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Thin films of the 3—6 semiconductors InSe and In,Se; have been prepared by a spray MOCVD process
using Me,InSePh and In(SePh);, respectively, as single-source precursors. The new compound, Me,InSePh,
was prepared by a redistribution reaction between InMe; and In(SePh); (2:1 molar ratio in toluene) and
In(SePh), was prepared by an oxidative addition reaction of diphenyl diselenide (Ph,Se,) and indium powder
in refluxing toluene. The fabrication of the films was carried out by ultrasonically nebulizing a toluene
solution of the precursor and transporting the mist, in an argon carrier gas, into a heated reactor zone
containing the substrate. With a GaAs(100) substrate at 408-477 °C the InSe films were primarily the
known hexagonal phase with a low level of a new zinc blende-like cubic phase. When the substrate
temperature was lowered to 309-365 °C, films of the the new cubic phase (@ = 5.72 A) were obtained.
Solid-state pyrolysis of the In(SePh); precursor, under an argon atmosphere, gives In,Se;, SePh,, and Se,Ph..
Highly (00!) oriented thin films of hexagonal In,Se; have been prepared on a GaAs(100) substrate at
temperatures between 470 and 530 °C. The films were characterized by X-ray diffraction and scanning

electron microscopy.

Introduction
The fabrication of films of refractory ceramics (e.g., TiC,!
AIN,2 TiB,,® BN,* Zr;N,,> Nb;N,,’ V,C;,%) and semicon-
ductors (e.g., III-V,” II-VL? and III-VI° materials) by use
of single-source reagents has recently become an area of
considerable research interest. The use of such molecular
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precursor reagents that incorporate atomic bonds corre-
sponding to those of the solid-state species may provide
significantly improved processes for the fabrication of films
due to the inherent control of stoichiometry and the re-
sulting simplified fabrication equipment compared to
multiple-source processes. In addition, such reagents
generally allow deposition of the desired phase at tem-
peratures lower than those of the conventional multiple
source processes (e.g., the deposition of TiC at 200 °C using
Ti(neopentyl), versus conventional CVD processes using
TiCl,, H,, and a hydrocarbon, which operate at 1100-1350
°C, is an extreme example of the potential of single-source
chemistry for low-temperature film fabrication!). The low
substrate temperatures often used in CVD processes with
such single-source precursor reagents may also result in
the deposition of new phases (e.g., Nb;N, deposited using
Nb(NEt,), at 300 °C;? cubic GaN deposited at 150 °C using
{H,GaNH,};').

Although chemical vapor deposition (CVD) and its
various modifications have been the most widely used
techniques for the deposition of thin films using molecular
reagents, spray pyrolysis!! is a somewhat more experi-
mentally convenient process for precursors that have low
volatility. Spray pyrolysis processes for the deposition of
simple oxides using aqueous salt solution of the appro-
priate metals have been extensively reported in the liter-
ature (e.g., ZnO'*12 and CuO'%%). Aqueous solutions of
multiple precursor reagents have also been used to deposit
complex oxides (e.g., high-T, superconductors!*) and
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chalcogenides (e.g., CdS,'*** CulnS,,'*® CulnSe,'"). For
deposition of the chalcogenide films an appropriate sulfur
or selenium ligand (i.e., thiourea, selenourea, sodium sel-
enosulfate) was added to the solution of the metal salt.
High-quality oriented films suitable for electronic device
applications generally cannot be prepared by this type of
process due to the poor growth characteristics associated
with the use of these nonvolatile precursors.

Recently, Wold et al.!® reported that films of improved
quality could be obtained by using precursors that can be
vaporized during the spray pyrolysis process. In this
modification by Wold et al.,’® the solution droplets vaporize
prior to reaching the heated substrate surface to allow
vapor-phase transport of the molecular precursor reagent
to the substrate surface. This process is, therefore, es-
sentially a CVD process in which transport of the precursor
into the reactor is effected by a solvent mist with the final
transport to the substrate surface being in the vapor phase.
We shall refer to this fabrication process as spray MOCVD
to reflect the above considerations. Wold et al. have re-
ported the deposition of various oxide films by this spray
MOCVD process using ethanol solutions of volatile ace-
tylacetonates (e.g., Zr0,,'% Cr,0,,'% Ti0,,% Y,0,,'8d
L8203,18d L82CUO4,18d and Fe20318").

The fabrication of thin films of IIT-VI semiconductors*®
has been the subject of relatively few reports in the lit-
erature. Amorphous films of InSe, a layer-type semicon-
ductor, have been prepared by thermal evaporation? and
radio frequency (rf) sputtering.?* The electrical, optical,
photoelectric and photovoltaic characteristics of these films
have been evaluated, and their possible applications in-
clude switching devices, photovoltaics, and nonlinear op-
tiCS-lga’Zo

Films of In,Se,, which exists as four crystalline modi-
fications,?? have been prepared by thermal evaporation
and an electrochemical method in which alternate layers
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of Se and In were electrodeposited onto a titanium sub-
strate with subsequent thermal annealing.?* Relatively
limited data are available for this material (i.e., bandgap
of the 8 phase, 1.39 eV,?* resistivity,??2% and photolu-
minescence® properties, and structural and phase trans-
formation studies,22bc232,26

Thin films of In, ,Ga,S; (x = 0-2), prepared by spray
pyrolysis from aqueous solutions of reagents (e.g., InCl,,
GaCl;, and thiourea in 1:1 methanol-water), are of poor
crystalline quality due to the low volatility of the pre-
cursors.”’ Nomura et al. have recently reported single-
source precursors for the preparation of films of InS% and
B-In,S;.% Using n-Buln(S-i-Pr),,%° these workers were
able to prepare oriented films of In,S; by a chemical vapor
deposition process. Kanatzidis et al.?® have reported the
synthesis of anionic In/Se cluster species (i.e., {In,Se,}*
and {InsSe;;}*~ and suggested their use as precursors for
InSe and In,Se; films. Solid-state pyrolysis of {PPh,},-
{In,Se,)) has been shown to give 3-In,Se; in the tempera-
ture range 350-536 °C.28

In earlier work we reported the fabrication of thin films
of III-V (i.e., GaP, GaAs™¥?) semiconductor films by
various solution- and vapor-phase processes using single-
source precursor reagents. We report here the fabrication
of oriented films of the III-VI semiconductors InSe and
In,Se; by a spray MOCVD process using Me,InSePh and
In(SePh);, respectively, as single-source precursors and the
characterization of the films by X-ray diffraction and
scanning electron microscopy. We demonstrate the ability
to control the film phase and stoichiometry in such III-VI
materials by molecular design of the single-source pre-
cursor reagents.

Results and Discussion

Fabrication of InSe Films Using the Single-Source
Precursor Me;InSePh. A single-source precursor for film
fabrication by the spray MOCVD process ideally incor-
porates the bonds found in the desired solid-state phase,
contains the appropriate atomic stoichiometry of the ele-
ments in the target phase and has solubility in a suitable
transport solvent and sufficient volatility to allow the vapor
transport required for the deposition of high-quality films
using this process. Such a molecular precursor reagent for
InSe films, Me,InSePh, was prepared using a redistribution
reaction between InMe; and In(SePh); in toluene (eq 1).

2Meyln + In(SePh); —= 3Me,InSePh

PhSeSePh %))
toluene/refiux
In

The tris(phenylselenolato)indium(III) was prepared by
the oxidative addition of diphenyl diselenide with indium
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1. Spray MOCVD reactor: (1) bubbler for solvent saturation; (2) reservoir containing precursor solution; (3) nebulization chamber;
(4) lower-temperature zone of the reactor; (5) high-temperature zone of the reactor; (6) substrate position; (7) rotating glass rod attached

to the quartz sample holder; (8) dry ice/acetone trap for exit mist.

powder in refluxing toluene as previously described by
Tuck et al.*® Such redistribution reactions have been
routinely used to prepare organometallic halides of galliura
and indium®' and, recently, have been used to prepare
single-source 3-5 precursors (e.g., {Buy,InP(¢-Bu),j,,
{Bu,GaAs(t-Bu).},*?). The product of the above reaction,
obtained as a white solid after recrystallization from
hexane, is probably dimeric or trimeric (e.g., {Me,InSb(¢-
Bug)}s,?c {Meglnp(i'Pr)ziz,Tf !MEQIHP(i-Pr)zla,'”
{Me;InAsMe,);,>* {Me,In(PPh,)},***) although suitable
crystals could not be obtained for an unequivocal X-ray
diffraction study.

Thin films of InSe were obtained from this precursor
using the spray MOCVD apparatus shown in Figure 1; 200
mL of a 0.0086 M solution of the precursor was transferred,
in a glovebox, into the nebulization chamber (Figure 1-2),
After attachment of this chamber to the reactor assembly
illustrated in Figure 1, a mist of the solution was passed
into the heated zone of the reactor using ultrasonic neb-
ulization and an argon flow rate of 4.5 SLM. With a
GaAs(100) substrate heated to 365 °C, a film of a cubic

phase (lattice constant a = 5.72 A) was obtained.
The X-ray diffraction pattern of this film is shown in
Figure 2A. The composition of this new cubic phase
cannot be unambiguously assigned since the elemental
analyses (Se:In = 1.2) and the diffraction patterns obtained
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for the films do not correspond to any of the reported
In,Se, phases. This suggests that the film formed at low
temperature (Figure 2A) contains not only the cubic phase
but also an amorphous phase rich in selenium. The ex-
perimental evidence and the known reactivity of these
precursors are consistent with the new cubic phase being
either InSe or In,Se; and having a zinc blende-type
structure. Using a substrate temperature of 309 °C, a film
with an essentially identical X-ray diffraction pattern was
obtained. Scanning electron micrographs of a film pre-
pared at 365 °C (Figure 3A, surface; Figure 3B, cross
section) show that film growth occurs preferentially in the
direction perpendicular to the substrate surface.

When the substrate temperature was held between 408
and 476 °C, the resulting films contained both a low level
of the above cubic phase and a major level of the known
hexagonal InSe phase® (JCPDS No. 34-1431: 3.41, 2.94,
2.40, and 1.97 A; these peaks are reported to be broad as
observed in the X-ray diffraction pattern of the high-
temperature film prepared in this work (Figure 2B)).
Elemental analyses of this film indicate the stoichiometry
is much closer to that expected for a monophasic InSe film
(Se:In = 1.05). Scanning electron micrographs of a film
prepared at 476 °C (Figure 4A, surface; Figure 4B, cross
section) shown an oriented growth with thin needles in-
terspersed between larger platelets. The thin needles could
possibly be the minor cubic phase with the larger platelets
being the major InSe hexagonal phase.

Fabrication of In,Se; Films Using the Single-
Source Precursor In(SePh),. Tris(benzene-
selenolato)indium(III), which can be readily prepared by
an oxidative addition type reaction between indium pow-
der and diphenyl diselenide in refluxing toluene,*® was

(34) Popovic, S.; Toneje, A.; Grzeta-Plenkovic, B.; Celustka, B.; Trojko,
R. J. Appl. Crystallogr. 1979, 12, 416.
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Figure 2. X-ray diffraction patterns of In,Se, films deposited

on GaAs(100) substrates using the Me;InSePh precursor: (A) 365
°C; (B) 476 °C.

selected for initial evaluation as a single-source reagent for
In,Se, films. The 3:1 Se:In ratio in this compound sug-
gested that it could either decompose to the desired In,Se;
phase or, via an initial reductive elimination reaction to
the In(I) derivative InSePh, decompose to InSe (eq 2). A
number of stable In(I) compounds have been isolated and
structurally characterized.®

In(SePh),

|

',In,Se; + Y,SePh, InSe + '/;,Ph—Ph

In(SePh), is a pale yellow, air-stable solid (mp = 148 °C

ized from toluene)) that is soluble in polar sol-

vents and sufficiently soluble in toluene (ca. 0.01 M) for
its use in the spray MOCVD process. Tuck et al.* have
also reported that the molecular structure of tris(benzen-
eselenolato)indium(III) is a homopolymer with linear
chains formed by indium and selenium atoms running
parallel to the a axis of the unit cell with each indium
coordinated by six selenium atoms and each selenium
bridging two indium atoms. This compound has been
reported to vaporize as the monomer on the basis of its
field desorption mass spectrum (m/e: molecular ion, 586;
InSe(SePh),"* (506), and Se,Ph,"* (314)).%% We find,

InSePh + PhSeSePh
@

(35) (a) Tuck, D. G. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stane. F. G. A, Abel, E. W., Eds.; Pergamon Press: New
York, 1982; Vol. 1,p684. (b) Mabru.& H. E.; Tuck,
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Figure 3. Scanning electron micrographs of
on 365 °C GaAs(100) substrate: (A) surface view; (B) cross section
view.

film prepared

however, under our measuring conditions, that its fdms
has a weak molecular ion and an intense 1015 peak (In,-
(SePh);"*) as well the 506 peak, a 429 peak (In(SePh),"*),
and peaks due to PhySe,** (314, medium), SePh,"* (234,
weak), SePh** (157, medium), In,Ph(SePh),** (935, weak)
and In(SePh),** (743, weak)), suggesting that it volatilizes
as the dimer.

Thermal gravimetric analysis of the precursor in flowing
nitrogen gave a weight residue of ca. 35% at 450 °C (versus
a theoretical weight residue of 40.01% for In,Se; and
33.24% for InSe), a value consistent with the formation
of In,Se; and partial volatilization of the precursor or,
alternatively, formation of a mixture of the two phases.
Preparative scale pyrolysis of solid In(SePh), under an Ar
atmosphere at 450 °C established that In,Se; was the sole
solid-state product (X-ray diffraction phase identification),
with SePh, and Se,Ph, being the only two volatile products
identified by gc/ms. We suggest that SePh, is the initial
pyrolysis product and the Se,Ph;, is generated by the vapor
phase decomposition of this selenide:

2SePh, —= 2SePh® + 2Ph*

l lzx @

PhSeSePh 2PhX
No products resulting from the phenyl radical, an expected
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Figure 4. Scanning electron micrographs of In
on 476 °C GaAs(100) substrate: (A) surface view; (B) cross section
view.

film prepared

product of the thermolysis of SePh,, were observed by
GC/MS. This is most probably due to the high reactivity
of the phenyl radicals, resulting in their adsorption onto
the reaction vessel walls [i.e., X (eq 3)].

A related homoleptic thiolate, Ti(S-t-Bu),, has been
shown to act as a single-source precursor for amorphous
TiS films in a low-pressure CVD process at 130 °C.¥7 Bulk
pyrolysis of this precursor was shown to produce similar
decomposition products:

Ti(S-t-Bu), — TiS + S(t-Bu), + Sy(t-Bu);  (4)

In contrast, the polymeric but nonvolatile methyl thio-
lates [M(SMe),}, (M = Zn, Cd)* and the dimeric, volatile
complex [Cd(S-2,4,6-(t-Bu)3CsH,),},* gave only MS and
the corresponding SR, as pyrolysis products.

Thin films of In,Se; were obtained from In(SePh); using
the spray MOCVD apparatus shown in Figure 1; 200 mL
of a 0.01 M solution of the precursor was loaded, in a
glovebox, into the nebulization chamber (Figure 1-2).
After attachment of this chamber to the reactor assembly

(37) Bochmann, M.; Hawkins, L.; Wilson, L. M. Chem. Commun. 1988,
344

(38) (a) Osakada, K.; Yamamoto, T. Chem. Commun. 1987, 1117. (b)
Osakada, K.; Yamamoto, T. Inorg. Chem. 1991, 30, 2328.

(39) Bochmann, M.; Webb, K.; Harman, M.; Hursthouse, M. B. An-
gew. Chem., Int. Ed. Eng. 1990, 29, 638,
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Figure 5. X-ray diffraction patterns of In;Se; films deposited
?E)Si(lwksubstmt.e using the In(SePh); precursor: (A) 400 °C;
550 °C.

illustrated in Figure 1, a mist of the solution was passed
into the heated zone of the reactor using ultrasonic neb-
ulization and an argon flow rate of 4.5 SLM. With the inlet
side of the reactor (Figure 1-4) at 320 °C and either a
GaAs(100) or a Si(100) substrate at temperatures exceeding
460 °C, a highly (00l) oriented hexagonal In,Se; was ob-
tained (X-ray diffraction pattern fit with JCPDS 23-294;
Figure 5B). X-ray diffraction of a film deposited at 400
°C on a Si(100) substrate (Figure 5A) shown the presence
of both randomly oriented hexagonal phase of In,Se; as
well as the new cubic In,Se, phase that was also obtained
using the Me,InSePh precursor as described above. For-
mation of the cubic In,Se, phase from this selenium-rich
precursor does not exclude the InSe composition for this
phase since In(III) compounds are known to undergo re-
d;.lcﬁve elimination reactions to give In(I) derivatives (eq
2).

Scanning electron micrographs of the film deposited at
466 °C show highly oriented polycrystalline film growth
(Figure 6A) with a rather rough surface morphology
(Figure 6B). A deposition rate of ca. 1.5 um/h is estimated
from the cross section micrograph (Figure 6B).

Conclusions

Films of the III-VI semiconductors InSe and In,Se; have
been fabricated by a spray MOCVD process using single-
source precursors. Film stoichiometry and phase can be
controlled by appropriate molecular design of the single
source precursor reagent.

A new cubic phase of In,Se,, with a zinc blende-type
structure, has been prepared by the spray MOCVD process
using the single-source precursor Me;InSePh. New phases
of solid-state materials obtained with single-source pre-
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Figure 6. Scanning electron micrographs of In;Se; film deposited
at 550 °C on a GaAs substrate: (A) surface view; (B) cross section
view.

cursors, which contain the atomic bonding pattern of the
target solid-state material, have also recently been observed
by other workers (i.e., cubic GaN and Nb;N,—see Intro-
duction). The ability to form such new phases using sin-
gle-source precursors may be the result of the low-tem-
peratures often used in film deposition with such molecular
reagents.

The spray MOCVD process has been shown to produce
highly oriented thin films of In,Se; using In(SePh); as a
single-source precursor. Further optimization of this film
fabrication process could result in smoother films, suitable
for detailed electrical and optical characterization.

Experimental Section

Materials. InMe; was obtained from Strem Chemicals and
In(SePh); was prepared by the reaction of indium powder (Alfa
Products) with diphenyl diselenide (Aldrich Chemical Co.) in
refluxing toluene as previously described.*® Toluene and hexane
used in the syntheses were distilled under argon from sodium/
benzophenone directly into the Schlenk flasks containing the
reactants.*

Synthesis of Me;InSePh. Trimethylindium (1.59 g, 10 mmol)
and In(SePh); (2.91 g, 5 mmol) were loaded into a Schlenk flask
in a glovebox. After removal from the glovebox, 150 mL of dry
toluene was added to the flask under argon, and the resulting
solution was refluxed for 30 min and then stirred at room tem-
perature for 10 h to effect the redistribution reaction (eq 1).

The solvent was then removed under vacuum and the residue
was extracted with 200 mL of hot hexane. The hexane extract
was filtered through a medium porosity glass frit under argon,
concentrated to 35 mL under vacuum and cooled to -20 °C to

(40) Gysling, H. J.; Thunberg, A. L. In Physical Methods of Chemis-
try, 2nd ed.; Rossiter, B. W., Hamilton, J. F., Eds.; Wiley: New York,
1986; Vol. I, pp 373-487.

Chem. Mater., Vol. 4, No. 4, 1992 905

give a white precipitate. After the supernatant solution was
removed by cannula, the white solid was vacuum dried to give
3.2 g (70.9%) of product. Anal. Caled (found) for CgH,;InSe:
C, 31.93 (32.37); H, 3.68 (3.67); In, 38.15 (37.73)).

Physical Methods. X-ray diffraction (XRD) phase identi-
fication and planar orientation measurements were made using
a Rigaku RU-300 Bragg-Brentano diffractometer with a copper
rotating anode, diffracted beam monochromator tuned for Cu Ka
radiation, and a scintillation detector. Diffraction patterns were
collected using step scans with the step size set to 0.02° 20 per
step.

Samples for XRD analysis were 1 X 1 cm? and were mounted
in a sample holder by placing clay on the backside of the substrate
and leveling the sample with the sample holder reference plane
by pressing the sample holder and sample flush on a piece of
photographic plate glass. No measurable relaxation of the clay
after compression was observed for this method of XRD sample
preparation.

Peak position and intensity data were determined using a
second-derivative peak search routine. The resultant d-spacing
and intensity data were then compared to the JCPDS powder
diffraction file*! for phase identification and assessment of pre-
ferred orientation.

Scanning Electron Micrographs. The samples were pre-
pared for SEM examination by coating the samples with 100 A
of a Au/Pd alloy using a Polaron E5100 sputter coater. The
coating was applied at 2.5 kV and 20 mA for 60 s. The samples
were then placed in a Philips 515 SEM and examined at an
accelerating voltage of 30 kV and a spot size of 20 nm.

Elemental Analyses. The coated substrates were placed in
25-mL Erlenmeyer flasks, and 1.0 mL of aqua regia was added
to each flask to dissolve the In/Se coatings. The sample solutions
were quantitatively transferred to 10 mL volumetric flasks with
distilled water. Calibration standards were prepared in 10% aqua
regia. Samples and standards were analyzed on a Jarrell-Ash
ICAP 9000, an inductively coupled argon plasma-atomic emission
spectrographic instrument. The analytical wavelengths used for
the In and Se analyses were 230.606 and 196.026 nm, respectively.

Fabrication of the Films. The solutions used for the film
deposition were prepared in a Vacuum Atmospheres glovebox
using toluene (Sure/Seal solvent, Aldrich Chemical Co.). After
loadi.ng the solutions (200 mL) into the sample reservoir (Figure

1-2) in the glovebox, it was attached to the reactor and flushed
for 5 min with argon. The reactor was vented into a -78 °C trap
to condense the solvent, unreacted precursor, and organic reaction
products.

InSe Films. A mist of a 0.0086 M toluene solution of
Me,InSePh was passed into the heated zone of the reactor using
ultrasonic nebulization and an argon flow rate of 4.5 SLM. With
the inlet side of the reactor (Figure 1-4) at 280 °C and the
GaAs(100) substrate at 309-365 °C, a film of cubic In,Se, was
obtained (X-ray diffraction, Figure 2A). With a substrate tem-
perature of 408-475 °C, the films were primarily the known
hexagonal phase of InSe (JCPDS No. 34-1431) with the minor
amount of the cubic In,Se, phase still present (Figure 2B).

In,;Se; Films. A mist of a 0.0086 M toluene solution of In-
(SePh); was passed into the heated zone of the reactor using
ultrasonic nebulization and an argon flow rate of 4.5 SLM. With
the inlet side of the reactor (Figure 1-4) at 320 °C and the Si(100)
substrate at 550 °C, a highly (00/) oriented hexagonal In,Se film
was obtained (X-ray diffraction fit with JCPDS No. 23-294; Figure
5B). At lower temperatures (400 °C) both a randomly oriented
hexagonal phase of In,Se; as well the cubic In,Se, phase were
identified in the films by X-ray diffraction (Figure 5A).
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