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O
ver the past 20 years, there has
been extensive research in nano-
scale semiconductor materials.1

Zinc sulfide is a II�VI semiconductor with a

direct wide band gap, Eg � 3.65 eV (bulk),2 a

high refractive index,3 and high transmit-

tance in the visible range.3 There are many

applications for thin films and nanostruc-

tures of this semiconductor, including pla-

nar waveguides,3 electroluminescent

devices,4,5 photocatalysts,6�8 and dielectric

filters.9 The use of ZnS in optoelectronic de-

vices, such as blue light-emitting

diodes,10�15 and photovoltaics16,17 is well-

known. Due to the toxic hazards associated

with the production and use of CdS, there is

interest in using ZnS to replace CdS as the

“buffer layer” in photovoltaic cells.16,17 ZnS

has a larger band gap than CdS, which also

leads to an enhancement of the blue re-

sponse in such devices.16 ZnS�polymer

nanocomposites have been investigated

for use in photonic materials18 and poly-
mer light-emitting diodes.19

A variety of methods have been em-
ployed to deposit ZnS, including H2 plasma
chemical sputtering,20 thermal
evaporation,21,22 molecular beam epitaxy
(MBE),23 spray pyrolysis,24,25 pulsed laser
deposition,26 chemical vapor
deposition,27�29 atomic layer deposition,30

electrodeposition,31�33 successive ionic
layer adsorption and reaction (SILAR),34 and
chemical bath deposition (CBD).35�47

Chemical bath deposition is an attractive
technique for the deposition of semicon-
ductors on organic thin films because it can
be used at low temperatures (�50 °C)
which are compatible with organic materi-
als. CBD is also performed under ambient
pressure, making it an easy and inexpensive
technique. Further, CBD can be easily
adapted to large area processing.

Self-assembled monolayers (SAMs) have
highly organized, well-defined structures
and have a uniform density of terminal
groups.48,49 They can be patterned using a
variety of techniques, including UV
photopatterning,50�53 scanning probe
lithographies,54,55 microcontact
printing,54,55 and electron-beam
patterning,56,57 to produce micro- and
nanoscale structures difficult to make us-
ing conventional etching techniques. These
patterned structures have been employed
in applications including molecular
electronics,58,59 sensing,60�62 production
of microelectrodes,63 and the immobiliza-
tion of proteins and cells on surfaces.64,65

SAMs have also been employed to pro-
duce arrays of crystals, either as resists or
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ABSTRACT We have investigated the chemical bath deposition (CBD) of ZnS on functionalized alkanethiolate

self-assembled monolayers (SAMs) using time-of-flight secondary ion mass spectrometry and scanning electron

microscopy. The reaction mechanism involves both cluster-by-cluster and ion-by-ion growth. The dominant

reaction pathway is dependent on both the SAM terminal group and the experimental conditions. On �COOH-

terminated SAMs, two types of crystallites are observed: �500 nm nanoflowers formed by ion-by-ion growth, and

larger �2 �m crystallites formed by cluster-by-cluster deposition. The nanoflowers nucleate at Zn2�- carboxylate

surface complexes. On �OH- and �CH3-terminated SAMs, only the larger crystallites are formed. These do not

adhere strongly to the SAM surface and can be easily removed. Finally, we demonstrate that under appropriate

experimental conditions ZnS selectively deposits on the �COOH-terminated SAM regions of �COOH/�CH3-

patterned SAM surfaces, forming nanoscale “flowerbeds”.

KEYWORDS: molecular devices · solar cells · selective deposition · chemical bath
deposition · zinc sulfide · self-assembled monolayers
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as crystallization directing agents. SAMs have been
used as resists for the electroless deposition of Ni,66,67

the chemical vapor deposition of Cu,68�70 Pd,71 and
Pt,71 and the sol�gel deposition of (Pb,La)TiO3 and LiN-
bO3.72 Crystal growth has also been directed using the
hydrophilicity and hydrophobicity of SAMs. For ex-
ample, the selective deposition of FeOOH,73,74 LiC-
lO4,66 and CuSO4

66 from supersaturated solutions has
been achieved using this approach. Perhaps the most
interesting way to direct crystal growth and selective
deposition is to employ chemical reactions with spe-
cific SAM terminal groups. Using the interaction of Pd2�

ions with pyridyl groups, Dressick and co-workers75 se-
lectively grew Co films on patterned SAM surfaces using
electroless deposition. More recently, Walker and
co-workers76,77 have selectively deposited Mg using
physical vapor deposition and alumina and aluminum
using chemical vapor deposition. Dronavajjala et al.78

have selectively grown polymer brushes on SAMs by
surface ligation of the organometallic Pd initiator.

In this paper, we investigate the reaction pathways
involved in the chemical bath deposition of ZnS on
functionalized SAM surfaces using time-of-flight sec-
ondary ion mass spectrometry (TOF SIMS) and scan-
ning electron microscopy (SEM). While there have been
many studies of ZnS CBD, no definitive mechanism has
been established.35�47 We demonstrate that the
growth of ZnS involves two different deposition mech-
anisms: cluster-by-cluster deposition and ion-by-ion
growth. Further we show that the dominant deposi-
tion mechanism is dependent on the chemical func-
tionality of the SAM terminus. On �COOH-terminated
SAMs, two sizes of crystallites are observed: �500 nm
nanoflowers and �2 �m flower-like crystallites. The
larger crystallites are formed by the aggregation of ZnS
colloids in solution (cluster-by-cluster deposition) and
do not strongly adhere to the surface. In contrast, the
�500 nm nanoflowers are formed via ion-by-ion reac-
tions on the surface and strongly adhere to it. In this
process, Zn2� ions initially form weak complexes
with the terminal carboxylate groups. These
Zn2��carboxylate surface complexes then act
as nucleation sites for the ion-by-ion growth of
ZnS. On �CH3- and �OH-terminated SAMs, the
ion-by-ion mechanism is not active and the domi-
nant growth mechanism is cluster-by-cluster depo-
sition, leading to the deposition of �2 �m flower-
like crystallites which do not strongly adhere to the
surface. The TOF SIMS data also indicate that Zn is
present at the Au/S interface after deposition on
�OH- and �CH3-terminated SAMs. We demon-
strate that under appropriate experimental condi-
tions ZnS can be selectively deposited on pat-
terned �CH3/�COOH-terminated SAM surfaces to
create “nanoflowerbeds”. In this case, ZnS nanof-
lowers are deposited only in �COOH-terminated
SAM areas.

RESULTS AND DISCUSSION
ZnS Deposition on �COOH-Terminated SAMs. After ZnS

CBD for 2 h, SEM images indicate that ZnS nanoflow-

ers have deposited on �COOH-terminated SAMs, with

more crystallites of both types formed at a bath temper-

ature of 45 °C than at 22 °C (Figure 1). The chemical

composition of the nanoflowers was confirmed using

EDX: the nanoflowers contain only Zn and S in an ap-

proximately 1:1 ratio. In Figure 1, it can clearly be seen

that there are two types of ZnS structures formed on

the surface. There are many small nanoflowers, with an

average diameter of 570 � 80 nm, and larger scat-

tered flowers, with an average diameter of 2100 � 390

nm. In the TOF SIMS spectra, there are no molecular or

cluster ions indicative of the mercaptohexadecanoic

acid (MHA) monolayer, indicating that the SAM has

been covered by a ZnS overlayer (see Supporting

Information).

Figure 1. SEM images after ZnS chemical bath deposition for 2 h
on �COOH-terminated SAM at (a,b) 22 °C and (c,d) 45 °C.

Figure 2. SEM images after ZnS chemical bath deposition on �COOH-terminated
SAM at 45 °C for immersion times from 1 to 120 min.
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Figure 2 shows the growth of ZnS nanoflowers over
time at 45 °C. After 1 min in the plating solution, we ob-
serve the formation of scattered crystallites (diameter:
50�500 nm) on the MHA surface. After 30 min, these
appear to have formed a densely packed underlayer of
�500 nm ZnS nanoflowers. After 5 min, large �2 �m
flower-like crystallites are also observed on the surface.
Both the size and the density of the larger crystallites in-
crease with deposition time (see Supporting Informa-
tion and Figure 5a). The crystallite diameter increases
from 0.15 � 0.07 �m after 1 min to 2.10 � 0.39 �m af-
ter 120 min.

In the positive ion TOF SIMS spectra of the sample
after 120 min CBD, Zn(COO)2(CH2)x(CH)y

� ions are ob-
served, indicating that Zn2� complexes with two
�COOH terminal groups (Figure 3). This observation
suggests that Zn2��carboxylate complexes provide
nucleation sites for the subsequent growth of ZnS
nanocrystallites. There is no evidence in the TOF SIMS
spectra that ZnS or Zn has penetrated through the SAM
to the Au/S interface.

Our standard procedure (detailed in the Methods)
is to place the �COOH-terminated SAM in a Zn2� solu-
tion for 15 min prior to the addition of thiourea. This is
referred to as “seeding”. To investigate the importance
of the complexation of Zn2� with the �COOH terminal
groups, we compared the nanocrystallites formed un-
der “seeded” conditions with those formed under “un-
seeded” conditions, that is, when the SAM was placed
directly into a plating solution containing both Zn2�

and thiourea (“unseeded” growth). In the former case,
the Zn2� ions are able to complex with the carboxylate
terminal groups prior to ZnS formation, while in the un-
seeded case, pre-adsorption of Zn2� on the SAM sur-
face is minimized. SEM images of the resulting films are
shown in Figure 4. For the seeded ZnS growth (Figure
4a), it can clearly be seen that there is a dense layer of
�500 nm nanoflowers with a few scattered, large
flower-like crystallites. In contrast, for the unseeded
ZnS deposition, a larger number of �2 �m flower-like
crystallites are observed than for the seeded growth,

with only a few scattered �500 nm nanoflowers (Fig-

ure 4c). We have obtained the size distributions as a

function of deposition time for the growth of the large

ZnS crystallites under both seeded (standard) and un-

seeded deposition conditions (see Supporting Informa-

tion). From these, we have extracted the density of the

crystallites with deposition time (Figure 5a) and the size

distributions after 120 min (Figure 5b). For both seeded

and unseeded reaction conditions, the number of large

flower-like crystallites increases with deposition time

(Figure 5a). Figure 5a also confirms that the number of

large flower-like crystallites deposited is larger using the

unseeded ZnS deposition conditions, by a factor of ap-

proximately two. Size distributions of the large crystal-

lites (shown in Figure 5b and Supporting Information)

are also different using seeded and unseeded ZnS

deposition conditions. Under seeded conditions, the

size of the crystallites increases with time from 0.15 �

0.07 �m after 1 min to 2.10 � 0.39 �m after 120 min,

and the size distribution is relatively broad. In contrast,

under unseeded conditions, the size distribution is rela-

tively narrow (Figure 5b) and the size of the crystallites

increases very slowly with time, from 1.40 � 0.24 �m af-

ter 1 min to 1.69 � 0.19 �m after 120 min.

Finally, the large, �2 �m flower-like crystallites can

be removed from the MHA surface by sonication of

the substrate in deionized water for 5 min (Figure 4c,d).

In contrast, the smaller �500 nm nanoflowers cannot

be removed using sonication, indicating that they are

strongly adsorbed to the surface.

ZnS Deposition on �OH- and �CH3-Terminated SAMs. Unlike

the case of ZnS deposition on �COOH-terminated

SAMs (Figure 1), SEM images indicate that no ZnS crys-

Figure 3. High mass resolution positive ion TOF SIMS mass
spectra of Zn(COO)2(CH2)x(CH)y

� ions (x � 11, y � 3 and x �
10, y � 4) for �COOH-terminated SAMs prior to and after
ZnS chemical bath deposition for 2 h at 22 and 45 °C.

Figure 4. SEM images after ZnS chemical bath deposition at
45 °C for 2 h on �COOH-terminated SAMs under the follow-
ing experimental conditions: (a) seeded deposition prior to
ultrasonication; (b) seeded deposition after 5 min ultrasoni-
cation; (c) unseeded deposition prior to ultrasonication; and
(d) unseeded deposition after 5 min ultrasonication. Please
note that the scale bars in these images are different. The
nanoflowers seen in b are the same size as the small flow-
ers in a.
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tallites form at 22 °C on �OH- and �CH3-
terminated SAMs (Figure 6). At 45 °C, a few ZnS
crystallites are observed to form (Figure 6). How-
ever, these crystallites do not strongly adhere to
the surface and can be removed by sonication in
deionized water for 5 min (Figure 6).

The TOF SIMS spectra indicate that ZnS has
not formed an overlayer on either the �OH- or
�CH3-terminated SAMs: molecular and cluster
ions are observed, which are characteristic of the
SAM (see Supporting Information). Further, while
Zn2� ions do complex with �COOH-terminated
SAMs, they do not complex with the �OH and
�CH3 terminal groups. In the negative ion mass
spectra, we also observe ions of the form
AuxSyZnz

� (Figure 7). This indicates that Zn has
penetrated through the SAM to the Au/S inter-
face. From these data, we cannot distinguish be-
tween penetration of Zn ions and penetration of
small clusters of ZnS.

Reaction Pathways of ZnS Nanoflower Deposition on
�COOH-, �OH-, and �CH3-Terminated SAMs. In CBD, a
controlled chemical reaction is employed to de-
posit a thin film on a substrate by precipitation.35

ZnS films are prepared by the decomposition of
a chalcongenide, normally thiourea, in an alkaline
solution containing a zinc salt and a suitable complex-
ing agent, such as hydrazine, in the following reaction:

ZnLn
2++ SC(NH2)2 + 2OH-f ZnS + nL + H2CN2 + 2H2O

where ZnLn
2� is a complex Zn(II) ion and L is the com-

plexing agent. In our experiments, the complexing
agent is either hydrazine or ammonia (from ammo-
nium hydroxide).

While there have been many studies of ZnS CBD,
no definitive mechanism has been established,35�47

and the reaction pathways involved in CBD are not gen-
erally well understood.35 Doña and Herrero44 sug-
gested that ZnS deposition occurs via the slow release
and condensation of Zn2� and S2� ions at the surface
via an ion-by-ion process. In contrast, Froment and Lin-
cot79 observed that deposited ZnS films appeared to
consist of an aggregration of spherical particles. This
suggested that the ZnS forms colloidal particles in solu-
tion which then deposit on the surface (cluster-by-
cluster deposition).

A suitable reaction mechanism for ZnS CBD on func-
tionalized SAMs must be able to explain the following
observations: (1) Two sizes of crystallites are observed
on �COOH-terminated SAMs: �500 nm diameter
nanoflowers and large �2 �m flower-like crystallites.
(2) Only large flower-like crystallites are observed on
�OH- and �CH3-terminated SAM surfaces. (3) The large
flower-like crystallites can be removed using sonica-
tion, but the �500 nm nanoflowers cannot. (4) A larger
number of large flower-like crystallites are formed on

the �COOH-terminated SAMs if the deposition is car-

ried out under unseeded experimental conditions. (5)

At 22 °C, no ZnS deposition is observed on �OH- and

�CH3-terminated SAMs, while at 45 °C, ZnS can be de-

posited on these surfaces.

We propose that ZnS nanoflowers form in the fol-

lowing way. Upon immersion in the plating solution,

Zn2� forms weak complexes with �COOH terminal

groups, but not with �OH- and �CH3-terminated

SAMs. Since the pH of the plating solution (10�11) is

higher than the pKa of hexadecanoic (palmitic) acid

(�8.5�8.8),80 it is likely that many of the terminal

groups in the �COOH-terminated SAM (MHA) are

deprotonated and Zn2��carboxylate complexes can

be formed. This hypothesis is supported by TOF SIMS

data that suggest that zinc ions complex with two car-

Figure 5. (a) Variation of the number of large scattered flower-like ZnS nanocrystal-
lites with immersion time. The dotted lines are drawn as guides to the eye. (b) Size
distribution of large crystallites. The width of the bars is �0.10 �m. For seeded
growth, the average diameter of the crystallite is 2.10 � 0.39 �m, while for un-
seeded growth, the average diameter is 1.69 � 0.19 �m.

Figure 6. SEM images after ZnS chemical bath deposition for 2 h on
�CH3- and �OH-terminated SAMs at (a,d) 22 °C, (b,e) 45 °C, and (c,f)
45 °C after ultrasonication for 5 min.
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boxylate groups. It is possible that ammonia (or hydra-

zine) is still bound to the Zn2� upon adsorption to the

SAM surface. However, there is no evidence in the SIMS

spectra that ammonia (or hydrazine) is present in or

on the deposited ZnS films. Once a zinc�SAM com-

plex has formed, it can react with S2� (from the decom-

position of thiourea) to form ZnS. This mechanism ex-

plains two experimental findings. First, well-separated

crystallites form on the �COOH-terminated SAMs be-

cause the nucleating Zn2��carboxylate complexes are

very sparsely distributed on the surface. The equilibrium

constant, K, for the complexation of Zn2� and carboxy-

lic acids is very low (�100).81 Given the large concentra-

tion of ammonium hydroxide and hydrazine present,

and the higher binding constants of Zn2� to ammonia

(Zn2� � 4NH3 ↔ Zn(NH3)2�, K � 7.9 � 108) and hydra-

zine (Zn2� � 3N2H4 ↔ Zn(N2H4)2�, K � 3.2 � 105),82 it is

likely that few surface complexes form. These com-

plexes provide the nucleation sites for ZnS deposition,

and therefore discrete ZnS crystallites rather than a

smooth ZnS film will tend to grow. When the tempera-

ture of the reaction is raised from 22 to 45 °C, the depo-

sition rate does not appear to substantially increase,

which was previously identified as characteristic of ion-

by-ion growth;44 the temperature dependence is there-

fore consistent with the proposed mechanism.

The larger micron-sized crystallites do not strongly

adhere to the �COOH-, �OH-, and �CH3-terminated

SAMs and can easily be removed from the surface. TOF

SIMS spectra also indicate that there is no interaction
between the Zn2� ions and the �OH and �CH3 termi-
nal groups. These observations suggest that ZnS col-
loids form in solution, aggregate, and adsorb to the sur-
face (cluster-by-cluster deposition). In cluster-by-cluster
deposition, the deposition rate increases strongly with
temperature,44,83 which explains the experimentally
observed temperature dependence of the reaction for
�OH- and �CH3-terminated SAMs. At 22 °C, no ZnS
deposition is observed on �OH- and �CH3-terminated
SAMs, whereas at 45 °C, significant deposition is
observed.

Finally, we note that a combination of ion-by-ion
growth and cluster-by-cluster deposition explains the
observed behavior of the micron-sized crystallites dur-
ing seeded and unseeded growth on �COOH- termi-
nated SAMs. For unseeded ZnS growth, cluster-by-
cluster deposition dominates due to a lack of nucleating
complexes at the surface as argued above. Under
seeded growth conditions, the ion-by-ion growth of
ZnS nanoflowers is competitive with cluster-by-cluster
deposition because preformed Zn2��carboxylate com-
plexes act as nuclei. Seeding substantially affects the
size and distribution of the large crystallites (Figure 5
and Supporting Information), indicating that other
growth mechanisms are operative, such as ripening of
the large flower-like crystallites. We also note that the
seeding process may provide a route for controlling the
size of this type of crystallite. However, further work is

Figure 7. High-resolution negative ion TOF SIMS spectra of
Au64ZnS� (nominal mass m/z � 293) for (a) �CH3- and (b)
�OH-terminated SAMs prior to and after ZnS chemical bath
deposition for 2 h at 22 and 45 °C.

Figure 8. (a) Optical, (b) SEM, and (c,d) TOF SIMS images af-
ter ZnS chemical bath deposition on a patterned �CH3/
�COOH-terminated SAM surface for 15 min at 45 °C. The
SEM image indicates that ZnS nanoflowers (light gray) have
deposited only in the �COOH-terminated SAM areas. The
TOF SIMS images are centered at 64Zn� (m/z � 64) (c) and
OH� (m/z � 17) (d). The OH� ion intensity is indicative of the
�COOH-terminated SAM. The intensity of the 64Zn� ion indi-
cates that ZnS has been selectively deposited in the �COOH-
terminated SAM areas. TOF SIMS analysis: primary ion, Bi�;
kinetic energy � 25 keV; area of analysis � (500 � 500) �m2,
(128 � 128) pixels2; intensity scale: white � highest num-
ber of counts, black � zero counts.
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needed to investigate the growth mechanisms in-
volved in the formation of large flower-like crystallites.

Nanoflowerbeds: Selective Deposition of ZnS on Patterned
SAM Surfaces. These results suggest that under appropri-
ate experimental conditions chemical bath deposition
can be employed to selectively deposit ZnS by manipu-
lating the surface chemistry of the substrate. As a dem-
onstration, ZnS CBD was carried out for 15 min on a
UV photopatterned �COOH/�CH3-terminared SAM at
45 °C. The sample was sonicated for 5 min in deionized
water and then imaged using SEM and TOF SIMS (Fig-
ure 8). The images clearly show that ZnS nanoflowers
are adsorbed only in the �COOH-terminated SAM re-
gions (the “bar” areas), while in the �CH3-terminated
SAM areas (the “square” areas), no ZnS is adsorbed. Fur-
ther, using TOF SIMS, we observe 64Zn� (m/z 64) (Fig-
ure 8c) only in the �COOH-terminated SAM areas, indi-
cating that ZnS is present there. No 64Zn� ions are
observed in the �CH3-terminated SAM areas.

CONCLUSIONS
We have shown that the chemical bath deposition

of ZnS on functionalized SAMs proceeds both by
cluster-by-cluster deposition in solution and ion-by-ion
growth on the surface. On �COOH-terminated SAMs,
both �500 nm nanoflowers and �2 �m flower-like
crystallites are observed. The larger crystallites are de-
posited from the aggregation of ZnS colloids in solution
(cluster-by-cluster deposition) and do not strongly ad-
here to the surface. In contrast, the �500 nm nanoflow-

ers are formed via an ion-by-ion reaction pathway on

the surface and strongly adhere to the surface. These re-

sults are consistent with initial formation of

Zn2��carboxylate complexes, which act as nucleation

sites for the ion-by-ion growth of ZnS.

On �CH3- and �OH-terminated SAMs, the domi-

nant growth mechanism is cluster-by-cluster deposi-

tion in solution, leading to the deposition of �2 �m

flower-like crystallites which do not strongly adhere to

the surface. TOF SIMS data indicate that Zn is present at

the Au/S interface after deposition on these SAMS to

the Au/S interface.

We have also demonstrated that under the appro-

priate conditions ZnS can be selectively deposited on

patterned �CH3/�COOH-terminated SAM surfaces, cre-

ating “nanoflowerbeds”.

These results indicate that CBD can be employed to

selectively deposit overlayers on organic thin films, and

that reaction conditions and surface chemistry may

also be used to control the size and morphology of the

deposited semiconductor. Further, the data indicate

that, for stable overlayers to grow on organic surfaces,

surface complexes must first be formed which act as the

nucleation sites for further film growth, in agreement

with previous gas-phase deposition studies.77 Since

these reactions are selective, patterned SAMs can be

employed as templates for the large-area deposition of

thin films for applications in photonics, photovoltaics,

organic/molecular electronics, and sensing.

METHODS

Materials and Sample Preparation. Gold and chromium were ob-
tained from Alfa Aesar Inc. (Ward Hill, MA) and were of 99.995%
purity. Zinc chloride (�98%), hydrazine hydrate (N2H4 · xH2O, x �
1.5, N2H4 � 50�60%), thiourea (�99%), and ammonia hydrox-
ide solution (NH4OH, 28% in H2O) were obtained from Sigma Al-
drich (Saint Louis, MO). Hexadecanethiol (99%) (HDT) and mer-
captohexadecanoic acid (99%) (MHA) were obtained from
Asemblon, Inc. (Redmond, WA). All reactants were used without
further purification. Mercaptohexadecanol (MHL) was synthe-
sized according to the procedure described by Fisher et al.84

The preparation of SAMs used in this study has been de-
scribed in detail previously.84�87 Briefly, first Cr (�5 nm) and
then Au (�100 nm) were thermally deposited onto clean Si na-
tive oxide wafers (	111
, Addison Engineering, Inc., San Jose, CA).
The prepared Au substrates were then immersed into a 1 mM
ethanolic solution (absolute ethanol, Aaper Alcohol and Chemi-
cal Co., Shelbyville, KY) of the relevant hexadecanethiol molecule
(with �CH3, �OH, �COOH terminal functional groups) for 24 h
at ambient temperature (21 � 2 °C) to prepare well-organized
SAMs. The size of the samples used was �1 � 1 cm2. To ensure
that the prepared SAMs were well-ordered and free from signifi-
cant chemical contamination, for each batch, one sample was
taken and characterized using single-wavelength ellipsometry
(Gaertner Scientific Corp., Skokie, IL) and TOF SIMS (ION TOF Inc.,
Chestnut Hill, NY) prior to chemical bath deposition.

ZnS Chemical Bath Deposition. The plating solution employed in
this study consisted of 7.8 mM ZnCl2 (zinc source), 250 mM hy-
drazine (N2H4) (complexing agent), 65 mM ammonia hydroxide
(NH4OH) (complexing agent), and 7.6 mM thiourea (NH2CSNH2)
(sulfur source). It is noted that the concentration of ZnCl2 and

thiourea is lower than typically employed16,44and was chosen
so that the initial stages of ZnS deposition could be investigated.
To make the plating solution, zinc chloride was first dissolved in
deionized water, then hydrazine hydrate and ammonia hydrox-
ide solution was added into the solution dropwise. SAM samples
were usually immersed in this solution for 15 min before the ad-
dition of thiourea (seeding time). After the 15 min seeding time,
thiourea was added to the solution to initiate the deposition of
ZnS. To investigate the influence of Zn2� complexation with the
�COOH terminal group on ZnS deposition, thiourea was added
to the bath solution prior to immersion of the MHA SAM (un-
seeded conditions).

The pH of the bath solution was 10.5 and remained con-
stant throughout the ZnS deposition. Deposition was performed
at 22 and 45 °C for times from 1 min to 2 h. After CBD, the
samples were rinsed thoroughly with copious amounts of deion-
ized water and absolute ethanol, dried using nitrogen gas, and
immediately transferred to the TOF SIMS or SEM for analysis.

UV Photopatterning of SAMs. UV photopatterning of SAMs was
performed using the following procedure. First, a mask (a cop-
per TEM grid, Electron Microscopy Inc., Hatfield, PA) was placed
on top of the �COOH-terminated SAM to be patterned. The
sample was then placed approximately 50 mm away from a 500
W Hg arc lamp equipped with a dichroic mirror (to remove IR
light) and a narrow-band-pass filter (280�400 nm) (Thermal
Oriel, Spectra Physics Inc., Stratford, CT). The �COOH-terminated
SAM was exposed to UV light for 2 h to ensure complete photo-
oxidation. The UV photopatterned �COOH-terminated SAM
was then immersed in a freshly made 1 mM ethanolic solution
of the second alkanethiol, hexadecanethiol, for 24 h. After the
immersion, HDT was adsorbed in the areas exposed to UV light,
resulting in a patterned �COOH/�CH3-terminated SAM surface.
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The patterned surfaces were rinsed with copious degassed etha-
nol and dried with N2 gas.

Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS). TOF SIMS
analyses were performed using an ION TOF IV spectrometer (ION
TOF Inc., Chestnut Hill, NY) equipped with a Bi liquid metal ion
gun. Briefly, the apparatus consists of a load lock for sample in-
troduction, preparation and analysis chambers, separated by
gate valves. The pressure of the preparation and analysis cham-
bers was maintained at �3.8 � 10�9 mbar. The primary Bi� ions
were accelerated to 25 keV and contained in a �100 nm diam-
eter probe beam, and the beam was rastered over a (100 � 100)
�m2 area during spectra acquisition and (500 � 500) �m2 area
during image acquisition. All spectra were acquired within the
static regime88 using a total ion dose less than 1011 ions cm�2.
The secondary ions were extracted into a time-of-flight mass
spectrometer with a 2000 V potential and were re-accelerated
to 10 keV before reaching the detector.

The peak intensities were reproducible to within �10% from
scan to scan and from sample to sample. For each ZnS deposi-
tion condition, at least two samples were prepared and three ar-
eas on each sample were examined. The ion intensity data pre-
sented are an average of these measurements.

Three samples of each patterned SAM were prepared, and
three spots on each patterned surface were analyzed. The im-
ages shown are 500 � 500 �m2 divided into 128 � 128 pixels.

Optical images of the samples were captured using a video
camera (ExwaveHAD, Sony) mounted in the TOF SIMS analysis
chamber.

Scanning Electron Microscopy (SEM). SEM measurements were per-
formed on a field emission scanning electron microscope (Hita-
chi s-4500), equipped with a NORAN Instruments energy disper-
sive X-ray (EDX) microanalysis system, a back scattering detector,
and a mechanical straining stage.
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Leskelä, M. Zinc Chalcogenide Thin Films Grown by the
Atomic Layer Epitaxy Technique Using Zinc Acetate as
Source Material. Thin Solid Films 1985, 124, 125–128.

31. Lokhande, C. D.; Jadhav, M. S.; Pawar, S. H.
Electrodeposition of ZnS Films from an Alkaline Bath. J.
Electrochem. Soc. 1989, 136, 2756–2757.

32. Sanders, B. W.; Kitai, A. H. The Electrodeposition of Thin
Film Zinc Sulphide from Thiosulphate Solution. J. Cryst.
Growth 1990, 100, 405–410.

33. Fathy, N.; Kobayashi, R.; Ichimura, M. Preparation of ZnS
Thin Films by the Pulsed Electrochemical Deposition.
Mater. Sci. Eng. B 2004, 107, 271–276.

34. Meldrum, F. C.; Flath, J.; Knoll, W. Formation of Patterned
PbS and ZnS Films on Self-Assembled Monolayers. Thin
Solid Films 1999, 348, 188–195.

35. O’Brien, P.; McAleese, J. Developing an Understanding of
the Processes Controlling the Chemical Bath Deposition of
ZnS and CdS. J. Mater. Chem. 1998, 8, 2309–2314.

36. Roy, P.; Ota, J. R.; Srivastava, S. K. Crystalline ZnS Thin Films
by Chemical Bath Deposition Method and its
Characterization. Thin Solid Films 2006, 515, 1912–1917.

37. Yamaguchi, K.; Yoshida, T.; Lincot, L.; Minoura, H.
Mechanistic Study of Chemical Deposition of ZnS Thin
Films from Aqueous Solutions Containing Zinc Acetate
and Thioacetamide by Comparison with Homogeneous
Precipitation. J. Phys. Chem. B 2003, 107, 387–397.

38. Lee, J.; Lee, S. H.; Cho, S.; Kim, S.; Park, I. Y.; Choi, Y. D. Role
of Growth Parameters on Structural and Optical Properties
of ZnS Nanocluster Thin Films Grown By Solution Growth
Techniques. Mater. Chem. Phys. 2002, 77, 254–260.

39. O’Brien, P.; Otway, D. J.; Smyth-Boyle, D. The Importance
of Ternary Complexes in Defining Basic Conditions for the
Deposition of ZnS by Aqueous Chemical Bath Deposition.
Thin Solid Films 2000, 361�362, 17–21.

40. Sartale, S. D.; Sankapal, B. R.; Lux-Steiner, M.; Ennaoui, A.
Preparation of Nanocrystalline ZnS by a New Chemical
Bath Deposition Route. Thin Solid Films 2005, 480�481,
168–172.

41. Bayer, A.; Boyle, D. S.; O’Brien, P. In Situ Studies of the
Chemical Bath Deposition of Zinc Sulfide from Acidic
Solutions. J. Mater. Chem. 2002, 12, 2940–2944.

42. Cruz-Vázquez, C.; Rocha-Alonzo, F.; Burruel-Ibarra, S. E.;
Barboza-Flores, M.; Bernal, R.; Inoue, M. A New Chemical
Bath Deposition Method for Fabricating ZnS, Zn(OH)2, and
ZnO Thin Films, and the Optical and Structural
Characterization of These Materials. Appl. Phys. A 2004, 79,
1941–1945.
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