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(111) spacing parallel to the film surface decreases upon
stretching. This result shows that the stop band shifts to short
wavelength in proportion to the deformation of air spheres to
air spheroids. The shift is understood to be brought about by
the decrease of the diameter of the short axis of the spheroids.

We have focused our attention on the (111) plane, in other
words, the diameter of the short axis of the spheroids. Inter-
esting features, however, were observed in the transmission
spectra corresponding to the longer axis of the spheroids.
Figure 5 shows the angular dependence of the transmission
spectra of the stretched PMMA inverse opal. The stop band
at around 470 nm was attributed to the periodicity of the

Transmittance (a.1.)

300 400 500 600 700 800
Wavelength (nm)

Fig. 5. Transmission spectra for stretched PMMA inverse opal film (stretch
ratio=1.5). The spectra for different observation angles are displaced vertically
for clarity but are plotted on the same ordinate scale. Unpolarized light was
used.

(111) direction. This stop band shifted to shorter wavelength
according to Bragg’s law. In addition, a small stop band
appeared beyond the (111) stop band at 6=15°, and this stop
band shifted to longer wavelength (near 690 nm) as the mea-
surement angle increased. The peak position of this stop band
located at longer wavelength than the peak wavelength of the
stop band is due to the periodicity of the (111) direction paral-
lel to the film surface in stretched PMMA inverse opal as well
as original PMMA inverse opal. This stop band results from
expansion of the plane distance in the stretching direction,
and it corresponds to the longer axis of the ellipsoidal air
voids in stretched PMMA inverse opal.

In conclusion, we fabricated PMMA inverse opal using sili-
ca opal template. Ordered air spheres in the PMMA inverse
opal were converted to air spheroids by simple uniaxial elon-
gation, without losing periodicity. The stop band in the trans-
mission spectrum was shifted to shorter wavelength because
of a decrease in the distance of the (111) plane parallel to the
film surface, resulting from a reduction in the diameter short
axis of the spheroid. The stop band resulting from periodicity
in the stretching direction appeared at a longer wavelength
than the stop band of the (111) plane parallel to the film sur-
face of the original PMMA inverse opal, because the plane
distance expanded upon changing the air voids from a spheri-
cal shape to an ellipsoidal shape. Moreover these wavelength
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shifts were dependent on the stretch ratio. Therefore the stop
bands can be tuned by the stretch ratio.
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Electrodeposition of Epitaxial ZnSe Films on InP
and GaAs from an Aqueous Zinc Sulfate—
Selenosulfate Solution**

By Gonzalo Riveros,* Jean Francois Guillemoles,
Daniel Lincot,* Humberto Gomez Meier,* Michel Froment,
Marie Claude Bernard, and Robert Cortes

Epitaxial thin-film heterostructures involving wide-bandgap
semiconductors have been widely studied for optoelectronic
applications such as UV light-emitting diodes or laser diodes.
Group III-V compounds such as gallium nitride and II-VI
compounds based on ZnSe are in a leading position.“] Layers
of ZnSe and its alloys with Cd, Mg, Te, or S can be grown epi-
taxially on III-V single-crystalline substrates, e.g., InP or
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GaAs, for device development. The deposition methods are
vapor-phase methods, mainly molecular beam epitaxy (MBE,
for example on InP(100),”) GaAs(100),”) or GaAs(111)B*)
and metal-organic chemical vapor deposition (MOCVD).P!
There is an interest in investigating other approaches that
could open up new or supplementary possibilities in terms of
device properties, structure, or engineering. Deposition from
solutions, either chemically or by electrodeposition, belongs to
these alternative methods, even if the control of the electronic
properties is far less advanced than for classical methods.!®!

Chemical deposition from aqueous solutions of various sul-
fide (CdS, ZnS, In,S;) and selenide (ZnSe) films is already
used to produce interfacial buffer layers in high-efficiency
polycrystalline thin-film solar cells based on copper indium
gallium diselenide.®! Metal salts and thiourea, selenourea, or
selenosulfate ions are used as dissolved precursors. Efficient
electrodeposition of these interfacial buffer/window layers
has also been demonstrated, for example for CdS!”! and
ZnO.® A specific interest in transferring these method to epi-
taxial III-V/II-VI heterostructures comes from the impor-
tance of the interface chemistry in these systems in fixing the
optoelectronic properties. Gleim et al.B! recently reported a
beneficial effect of introducing tellurium at the interface to re-
duce the valence band offset at the ZnSe/GaAs interface. The
interest of treatments in solution is also recognized for surface
passivation, with the example of widely used ammonium sul-
fide, allowing, for instance, the improvement of the lumines-
cence properties of ZnSe epilayers MBE-deposited on treated
InP surfaces.”) Chemical bath deposited CdS buffer layers
have also proved to have excellent properties in metal-insula-
tor-semiconductor (MIS) structures based on Inp.”! Recently,
chemical bath deposited nanocrystalline ZnSe has been
claimed to remarkably passivate GaAs surfaces.!'"!

In this communication we report the epitaxial electrodepo-
sition of zinc selenide. Very little work has been devoted to
the field of epitaxial growth of compound semiconductors by
electrodeposition. Hodes, Rubinstein, and co-workers were
the first to report the epitaxial electrodeposition of CdSe
quantum dots on evaporated Au(111) films.""! Lincot et al.'”!
have reported the first electrochemical growth of epitaxial
films of CdTe on a single-crystal InP(111) substrate.'”! A simi-
lar approach was used by Froment and co-workers for the
growth of CdSe on GaAs and Inp3) Non-aqueous solvents
have also been employed for the epitaxial growth of CdS
films.'¥! Recently, the epitaxial growth of ZnO on GaN has
been reported by our group.“S] However, up to now, there is
no report about epitaxial growth of ZnSe by electrodeposi-
tion.

The electrodeposition of ZnSe from acidic solutions con-

taining dissolved selenium dioxide and zinc sulfatel'2" ac-
cording to the overall reaction
Zn*" + H,SeOs + 4H" + 6™ — ZnSe + 3H,0 1)

has been widely studied. However, most of the reports, includ-
ing our own results, indicate the difficulty of obtaining pure
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ZnSe, elemental selenium usually being detected in addition
to ZnSe.'?"! This situation is a severe drawback to achieving
epitaxial growth, which relies on the formation of a single
phase. The presence of elemental selenium can be associated
with the fact that elemental selenium is at an intermediate
oxidation state between Se'¥ in the oxide precursor species
and Se"" in the film. This situation is best avoided by using a
selenium precursor that is already at zero oxidation state. This
can be achieved by using a non-aqueous solution in which ele-
mental selenium is soluble, as shown recently for nanocrystal-
line ZnSe films deposited from dimethyl sulfoxide
(DMSO).2!! This route, pioneered by Baranski and Faw-
cett,? is also very efficient in the case of sulfur.™ Another
alternative is to use the unique properties of sulfite ions to
complex elemental selenium in aqueous solution to form sele-
nosulfate ions according to the equilibrium

Se + SO3* & SeS05> )

In that case the electrodeposition of ZnSe can be carried out
according to the electrochemical reaction

Zn*" + SeSO5* + 2e” — ZnSe + SO;* (3)

This approach has been successfully used for the deposition of
CdSe!®! and (Cd,Zn)Se.** ! The deposition of pure ZnSe is
considered very difficult. We have nevertheless further con-
sidered this route for pure ZnSe.

After a specific study of solution formulation, experimental
conditions allowing the deposition of ZnSe have been deter-
mined. Zinc is introduced in water as zinc sulfate at a concen-
tration of 0.038 M, in the presence of 0.6 M sodium sulfite
(Na;SOs;) and 0.038 M of selenosulfate ions SeSO5>". In order
to prevent chemical deposition and precipitation of ZnSe,
which can take place via the direct hydrolysis of selenosulfate
jons in basic solutions (pH 13 to 14)’]

Zn** + SeSO5* + 20H — ZnSe + SO+ + H,O 4)

0.04 M ethylenediaminetetraacetate (EDTA) ions are intro-
duced, as the sodium salt, to form strong complex ions with
Zn**. The pH of the solution was fixed at 9.3, to limit the con-
centration of hydroxide ions, which favors the chemical reac-
tion pathway (Eq. 4). Accordingly, the overall reaction that
accounts for zinc selenide electrodeposition is at this pH

ZnY* + SeSO5> + H,0 +2¢” —
ZnSe + SO;> + HY” + OH™  (5)

where Y* stands for the EDTA anion. Under these condi-
tions the solution remains clear and indefinitely stable as
required for practical electrodeposition.

Depositions were carried out at 80 °C. We found that using
high temperatures promoted the adherence of the films. De-
position potentials were varied between —1.5 Vand -2 V ver-
sus a mercury/mercurous sulfate reference electrode (MSE),
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in a three-electrode cell configuration. The substrates were
InP or GaAs single-crystalline wafers purchased from ACM
Inc. (France). InP(111) wafers with phosphorus-terminated
surfaces were first selected. At this stage indium-terminated
surfaces were not studied. Previous to deposition the de-
greased surface was etched for 20 s in a 0.4 % bromine in
methanol solution. Then it was dipped in 6 M H,SO, for 6 min
to remove the residual oxide layer. GaAs(100) wafers were
also used. Surface preparation consisted in the same treatment
except that sulfuric acid was replaced by hydrochloric acid.
Ohmic contacts for passing current were simply made with
eutectic gallium indium liquid contacts, which can be easily
removed after processing by water cleaning. The unexposed
and contact areas were further isolated from the solution by
silicone rubber, which can be peeled off after processing.
Figure 1 shows the Rutherford backscattering (RBS) and
scanning electron microscopy (SEM) characterizations of a
film deposited on indium phosphide at —=1.9 V for 700 s. The
presence of the zinc and selenium peaks in the RBS spectrum

at about 1.56 MeV and 1.64 MeV, respectively, is clearly evi-
denced. Quantitative analysis indicates that the composition is
close to stoichiometry (50.7 % Zn and 49.3 % Se), which agrees
with energy dispersive X-ray (EDX) analysis. This result was
obtained whatever the deposition potential between —1.5 and
—2 V. This confirms that the deposition method allows the pres-
ence of an excess of selenium to be avoided, as expected from
chemical considerations (Eq. 2). RBS further allows the thick-
ness of the film to be evaluated as about 50 nm from the num-
ber of counts (about 90 x 10" atomscm™). In SEM the film
appears dense and covered with a fine grain surface structure
as shown in Figure 1b. The reflective high-energy electron dif-
fraction (RHEED) diagram (not shown) displays a fine ring
pattern, which corresponds to cubic ZnSe. This pattern indi-
cates that the film is microcrystalline with no preferential ori-
entation. It is known that, to promote epitaxy, it is important to
limit the flux of impinging species with respect to the kinetics
of surface diffusion processes, and to increase the latter by
using higher temperatures. This was observed for the electro-
deposition of CdTe." In the present case the cathodic current
density was about 1 mA cm™. Further experiments were done
taking into account these considerations. Lower currents were
obtained by using more positive potentials and reducing the
stirring regime in the solution.

Table 1 gives the results of a series of experiments carried
out as a function of potential between —1.6 and -1.85 V. In

Table 1. Results of experiments in which films were electrodeposited on indium
phosphide at potentials between —1.6 and — 1.85 V.

Potential ¢ [s] J Q Thickness by ~ Deposition
[mA ecm?]  [mCcm™?] RBS [nm] mode
-1.6 5500 -0.011 87 10 epitaxial
-1.7 4000 -0.04 160 10 epitaxial
-1.75 2500 -0.05 160 21 epitaxial
-1.8 1300 -0.03 93 17 epitaxial
-1.85 600 —-0.055 112 15 epitaxial
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Fig. 1. a) RBS spectrum of a ZnSe layer electrodeposited on InP at -1.9 V/
MSE from a zinc selenosulfate solution at 80 °C for 700 s. Beam energy 2 MeV,
beam diameter 1 mm, 6=65°. Calibration with a Bi/Si reference: 3750 counts
for 5.56 x 10" atomscm™ and 5 uC with cross-sectional ratios Zn/Bi=0.1315
and Se/Bi=1691. b) SEM view of the surface of the electrodeposited layer.
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these experiments all the films were found to be epitaxial by
using the RHEED characterization technique. Best results
tended to be obtained for moderately cathodic potentials
(-1.6 Vto-1.7 V).

Figure 2a shows the RHEED results obtained for a film
grown on InP(111) at -1.6 V for {110) and (112) (Fig. 2b) azi-
muths. These dot patterns demonstrate that the film is epitax-
ial. The dot positions can be indexed as cubic ZnSe (a =
0.5667 nm). In Figure 2a, corresponding to the (110) azimuth,
we can observe supplementary dots. These dots can be attrib-
uted to the presence of twins in the film. These twins are par-
allel to (111) and (111) planes in the cubic structure. In the
two azimuths weak rings are also observed, indicating the
presence of some polycrystalline ZnSe.

These results are confirmed by glancing angle X-ray diffrac-
tion (XRD) analysis. Measurements were taken using a five-
circle XRD goniometer specially designed for thin-film stud-
ies and a Cu Ka source. The diffraction angle was 26.7° to al-
low the detector to receive the reflections of only (111) planes
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Fig. 2. RHEED diagram of a ZnSe epitaxial layer electrochemically deposited
on InP(111) along the (110) azimuth (a), and (112) azimuth (b).

of both ZnSe and InP situated at 60° from the basal (111)
plane in the vertical direction. Figure 3 shows a 360° scan
around an axis normal to the sample surface with 0.6° glanc-
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Fig. 3. A 360° glancing angle XRD diagram of an electrodeposited ZnSe layer
on InP(111). The angle between the incident beam and the basal plane of the
sample was 0.6°. The detector is placed at 26.7° from the basal plane for the spe-
cific reflections of (111) planes.

ing incidence angle (with a glancing angle of 0.6°, the X-ray
path in the film is enhanced by a factor of 100). Three intense
peaks appear, which are attributed to the InP(111) substrate
reflections, due to the fact that the ZnSe layer thickness is
small (10-20 nm), allowing the penetration of the incident
beam into the substrate. Three other weak peaks spaced ex-
actly 60° apart are also observed. They are only related to
(111) reflections of the ZnSe film and arise from the fact that
two equivalent positions are possible for epitaxial growth,
which present in-plane directions separated by 60°. This is
known as the multipositioning effect. Their presence is a non-
ambiguous proof of the epitaxial growth of ZnSe since the

Adv. Mater. 2002, 14, No. 18, September 16
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substrate does not present the multipositioning effect. The full
width at half maximum of these peaks is around 3.5°. The
three other peaks of ZnSe are present at the same position as
those of the InP substrate but they are masked by the foot of
these intense peaks. The fact that the peak positions for ZnSe
coincide with those of InP indicates that the <110> in-plane
directions coincide for the two compounds. We note that the
baseline level is not zero for the ZnSe film, indicating the
presence of some randomly oriented polycrystalline ZnSe.
Figure 4 shows results obtained with a GaAs(100) substrate,
corresponding to a RHEED pattern along the (011) azimuth.
The presence of a dot pattern demonstrates that epitaxial

Fig. 4. RHEED diagram of a ZnSe layer electrochemically deposited on
GaAs(100) along the (011) azimuth.

growth is also achieved and corresponds to cubic ZnSe with
(100) in-plane orientation. As a consequence, the epitaxial
growth is not limited to growth on (111)-oriented surfaces.
This shows that the epitaxial growth is not only achieved when
the growth direction coincides with the (111) texture axis
usually obtained by electrodeposition of chalogenide materi-
als, but extends to the other directions. In addition to the
reflections corresponding to the cubic ZnSe structure, other
reflections are also observed, indicated by the letter t in the
figure. These extra spots can be attributed to double
diffraction phenomena at (111) twin boundaries,***!! as ob-
served already on InP(111). The presence of planar defects is
not specific to the electrodeposition method but it is also
observed for ZnSe films deposited by MBE on GaAs*

In conclusion, the electrochemical method for epitaxial
growth of II-VI semiconductor films has been extended to
ZnSe on GaAs and InP, using a specially designed electrolyte
based on the use of selenosulfate ions as precursors. This pre-
cursor prevents the co-deposition of elemental selenium,
which hinders the growth of ZnSe crystals. The solutions are
very stable, thanks to the use of a strong complexing reagent
for zinc cations, and easy to prepare. Electrochemically depos-
ited ZnSe epitaxial films may be of interest for features of
device performance that rely on specific interface chemistry
with the substrate, as formed in a solution environment.
Low-temperature processing and simplicity may also be use-
ful. Future research will concentrate on further optimization
of growth conditions (growth rate, faradaic efficiency —which
is presently very low—and epitaxial quality) and the evalua-
tion of the level of interface passivation associated with this
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new process. The selenosulfate route appears to be a very ver-
satile approach for the deposition of high-quality selenide
semiconductors.
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Optimization of Diblock Copolymer Thin Film
Self Assembly
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Metrology of self-assembled materials is essential for en-
abling their use in applications, as it provides insight into the
process conditions necessary to optimize material uniformity.
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In this communication, we quantify the uniformity of self-as-
sembled diblock copolymer thin films composed of polysty-
rene (PS) and poly(methyl methacrylate) (PMMA). Measure-
ments and statistical analyses of polymer domain size,
separation, and degree of order are used to identify the im-
pact of different process parameters and allow optimization
of the self-assembly process. We demonstrate that film thick-
ness, anneal time, and anneal temperature control the unifor-
mity of the self-assembled films, while copolymer molecular
weight defines the absolute template dimensions.

Future generations of microelectronics will require both
ever-decreasing critical dimensions and also shrinking toler-
ances on those dimensions.!! The rising cost and complexity
associated with lithographically defining structures at nano-
meter length scales have opened opportunities for self-assem-
bling physical systems to play a role in future technological
applications. Self-assembling materials are characterized by
spontaneous formation of nanometer-scale domains that ex-
hibit a degree of long-range order. While several applications
of self assembly have been proposed,[z’S] there have been few
systematic attempts to quantify the quality of self-organized
nanostructures.®

We have developed nanofabrication processes based on
thin films of PS-PMMA diblock copolymers for applications
in microelectronics. Similar techniques using various diblock
copolymer thin films are also being explored.’'"! Since the
two polymers that make up the diblock copolymer molecule
have a high interaction energy, they microphase separate in
order to minimize the free energy of the system, forming or-
dered morphologies with nanometer-scale dimensions.!'!]

The basic procedure for our technique has been outlined
previously,">"* and is especially attractive because of its sim-
plicity. Sample preparation starts with a surface pretreatment
with a random copolymer!™'®! in order to neutralize the
substrate to the two polymer blocks. Next a thin film of
PS-PMMA diblock copolymer[16] is spin-cast from a dilute so-
lution of toluene, and the film is annealed to promote self as-
sembly into nanometer-scale domains. In these experiments,
we annealed the polymer films in vacuum, although heating in
air in an oven or on a hotplate produces similar results. Be-
cause of the molecular weight ratio of our diblock copolymer
(70:30, PS/PMMA), the resulting polymer films consist of a
hexagonal array of PMMA cylinders in a matrix of PS. We
complete the template by exposing the film to ultraviolet
(UV) light (peak wavelengths 185 and 254 nm, ~10 mW/cm?)
for 2 min, followed by PMMA removal in acetic acid, leaving
a porous PS film. Exposure to UV light is not required and we
are currently investigating its effect on the integrity of the
final structure. Completed PS templates are imaged with a
scanning electron microscope (SEM) and measured by ellip-
sometry.

We performed a series of experiments in which we system-
atically varied template processing parameters in order to un-
derstand their influence on the self-assembly process. We
measure pore size, shape, and separation, and analyze statisti-
cal variations to quantify the quality of the resulting thin film
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