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Abstract

Nd-doped GaSb bulk crystals with three different dopant concentrations have been grown by the vertical Bridgman

technique. The axial segregation has been characterised by obtaining the effective segregation coefficient. Differences in

the value of this coefficient show its dopant concentration dependence. Resistivity, carrier density and mobility have

also been obtained showing the p-type nature of this material. Structural and compositional properties have been

studied revealing some inclusions with high Nd concentration in the highest Nd-doped ingot. r 2002 Published by

Elsevier Science B.V.

PACS: 81.05.Ea; 82.80.Ch
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1. Introduction

Rare earth (RE) doped semiconductors are very
interesting materials due to their applications in
optoelectronics. These systems show a temperature
stable luminescent wavelength which is nearly
independent of the semiconductor host. The
interest in RE doped semiconductors is based on
the future fabrication of new electroluminescent
devices, which can combine both the luminescence
of rare earth ions and the electronic properties of
semiconductors [1,2].

When RE elements are introduced as trivalent
ions in solids, they exhibit atomic-like optical
transitions due to the incomplete 4f shell, which is
shielded by the outermost filled 5s2 and 5p6

orbitals. These intra-4f transitions are parity
forbidden in the free ion but are allowed when
the RE ions are embedded in solids, due to the
mixing of opposite parity states which is induced
by the local electric fields in the solid host [3,4]. In
this way the RE ions interact weakly with the host
matrix and the wavelength of the intra-4f shell
emission is only very slightly dependent on the
host material and the environmental temperature.

It is well known that crystalline Si is the primary
material for the fabrication of electronic devices.
On the other hand and due to the fact that it is an
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indirect band gap semiconductor, the efficient light
emission is difficult to achieve [5,6]. As a con-
sequence, direct band gap III–V compound
semiconductor materials have been successfully
used in the fabrication of optoelectronic devices
[7]. RE ions have been incorporated into III–V
semiconductors by doping during the growth
process [8–10] or by ion implantation [11–15].

Among the different RE ions Nd has shown to
be a good choice for controlling the surface charge
at the semiconductor-dielectric interface [16].

In this work, the Nd distribution in Bridgman-
grown GaSb ingots has been studied by means of
atomic absorption spectrometry (AAS). Some
electrical properties like carrier density, mobility,
resistivity and conductivity type have also been
investigated by means of van der Pauw Technique.
Structural and compositional properties have been
obtained by scanning electron microscope (SEM),
energy dispersive X-ray analysis (EDAX) and
Cathodoluminescence (CL).

2. Experiment

Nd-doped GaSb ingots were grown by the
vertical Bridgman technique. High purity
99.9999% Ga and Sb and 99.9% Nd metal were
used as starting materials. High quality quartz
ampoules were used as crucibles and sealed in
vacuum at 10�6 Torr. The ampoules were pre-
viously graphited by acetone pyrolysis at 10001C
in order to prevent the material sticking to the
walls. The growth was carried out at a rate of
3mm/h in a single-zone Bridgman furnace having
a parabolic thermal profile being almost flat at the
centre and presenting a linear gradient of 571C/cm
in the solidification region. An oscillation system
enables the homogenisation of the melt before the
growth process. The homogenisation time em-
ployed was 24 h. More details about the growth
process can be found elsewhere [17].

Three different GaSb ingots were grown with
initial Nd concentrations in the melt of
0.6� 1019 cm�3 (ingot (A)), 2.4� 1019 cm�3 (ingot
(B)) and 2.2� 1020 cm�3 (ingot (C)). All of them
were 60mm long and 12mm in diameter. Several
wafers extracted from different positions along the

ingot were cut perpendicular to the growth
direction. Mechanical polishing with 5 and 1 mm
alumina powder and chemical etching for 5min
with a CP4 type solution (1 CH3COOH : 5 HF : 9
HNO3 : 10H2O) were carried out on these samples.

In order to study the Nd concentration along
the ingots, AAS analysis was carried out by taking
a small quantity of material (about 100mg) from
different wafers. This procedure enables us to
study the axial Nd concentration in different zones
of the ingots. A Perkin-Elmer 3110 spectrometer
equipped with a Nd hollow cathode lamp was
used. High quality Perkin Elmer Nd 1000 ppm
standards were used for the calibration of the
system. For the preparation of the solutions for
AAS analysis, the material was first dissolved in
acids (5 cm3 HCl+1 cm3 HNO3) and slightly
heated at 701C about 15min until the presence of
solid particles was no longer observed. The volume
of the samples was increased to 20 cm�3 with a
solution of H2O–HCl 0.6N. Only the ingots (B)
and (C) were analysed because of the low
concentration of Nd present in the ingot (A),
which could not be detected due to the precision of
our apparatus.

For the measurement of the electrical properties
like resistivity, mobility and carrier density the van
der Pauw technique at room temperature was used
with magnetic fields perpendicular to the samples
up to 7 kG. Indium dots were used as ohmic
contacts, which were previously verified.

SEM images and EDAX analyses were carried
out by using a Philips model XL30 coupled with
an EDAX analyser model DX4i. The accelerating
voltages were 25 kV. The CL data were obtained
with a Hitachi S-2500 SEM at 77K and 25 kV of
accelerating voltages.

3. Results and discussion

In order to obtain the Nd concentration profiles
along the ingots, AAS analyses were carried out in
the highest doped ingots named as B and C. These
profiles versus the solidified fraction are shown in
Fig. 1 where the anomalous high concentration in
the final stages of the growth due to the final
transient state [18] have been removed. The
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experimental points shown in Fig. 1 have been
obtained as a mean value of the concentrations
measured at the centre and at the periphery of the
samples. These points can be fitted to the Scheil
law, which relates the dopant concentration in the
solid Cs with the initial concentration C0 in the
melt and the effective segregation coefficient Keff :

In the case where the density in the solid, rsol

and in the liquid, rliq have the same value, the
Scheil law is given by the following expression:

Cs ¼ KeffC0 1� gð ÞKeff�1; ð1Þ

where g is the solidified fraction. The mathematical
development of this expression can be easily
followed in Ref. [18]. On the other hand it must
be pointed out that in the case of GaSb, the
variation between rsol and rliq is nearly 8%
(rsol ¼ 5:6 g cm�3 and rliq ¼ 6:06 g cm�3 [19]). This
feature cannot be neglected and some corrections
may be introduced in Eq. (1). This can be easily
done by following the mathematical procedure for
Eq. (1) given in Ref. [18]. In this way it is easy to
show that when considering different values for
rsol and rliq; the Scheil law is given by

Cs ¼ KeffC0ð1� gÞ½ðr
sol=rliqÞKeff�1� ð2Þ

i.e. a correction term rsol=rliq to the value of the
exponential Keff appears. In the case of GaSb this
correction term has a value of 0.924.

The results obtained for Keff from the fit of the
experimental points to the Eq. (2) are given in

Table 1. The difference between the two values
corresponding to the ingot (B) and (C) indicates
the dependence of Keff on the dopant concentra-
tion.

Table 2 shows the resistivity, carrier mobility
and density obtained by the van der Pauw
technique on samples removed from the central
region of the three ingots. All these samples
showed p-type behaviour as has been previously
reported for Er-doped GaSb [20]. It is worth
noting that the increasing dopant concentration
induces an increasing carrier density lowering the
resistivity and mobility.

Some structural features of these materials have
also been studied. Samples taken from different
regions along the ingots were analysed by SEM.
Fig. 2 shows several etch-pits revealed by chemical
etching on a wafer extracted from ingot (A).
The etch-pit density was about 5� 105 cm�2.
The quantitative data for the Ga and Sb concen-
trations inside and outside of the etch-pits, which
are shown in Table 3 were obtained by EDAX
analysis. It is observed that there is an excess of
Ga inside the etch-pits. The presence of Nd
could not be observed in the ingot (A) due to
the poor sensitivity of EDAX at low dopant
concentrations.

Fig. 1. Nd concentration profiles along the ingots (B) and (C)

at the centre (K) and the periphery (’) of the wafers.

Table 1

Experimental values of the effective segregation coefficient, Keff

for the ingots (a) (B) and (b) (C) obtained from the Scheil law fit

Ingot Keff

(B) 0.1470U03

(C) 0.3570U04

Table 2

Resistivity, mobility and hole density obtained from van der

Pauw technique for pure and Nd-doped GaSb

Ingot Resistivity

(O cm)

Mobility

(cm2/V � seg)
Hole density

(� 1017 cm�3)

Pure 0.0900 550 1.0

(A) 0.0854 410 1.8

(B) 0.0714 370 2.4

(C) 0.0273 230 10.0
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Cathodoluminescence (CL) images and spectra
from the three ingots have been used to character-
ise the defect structure as a function of the Nd
concentration. The samples for CL observations
have been obtained from the central part of each
ingot. In Fig. 3, a CL image from sample (A) is
shown which reveals uniform bright background
with dark lines that correspond to grain sub-
boundaries [21] similar to that observed in
undoped material. The CL spectrum, not shown
for brevity, showed the near band edge emission
and the native defects related band located at
777meV usually observed in this material [21].

Regarding sample (B) with a higher Nd con-
centration, the SEM/EDAX analysis has revealed
no main differences compared with the results
obtained from sample (A). On the other hand, the
increment in the dopant concentration shows a
more inhomogeneous background in the CL
images. In the CL spectrum corresponding to

sample B and shown in Fig. 4 the defect band is
detected and its intensity is comparable to the
band gap emission.

In the sample (C) with the highest Nd concen-
tration, it is important to note that some elongated
inclusions with specific orientations and different
sizes were observed at the final stages of the

Fig. 3. CL image obtained from the sample (A) with the lowest

initial dopant concentration.

Table 3

Concentration of Ga and Sb inside and outside the etch-pits

shown in Fig. 2

Element Concentration

(at%) outside

Concentration

(at%) inside

Sb 46.52 37.23

Ga 53.48 62.77

Fig. 4. CL spectrum from the sample (B). The continuous lines

are the deconvoluted Gaussian bands that best fit the

experimental points.

Fig. 2. Etch-pits at the surface of a wafer extracted from the

central region of the ingot (A). Higher Ga concentrations inside

the pits has been revealed by EDAX analysis.
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growth as shown in Fig. 5. In this figure both
secondary electron (SE) and backscattering elec-
tron (BS) images are presented. The backscattering
images give an idea of the compositional differ-
ences between the inclusions and the remaining
surface in the samples. The EDAX analysis carried
out inside and outside of the inclusions have
shown that there is a higher concentration of Nd
inside the inclusions which is about four times
larger than outside. These etch-pits occur at some
kind of Nd precipitation, which is removed during
the chemical etching process. The Nd concen-
tration data obtained by EDAX are shown in
Table 4. It can be noted that some inclusions have
also been observed in Er-doped GaSb crystals
formed basically by Er and Sb [20].

The elongated inclusions could also be observed
by CL as shown in Fig. 6A. It can also be observed
from the CL spectrum shown in Fig. 6B that a
remarkable decrease in the 777meV band occurs.
This effect of reduction of native defects has been

previously reported by doping with transition
metals [22] and also with Er [23]. In the case of
Nd, in addition to the reduction of the native
defects, an enhancement of the luminescence
intensity compared to other doped GaSb ingots
obtained from Bridgman method is detected. A
comparison with the EDAX results shows that the
Nd effect of decreasing the defect band and

Fig. 5. Inclusions present at the final stages of the growth of the

ingot (C).

Table 4

Concentration of Sb, Ga and Nd obtained inside and outside

the inclusions observed in Fig. 3

Element Concentration

(at%) outside

Concentration

(at%) inside

Sb 47.93 44.47

Ga 51.20 52.04

Nd 0.87 3.49

Fig. 6. CL (A) image and (B) spectrum from the sample (C).

The continuous lines are the deconvoluted Gaussian bands that

best fit the experimental points.
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increasing the band gap intensity is limited by
precipitation processes at high Nd concentrations.

4. Conclusions

In this work the segregation of Nd in Bridgman-
grown GaSb ingots has been studied. The effective
segregation coefficient has been obtained from the
fit of the experimental dopant concentration data
from AAS analysis to the Scheil Law. The results
show that the values of these coefficients depend
on the dopant concentration in the melt. The p-
type behaviour and the decreasing resistivity with
the increasing initial dopant concentration has
been demonstrated by means of van der Pauw
technique. SEM and CL analysis revealed the
presence of inclusions with a high Nd concentra-
tion.
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