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Electron spin resonance (ESR) and dc-magnetization experiments have been performed in Gd-doped
amorphous (a-)silicon �lms. The �lms were deposited by the cosputtering technique following
di�erent conditions rendering samples with varying Gd and hydrogen concentrations. In addition
to �lms with di�erent contents of impurities and, in order to probe the inuence of the atomic
structure on the magnetic properties of the Gd species, the �lms were also submitted to laser-induced
crystallization processing. Both ESR and dc-magnetization results show that Gd is incorporated
as a trivalent ion (Gd3+) in the Si host. ESR data indicate a strong dependence between the Gd
concentration and the density of Si dangling bonds. Moreover, the Gd3+ local environment is nearly
insensitive to the Gd and H content, as well as to the atomic structure of the Si host. Along with
gadolinium, other rare-earth species have been investigated and the main results are discussed.

Much of the current interest in studying rare-earth
(RE) doped silicon-based compounds arises from their
potential to combine the unique optical characteristics
of RE3+ ions with the electrical properties of semicon-
ductor hosts. Moreover, despite the great advances
achieved in this area, still there are a lot of interest-
ing and unanswered questions.[1] While various groups
around the world succeeded in doping several (either
crystalline or amorphous) Si-based matrices with dif-
ferent RE3+ ions, it is not yet completely clear what is
the local chemical environment around the RE3+ ions
and the involved energies.[2] Although it seems to be
more an academic than a technological problem, it is
important to stress that these two aspects may deter-
mine both, the design and the �nal performance of the
desired opto-eletronic devices.

Based on these ideas this work presents a system-
atic and preliminary study of the magnetic properties of
di�erent series of Gd-doped amorphous (a-)Si �lms pre-
pared by the cosputtering technique. Gd atoms and the
cosputtering technique have been respectively chosen
in view of their magnetic characteristics and versatility
in producing �lms with quite di�erent and controllable
atomic compositions. To get further insight, auxiliary
spectroscopic techniques were employed to investigate
the �lms. Besides, and were applicable, allusion to the
study of other RE3+ ions in similar Si hosts is made.

Gd-doped a-Si and a-Si:H �lms have been deposited
by the cosputtering technique in a standard radio fre-
quency (13:56 MHz) system. The �lms, typically
� 1�m thick, were deposited on high-purity quartz

substrates at � 70oC in a Ar + H2 atmosphere ac-
cording to di�erent target composition [Gd-to-Si rela-
tive area (AGd/ASi)] and partial pressures of hydrogen
[P(H2)]. After deposition, some of the Gd-doped a-
Si(H) were crystallized with a Nd-YAG laser (532:0 nm
and pulse width of 10 ns).[3] The �lms were investigated
by means of optical (absorption and Raman scattering)
techniques at room temperature. The ESR experiments
were carried out in a Bruker X-band spectrometer, us-
ing a TE102 room-T cavity and a helium gas ux (4:2
K � 300 K) temperature controller. dc-magnetization
measurements were performed in a Quantum Design
SQUID MPMS magnetometer (RSO mode). The sam-
ple was kept at the center of the scan range using the
sample autotracking option.

The Gd concentration of the samples reported in
this work were obtained from: i) Rutherford backsca-
tering spectroscopy (RBS), ii) an estimation of the ESR
signal intensity as compared with one ESR standard,
and iii) a Curie-Weiss �tting of the low-temperature
dc-magnetic susceptibility, �(T ), data, after substrac-
tion of the diamagnetism of a similar undoped thin
�lm/quartz substrate sample. The hydrogen content
of the �lms were determined by either Nuclear reaction
analysis (NRA) or optical absorption in the infrared re-
gion. Some of the main characteristics of the studied
Gd-doped a-Si(H) �lms are presented in Table I.

The temperature dependence of the [�(T )] (1 T)
were measured for all a-Si(H) �lms, and the data was
�tted to a Curie-Weiss law with di�erent Gd3+ (4f7,
S = 7=2, 7:94 �B) concentration values. The estimated
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Gd3+ concentration and paramagnetic temperature [�]
for all the studied �lms are given in Table I. The ESR
spectra consist of a broad and single resonance line
associated to a powder-like spectrum of Gd3+. The
intensity of this resonance depends on [Gd] and in-
creases at low temperature following approximately the
1=T behaviour appropriate for localized magnetic mo-
ments. Within the experimental error, the g-value and
linewith �Hpp does not depend on the Gd3+ concen-
tration and temperature for T & 30 K. On the other
hand, Gd-doped a-Si �lms with [Gd] & 4 at:% and T .
30 K, present a small line broadening, suggesting the
existence of Gd-Gd magnetic interactions. However,
low �eld 0:1 � 0:5 kG susceptibility measurements in
these high concentrated �lms did not show any spin-
glass behavior.[4] The Gd3+ concentration was also de-
termined comparing the ESR intensity with a known
Gd1:45Ce0:55RuSr2Cu2O10+Æ sample and a strong KCl-
pitch standard. The main ESR parameters and Gd3+

concentration are given in Table I. The values obtained
from the �(T ) measurements and the density of Si dan-
gling bonds are also shown in Table I.
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Figure 1. �(T ) of the hydrogenated �lms Si7, Si10 and
Si11, at 1 T, after subtraction of the pure a-Si �lm/quartz
substrate diamagnetism. Continuous lines correspond to a
Curie-Wiess law and the �tting parameters are given in Ta-
ble I. Inset: room temperature ESR spectra of the same
Gd-doped a-Si �lms with varying [H].

The �(T ) of the (hydrogenated) Si7, Si10, and Si11
�lms, measured at 1 T, are represented in Figure1. The
experimental data was �tted to a Curie-Weiss law with
4:7, 1:9, and 0:2 at:% of Gd3+ (4f7; S = 7=2; 7:94 �B)
for samples Si7, Si10, and Si11, respectively. The in-
set of Fig. 1 shows the room temperature ESR spectra
of the same hydrogenated �lms. ESR measurements
were also performed at low temperatures and consist
of a broad and single resonance line that, within the
experimental error, does not depend on [H] nor on the
temperature. Similarly to the non-hydrogenated �lms,
the intensity of this resonance signal increases at low
temperatures and follows approximately the 1=T be-
havior. The magnetic characteristics of these samples

are also shown in Table I.

Notice that, despite the use of a constant AGd/ASi,
the presence of H2 during deposition reduces the �nal
concentration of Gd in the �lms. It is an expected re-
sult since we have adopted a constant total pressure
of 5 � 10�3 Torr for all deposition runs. As a conse-
quence, and taking into account the sputter yield due
to H+

n and Ar+ ions, [5] the concentration of Gd will
be smaller as more and more hydrogen atoms are used
during the depositions.

The e�ect of hydrogen insertion in the a-SiGd ma-
trix was also investigated through optical spectroscopy.
As expected,[6] and according to the experimental data,
the introduction of hydrogen in the a-SiGd matrix in-
duces a bandgap widening and a concomitant passiva-
tion of Si dangling bonds (see Table I).

At this point it is important to notice that, while hy-
drogen atoms promote a real passivation of the Si dan-
gling bonds, the Gd3+ ions act in a di�erent manner in
reducing the [db]. The density of Si dangling bonds, as
obtained from the ESR measurements for various dif-
ferent RE-doped (RE = Y, La, Gd, Er, and Lu) a-Si
�lms, is strongly suppressed only by the magnetic RE3+

ions.[7] This indicates that RE3+ ion size e�ects can be
neglected as a possible db depleting mechanism, and the
spin component of the RE3+ (maximum for Gd3+) is
probably the main responsible for the [db] diminution.
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Figure 2. dc-magnetization susceptibility, at 1 T, of �lm Si2
before (a-Si2) and after (lc-Si2) laser-crystallization exper-
iments. The Curie-Wiess law is also represented for �(T)
and the �tting parameters are given in Table I. Inset: room
temperature Raman scattering spectra of these same �lms.
After laser treatment, notice the appearance of a Raman sig-
nal at � 520cm�1 due to the existence of Si nano-crystals.

Some results of the laser-crystallization experi-
ments are presented in Figure 2 where the �(T) spec-
tra, measured at 1 T, of �lm Si2 are shown before
and after crystallization. The inset displays the cor-
responding room temperature Raman spectra for the
same �lms. As can be seen from the inset, the as-
grown �lm presents a very weak and almost featureless
spectrum characteristic of an amorphous quasi-metallic
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compound.[8] After laser-crystallization, the �lm ex-
hibits a well de�ned Raman signal at ~520 cm�1 typical
of Si nano-crystals.

Except for a partially crystallized atomic
structure,[9] the experimental data was �tted to a
Curie-Weiss law with 6 at:% of Gd3+, and the magnetic
characteristics of the laser-crystallized �lms resemble
very much those achieved in the amorphous case, i:e.,
before the laser-induced crystallization processing.

Based on the above experimental results the ESR
and dc-magnetic susceptibility data demonstrate unam-
biguously that Gd atoms are incorporated in Si as triva-
lent ions Gd3+. Moreover, the ESR results show that
the Gd3+ powder-like spectra parameters are not sen-
sitive to the Gd concentration, atomic structure, and
H content. Both the g-value and linewidth for all the
studied �lms are about the same (Table I). This is an
intriguing result, because it is known that the Gd3+

ESR spectra is composed of an anisotropic �ne struc-
ture due to crystal �eld e�ects and, as a consequence,
it should be a�ected by di�erent environments at the
Gd3+ sites. These results suggest that the neighbor-
hood of the RE3+, in a-Si hosts, is not a�ected by the
di�erent atomic structure of the studied �lms. A pos-
sible reason for such a behavior could be the formation

of a very stable covalent-like RESi2 compound.

Thin �lms of Gd-doped a-Si:H, with di�erent [Gd]
and [H], have been prepared by the cosputtering tech-
nique. Allied with some optical properties, the �(T )
and ESR results presented in this work allowed us to
conclude that: i) Gd atoms are incorporated as triva-
lent ions (RE3+) in a-Si matrices, ii) the RE3+ ions
incorporated in our �lms form an extremely stable
complex, probably RESi2 and/or some related covalent
compound, iii) in the a-SiRE:H �lms the actual RE
concentration is much smaller than the expected one
(based on AGd/ASi) as a consequence of the deposi-
tion method, iv) the [db] in the a-Si �lms is strongly
depleted by the magnetic RE3+ species. The strongest
e�ect is obtained for Gd3+, suggesting a mechanism as-
sociated to the spin component of the RE3+ via a strong
exchange �eld-like coupling between the RE3+ and db
spins.
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F. Iikawa (UNICAMP) for the access to the Raman fa-
cilities. This work was supported by CAPES-Brazil,
CNPq-Brazil, FAPESP-Brazil, NSF-DMR-USA, and
NSF-INT-USA.

Table I - Gd concentration as determined from ESR (room temperature) and �(T ) measurements. The g-value,
�Hpp, Si dangling bond density [db], � values and the atomic concentration of H and Gd, as determined from ion
beam analyses (NRA and RBS), are also displayed for the series of Gd-doped a-Si:H �lms.

Sample [Gd]ESR [Gd]� g-value �Hpp [db] � [H]NRA [Gd]RBS
# (at:%) (at:%) - (Oe) cm�3 (K) (at:%) (at:%)
Si1 7.6 10(2) 2.00(4) 860(100) 5x1016 - 12(2) 1 7.5
Si2 5.7 6(1) 2.00(4) 830(100) 1.0x1017 - 7(2) 1 4.0
Si3 3.8 4.8(9) 2.01(4) 790(100) 2.5x1017 - 7(2) 1 2.5
Si4 1.4 1.9(4) 2.03(4) 800(100) 1.5x1018 - 4(1) 1 1.5
Si5 1.5 1.3(4) 2.02(4) 850(100) 1.7x1018 - 3(1) 1 1.0
Si6 1.3 0.5(1) 1.99(4) 750(100) 3.4x1018 - 4(1) 1 0.5
Si7 4.7 4.7(9) 2.01(4) 860(100) 3.0x1017 - 9(2) 1.2 2.5
Si8 2.7 3.9(8) 2.01(4) 800(100) 1.0x1017 - 6(2) 2.7 2.0
Si9 1.1. 4.4(9) 2.03(4) 1020(100) 5.0x1016 - 6(2) 3.7 2.3
Si10 1.2 1.9(5) 2.07(4) 1000(100) 1.0x1017 - 8(2) 7.5 1.5
Si11 - 0.2(1) - - 5.0x1016 - 0.4(0.5) 9.0 0.4
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