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Abstract

In this work pure and Gd-doped GaSb ingots with different dopant concentrations were grown by the Bridgman Method. The
compositional and electrical analysis carried out on these materials have shown the dependence of these results on the initial
dopant concentration. The analysis have revealed the presence of inclusions which have been identified as Gd-Sb precipitates. The
doped material was found to be p-type with a maximum value of the carrier density at the central region of the ingots. It has been
also demonstrated that the Gd enhances the A band emission reducing the band-gap emission. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Rare earth (RE) doped semiconductors are promis-
ing materials in the field of the optoelectronics and for
their potential applications in optical communication
systems. The interest in RE doped semiconductors is
based on the fabrication of new electroluminescence
devices which can combine both the luminescence of
RE ions and the electronic properties of semiconduc-
tors [1].

Due to the incomplete 4f shell of the RE elements
which is shielded by the outermost filled 5s*> and 5p®
orbitals, these elements exhibit atomic-like optical tran-
sitions when they are introduced as trivalent ions in
solids. These intra-4f transitions are parity forbidden in
the free ion. On the other hand, due to the mixing of
opposite parity states produced by the local electric
fields in the solid host [2], these transitions are allowed
when the RE ions are embedded in solids. However, the
interaction between the RE ions and the matrix is weak
and the wavelength of intra-4f shell emission is only
slightly dependent on the host material and the envi-
ronmental temperature.
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The incorporation of several RE ions into III-V
semiconductors has been reported in the literature [3-
9]. In particular the Gd has been recently studied due to
several good properties when is combined with III-V
semiconductors like the passivation of GaAs surfaces
[10,11] and for the attainment of a low interfacial
density of states in MOS diodes [12].

Among the III-V semiconductors, gallium anti-
monide (GaSb) is an interesting material due to their
applications as substrate for the development of op-
toelectronic devices with a band-gap emission in the
range from 1.1 to 3.9 um being useful for applications
in optical fiber communication systems [13]. In this
work the effect of the Gd into vertical Bridgman-grown
GaSb has been investigated by means of scanning
electron microscope (SEM), energy dispersive X ray
analysis (EDX), van der Pauw technique and cathodo-
Iuminescence (CL).

2. Experimental procedure

The vertical Bridgman technique was used to grow
pure (A) and Gd-doped GaSb (B and C) ingots. High
purity 99.9999% Ga, Sb and 99.9% Gd metal were used
as starting material. As crucibles, high quality quartz
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Fig. 1. (a) SEM image from a small hole found in the samples
obtained from the last solidified region of the two Gd-doped GaSb
ingots. (b) Magnification of a precipitate located inside the holes.

ampoules sealed at 10 ~° Torr were used. The ampoules
were also graphited by acetone pirolysis at 1000 °C in
order to prevent the material sticking to the walls. The
growth was carried out at a rate of 3 mm h='in a

Sb

single-zone oscillatory Bridgman furnace having a tem-
perature gradient of 57 °C cm ~!. More details about
the growth process can be found elsewhere [14].

Two different GaSb ingots were grown with initial
Gd concentration in the melt of 2 x 10" ¢cm~3 (Ingot
B) and 8 x 10" cm~3 (Ingot C) respectively. All of
them were 60 mm long and 12 mm in diameter. In
order to make an analysis of the evolution of the
several properties of the material along the growth
process, several wafers were obtained along the ingot.
All of them were cut perpendicular to the growth
direction.

Mechanical polishing was carried out using 5, 1, 0.3
and 0.05 pm alumina powder. After this process, chem-
ical etching was applied for 30 seconds with a CP4 type
solution (1 CH;COOH:5 HF:9 HNO5:10 H,O) followed
by methanol rinsing. The Van der Pauw technique at
room temperature was used for the measurement of
resistivity, mobility and carrier density with magnetic
fields perpendicular to the samples up to 7 KGauss.
Indium dots were used as ohmic contacts, which were
previously verified. Secondary electron microscope
(SEM) images and energy dispersive X-ray analysis
(EDX) were carried out with a Philips apparatus model
XL30 coupled with an EDX analyser model DX4i. The
accelerating voltages were 25 kV. The cathodolumines-
cence (CL) data were obtained with a Hitachi S-2500
SEM at 77 K at 25 kV as accelerating voltages.

3. Results and discussion

All the samples were analysed by SEM and EDAX.
No main differences were detected in the samples ob-
tained from the centre and the initial region of the
ingots in comparison with the samples extracted from
the pure GaSb ingot. Nevertheless some little holes with

Gd
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Fig. 2. EDX spectrum obtained from the inclusions present at the final regions of the Gd-doped GaSb ingots.
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Fig. 3. (a) Resistivity, (b) hole density and (c) mobility at room
temperature vs. the solidified fraction for the Gd-doped GaSb. Open
squares refer to ingot B and closed circles to ingot C

small precipitates inside were detected in the last soli-
dified region. A micrograph of these holes found in the
two Gd doped GaSb ingots is presented in Fig. la.

In order to know the composition of these precipi-
tates, an EDX analysis was carried out. It shows that
these precipitates have the following composition: Sb
(37.09 at.%), Ga (11.08 at.%) and Gd (51.83 at.%). The
corresponding EDX spectrum is given in Fig. 2. These
kind of precipitates whose compositions are mainly Sb
and Gd have been previously reported for other RE
dopants like Er and Nd in GaSb [8,9]. These com-
pounds are known as pnictides.

Resistivity, mobility and carrier density were ob-
tained by the van der Pauw technique as function of the
solidified fraction as shown in Fig. 3.

From the resistivity measurements it can be observed
that in the case of the ingot with low Gd concentration
(ingot B) a maximum in the resistivity appears in the
central region of the ingot. The difference between the
values of the resistivity at the centre and the region
corresponding to the final stages of the growth process
is around 10%. In the case of the ingot with the highest
dopant concentration (ingot C) there exist an increase
in the resistivity along the growth direction. This be-
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Fig. 4. The CL spectra at 78 K for three samples along the ingot B.

(a) At the initial solidified fraction, (b) at the centre and (c) at the
final solidified fraction.
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Fig. 5. Comparison of the CL spectra at 78 K from samples obtained
from the ingots B and C (the later is the noisiest and is represented by
a continuous line).

haviour could indicate that, for the high dopant con-
centration, the defect density is higher at the final
solidified fraction.

Regarding to the hole density (Fig. 3b) it can be
observed that, in the two cases, the maximum is placed
near the region corresponding to the beginning of the
solidification process. This behaviour could indicate
that there exists a slightly higher concentration of do-
pant in this region, as it will be shown below from the
CL analysis. The mobility data presented in Fig. 3¢
show that the maximum values appear near the top and
bottom of the ingots probably due to a lower carrier
concentration in these regions. For comparison, the
values obtained for the resistivity, carrier density and
mobility from the pure GaSb (ingot A) have been
obtained being; 0.090 W-cm, 1.0 x 107 cm ~3 and 550
cm?/V-sec respectively.

The CL analysis has been carried out in different
samples in the two ingots. Fig. 4 shows the CL spectra
for three samples along the ingot B at the initial
solidified fraction (Fig. 4a) at the centre (Fig. 4b) and at
the region corresponding to the final stages of the
solidification process (Fig. 4c).

From these measurements it can be pointed out that
there exists a Gd gradient along the samples. This
gradient is going from low concentration, in samples
obtained from the final region of the ingots, to high
concentrations at the initial stages of the growth. The
CL spectra confirms this feature regarding to the inten-
sity relation between the emissions centred at 773 meV
(A Band) and the emissions related to 795 meV (band-
gap). It can be seen that the A band increases at the
regions at the centre and at the initial values of the
solidified fraction. The band related to 815 meV is due
to the tail-states and has been observed in other sam-
ples. Regarding to the highly doped sample it can be
seen that the signal is very low compared with the
signal obtained from the samples from ingot B. As can

be observed from the noisy spectra presented in Fig. 5.
There exist a small displacement of the spectra from
samples C regarding with samples from ingot A. This
could confirm that the Gd enhances the A band emis-
sion reducing the band-gap emission.

4. Conclusions

The effect of the Gd dopant on GaSb Bridgman
grown ingots has been investigated. The SEM-EDX
analysis indicates the presence of precipitates consisting
mainly in Gd and Sb. The Hall measurements indicate
a maximum hole concentration near the region corre-
sponding to the beginning of the solidification process.
The CL analysis show that the Gd enhances the emis-
sion of the A band decreasing the emission of the
band-gap.
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