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CHEMICAL PRECURSORS TO ZINC SULFIDE: ZnS WHISKER SYNTHESIS'

Theresa A%.Guiton,* Corinna L. Cgekaj,** Melinda S. Rau,**, Gregory L.
Geoffroy, and Carlo G. Pantano

%

* and Chemistry**, The Pennsylvania State

iUniversity, Pa 16802

' ABSTRACT

A variety of reactions employing organometallic precursors have been
explored for the synthesis of ZnS. One of the most successful routes

_ involves the reaction of [EtZn(SBut )]5 with H,S at ambient or sub-ambient
_temperature to yield a precipitate which is subsequently heated under

flowing HpS at 500°C. to yield a mixture of sub-micron particles and single-
crystal ZnS whiskers. Transmission electron micrographs of the

, [Eth(SBut)ls products indicate that the ZnS morphology is critically

dependent upon the rate of HyS reaction. Corresponding x-ray/ electron

_ diffraction, eleciron microscopy, elemental analysis, NMR and infrared

spectroscopies have been conducted. A summary of the chemical methods,
product characterization results, and proposed synthesis mechanisms will be

. presented.
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m Currently;%CVD}derived-ZﬂSSﬁskoﬁéwdflfﬁe most widely used infrared

INTRODUCTION .- .. y
As the mechanical, thermal, electrical, and chemical requirements for
advanced optical components become more rigorous, the processing control of
powder morphology becomes exceedingly critical. For example, one approach
to improving the mechanical properties of a material is to form a self-
similar composite. This is essentially the concept demonstrated by E.
Fitzer and co-workers for A1203/ Al,03 fiber reinforce? composites in which
a three-fold inc73ase in fracture toughness from 4MNmL for polycrystalline

fog\fine;gggined Al,503 gqn;aigiqg_ﬁOZ A1,03 fibers was

o e o

illustrated [1]. R S v I

-—— Y

optical window materials. Unfortunately, for numerous applications it does
not possess optimum mechanical properties. To fabricate infrared
transmitting ZnS/ ZnS composites requires the development of high aspect
ratio, micron sized ZnS whiskers.. No present methodology exists for the
convenient, large-scale preparation of such whiskers. JAlthough larger ZnS
single crystals and whiskers have been made by a variety of high temperature
routes ( > 900°C) [2-5], alternative routes have been sought for greater ZnS
whisker morphology control. Low temperature organometallic routes are
attractive for this purposey and we report herein a novel route to micron
sized ZnS whiskers using a combination of organo-zinc compounds with sulfur
delivery agents.

- ~

EXPERIMENTAL : h),”_.i

GRS
“»The precursor compound used in this study is the known pentameric
species (EtZn(SBu®)]s, prepared by the reaction of EtyZn with ButSH (60-85%
yield) [6]. This compound is oxygen sensitive, and thus, is synthesized by
standard air sensitive techniques. When CH7Cl; solutions of these species
at 22°C were exposed to HyS gas at flow rates varying from 5-85 cc/min, a .=

- white precipitate immediately deposited. The solution above the precipitate

was .emoved by cannula, and the precipitate was dried in air. This ZnS
precursor was then thermally treated in a tube furnace under a flowing HjS
atmosphere to a maximum temperature of 500°C using H,S flow rates of 20, 35,
and 75 cc/min. The resulting products were analyzed as described below.

TThe authors gratefully acknowledge the Office of Naval Kesearch for the
support of this research under Contract N0014-86-K-0191.
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RESULTS AND DISCUSSION

Significant morphological transformations occurred as a function of
flow rate of HyS during both the solution reaction and the thermal
treatment. Each will be treated separately and observations will be

_correlated to analogous oxide sol/gel chemistry.

:Solution Reaction Products

The [EthSBut]S pentamer precursor (Figure 1A) was dissolved in CH,Cl,
. and then reacted with HyS. As Figure 1 illustrates, the morphology of the

_.solution product is critically dependent upon the rate of H,S flow and thus
_; the extent of HZS reaction. At 5 cc/min, a fibrous chainlike product

__ results (Figure 1B); at 40 cc/min, fibrous and particulate products result
_ (Figure 1C); while at 85 cc/min, a fine particulate powder results (Figure

P, o N
,l‘- LA |.

'1D). lH-NMR of the solutions indicate the formation of ButSH and EtH upon

—_addition of HpS. This result correlates with the solution product infrared

' spectra (Figure 2). The infrared spectra, in addition to powder x-ray
_diffraction (Figure 3), further verify the chemical and structural
transitions, i.e., the transformation from the amorphous pentamer precursor
. to the crystalline ZnS powder product, and thus the extent of reaction as a
function of HyS flow rate.
Presumably, upon contact with H;S, the pentamer undergoes a thiolysis/
.condensation reaction, analogous to metal alkoxide hydrolysis/ condensation
reactions:

THIOLYSIS:  M(SR), + x HSH ----- > M(SH),(SR),.x + x RSH . (1)
CONDENSATION:  M(SH)4(SR),_,  ----- > MSy/p + x/2 HpS + (n-x)RSH  (2)
HYDROLYSIS: M(OR), + x HOH ----- > M(OH),(OR),., + x ROH (3)
CONDENSATION:  M(OH)4(OR),.,  ----- > MO,/p + x/2 HyO + (n-x)ROH  (4)

EtH and Bu“SH are immediately formed upon contact with HyS and 2) no -SH
modes were evident in the infrared spectra, it is concluded that the
"thiolysis step is rapid and first involves Zn-Et bond cleavage, then
"Zn-S-But bond cleavage, followed by the -formation of Zn-S-Zn linkages to
form an extended ring-chain network:

(EtZn(SBut)]g + x HpS ---> [Etg.,Zn(SH),(SBut)]g + x EtH (5)

[Ets.,Zn(SH),(SBu)]g ---> [Ets_,ZnS(SBut)s_,], + xBuySH (6)

Hence, it is proposed that the morphology is a direct result of the extent
of thiolysis and condensation. Initially, as the polymeric pentamer's
organic ligands are terminated, the pentamer's structure is fibrous chains.
As the thiolysis reaction proceeds, the extent of Zn-S-Zn crosslinking
increases, and the resulting product is a fine nano-scale ZnS powder. This
is evident when examining the infrared spectra. At 5 cc/min the pentamer
has undergone minimal thirlvsi«; whercas, a2t 2% ~c/min, (he pentamer has
undergone extensive thiolysis. Furthermore, x-ray diffraction, selected
area diffraction (SAD) and FTIR Far IR analysis verify that the 85 cc/min
product is composed of agglomerates of 3.8-6.6 nm ZnS particles.
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Given the gentameric structure of [Eth(SBut)ls and the observations that 1)
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Thermal Treatment Products

In an effort to remove residual organic ligands, the two
morphologically extreme solution derived products, the 5 cc/min fibrous
precursor and the 85 cc/min particulate precursor, were thermally treated
(Tpax=500°C) under a flowing HyS atmosphere as a function of time and flow
rate.

The 85 cc/min precursor comprised of agglomerates of 3.8-6.6 nm powders
(Figure 4a) was heat treated at 500°C for 1 and 2 hours (Figures 4B-4C)
under a 20 cc/min HyS flow. As determined by TEM convergent beam
diffraction and powder x-ray diffraction (Figure 5), the resulting products
were B-ZnS single crystal powders averaging 39nm after 1 hour and 48nm after
2 hours. PFTIR analysis confirmed the removal of residual organic ligands
and the existence of ZnS (Figure 6) as referenced to optical grade ZnS

(General Electric) powders.

—— 100nm ENged 50nm

[EtZn(SBut)]s + H,S (85 cc/min) precursor (4A) thermally treated

Figure 4.
(500°C) products, 20 cc/min HyS, 1 hour (4B) and 2 hours (4C) at.

M : '
E 2aS, GB 5 1aS, GB
=

> HOURS

: | ’ 3 + soun
- 1 HOUR a

835 CC/MIN 85 CC/MIN

g

e )

N F ] o “ o
20 WAVENUMBER (cm-1)
Figure 5. Powder x-ray diffraction of Figure 6. FTIR spectroscopy of
85 cc/min thermally treated 85 cc/min thermally
products. treated products.
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. single crystal powders (Figure 7D, 250-450 nm). FTIR analysis of the

i
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Figure 7 illustrates the significant morphological transformations N
which occurred when the fibrous 5 cc/min precursor (Figure 7A) was thermally ")
treated at 500°C for 1, 2, and 8 hours at 20 cc/min (Figures 7B-7D) and at byt
75 cc/min (Figures 7E-7G) H,S flow rates. In contrast to the 85 ce/min ]
precursor products (Figure 4), both of the S5cc/min systems result in single !
crystal ZnS whiskers. The most striking transformations occur at the 75 N
ce/min HpS flow rate. After 1 hour, the fibrous features of the precursor t5
result in terminated chains of ZnS powders, 6.2-12.4nm (Figure 7E). While, I,
after 2 hours at 500°C, the resulting products are single crystal a-ZnS “ﬂ
whiskers (Figure 7F, 500nm length, aspect ratio 11). TEM SAD and x-ray )
powder diffraction confirm the a-ZnS whisker, wurtzite, 2H structure (JCPDS b
.- File 36-1450). Typical whiskers range from 400 to 1000 nm in length with *;.
. aspect ratios ranging 10-18. Upon extended thermal treatment, up to 8 4
hours, the resulting products are sub-micron (average 110nm), single crystal af
- powders (Figure 7G). The 20 cc/min HyS thermal treatment products also bl

. result in single crystal whiskers after 1 (Figure 7B) and 2 hour heat
- treatments. Similarly, the 8 hour thermally treated products are sub-micron

thermally treated products confirm the loss of occluded organics and the
- development of the characteristic ZnS fundamental mode at 320 em™ L,

We suggest that the powders and whiskers form by two different
processes. As previously discussed (Equations 5-6), the first step in the
reaction of the gentameric precursor with HoS involves cleavage of the Zn-Et
bonds and Zn-SBu®, followed by Zn-S-Zn polymerization. After extended
thiolysis, the solution reaction yields a highly cross-linked, three
-dimensional network. Other work on polymeric ceramic precursors has shown
-that highly-cross linked polymers tend to yield ceramic powders upon

-pyrolysis [7]. Thus, the powder formation can be assumed to derive from
-pyrolysis of the initially formed polymeric network.

’ The ZnS whiskers are believed to form by a process related to the
-established high temperature chemical transport routes (>900°C) to ZnS
‘whiskers. Our low temperature route presumably involves a similar process
-in which the organo-metallic polymeric precursor reacts with H;S to form a
volatile product which subsequently condenses yielding a whisker morphology.
Consistent with this suggestion is the observation that the high organic,
fibrous 5 cc/ min precursor (Figure 1B) yields «-ZnS whiskers at 20-75

-

P a e P A X AR AT e A i)t
w- i’ A
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]

cc/min HoS flow rates, while the low organic, highly cross-linked 85 cc/min i
precursor (Figure 1D) yields B-ZnS powders, but does not yield ZnS whiskers e
at 20-75 cc/min flow rates. Ny
In summary, we have demonstrated that single crystal ZnS whiskers can

be formed by a novel low-temperature organometallic route. The whisker )

morphology is critically dependent upon the extent of [Eth(SBut)]s E? b
thiolysis, and thus network condensation. This work has thus demonstrated ol he:
the ability to control non-oxide particle morphology via the organometallic Z. .:'
approach to synthesis. These whiskers are within the size range required to =

Ty

form optical composites, and experiments are now in progress to fabricate
whisker reinforced ZnS/ZnS composite materials.

"
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