° 26 can be indexed to the (112),
(204)/(220), (116)/(312), (008)/(400), (316)/(332), and
(228)/(424) of the sphalerite and chalcopyrite crystal structure,
respectively. Thus, in order to determine that the nanocrystals
are chalcopyrite, it is crucial to be able to observe the minor peaks
that are unique to the chalcopyrite structure. For instance, the
minor peaks at 17.14°, 27.74°, and 35.55° corresponding to the
(101), (103), and (211) peaks, respectively, are unique to the
chalcopyrite structure and are shown as an inset of Figure 1b. As
the reaction time increases to 36 h, the three minor diffraction
peaks could be obtained gradually, indicating that the sphalerite
phase forms the chalcopyrite phase. According to the Vegard’s
law, the lattice constants measured for the Cu(IngoBg;)Se,
samples were a = 5.556 £ 0.003 A and ¢ = 11.151 + 0.003 A
(as shown in Figure S1) with the ¢/2a ratio of 1.003 =+ 0.003.
The observed lattice parameters and c¢/2a ratio agree very well
with the reported values for the chalcopyrite phase.”* The
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Figure 1. (a) XRD patterns of quaternary Cu(In,B, _,)Se, nanocrystals
synthesized by the solvothermal route for various indium/boron ratios.
(b) The (112) patterns gradually shifting toward the higher diffraction
angles with increasing boron content were obtained.

Figure 2. (a) SEM photoimage of the as-synthesized quaternary Cu-
(Ing9Bo.1)Se, nanorods. (b) TEM images of Cu(Ing 9By, ;)Se, nanorods.
(c) SAED pattern of Cu(Ing¢By;)Se, nanorods. (d) High-resolution
TEM of quaternary Cu(In,B, _,)Se, nanocrystals recorded along [110].

Cu(In,B,_,)Se, nanocrystal diffraction peaks also show patterns
gradually shifting toward a higher angle with increasing boron
content, due to the decreased lattice spacing with smaller boron
atoms substituting for larger indium atoms (Figure 1b). Similar
behavior could be found in the literature.”*>°

Figure 2 shows SEM and TEM images of chalcopyrite
quaternary Cu(In,B;_,)Se, nanocrystals prepared by solvother-
mal synthesis in diethylenetriamine at 180 °C for 36 h. The
sample of Cu(IngoBy;)Se, synthesized in diethylenetriamine
appears to display a rod-like morphology with average widths of
70 £ S nm, which is in agreement with the XRD result of 75 nm
calculated from the Scherrer formula. The image is taken
along the [110] zone axis with the (220), (012), and (024)

crystallographic planes indicated by white lines. Spacing mea-
surements based on 10 planes indicated d-spacings of 3.12 &
0.02 A for (220) and 3.65 & 0.02 A for (012) and (024). The
measured angle between the (220) and (024) planes is 56.9 =+
0.2° and is 66.2 £ 0.2° between (012) and (024) planes. If the
structure were sphalerite, the measured angles should be 60°
between all three planes, and the measured d-spacings should be
3.47 A. The zone axis of the selected-area electron diffraction
(SAED) pattern was determined to be [110], and the pattern is
typical for nanocrystals from this same synthesis procedure. We
also observed additional diffraction spots, circled in white in
Figure 2c. These extra spots correspond to 2/3 the distance of
the (11 4) or (212) fundamental reflections and have a d-spacing
of 3.6 A in Figure 2d. Both high-resolution TEM (Figure 2d) and
XRD (Figure 1a) confirmed that the nanocrystals are crystalline
with a chalcopyrite ternary structure. Furthermore, an XPS
survey with CasaXPS software calculation provided the quan-
titative information about chalcopyrite ternary film com-
position.”*** By taking the composition of the thin film as
Cu(In,B;_,)Se; and the element Se as the reference, the average
composition of the nanocrystals in the sample remained as a
relative atomic concentration of Cu/(In + B)/Se that was close
to 1:1:2 with a variation from particle to particle of ca. = 5.9 at%
that is less than experimental error, as described in Figure S2. All
four elements, i.e., copper, indium, boron, and selenium, were
measured. To the best of the authors’ knowledge, this is the first
reported solvothermal synthesis of chalcopyrite quaternary Cu-
(In,B,_,)Se, nanocrystals.

In this work, the solvent plays an important role in the
formation of the chalcopyrite quaternary Cu(In,B,—,)Se, nano-
crystals. Diethylenetriamine was selected as the solvent due to its
strong basic capacity and strong chelation.”" It is well-known that
boron oxide, indium chloride, and Se powders are soluble in
diethylenetriamine at room temperature. In the solvothermal
route, a nucleophilic attack by diethylenetriamine can activate
boron oxide (or indium chloride) and elemental selenium to
form B>~ (or In*") and Se>~ ions. Furthermore, in this electron
transfer reaction, diethylenetriamine, as a reducing solvent, can
reduce Cu®~ to Cu ion and then Cu~ complexes with
diethylenetriamine to form [Cu(DIEN),]".

In addition, diethylenetriamine plays an important role in
controlling the nucleation and growth of the product. Because of
its N-chelation and special structure, it can easily chelate Cu™
(reduced from Cu’") and form a relatively stable complex
[Cu(DIEN) ,]™. The formation of the complex can effectively
prevent the formation of binary copper chalcogenides. To
improve our understanding of the above mechanism, experi-
ments were performed under similar conditions when diethyle-
netriamine was replaced by other solvents such as ethylene-
diamine and oleylamine. In oleylamine, many diffraction peaks
appeared in the XRD patterns which could be indexed to
copper selenide, and copper boron, but no characteristic peaks
of chalcopyrite structure appeared. In ethylenediamine, a longer
reaction time (at least 72 h) was required in order to obtain the
product with almost the same morphology as that in diethylene-
triamine. The above results indicate that diethylenetriamine is
the optimal solvent for this reaction. In our work, the growth
habits always directly determine the final crystal shape, which in
turn is greatly influenced by its growth conditions. On the basis of
the evolution of time-dependent morphologies, as shown in
Figure S3, we hypothesize that the formation of nanostructures
and morphologies developing from particles to rods can be
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Figure 3. (a) UV/vis absorption spectra of Cu(In,B; _,)Se, nanocryst-
als dispersed in toluene. The curves correspond to [B]/[In] + [B]
stoichiometries of x = (al) 1, (a2) 0.9, (a3) 0.5, (a4) 0.1, and (a5) 0. (b)
Current—voltage characteristics by the AM1.5 irradiation (100 mW/
cm?). The nanocrystal absorber layer was 800 nm thick, consisting of
diethylenetriamine capped Cu(IngoBy ;)Se, nanocrystals with an aver-
age diameter of 75 nm.

rationally expressed as a nucleation—dissolution—recrystalliza-
tion mechanism.>*** The Cu(In,B;_,)Se, nanocrystals with
irregular shapes were formed in the solution through a homo-
geneous nucleation process. During the solvothermal route, a
large quantity of Cu(In,B, _,)Se, nuclei were first formed due to
the decomposition of a part of B,Se;, In,Sez, and CuSe pre-
cipitates. On the other hand, certain B,Se;, In,Se;, and CuSe
precipitates transformed into the growth units of (BSe,)”,
(InSe,)”, and [Cu(DIEN),]" under alkaline conditions. As a
consequence, the rod-like Cu(In,B, _,)Se, crystals were formed.

Figure 3 a shows UV/vis absorption spectra and optical
micrographs of the chalcopyrite quaternary Cu(In,B;—,)Se,
nanocrystals synthesized by a solvothermal route at 180 °C for
36 h. Consistently, the band gap absorption of the Cu(In,B;—,)Se,
nanocrystals gradually red shifts with decreasin§ boron composi-
tion. According to the band-structure theory,” the optical band
gaps of the CuBSe, and CulnSe, nanocrystals are around 3.13
and 1.0S eV, respectively, which are close to those of the bulk
CuBSe, (3.17 eV) and CulnSe, (1.04 eV).>*** Boron should
yield a higher energy band gap, closer to the ideal value of 1.5 eV,
for lower concentrations of boron than either gallium or alumi-
num. Consistent with the color change, the band gaps of
Cu(In,B,_,)Se, nanocrystals can be readily tuned between
3.13 and 1.05 eV by adjusting the ratios of boron (i.e., relatively
small in size and dimension) to indium. Theoretical calculation
shows that the band gap of this new material CuBSe, (CBS)
should be 3.17 eV. To estimate this value, the band gaps of
Cu(In,B,_,)Se, were fitted by an exponential function using the
following band-structure theory eq 1:**

Eg(cum — avase2) = (1 = &) Eg(cumse2) + *Eg(cuyse2)
—bx(1—x) (1)
where E, is a band gap, Y represents an element of the group I1TA

in the periodic table, x is the fraction of Y concentration, and bis a
parameter, which ranges from —0.07 to 0.28.

In this work, the first batch of thin film solar cells was
fabricated by drop-casting the Cu(In,B,_,)Se, absorber layer,
followed by chemical bath deposition of a CdS layer, RF
sputtering of 60-nm intrinsic zinc oxide, and then 200 nm of
ITO layers (see experimental details in the Supporting In-
formation). The corresponding I—V characteristic of the solar
cell is shown in Figure 3 b. The final devices are scribed into small

areas of 0.124 cm” with a small dap of silver paint applied to form
the top contact. The device parameters for a single junction
Cu(In,B;_,)Se, thin film solar cell under AM1.5G are as follows:
an open-circuit voltage of 265 mV, a short-circuit current of
25.90 mA/cm?, fill factor of 34%, and a power conversion
efficiency of 2.34%. Device efficiencies might be improved by
increasing the Cu(In,B;—,)Se, film thickness to absorb more
photons. However, a lower fill factor due to high series resistance
causes lower performance of the present device. Overall, the fill
factor of the Cu(In,B,_,)Se, devices are lower than those
typically reported for high-efficiency CIGSe solar cells, partly
due to the large amount of dark areas from the silver contacts and
shadow from the probe.

In summary, we have successfully synthesized multiple com-
ponent chalcopyrite semiconductor Cu(In,B, —,)Se, nanocryst-
als via a relatively mild and convenient solvothermal route. The
solvent plays an important role in the formation of the product,
and diethylenetriamine is the optimal solvent for this reaction.
The size of the resulting nanorods could be controlled under a
temperature of 180 °C for 36 h. The Cu(In,B,_,)Se, nano-
crystals with an average diameter of 75 nm were obtained.
However, we believe that the synthesis process played a very
important role in the result, because only the solvothermal route
with diethylenetriamine as a solvent was found to be effective to
form crystalline nanorods. Equivalent boron was introduced into
the Cu,In,Se s, 1.5, nanocrystals to partly replace the indium,
forming multipart nanocrystals with broad compositional ranges.
The optical band gap and lattice parameters of the alloyed
nanocrystals are composition- dependent, following the equation
and Vegard’s law. These nanocrystals have good solubility in
organic solvents (toluene, hexane, and amine solvent) and may
be potentially used as absorber and window materials in multi-
junction photovoltaic cells and other applications.
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