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Various uses of organolanthanide complexes in materials science are reviewed. The most
advanced application involves doping of III-V semiconductors using substituted
tris(cyclopentadienyl)lanthanide complexes as precursors. Major efforts have been made
to develop volatile liquid organolanthanides by introducing suitable substituents on the
cyclopentadienyl rings. Lanthanide organometallics have also been demonstrated to be
useful MOCVD precursors for the deposition of lanthanide oxide thin films.

Key Words: organolanthanide complexes, materials science, III-V semiconductors,
MOCYVD precursors, sandwich complexes

1. INTRODUCTION

In recent years, the importance of yttrium and the lanthanides in fabrica-
tion and modification of new materials has increased substantially. Rare
earth elements are used in the creation of high-7, superconductors, semi-
conductors, sensors, electrooptical ceramics, and optical materials.
Different lanthanide precursors and their applications in materials sci-
ence have recently been compiled in two review articles.? The purpose
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of the present work is to consider some properties and aspects of using
organolanthanide complexes which contain metal—carbon bonds. This
particular area is currently not well developed. However, recent investi-
gations show that this is an area which offers a great potential for novel
and useful applications.

2. ORGANOLANTHANIDES AS DOPING MATERIALS FOR III-V
SEMICONDUCTORS

Lanthanide elements incorporated into semiconductor host materials have
attracted high interest. As all lanthanides have a typical oxidation state 43,
they should be suitable for doping III-V semiconductors. In fact, this is
currently the most advanced application of organolanthanide complexes in
materials science. Inneratomic optical transitions of lanthanides are well-
defined and insensitive to temperature and influences of the host material,
because they are screened by the outer electronic shells. Nevertheless, they
can be excited optically and electrically via the semiconductor host mate-
rials.*® Observation of strong infrared intra-4f-shell luminescence in rare-
earth-doped III-V semiconductors has increased interest in the materials
for their application in injection-type optical devices such as semiconduc-
tor lasers, optical amplifiers and light emitting diodes.*"!

2.1. Methods and Devices

The most important methods for obtaining doped semiconductor layers
are Liquid Phase Epitaxy (LPE), Vapor Phase Epitaxy (VPE), Molecular
Beam Epitaxy (MBE), and ion implantation. The use of lanthanides in
elemental form for doping of semiconductors by liquid phase epitaxy led
only to rather low doping concentrations.'*!? High concentrations can be
attained by employing the ion implantation method,'*'” but only in
locally defined small regions. New modern methods such as Molecular
Beam Epitaxy (MBE),'#2" Metal-Organic Chemical Vapor Deposition
(MOCYVD) or Metal-Organic Vapor Phase Epitaxy (MOVPE) allow the
incorporation of high lanthanide concentrations in a wide range of semi-
conductor host materials.

The advantage of using organometallic sources can be either safety,
improved thermal stability, better input control, improved decomposi-
tion characteristics or the reduction of unwanted side reactions before
the reactants reach the susceptor. The surface quality of MOVPE sam-
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ples is much better than that of LPE-grown layers with LPE typical
defects, which result from inevitable rare earth precipitates in the melt.

Utilization of MOVPE requires a reactor constructed with considerable
attention paid to various technical details. All MOVPE reactors?®! com-
prise several sections: a gas handling section for controlling the input
gases; a reactor tube with a susceptor that is either heated with RF or by
IR radiation; and some type of exhaust arrangement, which may include
a vacuum pump system for low pressure operations (Fig. 1). The heart of
the reactor is the reaction chamber tube, called an RF cell (Fig. 2). The
cell can be orientated either vertically or horizontally relative to the gas
flow direction. The susceptor shape can be a flat rectangular slab with
some smoothing of its leading edge, a cylindrical disk, or a truncated
polygon, which is called a barrel reactor and favored for larger capacity
systems. The most common tubes are of the horizontal type with a simple
susceptor placed parallel to the gas stream.

2.2. Requirements for Semiconductor Doping Precursors

The MOVPE method requires the simple control of most properties of
the growing structure via the independent control of the gas flows of the
different precursors. This requirement can easily be fulfilled for the
Group V and VI elements of the periodic system with hydrides such as
PH;, AsH; or H,S. Thus, when rare earth elements are to be used as
dopants, the development of suitable precursors represents a major prob-
lem. Such compounds should fulfill many requirements such as an
acceptable substantial vapor pressure, chemical stability, high purity,
and release of the desired element (and only it) at normal MOVPE
growth conditions. Liquids can be handled much more easily in MOVPE
bubblers than solids; therefore rather low melting points are needed.
Only very few classes of organometallic rare earth compounds are
known which might meet at least some of these demands.'*'*? In gen-
eral, organolanthanide complexes are known to be highly air-sensitive
though thermally very robust high-melting materials. High melting
points in the range of 150-350°C are common, and the design of volatile,
low-melting precursors is a synthetic challenge.

2.3. Tris(cyclopentadieny!)lanthanide Complexes as Precursors for
Doping of III-V Semiconductors

Synthesis, structure, volatility and application of tris(cyclopentadienyl)lan-
thanides have already been discussed in a review article by Deacon et al.!
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FIGURE 2 Various types of MOVPE reaction tubes (a—vertical, b-horizontal, c-horizon-
tal low pressure cell).

However, a large amount of new information about the compounds has
accumulated in recent years, and we would like to emphasize some new
aspects.

2.3.1. Synthesis of tris(cyclopentadienyl)lanthanides
The first tris(cyclopentadienyl)lanthanide complexes?® were obtained
by the reaction of anhydrous LnCl; with three equivalents of NaCsHs in
THF followed by sublimation of the compounds from the dry reaction
mixture at 200-250°C (107 torr):

LnCl; +3NaCsH; —™E— Ln(CsH;), + NaCl (1

Ln(C;sH;); (Ln = Tb, Ho, Tm, Lu) compounds have been synthesized in
a similar manner from the LnCl; and NaCsHs or KCsHs but in Et;O or
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benzene.*** Ln(CsHs); can also be obtained by the reaction of
Mg(CsHs), (or Be(CsHs), %) with LnCl;,2® Lnl; 27 or LnF;. 2"
Ln(CsHs); derivatives have been prepared starting from lanthanide met-
als by transmetalation reactions with Hg(CsHs), or with TICsH; in THF
solution: >

2Ln + 3Hg(CsHs), ——> La(CsHs), +3Hg 2

Various substituted tris(cyclopentadienyli)lanthanide complexes can be
prepared in a similar manner from the appropriate lanthanide trichlorides
and alkali-metal cyclopentadienides in THF solution. However, this tra-
ditional route is often not applicable for the synthesis of tris-Cp-lan-
thanide complexes with bulky Cp ligands which contain two or more
substituents in the rings. In this case, tris(cyclopentadienyl)lanthanide
complexes can be obtained by using a Bronsted acid-base reaction in
diethyl ether:>

Ce[N(SiMes,), |, +3(Me;Si), CsHy ——
Ce[(Me;Si), CsHs s + 3(Me;Si), NH (3)

Tris(neopentylcyclopentadienyl) neodymium has been prepared analo-
gously through the reaction of the neodymium silylamide Nd[N(SiMe;).1,
with the appropriate cyclopentadiene derivative.*

Sm[(Me;Si),CsH;]; has been synthesized from SmCl; and KCsHs-
(SiMe;), by refluxing the mixture in toluene for 24 hrs.3> Sm(CsMe;);
was obtained from the reaction between Sm(CsMes), and cyclooctate-
traene in toluene:*¢

ZSm(C5M65 )2 + CgHg e Sm(C5MC5 )3 + (C5M65 )Sm(CgHg) (4)

Another way of preparing lanthanide complexes with three bulky Cp lig-
ands has recently been proposed by Chadwick and Andersen:*’

ZCC(OSOZCF3)3 + 3Mg(R2C5H3)2 E—
2C€(R2C5H3)3 + 3Mg(OSOZCF3)2
R = SiMe,, Bu* (5)

All these tris(cyclopentadienyl)lanthanide complexes can be easily puri-
fied by sublimation under vacuum.
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2.3.2. Thermal behavior of tris(cyclopentadienyl) lanthanides
Tris (cyclopentadienyl)lanthanides are volatile compounds. As was already
shown,! the volatility of tris (cyclopentadienyl) lanthanides largely depends
on the structures of the compounds. Most volatile complexes have
monomeric structures (or very long intermolecular contacts); less volatile
species are of polymeric nature. The volatility of Ln(CsHs); has been found
to increase when going from lanthanum to ytterbium. Vapor pressures of
Ln(C;sHs);, Yb(CsH Me); and Ln(CsH,Pr'); (Ln = La, Nd) have been
reported in the literature.!***! Volatility also varies greatly depending on
the Cp-ligand type. The dependence of volatility from the substituents on
the cyclopentadienyl rings is shown in Fig. 3 for different tris(cyclopen-.
tadienyl)neodymium complexes.>* Complexes with isobutyl- and tert-
butyl-substituents in the rings exhibit the highest volatility. High volatility
has also been reported for lanthanide complexes containing the Me,SiCsH,

Subi.-Temp.
{°C1 (10 moan)
{2203
200 : X
@0 |  [Na(CpR) ] @—>
[ecedn] 105
/N
150
an (115) ]
>< 30 (135) °>
|
100
1
(’5)(1: |
" 3a (80) ?
Variation of R in Cp-ligands

FIGURE 3 Dependence of volatility from the nature of substituents in the cyclopentadi-
enyl rings for Nd(Cp-R);.
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ligand; for example, Ce(Me;SiCsH,); sublimes at 60°C/107° torr.®
Ln(Bu'CsH,); (Ln = Nd, Dy, Tm) have sublimation temperatures lower
than 110°C/10 torr.*? Concerning Cp ligands with functional substituents
such as OMe and NMe,, for optimal volatility all donor groups should be
coordinated to the central lanthanide ion.**

From thermogravimetric and mass-spectroscopic investigations of the
tris(zert-butylcyclopentadienyl) lanthanides Ln(Bu'CsH,); (Ln = Nd, Dy,
Tm),*? competitive processes between volatility and the tendency to
form non-volatile derivatives in the residue were proposed (Fig. 4).
MOCVD experiments with the compounds (substrate temperature
120-200°C, 0.36 torr, bubbler temperature 400°C, argon flow) yielded a
metallic mirror in the reactor besides gaseous and liquid products such as
tert-butylcyclopentadiene, isobutane, isobutene and methane as deter-
mined by GC.*?

2.3.3. Ln(CsH;); sources for doping of IlI-V semiconductors
The first MOCVD and MOVPE experiments designed for growing rare-
earth-doped III-V semiconductors were carried out using Yb(CsHs),

120 0.5
A o, PR IIE RS ALl see TN v sr——————————————
100 ‘ 0
1 4 -0.5
80 Nd('BuCp). 1
] R 3
1 o 4 -1
604 &
4 4 s
40 -
1 4 -2
20 7 4 -2.5
4 ——
0 T =T T T -3
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temperature °C
FIGURE 4 Thermogravimetry- and DTG-curves of the Nd(‘BuCp), complex.
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and Er(CsHs); as precursors.**~*® Most of the experiments were focused
on the system InP:Yb because it was thought to play the role of a char-
acteristic model for rare earth metals in III-V semiconductors.
Ytterbium occupies an indium lattice site**->? because of its similar
ionic radius. Moreover, the electronic transitions of Yb can be easily
described, as only one electron is missing in the 4f shell. Er-doped
ITI-V semiconductors are also very interesting for applications in opto-
electronic communication due to a characteristic inneratomic transition
(*I; 32 = *1, 5n) at 1.54 um (0.805 eV), which is close to an optical win-
dow of the glass fibers.”

Ytterbium-doped InP (InP:Yb) samples were obtained by using
Yb(CsHs); as lanthanide source.*>#5 The InP:Yb epitaxial layers have
been grown by low-pressure (0.1 atm) MOCVD in a horizontal quartz
reactor using trimethylindium or triethylindium, phosphine and
Yb(CsHs); as doping material. Ytterbium-doping was achieved by sub-
liming and transporting Yb(CsHs); in a H, flow. Growth temperatures
were in the range of 550-650°C. SIMS (Secondary Ion Mass
Spectroscopy) measurements revealed that Yb was doped uniformly
throughout the entire depth of the epitaxial layers. The Yb concentration
has a flat profile except for the surface and the epitaxial layer/substrate
interface (Fig. 5).4°

In contrast to ion-implanted InP:Yb layers, photoluminescence
spectra of the MOCVD-Yb-doped samples have shown the absence of
Yb ions associated with other impurities or defects. The InP:Yb layer
have n-type conductivity even for Yb concentrations above 10'° cm™,
while LPE doped InP:Yb samples always exhibit p-type conductiv-
ity.'»13 A significant decrease of the carrier concentration was
observed for layers with Yb concentrations about 10" cm™ when the
temperature was lowered from 300 to 77 K (Fig. 6).*¢ The results of
Hall effect measurements and deep level transient spectroscopy have
revealed the presence of an acceptor-like level. The level lies about
0.03 eV below the condition-band edge. The dependence between trap
concentration of the 0.03 eV acceptor-like level and Yb concentration
is almost linear (Fig. 7). The latter indicates that the level is related to
isolated Yb ions.*

Some electrical characteristics of InP: Yb epitaxial layers, which were
obtained by MOCVD on (100)-oriented Fe-doped InP substrates by use
of Yb(CsHjs); as doping source or by LPE using metallic Yb as source,
are presented in Table 1.8
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FIGURE 5 SIMS profile for an InP:Yb sample. Secondary ion intensities of '7*Yb (curve
A), 'Yb (curve B), *'P (curve C), *Fe (curve D), >*Mn (curve E) are shown as functions
of the depth from the surface.

The first successful growth of erbium-doped InP (InP:Er) and GaAs
(GaAs:Er) by MOCVD has been carried out using Er(CsHs); as doping
source.* Uniform Er doping up to concentrations of 1.5 x 10" cm™ have
been achieved (SIMS profiles of the InP:Er epitaxial layers is shown in
Fig. 8). Yb and Er show pile-up at the epitaxial layer/substrate interface.
In contrast to ion-implanted layers, which show complicated photolumi-
nescence spectra varying from sample to sample, MOCVYD-grown Er-
doped Iayers give simple and reproducible spectra. Er and Yb-ion related
photolummesccnce intensities of intra-4/-shell were observed to increase
only sublinearly as a function of excitation photon density.*’

2.3.4. Ln(MeCsH,); sources for doping of III-V semiconductors
As Ln(CsHs), derivatives have a relatively low vapor pressure and high
melting points (for example Yb(CsHs); m.p. 273°C #), they require
extremely high bubbler temperatures of about 200°C.*° In this case, the
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FIGURE 7 Dependence between trap concentration of the 0.03 eV acceptor-like level and
Yb concentration in InP:Yb epitaxial layers.
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TABLEI
Electrical characteristics of InP:Yb epitaxial layers, doped by using Yb{CsHs),.%

Samples  Conductivity Carrier Carrier Yb
Type Concentration Concentration at Concentration
at 77K (10%cm™y 300 K (10" cm™) (10" em™)

heavily

doped n 40 200 2000
InP:Yb
medium

doped n 60 200 200
InP:Yb
lightly

doped n 20 20 1
InP:Yb
LPE doped
InP:Yb p ~1000 ~1000 <1

10 3 S
1 3]
10" =
3 o]
4 —
] ~
. 10" é
E =
10 3 prd
] w
Lo 2
7
0" 3
Q
i

ION INTENSITY {counts)
3

1 1 L
o] 2.0 40 6.0
DEPTH (um)

FIGURE 8 SIMS profile for an InP:Er layer. Secondary ion intensities of '®Er (curve
A), 3'P (curve B), **Mn (curve C), Fe (curve D) are shown as functions of the depth
from the surface.
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MOVPE system has to be specially designed with gas lines and valves
heated up to more than 200°C, and the doping reproducibility is limited.*’
By replacing one hydrogen atom in the Cp ring by a methyl group, the
intermolecular attractive forces can be reduced, and at the same time the
vapor pressure increased and the melting point lowered. With a melting
point of 117°C and a vapor pressure of 0.15 Pa at 80°C, Yb(MeCsH,); was
found to be a much more suitable precursor than Yb(CsH;s);.2>53 The
dependence of the vapor pressure of (MeCsH,);Yb on temperature is
shown in Fig. 9. The use of Yb(MeCsH,); allowed the growth of high
quality InP:Yb layers by adduct MOVPE at low bubbler temperatures
(70-90°C). The Yb(MeCsH,); could be transferred into the bubbler by
sublimation (80°C, 1072 Pa), which could then be fitted to the MOVPE
system. The InP:Yb layers were grown at atmospheric pressure in a hori-
zontal MOVPE reaction chamber with rectangular cross section. The Yb
incorporation from Yb(MeCsH,); could be stimulated by raising the
growth temperature from 560°C to 670°C. The Yb concentrations could be
varied by the Yb source temperature (70-90°C) and H, flow over the Yb
compound (9-90 sccm). Yb mole fractions in the reaction chamber ranged
from 1.4 x 10 to 1.3 x 10”7, and ytterbium concentrations of about 2 x
10" cm™ have been achieved.?>

The MOVPE Yb-doped samples exhibited n-type conduction (in
contrast to LPE grown layers). The carrier concentrations n ranged

100 | ’ T T
S ]
[
L
2 10-? >
v 3
£ .
[=%
e )
3 o
Q
& 1072 logplPa)=~o/T(K]+b
= a=5.99x10° 3
b=16.156 3

A I A 1 i 1
50 60 70 80 90 100

Temperature (°C]
FIGURE 9 Dependence of the vapor pressure of (MeCsH,),Yb on temperature.
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from 9 x 10" cm™ to 2 x 10" cm™ at 300 K. For higher doping levels
an extremely strong 4f luminescence signal in comparison to LPE layers
was detected.”

Er(MeCsH,); was also used as Er source for growing of GaAs:Er'**
and InP:Er*® epitaxial layers by MOCVD. The photoluminescence spec-
tra dependence on MOCVD conditions was studied. When the growth
temperature and III/V ratio for GaAs:Er were reduced, the intensity of a
few lines increased (Fig. 10).>*

A Tg=5650°C, V/Ii=30
resolution ¢
i A i .
- B .
S Tg=500°C, V/Wi=30
<
S
).
L
‘é) 1 A o
W
e c
z Tg=460°C, V/lI=30
-
o
LJMM D, LN
b Tg=550°C, V/iil=3
e MM T

1540 1560 1580
WAVELENGTR {(nm)

FIGURE 10 Er-related photoluminescence for GaAs:Er grown with various growth tem-
peratures (7g) and V/III ratios.
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The temperature dependencies of the spectral linewidth and the peak
wavelength for Er-related infra-4f-shell photoluminescence and electro-
luminescence have also been investigated.>® Results of the study have
shown that the parameters of photo- and electroluminescence spectra are
comparable to those for rare-earth-doped insulators such as neodymium-
doped yttrium aluminum garnets. The magnitude of the linewidth and
the peak wavelength shift rate are about two orders of magnitude smaller
than those of the luminescence line for a typical III-V semiconductor,
InGaAs. The properties could enable us to use these GaAs:Er layers as
materials for optical devices requiring temperature-stable operating
wavelengths and sharp luminescence linewidths.

Neodymium doped III-V semiconductors are also attracting a great deal
of attention. The Nd** ion is an interesting emitting center because of its
four-level lasing scheme of the *Fs, — *I,,, transition that may allow low-
threshold lasing near 1.1 um as the *I,,, level is separated from the ground
level, *I,,.5 Energy levels of the neodymium 4f shell and band gap ener-
gies of some HI-V semiconductor hosts are presented in Fig. 11.

Neodymium doped GaAs® and GaP**® epitaxial layers have been
grown by MOCVD using Nd(Me;CsH,); as doping source. The growth
conditions and Nd concentrations of typical samples are presented in

b
3 .
——
i —
i 2 ——
> _
2 r m
w
=
a1
“lisz
Y32
B q L ARNTL]
ne 08
0 — 4"” Y-
Nd3* Hosts

FIGURE 11 Energy levels of the neodymium 4f shell and band bgap energies of some III-V
semiconductor hosts.
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Table11.3® Photoluminescence spectra of the samples due to infra-df-shell
transitions of Nd** have been studied.”*%° The photoluminescence inten-
sity decreases by about two orders of magnitude from 3 K to 300 K.
Sharply structured Nd-related luminescence® is distinctly observed at 300
K, and its peak intensity is stronger than Er-related luminescence at 1540
nm for MOCVD-grown InP:Er and GaAs:Er.**> Photoluminescence
spectra of GaP:Nd samples depend on growth conditions and excitation
photon energy and reflect the formation of various mid-gap states in the
GaP host. Luminescence from some Nd centers disappears as temperature
increases, but that from some other Nd centers is observed up to room
temperature. A comparative study of luminescence characteristics of
GaP:Nd and GaAs:Nd has shown that only three kinds of Nd-related lumi-
nescence centers are observed in GaAs while many kinds of centers are
observed in GaP.>®

2.3.5. Ln(iPrCsH,); and Ln(nBuCsH,); sources for doping of lII-V
semiconductors

Further increasing the size of the Cp ligands in tris(cyclopentadienyl)lan-
thanides by introducing isopropy! or n-butyl substituents into the Cp ring
leads to a reduction of the precursor’s melting points to as low as 46-48°C
and also allows a lowering of the bubbler temperatures (60—-90°C),?2-3661-63
Ln(iPrCsH,); and Ln(nBuCsH,); can be used as liquid precursors for
MOCVD and MOVPE processes. Such liquid precursors of rare-earth met-
als are preferable to solid ones because of their high vapor pressures and
good doping controllability.

The use of Yb(iPrCsH,); (melting point 47°C) as liquid Yb precursor
has enabled us to essentially improve the surface morphology of epitax-
ial layers. Thus Yb(iPrCsH,); is a much better source for doping in terms
of reproducibility, crystal quality and reduced memory effect than
Yb(MeCsH,)s. Moreover, samples doped by Yb(iPrCsH,); have shown
higher ytterbium photoluminescence intensities even at low growth tem-

TABLE I

Growth conditions and Nd concentrations of some GaP:Nd and GaAs:Nd samples.

Host GaP GaP GaP GaP GaAs
Growth temperature (°C) 650 650 650 750 650
V/III ratio 17 17 170 17 40
Nd concentration (10'7 cm™) 3 60 30 30 3
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peratures (580°C). The Yb(iPrCsH,); liquid precursor disturbs the InP
crystal growth less than Yb(MeC;sH,);, and a higher fraction of Yb can
contribute radiatively to the photoluminescence signal. This result was
explained by the lower chemical bonding strength between Yb and the
Cp rings in the case of the larger iPrCsH,-ligands.?

A comparison of typical growth parameters of InP:Yb layers for
Yb(iPrCsH,); with those for Yb(CsHs), and Yb(MeCsH,); is presented
in Table II. The Yb(iPrCsH,);-doped InP:Yb layers exhibited higher
Yb** emission intensities at 100 times lower Yb concentrations than
Yb(MeCsH,);-doped samples.5' Low temperature (T = 2 K) photolumi-
nescence of the Yb(iPrCs;H,);-doped InP:Yb layers revealed the typical
ytterbium related spectra around 1um. In many layers, one or more
phonon replicas at lower energies have been observed. The latter fact
demonstrated the good quality of the samples.?? InP:Er*>% and
GaAs:Er®? layers, which were obtained using Er(iPrCsH,),, also dis-
played higher crystal quality and photoluminescence intensities than
those obtained with the Er{MeCsH,); precursor. Er concentrations in InP
up to 5 x 10'® cm™ could be reached.?? Reproducibility of the growth
of InP:Er layers in the case of Er(iPrCsH,); was better than for
Er(MeC;sH,),.%¢

An investigation of the Er(iPrCsH,);-doped GaAs:Er by the
Rutherford backscattering channelling method has shown that Er ions
occupy a tetrahedral interstitial site in the GaAs.5 It was also revealed
that the atomic transitions of Er in InP:Er samples are much less influ-
enced by the semiconductor host than those of Yb in InP:Yb. Ytterbium
was found on a substitutional lattice site in InP, while Er was incorpo-
rated via different defects and clusters which gave rise to complex opti-
cal spectra.”?

Tm(iPrCsH,); was also successfully used as precursor for doping of
GaAs, GaP, GaInP and InP by MOVPE.?*% The thulium-doped layers
have been grown at 600°C in the case of InP and GaAs, whereas some
GaAs, GaP and GalnP samples have been grown at 700-750°C.
Tm(iPrCsH,); could be used as a liquid source due to its low melting
point (45-50°C).** The bubbler temperature was in the range of 50 to
95°C. According to SIMS data the concentration of Tm varied from 10'¢
to 10" cm™. The surface morphology for all samples was only slightly
influenced by the doping, even for high doping levels. Electrical mea-
surements revealed no significant influence of the Tm doping on carrier
concentrations and mobilities of the semiconductor host.
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Thulium has optical transitions in the accessible range between 1 and
2 um for the two oxidation states Tm** and Tm*2.% The typical Tm**
photoluminescence spectrum at 1.2 and 1.9 ym has been observed only
in Tm-doped GaAs, GaInP and very weakly in InP.** The strongest
emission was detected in GalnP:Tm hosts. In low temperature photolu-
minescence spectra of the Tm(iPrCsH,);-doped GaAs:Tm samples, two
optical transitions (*Hs — 3Hg and *H, — 3Hg) could be resolved for
rather high concentrations of thulium (> 10'® cm™). Ion implanted sam-
ples showed similar spectra at least for the 1.2 um transition (Fig. 12).
Thulium doped into GaAs formed one specific defect with the [001] axis
(D34-symmetry) in MOVPE grown and in ion implanted samples.?

Er(nBuC;sH,); was used as a new liquid source for doping of GaAs
grown by MOCVD.% The GaAs:Er layers were grown at atmospheric
pressure in a horizontal quartz reactor from trimethylgallium and tert-
butylarsine sources. The growth rate was 1-2 um/h. The Er(nBuCsH,),
sample used for doping has a boiling point in the range of 230-240°C
at 0.1 torr, and the vapor pressure is about 1.0 torr at 200°C. The Er-

Wavelength [pm]
1.34 1.32 1.30 1.28 1.26 1.24 1.22
lrllqill]'lT"l ITTTTTI“F]W ﬁl’l 1
a) GoAs:Tm>* (MOVPE
SHg - Hg 1
T=4K

n
(508 10080

NVl s o l
|| “ \]l L/\L
b) GaAs:Tm>* (ion implanted)

g =g
T=4K

l!lllllllllilllllll!l

0.92 0.96 1.00
Energy [eV]

FIGURE 12 Low temperature photoluminescence spectra of GaAs:Tm grown by MOVPE
(a) and ion implanted (b) transition at 1eV.

PL-Intensity [a.u.]
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source temperature was in the range 175-225°C. The growth tempera-
ture was varied from 620 to 680°C. The optimal surface morphology
has been obtained at 620°C. Degradation of morphology could be
related to the incorporation of erbium into the GaAs crystal lattice. A
maximal Er-concentration of 10! cm™ has been achieved. The
obtained samples were characterized by SIMS and photoluminescence
spectra. Erbium related photoluminescence spectra were found to be
independent of growth conditions.%®

2.3.6 Comparison of tris(cyclopentadienyl)lanthanides with other
precursors for doping of semiconductors

As we have seen, tris(cyclopentadienyl)lanthanides are quite suitable pre-
cursors for doping of semiconductors by MOCVD or MOVPE. However,
there are some other lanthanide precursors such as the tris (heptafluorodi-
methyloctanedionate) complex Yb(fod);,% tris(tetramethylheptanedion-
ato) lanthanides Ln(thd); (Ln = Er, Yb, Tm)®"-" and tris(amido)erbium
complexes Er[N(R}R")]; (R =R’ = SiMe3; R =CMe;, R"=SiMe;; R=R’
= SiHMe,; N(R)R’) = NSiMe,CH,CH,SiMe,, which have also been suc-
cessfully employed.”

The diketonates Yb(fod); and Ln(thd); are commercially available
and not air sensitive like the tris(cyclopentadienyl)lanthanides. In addi-
tion, they have sufficiently high vapor pressures at ambient temperature.
However, the solid state nature of these compounds requires high source
temperatures of 120-160°C and the use of special source arrange-
ments.%7® A comparative study of Er(CsHs); and Er[N(SiMe;),]; as
sources for doping of AlGaAs and germanium by MOCVD has shown
that Er(CsHs); left a significantly larger amount of carbon in the
films.”! The amide compounds decomposed with a trace of silicon,
nitrogen or carbon contamination. Thus Er[N(SiMes),]; appears to be a
more suitable precursor for MOCVD than Er(CsHs);. Some character-
istics of Er(CsHs), and Er[N(SiMes),]; as doping sources are presented
in Table IV.7!

3. PERSPECTIVE ORGANOLANTHANIDE PRECURSORS FOR
MAGNETIC SEMICONDUCTORS

Rare earth monochalcogenides LnE (Ln = Yb, Eu, Sm; E = S, Se, Te)

display very interesting magnetic properties. The compounds could be
very promising materials for diluted magnetic semiconductors such as
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TABLE IV

Characteristics of Er(CsHs); and ErfN(SiMe;),], as doping sources for MOCVD (the
metal film composition was measured by Rutherford Backscattering Spectroscopy).

Characteristics Er(CsHs)s Er[N(SiMe;),],
Melting point (°C) 285 162
Sublimation temperature at 10~ torr (°C) 200 175
Vapor pressure {torr/°C) 0.01/200 0.1/120
Source temperature (°C) 200 150-175
Deposition temperature (°C) 600 400-600
Erbium content (atomic %) 4.7 179
Oxygen content (atomic %) 24 579
Carbon content {(atomic %) 423 4.7

Hg,_,Sm,Te.” These materials are normally obtained by high-tempera-
ture syntheses from the correspondent elements, but in this case the
materials often contain impurities which are readily incorporated due to
the high oxophilicity of the rare earth centers.”*"

Chalcogenide-containing organolanthanides are very promising pre-
cursors for convenient syntheses of the rare earth monochalcogenides.
The use of organolanthanides could enable us to obtain the LnE materi-
als with required purity by a relative low temperature synthesis. ‘

Investigations of chalcogenide-containing inorganic (without Ln-C
bond) lanthanide(II) complexes as precursors to lanthanide(I)-based
semiconductors have been reported by Bianconi et al.’>"” The com-
pounds containing aryl chalcogenolate ligands have been prepared by
treatment of a lanthanide(IT) halide with the appropriate alkali metal aryl
selenolates or tellurolates according to Eq. (6).7%77 Yb(SeMes),(DME)x
can also be obtained from the amide complex Yb[N(SiMe;),] and
MesSeH in DME.” '

LnX,(THF),_, + 2KEMes —-%) Ln(EMes),(THF), , +2KX
Ln =Yb, Sm, Eu; X =1, Br;
E = Se, Te; Mes = 2,4, 6 — trimethylphenyl (6)
The obtained lanthanide-halcogenide complexes are soluble in toluene,
DME and THF and can be easily purified by recrystallization from these

solvents. Thermal decomposition of the complexes leads to the corre-
sponding monochalcogenide LnE and to the organochalcogenide
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byproducts EMes,, which are volatile and can be easily removed from
the mixture. For example, pyrolysis of Yb(TeMes), « THF; ; at 900°C
for 24 h yielded a crystalline powder of YbTe.”

Ln(TeMes),(THF), , —2—> LnTe + TeMes, 7

Solid-state thermolyses of other lanthanide(II) chalcogenolates
such as Yb[ESi(SiMe;);],(TMEDA), (E = Se, Te)”® also gave the cor-
responding YbE.

According to these investigations the above-mentioned compounds
appear to be promising precursors for rare earth monochalcogenides LnE
and for magnetic semiconductors based on them.

Organolanthanide chalcogenide complexes such as [(MesCs),Yb],
[u-E1(E =8, Se, Te),” [(MesCs),Yb],Te,,* (MesCs), Yb(ER)(L) (E= S,
Se, Te; R = Ph or PhMe; L = OFEt, or NH;),¥' [(MesCs), Sm (THF)],(E)
and [(MesCs),Sm],(E;)(THF) (E = S, Se, Te),*? [Sm(u-SAr)(CsHg)
(THF), 1, (Ar = Ph, C¢H,Me; or C¢H,(iPr);; n = 1, 2)* are well known.
However, these substances are still not studied as precursors to lan-
thanide(II)-based semiconductors. It can be anticipated that these com-
pounds might also be useful as precursors for the corresponding
lanthanide chalcogenide materials if it would be possible to find appro-
priate conditions for their thermal decomposition in reductive (for
instance, H,) atmosphere.

4, MIXED-SANDWICH CYCLOOCTATETRAENYL -
CYCLOPENTADIENYL LANTHANIDE COMPLEXES AS
PRECURSORS FOR CVD PROCESSES

The discovery of high T, superconductors (type YBa,Cu,0; _ ) involv-
ing lanthanides has stimulated the development of the chemistry of
potential lanthanide precursor compounds. The preparation of
YBa,Cu;0; _ s films by MOCVD using 2,2,6,6-tetramethyl-3,5-heptane-
dionate (thd) and heptafluoro-2,2-dimethyl-3,5-octanedionate (fod)
yttrium derivatives was already considered.! More recently some
organolanthanides have been used as precursors for rare earth oxides.
For example, high purity Gd,0; has been obtained by thermal decompo-
sition of tris(isopropylcyclopentadienyl)dysprosium, Dy(Pr'CsH,);.%
However, facts about the use of organolanthanides as precursors for
superconductors are still very limited.
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4.1. General Features of Cyclooctatetraenyl-Cyclopentadienyl
Lanthanide Mixed-Sandwich Complexes

Organolanthanide mixed-sandwich complexes containing a cyclooctate-
traenyl and a cyclopentadienyl ligand are of significant interest as pre-
cursors for MOCVD processes. The first examples of such
mixed-sandwich complexes to appear in the literature were compounds
of the type (CgHg)Ln(CsHs)(THF).*® These complexes have been
obtained by treatment of mono(cyclopentadienyl)lanthanide dichlorides
with equimolar amounts of K,CgHjg (Scheme 1a) or alternatively by the
reaction of [(CgHg)Ln(u-C1)(THF),}, with sodium cyclopentadienide
(Scheme 1b).%

More recently it was found that the complexes (CgHg)Ln(CsH;)
(THF),, (Ln = Pr,Nd, n =2; Ln = Gd, n = 1) could also be synthesized by
simultaneous treatment of anhydrous LnCl; with equimolar amounts of
NaC5H5 and KngHng6

LnCl; + NaC H; + K,CgHy, — M (C3Hg)Ln(CsH; )(THF),
+NaCl + 2KCl
In=Pr,Nd,n=2;In=Gd, n=1 ®)

A mixed cyclooctatetraenyl-pentamethylcyclopentadienyl complex of
samarium has been obtained by the reaction of bis(pentamethylcy-
clopentadienyl)samarium(II) with cyclooctatetraene:>6%’

(C5ME5 )2 Sm(THF)2 + CgHg —"—')(CgHg )Sm(C5M65 )(THF)
+ 5 (CsMes), C))

A large number of related organolanthanide mixed-sandwich com-
plexes has been prepared by using cyclooctatetraenyl and cyclopentadi-

a) K,C,H,

(CH,)LnC),-3THF THF
Ln=Y, Sm, Ho, Er

—— (C4Hy)Ln(C,H,)- THF

b) NaCH,
[(CH)LnCI-2THF], ————

THF
Ln=Y, Nd
SCHEME 1 Preparation of (CgHg)L.n(CsHs)(THF) complexes.
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enyl ligands with various substitutents in the rings. Well-characterized
examples include the pentamethylcyclopentadienyl derivatives
(CsHg)Ln (CsMes)(THF) and (CgHg)Ln(CsMes) (Ln = Sc, Y, La, Pr, Nd,
Sm, Gd, Tb, Dy, Er, Lu),’-° the methylcyclopentadienyl derivative
(CsHg) Y(MeCsH,)(THF),’! tetramethylcyclopentadienyl complexes
(CgHg) Ln(CsMe,H)(THF), and (CgHg)Ln(CsMe,H) (Ln = Y, La, Pr,
Sm, Gd, Dy, Er, Lu),” the pentabenzylcyclopentadienyl derivative
(CgHg) Lu[Cs(CH,Ph)s],”* as well as the di(tert-butylcyclopentadienyl)
complex (CgHg)Y(Bu,CsH3)** and phosphino-substituted mixed-sand-
wich complexes of the type (CgHg)Sm(CsR,PR’,)(THF), (R = H or Me;
R’ =Ph or Me; n =0 or 2).° A series of closely related indenyl-cyclooc-
tatetraenyl mixed-sandwich complexes have been prepared by the simul-
taneous reaction between LnCl;, K,CgHy and K,CyH; in THF
solution. 997 Even (azacyclopentadienyl)(cyclooctatetraenyl)lan-
thanide complexes [(1®-CgHg)Ln(7°-NC,H,Bus-2,5)(THF),] (Ln = Sm,
n =1; Ln = Tm, Lu, n = 0) have been synthesised recently from [(778-
CgHg)Ln(-C1)(THF),], and Na(NC4H,Bu}-2,5):%

[(n*~C4H; )Ln(u—CI)(THF), |,+2Na(NCH,Bu3-25)

+2[(n*~CyH; )Ln(n*~NC,H,Bu3-2,5)(THF), |
+2NaCl
Ln=Sman=L;Ln=Tm,Lunr=0 (10)

Mixed-sandwich complexes with trimethylsilyl substitutents at the
cyclooctatetraenyl ligand, [{(Me;Si),CyHg}Ln{(Me;Si),CsH;}], have
also been obtained recently.®® Sublimation of the THF-solvated mixed-
sandwich complexes generally leads to the unsolvated derivatives which
are thermally stable. Some examples of the compounds are presented in
Table V.

The main structural types of mixed cyclooctatetraenyl-cylopenta-
dienyl lanthanide complexes are shown in Figs. 13-15. In bis(THF)-
solvated (CgHg)La(CsMe,H)(THF), (Fig. 13),°? the La atom adopts a
distorted tetrahedral coordination arrangement, which is described by
the cyclooctatetraenyl and tetramethycyclopentadienyl ring centroids
and two THF molecules. Mono-solvated (CgHg)Y(MeCsH,)(THF) is
a wedge-sandwich compound with one coordinated THF molecule
(Fig. 14).°! Finally, unsolvated (CgHg)Lu(CsMe;) is a sandwich com-
pound with the lutetium atom 7% and 7°-bonded to the planar
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TABLE V

Synthetic routes and sublimation temperature of some unsolvated lanthanide mixed-
sandwich complexes.

Compound Synthetic route Sublimation temp. Reference
(°Cftorr)
(CsHg)Sc(CsMes) Eq. (8) 160/0.1 89
(CgHg)Y(CsMes) Eq. (8) 150/0.1 89
(CsHy)La(CsMes) Eq. (8) 200-225/1072 89
(CgHg)Ce(CsMes) Eq. (8) 160/1073 90
(CsHg)Sm(CsMes) Eq. @) or (9) 70/107 36
(CsHy) Y(CsMe,H) Scheme 1b 120/0.1 92
(CgHg)La(CsMe,H) Scheme 1b 189/0.1 92
(CsHg)Pr(CsMe,H) Scheme 1b 225/0.1 92
(CsHg)Sm(CsMe,H) Scheme 1b 147/0.1 92
(CgHg)Gd(Cs;Me H) Scheme 1b 145/0.1 92
(CgHg)Dy(CsMe, H) Scheme 1b 138/0.1 92
(CgHg)Er(CsMe H) Scheme 1b 118/0.1 92
(CgHg)Lu(CsMe,H) Scheme 1b 145/0.1 92

cyclooctatetraenyl and pentamethylcyclopentadienyl rings, respec-

tively (Fig. 15).%8

The pentamethylcyclopentadienyl and tetramethylcyclopentadienyl
derivatives are quite volatile. Sublimation temperatures of (CgHg)Ln

FIGURE 13 ORTEP drawing of (CgHg)La(CsMe,H)(THF),.
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FIGURE 15 ORTEP drawing of (CgHg)Lu(C;sMes).
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(CsMes) complexes are in the range from 150°C/0.1 torr for yttrium to
200-225°C/0.1 torr for the lanthanum compound. For tetramethylcy-
clopentadienyl derivatives the sublimation temperatures fall in the range
between 118°C/0.1 torr for (CgHg)Er(CsMe H) and 225°C/0.1 torr for
(CgHg)Pr(CsMe, H) (Table VI). Thus the complexes were supposed to be
suitable for MOCVD processes.

4.2. Cyclooctatetraenyl-Pentamethylcyclopentadieny] Lanthanide
Complexes as Precursors for Rare Earth Oxide Films

The cyclooctatetraenyl-pentamethylcyclopentadienyl lanthanide mixed-
sandwich complexes have been studied as precursors for depositing
oxide films via plasma enhanced chemical vapor deposition
(PECVD).! The experiments have been done by decomposition of
(CgHg)Ln(CsMes) (Ln = Y, Dy, Er) in argon/oxygen, in argon/water
vapor, nitrous oxide (N,0), and carbon dioxide (CQO;) plasmas.
Important results of the experiments are presented in Table VI. The films
obtained by these methods have been analyzed by elemental analyses,
SEM micrographs, XPS, CTEM electron diffraction and FTIR spectra.
In the case of argon/oxygen plasma, only (CgHg)Y(CsMes) produced an
oxide film. The corresponding Dy and Er derivatives decomposed before
reaching the substrate electrode. The results have shown that an increase
of substrate temperature (7,,) and rf-power (P) leads to lower carbon
and higher metal contents. The best film characteristics have been
obtained with water vapor plasma. The use of (CgHg)Ln(Cs;Mes) com-
plexes allows us to obtain purer carbon-free oxide films at rates 5-6
times higher than with the corresponding fS-diketonates.!®! Thus the
cyclooctatetraenyl-pentamethylcyclopentadieny!l lanthanide mixed-
sandwich complexes are good precursors for depositing oxide films. It
can be anticipated that other volatile mixed-sandwich complexes of the
lanthanides such as the tetramethylcyclopentadienyl derivatives
(CgHg)Ln(CsMe,H) will be suitable precursors as well.

5. CONCLUSIONS AND SOME PERSPECTIVES ON USING
ORGANOLANTHANIDES IN MATERIALS SCIENCE

The results highlighted above show that the application of organolan-
thanides in materials sciences is still limited. Thus far, organolan-
thanides have found wide application only as doping sources for III-V
semiconductors. Data about the use of these compounds as precursors
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for magnetic semiconductors and for rare earth oxide films are still
limited.

In the future, tris(cyclopentadienyl) lanthanide complexes with iso-
butyl, tert-butyl and SiMe; substituents on the Cp rings, as well as
volatile cyclooctatetraenyl-cyclopentadieny! lanthanide mixed-sand-
wich complexes should be also investigated as doping sources for vari-
ous semiconductors. All these compounds are expected to be good
precursors for deposition of rare earth metal and oxide films as well.

Organolanthanide chalcogenolate complexes such as [(MesCs),Yb],
[u-E] (E = S, Se, Te),” [(MesCs),Yb],Te,,* (MesCs), YH(ER)L) (E=S,
Se, Te; R = Ph or PhMe; L = OEt, or NH;),2! [(MesCs),Sm(THF)],(E) and
[(MesCs),Sm],(Es)(THF) (E = S, Se, Te),” [Sm(u-SAr)(CsHg)(THF), ],
(Ar = Ph, PhMe; or Ph(iPr)s; n = 1, 2)® should be investigated as precur-
sors for the corresponding lanthanide chalcogenides, which offer interest-
ing applications for new magnetic semiconductor materials.

Thus far, no efforts have been made to extend any of the above-men-
tioned procedures to the preparation of lanthanide borides, carbides,
nitrides, or phosphides. This is a largely unexplored field which should
lead to interesting discoveries in the future.
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