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S
emiconductor materials with reduced
dimensionality construct an impor-
tant cornerstone for modern materials

science.1 In contrast to one-dimensional
(1D) semiconductor nanowires and zero-
dimensional (0D) quantum dots, which
have been extensively studied,2�10 studies
of two-dimensional (2D) semiconductor
nanosheets have remained limited. One key
reason is the lack of sophisticated capabil-
ities to synthesize nanosheets with phy-
sical features precisely controlled, including
morphology, size, structure, and interface.
The properties of low-dimensionalmaterials
strongly depend on physical features.1 There-
fore, the capability of synthetic control is
necessary for employing nanosheets as a
functional material platform for both funda-
mental and applied interest.
Of the most interest is the nanosheet of

layered chalcogenide materials, including
transition metal dichalcogenides (MoS2,
TiS2, WS2, etc.) and chalogenides of group
III (GaSe, GaTe, InSe), group IV (GeS, GeSe,
SnS, SnSe, GeSe2, etc.), and group V ele-
ments (Bi2Se3, Bi2Te3). Thesematerials show
graphite-like layered structures with strong
intralayer covalent bonding and weak inter-
layer van del Waals forces.11,12 The chalco-
genide nanosheet holds great promise for
a wide range of fields such as solar energy
conversion,13 field effect transistors,14,15 no-
vel optoelectronic devices,16 and energy
storage.17 Traditional ways to produce chal-
cogenide nanosheets rely on exfoliations
from bulk materials, which provides limited
control of the physical features of result-
ing nanosheets.18 Synthetic approaches are
promising to enable control of physical
features from an atomic level. Current syn-
thetic strategies for nanosheets primarily

focus on solution-based processes, such as
solvothermal reactions.19�26 However, the

solution-produced nanosheetmay have sol-

vent residues adsorbed at the surface that

are difficult to remove and can substantially

modify the nanosheet's intrinsic properties.

Nonsolution approaches, for instance, che-

mical or physical vapor depositions, have

also been explored for the growth of nano-

sheets.27�37 These methods can provide

* Address correspondence to
lcao2@ncsu.edu.

Received for review June 25, 2012
and accepted September 25, 2012.

Published online
10.1021/nn303745e

ABSTRACT We report a synthesis of single-

crystalline two-dimensional GeS nanosheets

using vapor deposition processes and show

that the growth behavior of the nanosheet is

substantially different from those of other

nanomaterials and thin films grown by vapor

depositions. The nanosheet growth is subject

to strong influences of the diffusion of source

materials through the boundary layer of gas flows. This boundary layer diffusion is found to be

the rate-determining step of the growth under typical experimental conditions, evidenced by a

substantial dependence of the nanosheet's size on diffusion fluxes. We also find that high-

quality GeS nanosheets can grow only in the diffusion-limited regime, as the crystalline quality

substantially deteriorates when the rate-determining step is changed away from the boundary

layer diffusion. We establish a simple model to analyze the diffusion dynamics in experiments.

Our analysis uncovers an intuitive correlation of diffusion flux with the partial pressure of

source materials, the flow rate of carrier gas, and the total pressure in the synthetic setup. The

observed significant role of boundary layer diffusions in the growth is unique for nanosheets. It

may be correlated with the high growth rate of GeS nanosheets, ∼3�5 μm/min, which is 1

order of magnitude higher than other nanomaterials (such as nanowires) and thin films. This

fundamental understanding of the effect of boundary layer diffusions may generally apply to

other chalcogenide nanosheets that can grow rapidly. It can provide useful guidance for the

development of general paradigms to control the synthesis of nanosheets.

KEYWORDS: nanosheets . boundary layer . diffusion-limited . vapor deposition .
layered compound
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clean nanosheets to serve as a useful material platform
for fundamental and applied research.33,38 However,
little attention has been paid to the fundamental
understanding of the vapor deposition growth of
nanosheets. A fundamental understanding is very im-
portant for the development of synthetic control.
While vapor deposition techniques have been ex-

tensively studied in the growth of thin films and
nanomaterials including nanowires,2,39 nanotubes,40

and graphene,41 knowledge obtained from these ma-
terials cannot simply apply to the synthesis of single-
crystalline 2D nanosheets.42�44 The vapor deposition
growth of the existing nanomaterials often involves
catalysts.40,41,45,46 The catalyst is typically a metal
material and sometimes can be the same as one
component of the resulting nanomaterials.47,48 In a
typical synthesis, catalysts first react with source ma-
terials (vapor phase) to form an alloy, for example,
Ni�C alloy formed during the process of nickel-
catalyzed growth of graphene.49 Nanomaterials can
be produced by precipitation from the alloy due to a
supersaturation of source materials inside. During this
process, both nucleation and growth steps are gov-
erned by the catalyst. Therefore, rational design of the
catalyst is a major strategy to control this catalyzed
synthesis.2,50 In contrast, the synthesis of 2D chalco-
genide nanosheets with vapor depositions is not
catalytic.33,35,36,51,52 The anions of chalcogenide mate-
rials (sulfide, selenide, and telluride) are highly reactive.
It is difficult to find suitable catalysts that can survive
the highly reactive chalcogenide vapor at elevated
temperatures and can also facilitate a two-dimensional
growth to yield nanosheets. Without the guidance of
catalysts, the growth of 2D nanosheets may be subject
to the strong influence of many experimental para-
meters, which may play only a negligible role in
catalyzed growth,29,53 for instance, the boundary layer
of gas flows. The growth of nanosheets would also be
different from the vapor deposition growth of thin
films, which is noncatalytic as well, due to different
requirements for crystalline quality and different ex-
perimental conditions. The nanosheet of interest
needs be single crystalline and would grow at low
pressure and low temperature, but thin films are
typically polycrystalline and grow at high pressure
and high temperature.
Here, we report a synthesis of single-crystalline

germanium sulfide (GeS) nanosheets using vapor de-
position processes. Germanium sulfide is useful for
solar energy conversion,54 nonvolatile memory,55 and
photonics.56 We demonstrate that the growth me-
chanism of the nanosheet is indeed different from
those of other nanomaterials and thin films. The
nanosheet growth is subject to strong influences of
the diffusion of sourcematerials through the boundary
layer of gas flows. The diffusion is found to be the rate-
determining step of the nanosheet growth under

typical experimental conditions (∼20�30 Torr, ∼300 �C).
Additionally, we find that high-quality 2D nanosheets
can grow only in the diffusion-limited regime, as the
crystalline quality substantially deteriorates when the
rate-determining step is changed from boundary layer
diffusion. We establish a simple model to analyze the
diffusion dynamics in experiments. Our analysis quan-
titatively elucidates the dependence of diffusion flux
on the partial pressure of source material vapor, the
flow rate of the carrier gas, and the total pressure in the
synthetic system. The analysis also suggests that the
observed strong influence of boundary layer diffusions
can be ascribed to a rapid growth rate of the na-
nosheet, which is ∼3�5 μm/min. The significant role
of boundary layer diffusions in the growth of na-
nosheets is in stark contrast with the vapor deposition
growth of other nanomaterials such as nanowires,
nanotubes, and graphene, where the boundary layer
diffusion typically plays a negligible role.29,53 The na-
nosheet growth is also different from the growth of
thin films by vapor deposition. The growth of high-
quality thin films prefers the rate-determining step to
be the growth reaction, rather than the diffusion
process as the nanosheet, and the diffusion-limited
growth of thin films typically happens with much
higher pressures (i.e., ambient pressure) and higher
temperatures (i.e., >600 �C) compared with those used
in the nanosheet growth.

RESULTS AND DISCUSSION

Figure 1A, B shows scanning electron microscope
(SEM) images of typical as-grown GeS nanosheets on
silicon substrates with 300 nm thick thermal oxide.
Both Raman measurements (see Figure S1 in the
Supporting Information) and an energy-dispersive
X-ray (EDX) spectrum (Figure S2) confirm that the
chemical composition of the nanosheet is germanium
monosulfide, the same as the source materials. The
sublimation temperature (400�500 �C) in the experi-
ments is designed to ensure that the source materials
(GeS powder) sublimate into gaseous GeS mole-
cules, rather than decomposing into Ge or S atoms.57

The nanosheets show hyperbranched flower struc-
tures. This can be attributed to subsequent nucleations
on the nanosheet grown earlier in a long growth
period (10 min), similar to what was observed in the
synthesis of branched PbS nanowires.58 Shortening the
growth time, for instance, to 1�2min can substantially
decrease the branching. The growth rate of the
nanosheet is very fast, in the range∼3�5 μm/min under
typical experimental conditions. The nanosheet is
highly anisotropic in morphology. Its lateral dimension
can reach over 40�100 μm (Figure 1A, B), while the
thicknesses is in the range 30�50 nm (Figure 1B inset
and Figure 1C), giving rise to a size/thickness ratio of
∼1000�3000. Atomic force microscope characterizations
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(Figure 1C and inset) indicate that the surface of the
nanosheet is reasonably smooth. We can find steps at a
height of 1�2 nm at the surface of the nanosheet.
The synthetic nanosheet exhibits excellent crystal-

line quality. Figure 1D shows a TEM image of a repre-
sentative nanosheet and corresponding selected-area
electron diffraction (SAED) pattern (inset). Results of
X-ray diffraction (XRD) measurements and high-resolu-
tion transmission electron microscope (HRTEM) char-
acterizations are given in Figure 1E and F, respec-
tively. The SAED and HRTEM results indicate that the

nanosheet is single crystalline. The bent contour lines
in the TEM image shown in Figure 1D are possibly
caused either by buckling in the nanosheet introduced
in the process of TEM sample preparation or by elec-
tron-beam-induced thermal strain during the charac-
terization process. All the structural characterizations
(SAED, HRTEM, and XRD) demonstrate that the GeS
nanosheet has an orthorhombic structure, the same
as bulk GeS materials.59 Analysis of the XRD result
indicates the lattice constants of the nanosheet as
a = 10.42 Å, b = 3.61 Å, c = 4.30 Å, reasonably consistent

Figure 1. Morphology and crystal structure of GeS nanosheets. (A) SEM image of as-grown GeS nanosheets on substrates.
(B) Magnified SEM image of the nanosheets. Inset is a cross-section SEM image showing that the thickness of the nanosheet is
30 nm. Scale bar: 100 nm. (C) AFM image of a nanosheet and a height profile corresponding to the dashed line. (D) TEM image
and electron diffraction pattern (inset) of a typical nanosheet. The diffraction pattern is indexed as shown. (E) XRD pattern of
the nanosheet, which indicates the structure is orthorhombic. Inset shows a crystal structuremodel for GeS. (F) HRTEM image
of a representative nanosheet. Upper inset is fast Fourier transformation of the HRTEM image; it is not indexed for visual
convenience. The HRTEM image shows crystalline directions and (011) interplane spacing. Bottom-left inset is a model of the
GeS crystal structure viewed from the [100] direction, the parallel black lines indicating the interspacing between (011)
planes.
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with bulk GeSmaterials and the GeS nanosheets made
by wet-chemical methods (bulk GeS, a = 10.47 Å,
b = 3.64 Å, c = 4.30 Å; wet-chemical synthetic GeS
nanosheets, a = 10.52 Å, b = 3.65 Å, c = 4.30 Å).19,59 We
can also find that the basal plane of the nanosheet is
always (100), as indicated by the SAED (Figure 1D inset)
and HRTEM (Figure 1F). This is dictated by the nature of
GeS materials, which is a layered compound and (100)
is the most energetically stable plane.
Typical GeS nanosheets show a rectangular shape

with (001) and (010) planes enclosing the long and
the short edges, respectively (Figure 2A and C). Nano-
sheets with other shapes were found in experiments
as well. Figure 2 gives TEM images (Figure 2A, D, and G)
and corresponding electron diffraction patterns
(Figure 2B, E, and H) of nanosheets grown at different
deposition temperatures. The nanosheet appears to be
rectangular at high deposition temperatures (330 �C),
truncated rectangular at low temperature (310 �C),
and triangular at even lower temperatures (290 �C).
By analyzing the TEM images and related diffraction
patterns, we can build a structural model for each of
the nanosheets as given in Figure 2C, F, and I. Interest-
ingly, no matter the shape, the direction along the
long axis of the nanosheets is always [010] (Figure 2).

High-index crystalline planes can be found exposed
at the nonrectangular shapes, for instance, (013)
and (014) planes at truncated rectangular shapes
(Figure 2F), (014) and (016) at triangular shapes
(Figure 2I). This temperature-dependent shape evolu-
tion suggests a possible strategy to control the shape
of nanosheets.
Of most interest is understanding the mechanism of

the nanosheet growth. To do that, we examine the
dynamics behavior of the synthetic process. The
nanosheet grows in a tube furnace with source materials
placed at elevated temperatures and receiving sub-
strates downstream with lower temperatures. As illu-
strated in Figure 3, five major steps are involved in the
growth: (1) sublimation and transport of source ma-
terials by a forced flow of carrier gas, (2) diffusion of
source material vapor from the gas phase onto receiv-
ing substrates, (3) migration of adsorbed species to
growth sites, (4) incorporation of the adsorbed source
materials into crystalline lattices, (5) resublimation
(desorption) of excess adsorbed species into the gas
phase. Typically, the migration (step 3) and the incor-
poration (step 4) of adatoms can be lumped together
as the step of growth reaction. Generally, the rate-
determining step could be either the diffusion (step 2)

Figure 2. Shape evolution of GeS nanosheets grown at different deposition temperatures. The deposition temperatures are
330 �C (A�C), 310 �C (D�F), and 290 �C (G�I). For each deposition temperature, a TEM image (A, D, G), a corresponding SAED
pattern (B, E, H), and a structural model (C, F, I) of representative sheets are given. Important crystalline directions and planes
are given and indexed in the images as shown.
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or the growth reaction (step 3 and 4), which is referred
to as diffusion-limited or reaction-limited growth,
respectively.
We find that the growth of GeS nanosheets is limited

by the diffusion. This is evidenced by a strong depen-
dence of the size of nanosheets on the lateral distance
away from the upstream edge of the receiving sub-
strate (Figure 4). Figure 4A shows a SEM image of
typical as-grown nanosheets on substrates. We can
find that the growth occurs only in the area close to
the upstream edge of the substrate. The density of the
nanosheet right at the upstream edge of the substrate
is found to be particularly high (Figure S3). This can
be ascribed to a high surface energy of the edge, which
can facilitate nucleation of the nanosheets. We also
found that the size of the nanosheets decreases
with increasing lateral distance (Figure 4B�D). We
can exclude the decrease of the local growth tempera-
ture as a major cause for this observed size shrinking
(Figure 4E). The temperature difference over the
growth area (the white area) shown in Figure 4A is
estimated at <3 �C. More importantly, we find that the
nanosheet grown at the edge of a neighboring sub-
strate downstream (lower temperature) can show a
larger size than the nanosheets at the nonedge area
(for instance, position 3) of Figure 4A. This indicates
that the local temperature is not themajor cause of the
observed size shrinking. Careful analysis indicates that
the size of the nanosheet (L, in length) is inversely
proportional to square root of the lateral distance x as
L � 1/

√
x (Figure 4E). This relationship strongly sug-

gests that the growth of the nanosheet is limited by a
diffusion process through the boundary layer of the
gas flow.60

The boundary layer diffusion process is very impor-
tant for nanosheet growth. A distinct line (the dashed
black line in Figure 4A) can be found on the growth
substrate that separates the areas with (the white area,
upstream of the dashed line) and without (the gray
area, downstream of the dashed line) nanosheets. This
distinct separation suggests that a critical diffusion flux
is necessary for the growth of nanosheets. To further
investigate the effect of the diffusion, we studied the
growth on a series of substrates placed at different
positions downstream, as illustrated in Figure 5A. On

substrates with relatively high temperatures, >290 �C,
the size of the nanosheets shows a substantial depen-
dence on the lateral distance away from the upstream
edge, similar to the results given in Figure 4, indicating
a diffusion-limited growth (Figure 5B, C). However, no
obvious dependence of the size on the lateral distance
was found for the growth on the substrates with a
lower temperature, 270 �C (Figure 5D, E). This suggests
that the growth at the lower temperature is not limited
by the boundary layer diffusion, but the growth reac-
tion instead. It has been well documented that low-
ering the temperature can switch vapor deposition
processes from diffusion-limited (high temperature)
to reaction-limited (low temperature).60 This is be-
cause the kinetics of the growth reactions exponen-
tially decreases with the temperature, but the diffu-
sion flux only shows a mild dependence on the
temperature.

Figure 3. Schematic illustration of dynamics behavior in-
volved in the synthetic process. It includes five major steps:
sublimation and transport of GeS vapor, diffusion of GeS
vapor onto receiving substrates, migration of adsorbedGeS
to growth sites, incorporation ofGeS adtoms into crystalline
lattices, and desorption of GeS adtoms.

Figure 4. Boundary layer effect on the growth of GeS
nanosheets. (A) Low-magnification SEM image of as-grown
nanosheets on substrates. The white area is where the
nanosheets grow. The gas flow comes from the left side,
as illustrated in the insetwith the shaded area indicating the
growth zone. The black dashed line indicates the boundary
beyond which no nanosheet grows. (B, C, D) Magnified top-
view SEM images of the GeS nanosheets grown at the
positions 1, 2, 3 marked in (A), respectively. The scale bars
all are 1 μm. (E) Size L (in length) of nanosheets grown along
the white dotted line in (A) as a function of the distance x
away from the edge. The size of the nanosheets refers to the
length from the base to the tip of the nanosheet that was
measured from cross-section SEM images. The solid line is a
fitting curve, L = B/x0.5, where B is a fitting constant. Inset:
Thickness of the sheet as a function of the lateral distance,
which shows negligible dependence on the distance.
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Moreover, we can find that the nanosheets grown at
the diffusion-limited regime are high quality with a
smooth surface and single crystalline (Figure 5B and
inset). However, those grown at the reaction-limited
regime show a rough surface (Figure 5D) and inferior
crystalline quality, as evidenced by elongated diffrac-
tion spots (Figure 5D inset). Lower deposition tem-
peratures may give rise to a larger supersaturation of
GeS vapor. The larger supersaturation might induce
condensation of GeS vapor into small clusters in the
gas phase, whose deposition could lead to poor crystal-
line quality in the resultingmaterials. It is worthwhile to
note that the increase in supersaturation may facilitate
the condensation of GeS vapor, but does not affect the
diffusion flux, which relies on the concentration gra-
dient of the GeS vapor. However, we can reasonably
exclude this condensation in the gas phase as the
major reason for the observed worse crystalline quality
at lower temperatures. We found that the crystalline
quality of the nanosheets grown at the lower

temperatures could be substantially improved by just
decreasing the flow rate of carrier gas, for instance,
from 10 to 5 sccm (Figure 5E inset). As wewill discuss in
the following session, a decrease in the flow rate lowers
the diffusion flux. The lowered diffusion flux may then
lead to a switch of the rate-determining step from
growth reaction back to diffusion. This improvement of
crystalline quality by lowering the flow rate of the
carrier gas indicates that the observed difference in
crystalline quality at different temperatures (Figure 5)
is primarily caused by a difference in the rate-deter-
mining step. Under the reaction-limited regime, dif-
fusion flux is larger than the kinetics of the growth
reaction; for instance, the diffusion flux (step 2 in
Figure 3) is larger than the migration rate of adatoms
to growth sites (step 3 in Figure 3). In this case, the
excess amount of adsorbed GeS atoms, if not resu-
blimated (step 5 in Figure 3) quickly, may aggregate
on the surface of the nanosheets to cause poor
crystalline quality.

Figure 5. Importanceof thediffusion-limited regime for thegrowthof high-quality GeSnanosheets. (A) Schematic illustration
of the growth of GeS nanosheets at different deposition temperatures of 310, 290, and 270 �C. (B, C) SEM images of GeS
nanosheets grown on the areas indicated by the red and the blue dots on the 310 �C substrate, respectively. The red and blue
dots indicate small and large distances away from the upstream edge of the 310 �C substrate. The inset in (B) is SAED for
representative nanosheets. (D, E) SEM images of GeS nanosheets at the areas indicated by the red and the blue dots on the
270 �C substrate, respectively. (The inset in (D) is SAED for representative nanosheets. The inset in (E) is a SEM image of GeS
nanosheets grown at the same deposition temperature but with a lower flow rate of carrier gas. Scale bar in the inset is the
same as that of (E).)
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This diffusion-limited growth of nanosheets is in
stark contrast with the vapor deposition growth of
other nanomaterials (for instance, nanowires), which
is typically reaction-limited and where the boundary
layer diffusion plays a negligible role.29,53 It is also
different from the growth of thin films by vapor
deposition. The growth of high-quality thin films
usually prefers the rate-determining step to be the
growth reaction, rather than the diffusion process
as the nanosheet does. Additionally, the diffusion-
limited growth of thin films usually happens when the
pressure and temperature are high, for instance, at
ambient pressure and >600 �C. In our experiments the
pressure is typically less than 40 Torr and the deposi-
tion temperature only around or less than 300 �C.
We believe that the unusual growth behavior of
nanosheets can be linked to the rapid growth of the
nanosheet. Under typical experimental conditions,
the growth of GeS nanosheets is estimated at ∼3�5
μm/min or even higher, substantially larger than that
of thin films and nanowires, for instance, silicon
nanowires.61

To obtain better insights into the diffusion-limited
growth, we quantitatively analyzed the diffusion dy-
namics and elucidated the dependence of diffusion
flux on experimental conditions. The diffusion is sub-
ject to strong influences of complicated fluidic dy-
namics in the tube furnace. A full-fledged analysis of
fluid dynamics is out of the scope of this work. Instead,
we analyze the diffusion process with a simplified
model in order to obtain intuitive insights that can be
used for guiding experimental designs to control the
growth. One key issue for understanding the diffusion-
limited growth is to understand the boundary layer of
gas flows. The gas flow in experiments is a laminar flow,
as the dimensionless parameter Reynolds number,
which characterizes the flow of a fluid, is low (<2).
The velocity of the gas flow at the upper surface of the
receiving substrate is zero due to friction between the
gas flow and the substrate. The difference between the
flow velocities at the substrate surface and at the bulk
gas flowgives rise to a boundary layer inwhich the flow
velocity evolves from zero to that of the bulk gas flow
(Figure 6). The diffusion process is essentially a trans-
port of source material vapor through this gas flow
boundary layer. As a result, the thickness of the gas
flowboundary layer plays an important role in diffusion
flux.
The thickness of the gas flow boundary layer is

related with the Reynolds number and varies with
the lateral distance away from the upstream edge of
the substrate as δ = (x/Rex)

1/2.60 The Reynolds num-
ber is Rex = Fgνgd/μg, where Fg, νg, and μg are the
density, mean velocity, and dynamic viscosity of
the gas flow, respectively, and d is the diameter of
the tube. Themean velocity νg can be evaluated from
the gas flow rate Q =JArRT0 (where T0 is the local

temperature of the substrate, JAr is the molar flow
rate of carrier gas, which is Ar in our experiments, and
R is the gas constant), the total pressure Ptot, and the
cross-section area of the tube A, νg = BT0JAr/Ptot, with
the constant B = R/A. So, the thickness of the gas flow
boundary layer can be written as a function of
experimental parameters as

δ(x) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μg
FgB

Ptot
T 0JAr

x

s
(1)

As a first-order approximation, we can assume a
linear concentration gradient across the gas flow
boundary layer. The diffusion flux of source materials
toward the substrate can be written as

dm
dt

¼ �D Ppar � PS
δ(x)

¼ �D
ffiffiffiffiffiffiffiffiffiffiffi
FgBT 0

μg

s
[Ppar � PS(T

0)]
ffiffiffiffiffiffiffiffiffiffi
JAr
Ptotx

r
(2)

where PS(T0) is the equilibrium vapor pressure of GeS at
the local deposition temperature T0.
Equation 2 indicates that the diffusion flux inver-

sely depends on the square root of the lateral
distance away from the edge of the substrate. This
is consistent with our experimental observations
(Figure 4). Equation 2 also suggests that the diffusion
flux is dependent on the partial pressure of GeS
vapor in the gas phase, Ppar, the flow rate of carrier
gas, JAr, and the total pressure in the synthetic setup,
Ptot. Our further analysis based on a simplified model
indicates that, in typical experiments, the partial
pressure, Ppar, of GeS vapor is close to the equilibri-
um vapor pressure of GeS materials, PS, at the sub-
limation temperature (see detailed analysis in the
Supporting Information), showing only a mild de-
pendence on the flow rate of carrier gas (JAr) and the
total pressure (Ppar). Therefore, when the sublimation
temperature is fixed, the diffusion flux is primarily
dictated by the flow rate of the carrier gas (JAr) and

Figure 6. Schematic illustration of the diffusion of source
materials through the gas flow boundary layer. The velocity
gradient boundary layer is indicated by a solid blue curve.
V0 and VS are the gas velocity in the bulk gas flow and at the
surface of the substrate. δV is the thickness of the boundary
layer. x is the lateral distance away from the edge. The
horizontal arrows indicate a gradual change of gas velocity
in the boundary layer.
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the total pressure (Ptot).

dm
dt

�
ffiffiffiffiffiffiffi
JAr
Ptot

r
(3)

It increases with the flow rate but decreases with an
increase in total pressure.
Knowledge of the boundary layer diffusion and its

effect on the growth can provide useful guidance for
rationally designing experimental conditions to con-
trol the growth. For instance, as shown in Figure 5E
and inset, we can improve the crystalline quality of
nanosheets grown at low temperatures by lowering the
flow rate of the carrier gas. According to eq 2, decreas-
ing the flow rate can lower the diffusion flux and may
switch the rate-determining step from the growth
reaction back to diffusion. We also found in the experi-
ments that, by changing the flow rate of the carrier
gas, the region in which high-quality nanosheets may
grow can shift either downstream (by decreasing the
flow rate) or upstream (by increasing the flow rate).
As discussed in the preceding text, high-quality GeS
nanosheets can grow only in the diffusion-limited
region. This observed shift of growth zone essentially
indicates a shift of the diffusion-limited regime and can
be predicted from eq 2 as well. Higher diffusion flux
caused by larger flow rates can shift the diffusion-
limited regime (where the kinetics of the growth
reaction is larger than diffusion flux) upstream with
higher temperatures, while lower diffusion flux can
move the growth region further downstream. This shift
of the growth zone is different fromwhat was reported
in the vapor deposition growth of nanowires. For
instance, the growth zone of ZnOnanowireswas found
to shift toward lower temperatures with higher flow
rates, opposite the trendweobserved in the nanosheet
growth.62 This difference further confirms that the
growth behavior of chalcogenide nanosheets is indeed
different from that of other nanomaterials.

CONCLUSIONS

This work presents a synthesis of GeS nanosheets
using vapor deposition processes and demonstrates
that the growth behavior of nanosheets is different
from those of thin films and other nanomaterials
(nanowires, nanotubes, and graphenes) using vapor
deposition techniques. The growth of GeS nanosheets
is subject to strong influences of the diffusion of
the source material through the boundary layer of
gas flows. The boundary layer diffusion is the rate-
determining step for growth under typical experimen-
tal conditions (20�40 Torr, ∼300 �C), and high-quality
nanosheets can only grow in the diffusion-limited
regime. This is in stark contrast with the synthesis
of other nanomaterials (nanowires, nanotubes, and
graphene), which is typically reaction-limited and
where the boundary layer diffusion plays a negligible
role. It is also substantially different from the vapor
deposition growth of thin films, whose diffusion-
limited growth typically occurs at high pressure
(ambient pressure, for instance) and high temperature.
Additionally, high-quality thin films prefer the rate-
determining step to be the growth reaction rather
than diffusion as the nanosheet does. This unusual
growth behavior of GeS nanosheets may be correlated
with the rapid growth of the nanosheet, typically on a
scale of ∼3�5 μm/min, which is almost one order of
magnitude larger than that of other nanomaterials and
typical thin films. Additionally, our dynamic analysis
uncovers an intuitive correlation of the diffusion flux
with the flow rate of the carrier gas and the total
pressure in the synthetic system. We believe that this
model of diffusion-limited growthmay generally apply
to the synthesis of other chalcogenide nanosheets,
whose growth is rapid. The newly acquired knowledge
for the diffusion-limited growth can provide useful
guidance for the development of general paradigms
to control the growth of nanosheets.

EXPERIMENTAL SECTION
Nanosheet Synthesis. The nanosheets were synthesized in a

home-built CVD reactor comprising a 1 in. fused silica tube
and a horizontal single-zone tube furnace (Lindberg/Blue M
TF55035A). In a typical nanosheet growth, a quartz boat loaded
with 10 mg of source material (GeS) powder (99.99%, Sigma-
Aldrich) was place at the center of the quartz tube. A 500 μmthick
and 3�5 mm wide strip of Si(100) substrate or covered with
300 nmof thermal SiO2was ultrasonically cleaned in acetone and
isopropyl alcohol (IPA) for 5 min, respectively, and then blow-
dried with high-purity nitrogen. The substrate was then placed
12�15 cm downstream from the furnace center.

The quartz tube was evacuated to a base pressure of
100 mTorr, flushed three times with high-purity Ar gas (5 N),
and then flowed with Ar gas, which was controlled by a mass-
flow controller. After the pressure stabilized, the furnace was
heated to targeted temperatures at a rate of 50 �C/min and
maintained for 10 or 2 min. The temperature at each of the
substrates was measured by a Watlow wire-type thermocouple
with tip diameter of 1.5 mm. After the deposition, the furnace

was naturally cooled to room temperature. Typical conditions
for high-quality GeS nanosheet growth include 400�500 �C
source temperatures, 290�330 �Cdeposition temperature, with
10�30 sccm Ar flow, and at 20�40 Torr.

Nanosheet Characterization. The morphology and crystal struc-
ture of the resulting products were analyzed with a JEOL-6400
high-resolution field-emission scanning electron microscope, a
JEOL-2000, and a JEOL-2010 transmission electron microscope
(TEM, operated at 200 kV) with an EDX detector. Nanosheet
thickness and surface topology weremeasured using an atomic
force microscope (AFM). Samples for TEM imaging were made
by dispersing a solution of nanosheets (prepared by scratching
the as-synthesized products from the substrate and sonication
in IPA for 10 s) onto holey carbon (Nisshin EM) or Formvar film
(Ted Pella) copper grids. The nanosheets on TEM grids in the
atmosphere were stable for more than one month without
observable structural degeneration. Powder XRD was per-
formed using a Rigaku X-ray diffractometer with a Cu KR
radiation source. Raman spectra were collectedwith a Renishaw
1000 Raman spectrometer.
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