REPORTS

high-work-function contact. For the same
reason, electrons are extracted from Cg, at
the Ca/MEH-PPV:C,, interface. The re-
sult, then, is that separated carriers are not
“wasted”; they are automatically collected
by the proper electrode so that external
work can be done.

The substantial enhancement in m,
achieved with the bicontinuous D-A net-
work material results from the large increase
in the interfacial area over that in a D-A
bilayer and from the relatively short dis-
tance from any point in the polymer to a
charge-separating interface. Moreover, the
internal D-A junctions inhibit carrier re-
combination and thereby improve the life-
time of the photoinduced carriers (6), so
that the separated charge carriers can be
efficiently collected by the built-in field
from the asymmetric electrodes. Similar ef-
fects have been observed in MEH-PPV:
Cyano-PPV polymer blends (10, 11).

The device efficiencies are not yet opti-
mized. Because only ~60% of the incident
power was absorbed at 430 nm in the thin-
film devices used for obtaining the data in
Fig. 3, the internal carrier collection effi-
ciency and energy conversion efficiency are
approximately 1.7 times larger; that is, n_ ~
90% e/ph and m,.~ 5.5% at 10 pW/cm?®.
Although nearly 100% absorption can be
achieved by using thicker films, m_ is cur-
rently limited in thick-film devices by in-
ternal resistive losses. Further improve-
ments in device efficiencies are expected
when the blend composition and the net-
work morphology are optimized.
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Solution-Liquid-Solid Growth of Crystalline
llI-V Semiconductors: An Analogy to
Vapor-Liquid-Solid Growth

Timothy J. Trentler, Kathleen M. Hickman, Subhash C. Goel,
Ann M. Viano, Patrick C. Gibbons, William E. Buhro*

Until now, micrometer-scale or larger crystals of the llI-V semiconductors have not been
grown at low temperatures for lack of suitable crystallization mechanisms for highly
covalent nonmolecular solids. A solution-liquid-solid mechanism for the growth of InP,
InAs, and GaAs is described that uses simple, low-temperature (=203°C), solution-phase
reactions. The materials are produced as polycrystalline fibers or near-single-crystal
whiskers having widths of 10 to 150 nanometers and lengths of up to several micrometers.
This mechanism shows that processes analogous to vapor-liquid-solid growth can op-
erate at low temperatures; similar synthesis routes for other covalent solids may be

possible.

Crystal growth requires either (i) a reversible
pathway between a fluid phase (solution,
melt, or vapor) and the solid phase or (ii) high
surface or bulk mobilities in the solid phase
(Fig.. 1) (1). These conditions allow atoms,
ions, or molecules to adopt correct positions
in developing crystal lattices. lonic and mo-
lecular solids can be crystallized from solution
at low temperatures (<200°C) because their
constituent ions or molecules are solvdted by
conventional aqueous or organic solvents, and
thus, condition (i) is met. In contrast, cova-
lent nonmolecular solids such as the -V
semiconductors typically cannot be crystal-
lized from solution at low temperatures be-
cause conventional solvents are unable to sol-
vate atoms or cluster fragments from their
solid structures, and therefore, covalent non-
molecular solids are generally insoluble. Con-
sequently, III-V semiconductor crystals are
grown at higher temperatures, typically either
from the melt [condition (i), =1000°C] (2) or
by organometallic chemical vapor deposition
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(OMCVD) [condition (ii), =500°C] (3).
We report a method for crystallizing the
I1I-V compounds InP, InAs, and GaAs us-
ing simple organometallic reactions con-
ducted at low temperatures in hydrocarbon
solvents. We used well-studied chemical re-
actions (3-5), but with two conditions that
support low-temperature crystal growth: ca-
talysis by protic reagents and the participa-
tion of metallic flux particles. Our results
are consistent with a solution-liquid-solid
(SLS) crystal-growth mechanism, which is
analogous to the vapor-liquid-solid (VLS)
mechanism discovered by Wagner and Ellis
30 years ago (6). The III-V materials are
produced in unusual polycrystalline fiber
and whisker morphologies (7) with small
crystal dimensions. The temperatures used
are to our knowledge the lowest at which
[1I-V compounds have been crystallized and
the lowest at which VLS or analogous pro-
cesses have been shown to operate.
Solution-phase syntheses have produced
amorphous semiconductors [GaAs (8, 9),
InP (9, 10), and Cd;P, (11)] and nanocrys-
talline semiconductors [GaAs (12), InP
(13), InAs (14), CdS (15), CdSe (15, 16),
and CdTe (15)] with crystallite sizes in the
range of 1 to 12 nm. The nanocrystalline
semiconductors were produced under cir-
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cumstances in which conditions (i) or (ii)
(Fig. 1) were apparently marginally opera-
tive. In contrast, we obtained polycrystalline
fibers (20 to 50 nm by 1 wm) of InP from the
solution-phase methanolysis of {t-Bu,In[p-
P(SiMe,), 1}, (17), which prompted our dis-
covery of the crystal-growth mechanism de-
scribed here.

The organometallic reactions (Fig. 2)
were analogs to those used for depositing
[1I-V epitaxial films by OMCVD at higher

temperatures (3, 18). Previously, when such

£ % 400
o 331

30

40 50 60 70
20 (degrees)

Fig. 3. The XRD patterns of the solid products
from Fig. 2. (A) Reaction 1a: InP (O) and In (@); (B)
reaction 1b: InAs (O) and In (@); and (C) reaction
1c: GaAs (O) and In (@).

20 80
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reactions were conducted at lower temper-
atures in solution, alkane elimination was
incomplete, leading to ill-characterized or-
ganometallic oligomers that retained large
quantities of residual alkyl and E-H groups
(4, 5), rather than the target III-V com-
pounds. We now report that the use of
tri-tert-butylindane (19) or gallane (20)
precursors and catalytic amounts (10 mol
%) of the protic reagents MeOH, PhSH,
Et,NH, or PhCO,H gave the III-V com-
pounds in yields of 50 to 100% (Fig. 2).
Because the alkane content of the products
and the temperatures required to achieve
crystallinity were decreased in the presence
of the protic reagents, we conclude that
these reagents catalytically assisted alkane
elimination.

Indications of a novel crystallization
mechanism were observed in the synthesis of
InP (reaction la in Fig. 2). Toluene solutions
of the precursors (with 10 mol % PhSH) were
stirred at room temperature (12 hours), and
then the resulting yellow mixtures were heat-
ed to reflux (solution temperature, 111°C) in

P
100 nm
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a heating mantle. Black precipitates began to
form within minutes, and precipitation was
generally complete in ~30 min. The x-ray
powder diffraction (XRD) pattern of the prod-
uct (Fig. 3A) exhibited reflections for InP and
metallic In only, with coherence lengths of 20
and 50 nm, respectively. Transmission elec-
tron microscopy (TEM) images revealed that
the black solid consisted mainly of kinked,
polycrystalline InP fibers (Fig. 4) having
widths of 10 to 100 nm and lengths of up to
~1 wm. Frozen droplets (particles) of metallic
In were found at the tips of many of the fibers
(arrows in Fig. 4). Energy dispersive x-ray
spectroscopy (EDS) confirmed the elemental
composition of the InP fibers and In fiber tips.
In contrast to other trialkylindanes, t-Bu;In
decomposes thermally or photochemically to
metallic In (19); partial thermal decomposi-
tion of +-Bu,In during the course of reaction
la is the likely source of the observed In
particles.

Only two growth mechanisms for crystal-
line fibers or whiskers are widely known: the
screw-dislocation mechanism and the VLS
mechanism (21). The VLS mechanism (Fig.
5A) functions at elevated temperatures un-
der chemical-vapor-deposition conditions
and promotes whisker growth of many crys-
talline elements and compounds (21), in-
cluding silicon at 900° to 1100°C (6) and
I1I-V semiconductors at 400° to 1000°C
(22). A liquid metal or alloy droplet affixed
to the whisker tip forms an interface with
the growth surface; a second interface exists
between the droplet and the vapor phase
(Fig. 5A). Precursors in the vapor phase
decompose preferentially at the vapor-lig-
uid interface, depositing the constituent el-
ement (or elements) of the crystal phase
into solution in the liquid-flux droplet. Su-
persaturation then supports whisker growth
at the liquid-solid interface. The system
selectively places the crystal face giving the
lowest liquid-solid interfacial energy at the
liquid-solid interface; rapid growth on this
crystal facet at the interface (and the lack of
growth on other facets) produces the whis-
ker morphology. We propose a related SLS
mechanism in which the precursors are de-
livered and react in a solution rather than
in the vapor phase (Fig. 5B).

Fig. 4. ATEM image of poly-
crystaline InP  fibers ob-
tained from reaction 1a
(PhSH catalyst, refluxing tol-
uene solution). The arrows
point to the In flux particles
(frozen droplets) at the fiber
tips.



The strongest evidence for the similarity
of the proposed SLS and known VLS pro-
cesses was the quasi-one-dimensional growth
morphologies and flux droplets attached to
fiber tips in the materials. Further compari-
sons revealed other compelling similarities.
The VLS mechanism (21) requires flux par-
ticles that are molten under the reaction
conditions. The elements of the crystal
phase must be soluble in the liquid (flux)
phase, and at least one component should
have limited solubility (to produce high su-
persaturations). Temperature instabilities
during VLS growth introduce kinking and
related irregularities into growing whiskers.
Finally, whiskers of cubic compounds and
elements (such as the III-V semiconductors)
obtained from VLS processes typically grow
along the [111] direction and exhibit crystal-

A
Precursors  By-products
Vapor
Growth
L Flux direction
Liquid droplet
—————— >
Solid Whisker
Substrate Substrate
B
R3M + EHy Growth direction
i
3 RH Flux Crystalline ME
droplet
Solution Liquid Solid

Fig. 5. Growth mechanisms. (A) VLS mecha-
nism (21): the flux droplet is a metal such as Au,
Ag, Pd, Pt, Ni, or Cu, and E, and E, are elements
of the crystal phase dissolved in the metallic flux
droplet. The whiskers on the left and right are
early and late in the VLS growth process, re-
spectively. (B) SLS mechanism: the flux droplet
is In, and M and E are elements of the Ili-V
semiconductor dissolved in the flux droplet. The
crystalline fiber and attached flux droplet are
suspended in the reaction solution.

lographically flat solid-liquid interfaces. The
results below establish similar characteristics
for SLS growth.

Indium metal functions as the liquid
(flux) phase for the growth of InP (reaction
la). Indium melts at 157°C, and no (low-
melting) In-P eutectic has been reported
(23). With oil-bath heating, bath tempera-
tures of =157°C were required to produce
crystalline InP. With mantle heating, solu-
tion temperatures of 111°C were sufficient
to produce crystalline InP because local hot
spots on the reactor walls provided temper-
atures =157°C for In particles collecting
near them.

The In-P equilibrium phase diagram
shows that P has an exceedingly low solu-
bility in liquid In at the temperatures used
in reaction la; the atomic fraction of P in
the liquid is only ~107% (23). A control
experiment was designed to test if this level
of solubility was sufficient to support InP
crystallization from liquid In under our con-
ditions. A dispersion of micrometer-sized
molten In droplets (generated ultrasonical-
ly) and P, were allowed to react in mesity-
lene (1,3,5-C;H;Me;) at 164°C. The re-
sulting solid (after cooling) comprised mi-
crometer-scale In spheres coated by InP
crystallites, as determined by XRD and
TEM analyses, confirming the ability of
liquid In to serve as a crystallization flux
under conditions comparable to those re-
quired in reaction la.

The necessity of metallic In was further
established by the synthesis of crystalline
InAs (reaction 1b, 1,3-diisopropylbenzene
solvent). This required addition of an extra
amount of t-Bu;In (10 mol %), after the
excess AsH; was purged from the system, to
allow formation of the required In particles
by thermal decomposition. The XRD pat-
tern (Fig. 3B) and TEM images of the InAs
product were similar to the corresponding
data for InP (Figs. 3A and 4). The kinkiness
of the InP and InAs fibers was very likely
caused by a lack of precise temperature
control in the heating of reaction mixtures.
The similarity of the InP and InAs materi-
als reflects their production by the same
SLS mechanism.

REPORTS

For the preparation of GaAs (reaction
¢, 1,3-diisopropylbenzene solvent), addi-
tion of 10 mol % In powder (containing 1%
Mg anticaking agent) was required to in-
duce crystallization (Fig. 3C). The TEM
images revealed two prominent morpholo-
gies: kinked fibers and larger, straighter,
whisker-shaped particles (Fig. 6A). The
EDS analyses established 50:50 Ga:As
atomic ratios in the whiskers, 1 = 2 atomic
% In in the whiskers, and Ga:In atomic
ratios of 60:40 to 80:20 in the attached flux
droplets. The average GaAs lattice param-
eter obtained by refinement of the XRD
data for the sample was a = 0.5660 *
0.0010 nm, close to the standard value for
GaAs of a = 0.5654 nm (24), indicating
<2 atomic % In in solid solution in the
GaAs according to Vegard’s Law (25). Sim-
ilar whiskers of InP were grown from reac-
tions between t-BusIn/t-Bu;Ga mixtures
and PH; (at 203°C) (Fig. 7). Analyses by
EDS established 50:50 In:P atomic ratios in
the whiskers, 1 * 2 atomic % Ga in the
whiskers, and In:Ga atomic ratios of 99:1 to
90:10 in the attached flux droplets. The
average InP lattice parameter obtained by
refinement of XRD data was a = 0.5878 =
0.0010 nm, close to the standard value of a
= 0.5869 nm (24), indicating <2 atomic %
Ga in the InP. The whisker morphology is
typical for VLS growth (21).

Large regions, especially near the growth
tips, of the GaAs and InP whiskers ap-
proached single-crystal character (Figs. 6
and 7). Selected-area diffraction within
some linear segments of the whiskers 320 =
30 nm in length gave single-crystal patterns
(Fig. 6B). The patterns also revealed that
the whisker axis (growth direction) was
[111]. The structure in the linear segments
was faulted zinc blende; no regions of hex-
agonal (wurtzite) stacking were observed.
The stacking faults were in the (111) planes
perpendicular to the whisker axis and ap-
peared either as isolated twin boundaries or
in more densely packed arrangements along
the whisker axis. We believe these faults are
responsible for the striations perpendicular
to the whisker axes that are evident in Figs.
6 and 7. Note that the droplet-whisker in-

Fig. 6 (left). (A) TEM image of a GaAs whisker from reaction 1c (PhSH
catalyst, refluxing 1,3-diisopropylbenzene solution, 203°C). The flux droplet
has a Ga:in ratio of about 82:18. (B) Selected-area diffraction pattern from a
320 *+ 30 nm single-crystal segment of the whisker in a (110) zone establish-
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ing that the whisker axis is the [111] direction.
of an InP whisker from a reaction between a 50:50 t -Bu,ln:t -Bu,Ga mixture
and PH, (PhSH catalyst, refluxing 1,3-diisopropytbenzene solution, 203°C).
The flux droplet has an In:Ga ratio of about 95:5.
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Fig. 7 (right). TEM image
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terfaces were flat (111) crystal faces. Thus,
SLS-grown whiskers shared the crystal hab-
it, growth direction, and interface features
of VLS-grown whiskers.

Over the last several years considerable
effort has been expended to develop low-
temperature solution-phase molecular routes
to materials, with the goals of lowering pro-
cessing temperatures, producing nonthermo-
dynamic crystal structures, and controlling
crystal sizes and morphologies (17). With
some exceptions (26), these endeavors have
been compromised by the lack of suitable
low-temperature crystallization pathways for
covalent nonmolecular solids. Analogs to
the high-temperature VLS crystallization
method have now been found in the domain
of low-temperature solution-phase chemis-
try, possibly opening the way to the low-
temperature SLS crystallization of many
other covalent solids as fibers, as whiskers,
and, when sufficient control is developed, as
quantum wires and quantum dots.
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High Photorefractive Gain in Nematic Liquid
Crystals Doped with Electron Donor and
Acceptor Molecules

Gary P. Wiederrecht, Beth A. Yodn, Michael R. Wasiglewski

Liquid crystalline composite materials have been prepared that are strongly photore-
fractive. Nematic liquid crystals were doped with both electron donor and electron ac-
ceptor molecules that undergo facile, photoinduced, electron transfer reactions to yield
mobile ions. A photorefractive gain ratio of 1.88 was observed. This gain ratio was
achieved with low applied electric fields (0.4 kilovolts per centimeter) requiring only a
1.5-volt battery and low light intensities (100 milliwatts per square centimeter) in samples
37 to 88 micrometers thick that showed no loss in gain over a 6-month period.

Photorefractive materials hold great prom-
ise for optical device applications in the
areas of reversible optical holography,
noise-free optical  image amplification,
phase conjugate mirrors, and other optical
signal processing techniques (1). The pho-
torefractive effect is a change in the refrac-
tive index of an electrooptic material that is
produced by a space-charge field resulting
from photoinduced directional charge
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transport over macroscopic distances within
the material. A pair of coherent laser beams
that are crossed in a photorefractive mate-
rial produce an interference pattern that
photogenerates charges in the illuminated
regions. These charges migrate by diffusion,
often under the influence of an applied
electric field, into the dark regions of the
interference pattern. The resultant space-
charge field modulates the index of refrac-
tion of the material, producing a refractive
index grating. v

Beam coupling between the two crossed
laser beams occurs by means of their inter-
action with the index grating, which is
spatially phase-shifted relative to the opti-
cal interference pattern. The result is that
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one beam gains energy at the expense of the
other (2). This gain is diagnostic for the
photorefractive effect in thick or volume
gratings and is the basis for many of the
applications listed above: A particularly ex-
citing advance in this field came in 1991
with the discovery of photorefractivity in
organic polymers (3). Subsequently, the
performance of organic photorefractive ma-
terials improved very rapidly, and at present
these materials have higher net photore-
fractive gain than do their inorganic single
crystal counterparts (2, 4, 5). Such large
effects have been achieved through optimi-
zation of the charge generation, charge
transport, and electrooptic characteristics of
the doped polymers. In addition, research-
ers have decreased the glass transition tem-
perature of the polymers, which permits
orientational alignment of the birefringent,
nonlinear optical chromophores by a space-
charge field within the viscous polymer.
This nonlinear electrooptic effect, called
the orientational effect, produces an addi-
tional large contribution to the total
change in the index of refraction (6). In
fact, the orientational effect makes a greater
contribution to the photorefractive gains
reported for the most recent polymers than
does the traditional linear electrooptic ef-
fect (4).

On the basis of this information,
nematic liquid crystals (LCs) are very at-
tractive substances for use in photorefrac-
tive materials because they consist entirely



