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Without any assumptions regarding residual impurity species and intrinsic defects in an undoped semiconductor, it is
experimentally demonstrated that the densities and energy levels of impurities and defects can be precisely determined by a
graphical peak analysis method based on Hall-effect measurements, referred to as free-carrier-concentration spectroscopy
(FCCS). By FCCS, the number of acceptor species in p-type undoped In0:2Ga0:8Sb epilayers is determined, and the densities
and energy levels of these acceptor species are accurately estimated. Two acceptor species, whose acceptor levels are
EV þ 25meV and EV þ 86meV, are detected, where EV is the valence band maximum. The density of the EV þ 25meV
acceptor increases with Sb4=ðInþ GaÞ flux beam equivalent pressure (BEP) ratio, whereas the density of the EV þ 86meV
acceptor decreases with increasing BEP ratio. These observations are not consistent with the conventional assumption that
these acceptor species are VSb

þ and VSb
2þ in GaSb-based semiconductors, where VSb is the Sb vacancy.
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GaSb-based semiconductors have been regarded as prom-
ising materials for the fabrication of near- and mid-infrared
laser diodes and photodiodes, which can be used for
monitoring the concentrations of gases (CO2, CO, NOx,
and SOx), which cause environmental problems in the
atmosphere.1) In GaSb-based laser diodes, an undoped
InxGa1�xSb epilayer, called a well layer, plays an important
role in emitting near- and mid-infrared light. This layer has a
band gap shallower than that of a cladding layer (e.g., n- or
p-type AlxGa1�xSb) that injects electrons or holes into the
well layer.

Because residual impurities and intrinsic defects in the
well layer strongly degrade light-emitting efficiency, it is
important to investigate them. Undoped GaSb-based semi-
conductors usually exhibit a p-type conduction. Using the
temperature dependence of hole concentration, pðTÞ, ob-
tained by Hall-effect measurements, the densities and energy
levels of residual impurities and intrinsic defects in GaSb-
based semiconductors were investigated.2–11) Although the
acceptor level and acceptor density are usually determined
from the slope and saturation of ln pðTÞ–1=T plots, this
analysis cannot be applied to semiconductors with more than
one acceptor species and compensated semiconductors.
Moreover, it is difficult to obtain reliable values by fitting
a curve to the experimental data of pðTÞ, partially because
the number (nspecies) of acceptor species in the semiconduc-
tor must be assumed before the analysis and partially
because numerous curve-fitting parameters must be simulta-
neously determined. To reduce the number of curve-fitting
parameters, the following assumptions were adopted for
undoped GaSb. According to the double-acceptor model
where the acceptor can be ionized singly as well as
doubly,2,3,5,6) it is assumed that the two acceptor species
have the same densities, but different energy levels.

Without any assumptions regarding the acceptor species
(e.g., nspecies), graphical peak analysis methods can accu-
rately determine the densities and energy levels of acceptors.
Although Hoffmann and coworkers12,13) proposed a differ-

ential evaluation of pðTÞ, the differential of experimental
data causes an increase in observed errors. One of the
authors has proposed and tested a precise determination
method without the differential evaluation of pðTÞ, referred
to as free-carrier-concentration spectroscopy (FCCS),14,15)

and has applied FCCS to p-type Si irradiated with high-
energy protons or electrons,16–18) SiC,19–27) GaN,28) GaSb,10)

and Al0:6Ga0:4Sb.
11) Because each peak in the FCCS signal

corresponds one-to-one to an impurity or a defect, its density
and energy level can be determined accurately from the peak
even when nspecies is unknown. For example, it was difficult
to assume nspecies in undoped GaSb and undoped Al0:6-
Ga0:4Sb.

10,11) Moreover, two types of acceptor species were
observed in Al-doped 4H–SiC epilayers,25) although only
one acceptor species (i.e., Al acceptor) was expected.

By FCCS we determined the densities and energy levels
of residual impurities and intrinsic defects in p-type undoped
In0:2Ga0:8Sb epilayers grown by molecular beam epitaxy
(MBE), and investigated the dependence of the acceptor
densities on Sb4=ðInþ GaÞ flux beam equivalent pressure
(BEP) ratio during the growth of the epilayers.

Two-micrometer (2-mm)-thick undoped In0:2Ga0:8Sb epi-
layers were grown on semi-insulating (100) GaAs at 470 �C
by water-cooled MBE at three different BEP ratios of 2, 3,
and 5. The growth rate was approximately 0.5 mm/h. After
each undoped In0:2Ga0:8Sb epilayer was cut into pieces of
7� 7mm2 size, pðTÞ was measured by the van der Pauw
method in a temperature range from 140 to 300K at a
magnetic field of 1.4 T and a current of 0.1mA.

Figure 1 shows a set of three pðTÞ values for undoped
In0:2Ga0:8Sb epilayers for the BEP ratios of 2, 3, and 5,
denoted by , , and , respectively. The solid lines
represent the interpolations of pðTÞ. In the figure, pðTÞ for
the BEP ratio of 2 is the lowest, whereas pðTÞ for the BEP
ratio of 5 is the highest.

There were no straight lines and saturation regions in the
ln pðTÞ–1=T plots. Moreover, it was quite difficult to assume
nspecies from the plots. Therefore, it is difficult to analyze
pðTÞ by conventional methods.
The FCCS signal is defined by10)�E-mail address: matsuura@isc.osakac.ac.jp
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HðT ;ErefÞ �
pðTÞ2

ðkTÞ5=2
exp

Eref

kT

� �
; ð1Þ

where k is the Boltzmann constant and Eref is the parameter
that shifts the peak of the FCCS signal within the measure-
ment temperature range. On the other hand, the signal can
theoretically be derived as10)

HðT ;ErefÞ ¼
Xnspecies
i¼1

NAi

kT
exp �

EAi � Eref

kT

� �
IðEAiÞ

�
NDNV0

kT
exp

Eref � EFðTÞ
kT

� �
; ð2Þ

where IðEAiÞ ¼ NV0 expf½EAi � EFðTÞ�=kTg fFDðEAiÞ, NAi

and EAi are the density and energy level of an ith acceptor
species, respectively, EFðTÞ is the Fermi level, fFDðEAiÞ is
the Fermi-Dirac distribution function, ND is the donor
density, NV0 is 2ð2�m�

p=h
2Þ3=2, m�

p is the hole effective
mass, and h is Planck’s constant. The Windows application
software for FCCS can be freely downloaded at our web site
(http://www.osakac.ac.jp/labs/matsuura/). This software can
also be used by the curve-fitting method or Hoffmann’s
method.

Figure 2 shows the FCCS signal with Eref of 2:9� 10�3

eV, calculated using eq. (1) and the interpolation of pðTÞ for
the BEP ratio of 5. In the figure, one peak appears at 265K,
whereas another peak appears at < 150K. From the peak
temperature and the peak value of 3:32� 1037 cm�6 eV�2:5,
the values of EA2 and NA2 were determined as EV þ 86meV
and 7:3� 1016 cm�3, respectively.

To investigate another acceptor species, the FCCS signal
of H2ðT ;ErefÞ, in which the influence of the previously
determined acceptor species is removed, is calculated using

H2ðT ;ErefÞ ¼
pðTÞ2

ðkTÞ5=2
exp

Eref

kT

� �

�
NA2

kT
exp �

EA2 � Eref

kT

� �
IðEAÞ; ð3Þ

as is clear from eq. (2). The H2ðT ;ErefÞ with Eref of �1:4�
10�2 eV is shown in Fig. 3. Because the peak temperature

and peak value were 165K and 8:89� 1036 cm�6 eV�2:5, the
values of EA1 and NA1 were determined as EV þ 25meV and
3:1� 1016 cm�3, respectively.

Although the FCCS signal of H3ðT ;ErefÞ, in which the
influence of two previously determined acceptor species was
removed, was calculated, the H3ðT ;ErefÞ was nearly zero.
Therefore, this epilayer includes two types of acceptor
species.

In the same manner as illustrated for the previously
mentioned sample, pðTÞ values for the other samples were
analyzed. For all the samples, the values of EA1 and EA2

were EV þ 25meV and EV þ 86meV, respectively. The
values of NA1 and NA2 are listed in Table I.

Figure 4 shows the experimental pðTÞ and simulated pðTÞ
(—) with the values shown in Table I. Each pðTÞ simulation
was in good agreement with the corresponding experimental
pðTÞ. Therefore, the values obtained by FCCS are reliable.
During the growth of In0:2Ga0:8Sb epilayers at 470 �C by

MBE, Sb was more apt to be evaporated from the epilayer
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Fig. 1. Temperature dependence of hole concentration in undoped

In0:2Ga0:8Sb epilayers grown at different Sb4=ðInþ GaÞ BEP ratios.
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Fig. 2. FCCS signal with Eref of 2:9� 10�3 eV.
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Fig. 3. FCCS signal with Eref of �1:4� 10�2 eV, in which influence of

previously determined acceptor species is removed.
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than Ga and In, because the vapor pressure of Sb was much
higher than those of Ga and In. This suggests the formation
of a vacancy at an Sb site (VSb), the substitution of Ga for Sb
(GaSb) and the substitution of In for Sb (InSb).

According to the double acceptor model,2,3,5,6) VSb
þ and

VSb
2þ are considered. In this case, NA1 should be equal

to NA2. Because NA1 increases and NA2 decreases with
increasing BEP ratio as shown in Table I, the double
acceptor model does not hold true. On the other hand, the
total density of (NA1 þ NA2) is �1� 1017 cm�3 for all the
BEP ratios. Because the evaporation of Sb from the epilayer
is expected to be similar for all the BEP ratios owing to the
same growth temperature, two of three intrinsic defects (i.e.,
VSb, GaSb, and InSb) possibly correspond to the two observed
acceptor species.

In summary, it was illustrated that FCCS can determine
the densities and energy levels of acceptors without any
assumptions regarding acceptor species, even when the
number of acceptor species included in a semiconductor
is unknown. In undoped In0:2Ga0:8Sb epilayers grown by
MBE, two types of acceptor species with EV þ 25meV and
EV þ 86meV were detected. It was found that they did not

follow the double acceptor model of VSb (i.e., VSb
þ and

VSb
2þ).
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Table I. Results determined by FCCS.

BEP ratio 2 3 5

EA1 (meV) EV þ 25 EV þ 25 EV þ 25

NA1 (�1016 cm�3) 1.7 2.2 3.1

EA2 (meV) EV þ 86 EV þ 86 EV þ 86

NA2 (�1016 cm�3) 9.3 8.2 7.3

Temperature  [K]

H
ol

e 
C

on
ce

nt
ra

tio
n 

 [
x1

016
 c

m
-3

]

Undoped In0.2Ga0.8Sb
Experimental data

: Sb4/(In+Ga)=2
: Sb4/(In+Ga)=3
: Sb4/(In+Ga)=5

p(T) simulation

150 200 250 300
1

2

3

4

5

6

Fig. 4. Comparison of pðTÞ simulations with experimental pðTÞ.
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