J

A|CIS

COMMUNICATIONS

Published on Web 10/13/2010

Single-Crystal Colloidal Nanosheets of GeS and GeSe

Dimitri D. Vaughn 11, Romesh J. Patel,* Michael A. Hickner,* and Raymond E. Schaak* S

Department of Chemistry, Department of Materials Science and Engineering, and Materials Research Institute, The
Pennsylvania Sate University, University Park, Pennsylvania 16802, United Sates

Received August 19, 2010; E-mail: schaak@chem.psu.edu

Abstract: Narrow-band-gap IV—VI semiconductors offer promis-
ing optoelectronic properties for integration as light-absorbing
components in field-effect transistors, photodetectors, and pho-
tovoltaic devices. Importantly, colloidal nanostructures of these
materials have the potential to substantially decrease the fabrica-
tion cost of solar cells because of their ability to be solution-
processed. While colloidal nanomaterials formed from IV—VI lead
chalcogenides such as PbS and PbSe have been extensively
investigated, those of the layered semiconductors SnS, SnSe,
GeS, and GeSe have only recently been considered. In particular,
there have been very few studies of the germanium chalco-
genides, which have band-gap energies that overlap well with
the solar spectrum. Here we report the first synthesis of colloidal
GeS and GeSe nanostructures obtained by heating Gels, hex-
amethyldisilazane, oleylamine, oleic acid, and dodecanethiol or
trioctylphosphine selenide to 320 °C for 24 h. These materials,
which were characterized by TEM, SAED, SEM, AFM, XRD,
diffuse reflectance spectroscopy, and I—V conductivity measure-
ments, preferentially adopt a two-dimensional single-crystal
nanosheet morphology that produces fully [100]-oriented films
upon drop-casting. Optical measurements indicated indirect band
gaps of 1.58 and 1.14 eV for GeS and GeSe, respectively, and
electrical measurements showed that drop-cast films of GeSe
exhibit p-type conductivity.

Narrow-band-gap IV —V1 semiconductors constitute an important
class of materials for photovoltaic applications.* 3 These materials
typically have band gaps in the range 0.5—1.5 eV, making them
efficient absorbers of incident solar radiation. In addition, 1V—VI
semiconductors have been shown to exhibit multiple exciton
generation, which can lead to improved solar cell efficiencies*
Among these compounds, there is growing interest in the layered
semiconductors SnS, SnSe, GeS, and GeSe,”** which are predicted
to have high chemical and environmental stability and show promise
as low-cost components of photovoltaic cells. Furthermore, they
consist of more environmentally friendly elements than aternative
narrow-band-gap systems containing Pb, Cd, and Hg. GeS and
GeSe, which are orthorhombic with a distorted rock-salt structure,
have both indirect and direct band gaps that are closely spaced in
energy. For GeS, the direct and indirect band gaps have been
reported to be in the range 1.55—1.65 eV,** and for GeSe, they
are in the range 1.1—1.2 eV.*? There have been several reports of
colloidal routes to SnS and SnSe nanoparticles.” ° However,
despite the fact that their band-gap energies overlap fairly well with
the solar spectrum, the Ge analogues have not previously been
reported as colloidal nanostructures.
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Here we report a simple one-pot solution-chemistry route to
colloidal nanostructures of GeS and GeSe. Importantly, we have
found that the GeS and GeSe systems form single-crystal nanosheets
similar to those of graphene and other layered materials, including
metal oxides and chal cogenides.***” Such colloidal nanostructures
are optimal for solution-based processing techniques such as spin-
coating, dip-coating, and inkjet printing, which permit cheaper
fabrication of photovoltaic devices.*** Colloidal nanosheets in
particular can serve as building blocks for the design of novel
nanocomposites and sophisticated lamellar nanostructures with
enhanced photovoltaic efficiencies.*®2°

Figure 1. (8) TEM images of GeS and (inset) GeSe nanosheets. (b) SAED
pattern for a polycrystalline sample of GeS nanosheets. (¢) SAED pattern
corresponding to a single [100]-oriented GeS nanosheet.

Colloidal nanosheets of GeS were synthesized by mixing Gel,
(60 mg), hexamethyldisilazane (HMDS, 1 mL), oleylamine (10 mL),
oleic acid (0.75 mL), and dodecanethiol (0.5 mL) at room
temperature followed by heating to 320 °C for ~24 h. The use of
dodecanethiol as a suitable sulfur source has been reported
previously in the synthesis of the sulfides of other metals, including
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Cu, Pb, and Zn,?* and avoids the use of toxic, pyrophoric, and
expensive akylphosphines. GeSe nanosheets were synthesized using
an identical procedure except that trioctylphosphine selenide
(TOPSe) was used as the selenium source.

Figure 1a and Figure Sl in the Supporting Information show
representative transmission electron microscopy (TEM) images of
the GeS and GeSe nanosheets. The nanosheets appear mostly as
elongated hexagons with average lateral dimensions of 2—4 um x
0.5—1 um. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images were used to confirm the nanosheet
morphology (Figures S2—$S4). For GeS, AFM images indicated an
average nanosheet thickness of 5 nm with a range that spanned
3—20 nm (Figure S3), and the sheet morphology was confirmed
by powder X-ray diffraction (XRD) data showing h0O peaks that
were broader than the other hkO, h0l, Okl, and hkl reflections (Figure
4). For GeSe, a larger range of thicknesses was observed using
SEM (5—100 nm), with most larger than 20 nm (Figure S2). For
both GeS and GeSe, selected-area electron diffraction (SAED)
experiments produced polycrystalline ring patterns consistent with
nanosheets having the orthorhombic GeS-type structure (Figure 1b).
The observed rings correspond to the Okl set of reflections,
indicating that the sheets are oriented along [100]. When the electron
beam was focused on individual nanosheets, a spot pattern was
observed (Figure 1c and Figure S1), and thisis also consistent with
[100]-oriented GeS and GeSe nanosheets.

Figure 2 shows powder XRD patterns for the GeS and GeSe
products. Both powders appeared to be phase-pure as determined
by XRD, and their XRD patterns matched well with simulated
patterns based on their known orthorhombic GeS-type structure.
The lattice constants also agreed well with literature values;?>22
for GeS, a = 1052 A, b =365 A, and ¢ = 4.30 A (qjices =
10.47 A, bjices = 3.64 A, and cjices = 4.30 A), and for GeSe, a
=10.78A,b=381A,andc = 4.37 A (a cese = 10.83 A, Dyt cese
=3.83 A, and Gjcese = 4.39 A). When the colloidal suspensions
of nanosheets were drop-cast onto planar substrates rather than being
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Figure 2. Powder XRD patterns for (a) GeS and (b) GeSe nanosheets. In
both (a) and (b), patterns for simulated and experimental polycrystalline
samples as well as [100]-oriented samples prepared by drop casting are
shown.

collected as largely isotropic aggregated powders, the resulting XRD
patterns showed perfect preferred orientation, with only the hOO
reflections evident. This indicates that the bulk samples consist
amost entirely of [100]-oriented nanosheets.
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Figure 3. (&) Diffuse reflectance spectra for GeS and GeSe nanosheets.
(b, ©) Plots of [F(R)hw]Y2 vs energy for the (b) GeS and (c) GeSe nanoshests,
from which indirect band-gap energies were obtained.

Diffuse reflectance spectroscopy was used to investigate the
optical properties of the GeS and GeSe nanosheets. As shown in
Figure 3a, the onset of absorption for the GeS sheets began near
800 nm, while for GeSe, the absorption onset began near 1150 nm.
These transitions were used to estimate both the indirect and direct
band gaps by performing Kubelka—Munk transformations.?* For
GeS, a plot of [F(R)hw]Y? versus energy (Figure 3b) yielded an
indirect band gap of 1.58 eV, and a plot of [F(R)hv]? versus energy
(Figure S5a) yielded a direct band gap of 1.61 eV. The band
structure of GeS is complex, with multiple competing band gaps
of similar energy.™® Previous reports have indicated band gaps in
the range 1.55—1.65 eV,?>2° which are consistent with what we
observed. For the GeSe nanosheets, Kubelka—Munk plots (Figure
3c and Figure S5b) indicated indirect and direct band gaps of 1.14
and 1.21 eV, respectively. These values match well with previously
reported results for GeSe.?"?3

The electrical transport properties of the GeSe nanosheets as a
representative system were studied. The GeSe nanosheets were
drop-cast onto a four-point gold electrode pad (Figure S7) from a
methanol slurry to form a 74 um thick film. The film was dried
under ambient conditions for 6 h, and four-point | —V measurements
(Figure 4a) were performed. The conductivity of the film (normal-
ized for geometry) was calculated to be 4.7 x 10°® Scm™2, which
is in reasonable agreement with values for films made using other
colloidal narrow-band-gap semiconductors.>° Furthermore, the
two-point |-V plot (Figure 4b) showed turn-on potentials of —6.5
and +10 V in the negative and positive quadrants, respectively,
suggesting a p-type character. The |-V data confirmed that
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conductive solid-state films of [100]-oriented GeSe can be produced
by simple drop-casting of as-synthesized colloidal GeSe nanosheet
suspensions.
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Figure 4. |-V plots for GeSe nanosheet films: (a) four-point |-V curve
(black) and the linear fit used for the conductivity calculation (red); (b)
two-point |-V curve with turn-on potentials denoted (red lines).

In conclusion, single-crystal colloidal nanosheets of the narrow-
band-gap semiconductors GeS and GeSe have been synthesized
using a simple one-pot strategy. The nanosheets can be solution-
processed into [100]-oriented films, and their band gaps provide
good overlap with the solar spectrum. Coupled with previously
reported electrical measurements of single GeSe sheets made using
a vapor—condensation—recrystallization process,** the nanosheet
morphologies, band-gap energies, and conductivities make the GeS
and GeSe nanostructures promising for use as light-absorption layers
in Shockley—Queisser-limited solar cells* as well as other nano-
electronic devices, including photoconducting cells, p—njunctions,
and field-effect transistors.*®
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