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N
ano/microscale metal-semiconduc-
tor heterostructures have attracted
many scientific and industrial interests

due to their potential applications in modern
electrical devices.1-13 As an example, one-
dimensional (1D) semiconductor nanorods or
nanowires are believed to become good can-
didates for the next generation of electrical
elements, such as field-effect transistors (FETs),
because of their small sizes and good electrical
performances. To integrate such semiconduc-
tor nanorods or nanowires into the circuit,
good electrical contact between them is
needed, which can be implemented by a
connection with metal particles.4-13 Encour-
aged by this prospect, different types of 1D
heterostructures with metal heads and semi-
conductor tails, e.g., Au/CdSe,13 Pt/CdS,14 Ag/
CdSe,15 and Au/Te,16 have been successfully
prepared. However, before applying the 1D
heterostructures in the electrical devices, a big
challenge should be overcome: The solid--
solid interfaces between metal and semicon-
ductor still give rise to considerable contact
resistance that impedes charge transport
among semiconductor nanorods or nano-
wires.17

A suggested strategy is to replace solid
metal heads in the heterostructureswith liquid
Hg. Despite the potential toxicity in environ-
ment and biology, Hg has exhibited some
unique and irreplaceable characteristics in
nano/microscaledevices. Previous studies con-
firmed that liquid Hg could work as good
junctions or excellent test beds for molecular
electronics through its advantages of easy
assembly, high versatility, and freedom from
structural features (no edges, steps, terraces, or
dislocations that result in defects) over the
conventional solid metals such as Au, Ag,
and Pt.18 So, fabrication and application of

Hg-based liquid-solid heterostructures with
good ohmic contacts in electronics not only
can solve the problem of contact resistance
faced in minimization of integrated devices
but also canprovide anewcandidate for study
of charge transport in the device and device
arrays with various structures. However, until
now there is no report on the preparation and
property of Hg-based heterostructures, which
might originate from the difficulty in their
synthesis. In general, the conventional
preparation methods of heterostructures in-
volve two individual steps: Metal heads or
semiconductor tails are first synthesized and
subsequently transferred to the other mother
solution for growth of the complementary
parts. However, the two-step techniques seem
not suitable for obtaining Hg-based hetero-
structures, because the switching between
different solutions will greatly increase the
amounts of Hg waste products and, more
importantly, during synthesis small-sized liquid
Hg particles will easily merge into large Hg
drops driven by minimization of their surface
tension. Therefore anovel preparation strategy
is highly desirable.
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ABSTRACT Liquid metal-solid semiconductor heterostructures, Hg heads combined with

single-crystalline β-HgS tails, with controllable sizes and well-defined interfaces have been

fabricated for the first time via one-pot synthesis. Such heterostructures can exist in water with

good stability due to coordination adsorption of cysteine molecules onto the surface of both Hg and

HgS through Hg-S bonds. Two-probe current-voltage curve measurements reveal that good

ohmic contacts without additional resistance contacts are generated at the interfaces of Hg/β-HgS

heterostructures. Only existence of ohmic contacts offers many potential applications of

metal-semiconductor heterostructures in minimization of electronic devices.
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Herein we report one-pot synthesis of 1D Hg/β-HgS
liquid metal-solid semiconductor heterostructures. Cy-
steine (H2SR, R=-CH2CH(NH2)COO

-) is oneof the typical
amino acids with three functional groups (-SH,-COOH,
and -NH2) and exists widely in organisms, and it has
been explored as one of the key factors to cause biotoxic
effects because of the strong affinity of thiol groups of
cysteine to heavy metal ions such as Hg2þ.19-30 Further-
more, cysteine is an unstable compound and is easily
oxidized or decomposed by metal ions especially in
alkaline solution.30 For instance, reactions between
Hg2þ and cysteine possibly give rise to products of either
elementary Hg or binary HgS by altering the experimen-
tal conditions.31-35 Followed by the above bioprocess, it
is very interesting to construct Hg/HgS heterostructures
through one step by directlymixingHg2þ and cysteine in
alkaline aqueous solution, if the synthesis conditions are
carefully controlled. Using this method, we successfully
prepare 1D Hg/β-HgS metal-semiconductor hetero-
structures for the first time via one-pot synthesis. More-
over, such heterostructures exhibit the unique electrical
properties that are definitely attractive for development
of nano/microscale devices.

RESULTS AND DISCUSSION

Morphology and Structure of Hg/β-HgS Heterostructures.
One-pot synthesis method is used to prepare 1D Hg/β-
HgS liquid metal-solid semiconductor heterostructures
by directly mixing Hg2þ and cysteine in alkaline aqueous
solution. Similar to Ag(I)/cysteine system that we pre-
viously reported,36,37 the growth of Hg/β-HgS heterostruc-
tures are also susceptible to the reaction conditions, such
as precursor molar ratio, pH value of the reprepared
reaction system, and reaction temperature. Only when
themolar ratio of Hg2þ and cysteine is fixed at 1:1 and the
pH value of the system is adjusted to 11.70 are the pure
heterostructure products (Figure 1a-c) obtained after 9
days at a constant temperature of 23 �C (see details in
Methods). It is worth noting that the heterostructures can
beobtainedat a ratherwide reaction temperature ranging
from 23 to 45 �C. Higher temperature benefits the rapid
growth of the heterostructures but is against the control-
lable shapes of the products (Figure S1 in the Supporting
Information). Seen from the magnified scanning electron
microscopy (SEM) images in Figure 1b,c, it is obvious that
all the formed 1D nanomaterials are composed of one
round head and one tail with a sharp end. Moreover, the
sizes of the products are uniform, and the interface
between the head and the tail for each heterostructure
is well-defined.

To investigate the components and structure of the
heterostructures, a series of characterizations were done.
First, energy-dispersive X-ray (EDX) elemental analysis
and mapping were used to make clear the elemental
distribution in different parts of the heterostructures.
Figure 1d and 1e show the corresponding results of in
situ selected-area EDX elemental analysis of the head and

tail, respectively. It is obvious that the atomic ratio of Hg
and S in the head is different from that in the tail. In the
head, the contentofHg ismuchhigher thanS (the ratioof
Hg to S is about 6:1, Table S1 in the Supporting
Information), but to the tail, the atomic ratio of Hg and
S is nearly 1:1 (Table S1 in the Supporting Information),
indicating that the components in the head and tail are
distinctly different from each other for such heterostruc-
tures. The result of EDX elemental mapping (Figure S2 in
the Supporting Information) is consistent with that of
EDX elemental analysis, confirming that the content of
Hg in the head is higher than that in the tail.

The heterostructures shown in Figure 1a-c were
analyzed in detail by powder X-ray diffraction (XRD),
differential scanning calorimetry (DSC), and transmission
electron microscopy (TEM). Figure 2 demonstrates the
powder XRD patterns of such heterostructures measured
at room temperature (bottom) and-75 �C (top). The XRD
data at room temperature (the bottom pattern) can be
assigned to the crystalline β-HgS, suggesting that β-HgS is
onecomponentof theheterostructures.38Moreover,while
the measured temperature is decreased to -75 �C (the
melting or crystalline point of Hg is -38.5 �C), five new
peaks appear in the XRD pattern (the top pattern),
which are well indexed to the lattice planes (101), (003),
(110), (104), and (113) of hexagonal crystalline Hg, respec-
tively. No peak assigned to other impurities is detected,
revealing that the heterostructures are made up of two
components: Liquid Hg and solid β-HgS. Both DSC and
TEM results further confirm the existence of these two
components in the heterostructures. Figure 3 shows the
DSC thermogram of the heterostructures. During the
temperature-rising period from -55 �C back to room
temperature after the cooling process, an endothermal
peak appears at the temperature of about -38.32 �C,
which is perfectly matched with the melting point of Hg
(-38.5 �C), clearly indicating that liquid metal Hg is one

Figure 1. (a, b) SEM images of the products obtained at
23 �C and dispersed on the surface of Si substrate; (c) high-
magnified SEM imageof an individual heterostructure; (d, e)
in situ selected-area EDX spectra of the head and the tail of
the produced heterostructure, respectively.
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part of the heterostructures. Finally, the exact location of
Hg and HgS in 1D heterostructures was explored by
selected-area electron diffraction (SAED) pattern and
high-resolution TEM (HRTEM) image (Figure 4). A typical
TEM image is shown in Figure 4a, and the corresponding
SAED pattern and HRTEM image of the part marked by an
arrow in Figure 4a are illustrated in Figure 4b and 4c,d,
respectively. The SAED pattern is consistent with that of
β-HgS incident from [011] axis, and no changes of the
SAED pattern are observed in different sections of the tail.
Moreover, as seen fromFigure 4d, the spacing about 0.335
nm between two adjacent lattice planes is close to the
spacing of (111) planes (0.339 nm) in the crystal of β-HgS.
Altogether, both of these results are indexedwith the unit
cell of β-HgS, revealing that the tail of the heterostructure
is single crystalline β-HgS and its growth direction is along
the [111] direction. Since the tail is assigned to HgS, the
head of the heterostructure should be liquid Hg, which is
also proved by TEM survey since no well-defined electron
diffraction pattern (not shown) is obtained on the head
part due to the amorphous nature of liquid Hg.

Interestingly, such heterostructures with liquid Hg
heads and solid β-HgS tails can exist stably in water for
at least 1 year. It is curious why Hg heads in liquid state
do notmergewith each other tominimize their surface
tension. A plausible explanation is that the thiol groups
of cysteine in solution bind with Hg and β-HgS to form
Hg-S-C coordination bonds owing to their high

affinity for metal Hg and Hg2þ,39 which prevents not
only themerging of Hgheads but also the volatilization
of Hg.35 Figure 5 panels a and b show the Fourier
transform infrared spectroscopy (FT-IR) spectra of free
cysteine molecules and heterostructures, respectively.
Compared with these two spectra, it is obvious that
both spectra exhibit the characteristic bands at
1063 cm-1 attributed to the -NH3 rocking mode,
1603 cm-1 assigned to the-NH3 asymmetric bending
mode, and 1380 cm-1 assigned to the symmetric

Figure 3. DSC thermogram of the heterostructures.

Figure 5. FT-IR spectra performed by using pressed pellets
of a mixture of KBr with (a) cysteine or (b) heterostructures;
(c, d) Micro-Raman spectra of the Hg head and the β-HgS
tail, respectively.

Figure 2. Powder XRD patterns of the heterostructures
measured at room temperature (bottom pattern) and -75
�C (top pattern), respectively.

Figure 4. (a) TEM imageof an individual heterostructure; (b)
corresponding SAED pattern of the tail; (c) HRTEM image of
the part marked by an arrow in panel a; (d) magnified
HRTEM image of the part labeled in panel c.

A
RTIC

LE



WU ET AL. VOL. 5 ’ NO. 3 ’ 2224–2230 ’ 2011 2227

www.acsnano.org

stretching of -COO-. However, the peaks at 939 and
2540 cm-1, respectively, attributed to -SH bending
and stretching mode totally vanish in the spectra of
heterostructures,40,41 indicating formation of strong
Hg-S-C coordination bonds between cysteine and
the heterostructures, namely, on the surface of the
heterostructures. That is the reason why the element S
can be detected in the head of the heterostructures in
the characterization results of EDX elemental analysis
and EDX elemental mapping (Figure 1c and Figure S2
in the Supporting Information).

The micro-Raman spectra further confirm the exis-
tence of Hg-S-Cbonds on the surface of both liquid Hg
heads and β-HgS tails in the heterostructures. Figure 5
panels c and d represent the micro-Raman spectra
observed on Hg head and β-HgS tail of single Hg/β-
HgS heterostructure, respectively. For the head
(Figure 5c), both the sharp peak at about 170 cm-1

and the broad peak at about 240 cm-1 are attributed to
the δ(C-S-Hg) skeletal bending mode.42 Similarly, the
peak at about 170 cm-1 observed on the β-HgS tail
(Figure 5d) is also assigned to the skeletal bendingmode
ofδ(C-S-Hg),which is obviously distinguished from the
peaks originating from the vibration of the Hg-S bonds
in the compound of β-HgS (at 251 and 341 cm-1).43,44

Growth Mechanism of Hg/β-HgS Heterostructures. Why
does a simple mixture of Hg2þ and cysteine in alkaline
aqueous solution lead to production of the Hg/β-HgS
heterostructures, and how does the evolution process
occur? Looking over the existing data about cysteine,
one can know that alkaline environment benefits
oxidization of cysteine to cystine by metal ions,31 and
meanwhile cysteine often functions as sulfur sources or
morphology-directing agents in the synthesis pro-
cesses of metal sulfides.45,46 In the reaction system of
Hg2þ and cysteine at pH value of 11.70, cysteine not
only works as the reducing agent and the sulfur source
for formation of the Hg/β-HgS heterostructures, but
also as the capping agent tomake the heterostructures
stabilized. The reaction procedures can be described
by the following set of chemical equations (eqs):

RS- (aq)þ 1
2
Hg2þ(aq) f

1
2
Hg0 þ 1

2
RSSR(aq) (1)

nHg0 f Hg nanospheres(l) (2)

RS- (aq)þOH- (aq) f
1
2
O2(g)þ RH(aq)þ S2- (aq)

(3)

Hg2þ(aq)þ S2- (aq) f HgS(s, black) (4)

where RS- and RSSR represent cysteine ion and cystine
ion, respectively; aq is the abbreviation of aqueous,
demonstrating that all the ions exist in aqueous solu-
tion; l, s, and g are the abbreviation of liquid, solid, and
gas, respectively, describing the existing state of the
products in each chemical reaction.

Adopted from the data in the textbooks and
references,47-49 the changes of Gibbs energy for every
chemical reaction in the reaction procedure are esti-
mated as follows (see part S2 in the Supporting
Information): -64.45 kJ 3mol-1 for eq 1, 0 kJ 3mol-1 for
eq 2, 127.74 kJ 3mol-1 for eq 3, and-297.90 kJ 3mol-1 for
eq 4. The difference in Gibbs energy of four equations
determines the reaction direction and order. For exam-
ple, the changes of Gibbs energies for formation of liquid
Hg nanospheres (NSs, eq 1 þ 2) and HgS (eq 3 þ 4) are
estimated to be -64.45 and -170.16 kJ 3mol-1, respec-
tively (see part S2 in the Supporting Information), indicat-
ing that both Hg NSs and β-HgS are spontaneously
produced in this reaction system. Moreover, greater
energy is needed to overcome the occurrence of chemi-
cal reaction (3) compared with reaction (1) (the products
of both RSSR and RH are detected by ESI-MS, Figure S3 in
the Supporting Information), suggesting that the forma-
tion of Hg NSs is prior to that of HgS. So, in this reaction
system, the chemical reaction occurs one by one accord-
ing to the reaction procedures proposed above. First, the
oxidation-reduction reaction between Hg2þ and
cysteine occurs (eq 1), and then Hg0 products tend to
aggregate with each other and gradually evolve into
liquid Hg NSs (eq 2). Subsequently, the S2- is released
slowly via reaction 3, and meanwhile β-HgS begins to
generate and deposit on the surface of Hg NSs (eq 4)
to finally form the 1D Hg/β-HgS heterostructures.

The investigation on the intermediate states at
different reaction times experimentally confirms the
growth mechanism proposed above. Figure 6a-d
shows the morphological evolution of the products
as the reaction time extends. At the beginning of the
growth process, liquid Hg NSs (Figure 6a) are formed
first. After 48 h of reaction, β-HgS begins to generate
and grow on the surface of Hg NS (Figure 6b). In
general, an exact 1D structure is formed originating
from a single droplet, which follows a typical
liquid-solid growth mechanism,50 so a β-HgS tail with
a sharp end is formed on the surface of every Hg NS
herein. Moreover, the longer the reaction time is, the
longer the tail is (Figure 6b-d). The statistic data of the
diameters of Hg heads and the lengths of β-HgS tails
versus the reaction time are shown in Figure 6e (also in
Figure S4 and S5 in the Supporting Information). It is
obvious that the growth rate of Hg heads is much
slower than that of β-HgS tails as the reaction time
exceeds 48 h, indicating that the formation of β-HgS
tails is slow but dominating after 48 h of reaction in the
system. This observation is consistent with the sug-
gested reaction procedures, in which the Gibbs energy
change for the formation of final HgS products is large
(-170.16 kJ 3mol-1 for eq 3þ 4 vs-64.45 kJ 3mol-1 for
eq 1 þ 2) but is energy-unfavorable for intermediate
products (127.74 kJ 3mol-1 for eq 3 vs-64.45 kJ 3mol-1

for eq 1).
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Electrical Properties of Hg/β-HgS Heterostructures. The nat-
ure of the heterointerface determines the properties of
the heterostructure device, and 1Dmetal-semiconduc-
tor heterostructures with only ohmic current-voltage
(I-V) characteristics are important to nano/microde-
vices because of their necessity in interconnection and
packing among all the multicomponent nano-
systems.17 To evaluate the electrical properties of Hg/
β-HgS heterostructures and understand the contact
characteristic of Hg/β-HgS interface, devices based on
the heterostructures are fabricated on the reprepared
Au/Ti electrode gap arrays (Figure S6 in the Supporting
Information), and two-probe I-V curves are measured.

Two types of devices (one type based on an indivi-
dual Hg/β-HgS heterostructure as shown in the inset of
Figure 7a, and the other only based on β-HgS tail as
shown in the inset of Figure 7b) are constructed through
adjusting the deposition positions of Pt nanowires using
the electron beam assisted deposition technique. The
corresponding I-V characteristics for these two devices
are investigated using a Lakeshore vacuum probe sta-
tion equipped with a liquid nitrogen cryostat and a
Keithley 4200 SCS, and the typical results are plotted in
Figure 7 panels a and b, respectively. Similar symmetrical
and linear I-V characteristics are observed for all the
devices, demonstrating that ohmic contacts are formed

between the Hg head and the β-HgS tail in every
heterostructure.17,51 Moreover, as the temperature de-
creases from 300 to 200 K, namely, while the state of the
Hg head is changed from liquid to solid (the morphology
of the heterostructure remains the same as the tempera-
ture decreases, Figure S7 in the Supporting Information),
identical I-V characteristics are always observed, and the
current at a certain voltage gradually decreases. Figure 7c
shows the corresponding resistivity-temperature (F-T)
plots for these devices. Whether the device is fabricated
based on the heterostructure or only on the β-HgS tail,
F exhibits exponential decay versus T, suggesting that
both devices based on the heterostructure and β-HgS
tail exhibit similar semiconductor behaviors. The semi-
conductor feature of β-HgS is also observed from the

Figure 7. Two-probe I-V curves of the devices based on (a)
an individual Hg/β-HgS heterostructure and (b) β-HgS tail at
various temperatures. Insets are the corresponding device
images monitored by SEM. (c) Corresponding F-T plots of
the devices. The data are average values from at least 10
individual measurements.

Figure 6. (a-d) Morphological evolution of the products at
23 �Cas the reaction lengthens: (a) Hg spheres formedafter 38
h; (b-d) Hg/β-HgS heterostructures formed after (b) 48, (c)
108, and (d) 216 h. (e) Statistic data of the diameters of Hg
heads and the lengths of β-HgS tails versus the reaction time.
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absorption spectrum of the heterostructures, and the
band gap of β-HgS tails is estimated to be 0.28 eV
(Figure S8 in the Supporting Information). From the I-V

results, we can deduce that β-HgS is a semiconductor
material and the Hg head acts as electrodes in the
heterostructures, and importantly good ohmic contacts
are formed at the heterointerface of every Hg/β-HgS
heterostructure. The unique electrical properties make
such Hg/β-HgS heterostructures attractive for study of
nanoscale electrical transport as well as development of
new types of nanodevices.

In summary, we constructed Hg/β-HgS metal-semi-
conductor heterostructures via one-pot synthesis.
Such heterostructures are combined by liquid Hg
heads and single-crystalline β-HgS tails, and are stably

dispersed inwater due to strong adsorption of cysteine
molecules onto the surface of both Hg heads and β-
HgS tails. Two-probe I-V curve measurements reveal
that good ohmic contacts are formed at the interfaces
of Hg/β-HgS nanostructures. The advantages of adjus-
table sizes, good stability, and unique electrical proper-
ties make the fabricated Hg/β-HgS heterostructures
attractive for study of nanoscale electrical transport as
well as development of new types of nanodevices.
Moreover, the protective molecules with various func-
tional groups (i.e., cysteine stabilizers contain both
-COOH and -NH2 groups) surrounding the hetero-
structures can be expected to be used as linkers to
integrate functional arrays in devices or conjugate with
biomolecules in sensors.

METHODS

Synthesis of Hg/β-HgS Heterostructures. All chemicals usedwereof
analytical grade or the highest purity available, and 18 MΩ 3 cm
deionized water refined by Millipore-Q Academic system was used
as solvent. The reaction system was prepared in a vial first by
dissolving 0.01Mcysteine and 0.01MHg(ClO4)2 3 3H2O in deionized
water under vigorous stirring with final pH value of around 11.70
(adjusted by 2 M NaOH carefully). Then, the vial was transferred
immediately into an oven with a constant and fixed temperature
(any temperature from 23 to 45 �C). Black precipitates were
produced after several days. Subsequently, the products were
centrifuged andwashedwith additional deionizedwater for several
times to remove unreacted precursors and salts.

Characterization of Hg/β-HgS Heterostructures. The products were
characterized by scanning electron microscopy (SEM, Hitachi
S-4800), energy-dispersive X-ray spectra (EDX, Horiba EMAX
7593-H), differential scanning calorimetry (DSC, PerkinElmer
Diamond), transmission electron microscopy (TEM, Tecnai
G2 F20 U-TWIN), X-ray diffraction (XRD, Panalytical X'Pert-Pro
MPD), Fourier transform infrared spectroscopy (FT-IR, PE2000),
micro-Raman spectroscopy (Renishaw inVia), and electrospray
ionization mass spectrum (ESI-MS, LC/MS-2010), from which
the morphology, structure, and growth mechanism of Hg/
β-HgS heterostructures could be observed and elucidated.

Device Fabrication and Electrical Measurements of Hg/β-HgS Hetero-
structures. The devices based on the heterostructures were
fabricated by the following procedures. First, the prepared
heterostructures were dispersed onto SiO2/Si wafers (the thick-
ness of the SiO2 layer was about 500 nm) with Au/Ti electrode
gap arrays prefabricated by photolithography. Then, Pt nano-
wires were deposited on each side of one heterostructure to
make it connected with adjacent Au/Ti electrodes by electron
beam assisted deposition in a Nova 200 Nanolab SEM/FIB Dual-
Beam system. A 5 KeV electron beam was used during the
deposition process. Two-probe current-voltage (I-V) charac-
terizations of the heterostructures were carried out with a
Lakeshore vacuum probe station equipped with a liquid nitro-
gen cryostat and recorded using a Keithley 4200 SCS.
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