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Abstract

In this paper, first, the theoretical description of the effects of the dopant densities and the activation energies on the ionization
densities, the chemical potentials corresponding to each dopant levels, the majority carrier densities and the Fermi-energy
levels in one-acceptor-level system, highly compensated system and two-acceptor-level system are described in detail. Upon
fitting the theoretical to the experimental results obtained by the temperature-dependent Hall effect measurements for three
samples of un-doped GaSb, the dopant densities and the activation energies for a system with different dopants are inves-
tigated. The obtained results revealed that the dopant activation energy has less (no) effect on the Fermi-energy level and
the majority carrier density in the highest temperature regimes. The doping density has also less (no) effect on the Fermi-
energy level in the lowest temperature regimes. Finally, fitting of the theoretical to the experimental Hall effect measurements
results confirmed the presence of three acceptor and one donor levels dominating the majority carrier densities at different

temperature regions in all the samples of un-doped GaSb semiconductor.
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Introduction

Gallium antimonide (GaSb) is a III-V semiconductor with a
high charge carrier mobility, high carrier density, small and
direct band gap ranging from 0.727 eV at room tempera-
ture to 0.813 eV at absolute zero. GaSb also has a variety
of lattice parameter matched with ternary and quaternary
III-V compounds [1, 2]. Its electronic and lattice matched
properties make GaSb a promising material for the fabrica-
tion of high-frequency optoelectronic devices working in the
wide range of infrared region. In recent years, considerable
needs have been developed for the fabrication of high-speed
(un-cooled) infrared detectors. In optoelectronic devices,
thermal transitions compete with optical ones so that high
thermal generation makes non-cooled devices very noisy,
thus reducing their performances at higher temperatures [3,
4]. Antimony-based materials were theoretically found to
have the capacity to bypass these limiting phenomena [3, 4].
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When the temperature of an extrinsic semiconductor is
increased, electrons in the valence band are transferred to
the acceptor levels and the conduction band, leaving free
holes behind, creating some free electrons in the conduc-
tion band and some negatively ionized states in the acceptor
levels. Some electrons in the donor levels are also raised to
the conduction band leaving behind some positively ionized
states and creating some additional free electrons in the con-
duction band. At very high temperature, all the dopant levels
are ionized completely and the transfer of electron from the
valence band to the conduction band continues [5-7]. The
densities of free carriers in the valence and the conduction
bands are hence dominated by the ionization of the respec-
tive acceptor and the donor states in the lower-temperature
regimes (ionization or extrinsic ranges) and by the band-to-
band free carriers transfer in the higher-temperature regime
called (intrinsic range). When an external electric field is
applied, the free charge carriers form electric current [5-7].

Several researchers have confirmed that un-doped GaSb is
usually p-type material (majority carrier 10'°~10'” cm™ and
ionization energies 2040 meV) with a residual acceptor that
is doubly ionizable and associated with the Ga vacancy [1, 2,
8-16]. Using the temperature-dependent Hall measurement
and positron lifetime spectroscopy, Ling and et al. [1, 8] and
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P6dor and Somogyi [16] have reported a dominant resid-
ual acceptor level for the p-type conduction of GaSb (with
activation energy 34 meV and density ~ 10'® cm™) as most
likely the GaSb antisite. Hakala et al. [2] also reported similar
results with activation energy about 40 meV in their work on
self-diffusion in GaSb. Using the free carrier concentration
spectroscopy, Matsuura et al. [13] also detected four accep-
tor levels with energies 28 to 41 meV, 75 to 99 meV, 164 to
181 meV and 259 meV in un-doped GaSb epilayers grown
by MBE and two acceptor levels with energies 21 meV and
83 meV in a thick un-doped GaSb wafer. Hubik et al. [9, 10]
reported the probability of compensation in GaSb (accep-
tor activation energy 85 meV, density ~ 10'” cm™ and donor
activation energy 43 meV and density ~ 10'® cm™) in their
works on tellurium- and sulphur-doped GaSb using capaci-
tance transient, Hall and photo-Hall methods. In their work
on the transport properties in un-doped p-GaSb using PL
and Hall measurements, Dutta et al. [11] have reported the
possibility of self-compensation in a system with two accep-
tor levels (energies 30 meV, 120 meV and densities about
10'8 cm'3). Zhao et al. [15] and Nakashima [12] also reported
the possibility of compensation in un-doped GaSb. The work
of J. S. Blakemore in the description of the majority carrier
density and the Fermi-energy level in terms of the dopant
density, the dopant activation energy and the temperature dis-
regards the contribution from the intrinsic part and empha-
sized the contribution from the extrinsic part only [17].

This paper starts its presentation with the description of
the expressions for the temperature dependences of the ioni-
zation densities and the chemical potentials corresponding
to the dopant levels in terms of the doping densities, the
dopant activation energies and the temperature for a system
with a single dopant level. This can be done by equating the
Fermi-energy level to the chemical potential corresponding
to a given dopant level provided that the dopant ionization
density dominates the majority carrier concentration for a
system with single dopant level in the extrinsic (ionization)
temperature ranges. This method can be applied to any sys-
tem with more than one dopant levels, since each dopant
level has its own dopant density, activation energy, chemi-
cal potential and dopant ionization. For a system with more
than one acceptor/donor, the net acceptor/donor ionization
density in a system is found by the summation of the ioniza-
tion densities of all the acceptors/donors. The net ionization
density for a compensated system is described by the differ-
ence between the net ionization densities of the acceptors
and the donors. The thermal equilibrium carrier density and
the Fermi-energy level for any system (compensated and
multi-dopants system) can be described using the neutrality
relation by introducing the net ionization density along with
the contribution from the intrinsic part.

The smoothness of the curves of the temperature depend-
ence of the majority carrier density obtained by the Hall
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effect measurements methods can give information about the
nature of the dopants involved in the ionization of the sys-
tem. The slope of the curve of the temperature dependence of
the majority carrier density for a system with a single dopant
level increases in a very low temperature regime, followed by
a plateau at higher-temperature regime and smoothly increases
in the quasi-intrinsic temperature region. For a system with
more than one identical dopants, more than one bump (hill) is
observed below the intrinsic region. For a compensated sys-
tem, the slope of the curve increases in the lower-temperature
regime and decreases in the higher-temperature regime below
the quasi-intrinsic temperature region.

The nature of the curves of the temperature dependence of
the majority carrier density obtained by the Hall effect meas-
urements methods in this work reveals the presence of three
acceptor levels and one donor level dominating the majority
carrier density at different temperature regions in all the sam-
ples of p-type GaSb. This method cannot give information
about other very deep dopants with very low densities as com-
pared to the dominant ones.

Theory

In this section, first, we describe the general relations used to
evaluate the thermal properties of both p- and n-type (in short
p/n-types) semiconductors together. Then, the special case for
the p-type material will be considered mostly in the result part.
The respective thermal equilibrium hole and electron carrier
densities p, and n, (in short (p/n),) in a semiconductor are
described by [5, 6, 17, 18]:

E.—-FE
(p/n)y = Ny,c exp <(—/+)%>’ (1

where Ep is the Fermi energy, Ey,- the maximum/minimum
valence/conduction band energy, k the Boltzmann constant,
T the temperature of the system, and Ny, is the effective
density of the valence/conduction band states given by:

2mm’, ey T\
Ny,c=2 W ) 2

where & is Planck’s constant and m;/n is the hole/electron
density-of-states effective masses in the valence/conduction
band. For p-type GaSb, m: = 0.35m,, and m; = 0.047m,,
where m,, is the electron rest mass. The intrinsic carrier den-
sity can be described from the product of p, and n; in rela-
tion (1) as:

E,
n; = /Py = \NcNy exp <_2kéT>’ 3)
B
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where E, is the energy band gap between E¢ and Ey. Rela-
tion (3) is called the law of mass action.

The first empirical relation for the band gap shifts with
temperature was developed by Varshini et al. [5-7, 19] as:

aT?

E,(T)=Ey - Trp )

where @ and f are constants with values 94 K and
3.78x 10~* eV/K, respectively, and E, is the limiting value
of the band gap at absolute zero which is equal to 0.813 eV
for GaSb. The variations of Ey, and E with temperature can
be described using relations (4) by keeping the mid-gap at
one half of E at all temperatures.

The density of the ionized acceptor/donor N;/_d/ ) can
be given in terms of the respective density of the accep-
tor/donor, N4, as [5, 6, 17, 18]:

Na/d

N/

a/d - ;

1+ g, qexp <(+/—) ( -Ea/dk ETM) ) ) ©
B

where E, 4 represents the chemical potential corresponding
to the acceptor/donor and E,;; represents the energy level of
the acceptor/donor level, g, represents the acceptor/donor
degeneracy factor reflecting the degeneracy of the valence/
conduction with g4 = 2 for one parabolic band at the con-
duction band edge and g, = 4 for the twofold degeneracy of
the valence band (heavy and light holes). If a total of n
acceptors/donors are involved in the ionization of the sys-
tem, the net acceptor/donor ionization density is given by
the sum of the ionization densities, N((a_/é;i—)’ of the corre-
sponding acceptors/donors:

n
(=/+) _ (=/+)
Nyg = ZN(a/d)i : (6)
=1

Taking into account the well-known neutrality relation
[1] along with the law of mass action in relation (3), we
get:

N(—/+) _ A/
a/d d/a
p/ny=——"—F——

N . (No-NpY -
2 t4(7t+ T .

If the net acceptor density, N,, and the net donor den-
sity, Ny, are equal, the material is said to be completely
(highly) compensated. Since the ionized densities, Nil_d/ﬂ,
are affected by several factors, the acceptor ionization
density, N_, in the highly compensated material might
not be equal to the donor ionization density, N;’, as we
shall describe later.

Methodology

The three samples used in this study were un-doped epitaxial
p-type GaSb grown in Nelson Mandela Metropolitan Uni-
versity Physics laboratory by metal-organic vapour phase
epitaxy (MOVPE) on semi-insulating (001) GaAs substrate.
The data of the majority carrier densities between 10 and
300 K are obtained using normal temperature-dependent
Hall effect measurements. The data of the majority car-
rier densities between 300 and 400 K are obtained using
modified temperature-dependent Hall effect measurement
setup. The thicknesses of the samples are 1.8 um, 3.7 um
and 15.3 pm, and the typical thermal equilibrium majority
carrier concentrations are 2.15x 10" em™, 1.45x 107 cm™3
and 4.2x10'¢ cm =3, respectively. The results for the major-
ity carrier densities obtained using the Hall effect measure-
ments were obtained by heating and cooling the sample
between the temperatures of 10 K and 400 K.

Results and discussion

In this section, first, the preliminary concepts of the effects
of the dopant density and activation energy on the ionization
density and chemical potential corresponding to the given
dopant level are evaluated in detail. Then, the temperature
dependence of the dopant ionization densities, the chemical
potential corresponding to the dopant levels and the majority
carrier densities and the Fermi-energy level for one-accep-
tor-level system, for a highly compensated system and for
two-acceptor-level system are described using illustrations.
Finally, the fitting of the experimental results of the major-
ity carrier densities and the Fermi-energy levels with the
theoretical results will be performed. The dopant densities
and the corresponding activation energies of the dopants are
determined from the fitting results.

Preliminary concepts

For material with one acceptor/donor level, relation (7) is
simplified to:

2
N(—/+) N(—/+)
a/d 2 a/d
PN PR T ®)
2 i 2

The net ionization density, N;/_d/ +), and the intrinsic car-
rier concentration, 7;, in relation (8) are competing. In the
higher-temperature regimes called intrinsic temperature
range, the net ionization density is very small (N;/_d/ P« n;)
and the majority carrier density concentration, (p/n),, is

(p/n)y =
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equal to n;. In the intermediate-temperature regimes between
the intrinsic temperature range called quasi-intrinsic tem-
perature range, both N;/_d/ * and n; are dominating the entire
majority carrier concentration (p/n), as in relation (8). In the
lower-temperature range called extrinsic temperature range
below the quasi-intrinsic temperature range, the intrinsic
carrier concentration, n;, is very small (N;/_d/ s n;) and
the majority carrier concentration, (p/n),, is equal to N;/_d/ ",
Using this information along with relation (3), one can show
for extrinsic semiconductor that:

n (p/n)y _ N;/_d/ﬂ > 1 )
(n/p n; n; .

This shows that the addition of different acceptor and
donor impurity concentrations to the semiconductor
increases the majority carrier density above the intrinsic
level ((p/n), > n;) and decreases the minority carrier den-
sity below the intrinsic level ((n/p), < n,).

For extrinsic semiconductor with one acceptor/donor
level, the ionized acceptor/donor density, N;/_d/ +), dominates
the entire majority carrier density,(p/n),, as in relation (9).
The chemical potential corresponding to this acceptor/
donor E| 4 also dominates the entire Fermi energy,Ep, in
the lower-temperature regimes. Thus, upon replacing the
majority carrier concentration (p/n), by N;/_d/ *117] and Ep
by E,, ) In the extrinsic region, relation (1) can be modified
under this condition as:

—-E
a/d v/IC
L) (10)

E
(=/+)
Na/d/+ = Ny,c exp <(—/+) T

Eliminating Eu(a/d) between relations (5) and (10) gives
the density of the ionized dopants as:

N 2Nua
a/d ’

48yaNwa ﬂ (11)
1+\/1+ Nog exp( kBT)

where AE,, is the acceptor/donor activation energy given by
(+/=)(Eyq = Eyyc)- Again, upon eliminating N,/ between
relations (5) and (10), we obtain the chemical potential E,,,q,
corresponding to the acceptor/donor level as:

E = Evic+/ —kgT

N, 4g N, AE
scIn| 2ve |y a1+ 8a/atVad exp < a/d)
2Nyq Nyc kgT

12)

The only variable on the right sides of relations (11) and
(12) is the temperature. As we shall see in the next sec-
tion, the variation of the ionization energies AE,; with

@ Springer

temperature does not affect the results of N;/_d/ ™ and E\way-
Thus, the two relations (11) and (12) are very suitable for the
modelling of the temperature dependences of N:l/;/ »), E\way
(p/n), and Ey as we shall describe the details for different
cases later.

The dopant densities are very much less than the effective
densities of the band’s states (N,,4 < Ny,c). Therefore, the
dopant activation energies (AE,,; can be very much greater
than kg T (or AE, ;4 > kgT) at very low temperature. Hence,
the second terms in the square roots of relations (11) and
(12) are very much greater than 1 at very low temperature.
Again, AE, 4 can be very much less than kg7 (AE, 4 < kgT)
at very high temperature and the second terms in the square
roots of relations (11) and (12) are very much less than 1.
The dopant ionizations and the corresponding chemical
potentials have hence the following two limiting cases:

N,aNvye AE,
w/dVvre exp <_ a/d ), low T,

(=/+)
N = 8and 2ksT (13)
v Nyas high T
and
Eve+/ = |25 + 2l in (e )| jowT,
Eyaa) = N .
EV/C+/—kBT1n<ﬁj>, high 7.
(14)

The ionization energies, AE,,, affect the values of the
dopant ionization densities, N;/_d/ ) and the corresponding
chemical potentials, E,,,/q), only in the very low temperature
regimes closer to absolute zero as can be seen in relations
(13) and (14). Thus, keeping the values of the ionization
energies, AE, 4, constant during the analysis does not affect
the results of the temperature dependence of the dopant ioni-
zation densities, N;/_d/ +), and the chemical potentials, Ep(a/d),
as predicted at the end of the previous section.

One can see from relation (13) that the dopant ionization
densities increase with increasing temperature and decreas-
ing the dopant activation energies in the lower-temperature
regime and are unaffected by both the temperature and the
dopant activation energies in the higher-temperature regime.
As one can see from relation (14), the term in the square
bracket with temperature coefficients approaches zero at very
low temperature. Thus, the depth of the chemical potentials
corresponding to the dopant levels remains constant at one
half of the activation energies and less (not) affected by the
temperature and the dopant densities at very low tempera-
ture regimes. The very high temperature chemical potentials
corresponding to the dopant levels increase in depth with
increasing the temperature and decreasing the dopant den-
sities and are unaffected by the dopant activation energies.
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System with one acceptor level

Figure 1 shows the temperature dependence of (a) the accep-
tor ionization density (magenta line), (b) the majority (wine
line), minority (green line) and intrinsic (dark yellow line)
carrier densities along with the acceptor ionization density
(magenta line) and (c) the energy band structure including
valence band energy (black line), conduction band energy
(black line), Fermi level (wine line), intrinsic energy (dark
yellow line) and chemical potential corresponding the accep-
tor (magenta line) for a p-type GaSb semiconductor of
acceptor density 10'%cm™3 and activation energy of 1 meV.
The variation of N with temperature depicted in Fig. 1a
is described using relations (11). Based on the limiting val-
ues of temperature ranges of N in relation (13), the area
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Fig. 1 Temperature dependence of a the acceptor ionization density,
b the majority, minority and intrinsic carrier densities along with the
acceptor ionization density and c the energy band structure of p-type

under Fig. la is divided into two regions. Region I is a
lower-temperature region in which N is increasing with
temperature as predicted in relation (13) and is known as
partial ionization region. Region Il is the higher-temperature
range in which the acceptor level is completely ionized to N,
(N, = 10 cm~3in this case), and hence it is called complete
ionization region.

The resulting majority carrier concentration, p,, is
obtained directly by substituting relations (3) and (11) into
relation (7) for very low density of the donor state (N, — 0).
The minority carrier density, n, is then determined using the
law of mass action relation (3). The majority carrier den-
sity, p,, depicted in Fig. 1b shows similar properties with
that of N in the partial ionization region (Region I) and
the lower-temperature regimes of the complete ionization
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region (Region II) of Fig. 1a. Because of the dominance of
the intrinsic carrier density, n; over the acceptor state den-
sity, N, in the very high temperature regimes, the majority
carrier density, p,, is started to increase with increasing the
temperature in the higher-temperature regimes of Regions
II of Fig. 1a. Therefore, the majority carrier density, p, in
Fig. 1b has the following four limiting cases:

/NNy _AE . .
T exp ( %)’ inRegionI,

N,, in Region II,

po=1" e (15)
>+ n? + = in Region III,
n;, in Region IV.

Based on relation (15), the area under the curve of p in
Fig. 1b is then divided into four regions. Region I of Fig. 1b
is the region where the partial ionization dominates the
entire majority carrier p,. This region is also corresponding
to Region I in Fig. 1a, and hence pj is equal to N. Region II
in Fig. 1b is the region where the complete ionization region
dominates the entire majority carrier density, p,, and hence
Do 1s equal to NV,. Since Regions I and II are controlled by the
acceptor dopant density, they are categorized in the extrin-
sic region described under “Preliminary concepts” section.
Region III under the curve of p, in Fig. 1b is the region in
which both the acceptor ionization and the intrinsic carrier
densities dominate the total majority carrier density, p,,. The
majority carrier density, p,, in this region can be given by
the sum of N, and the minority carrier density, n,. Region
III is the range of temperature for the transition between
the extrinsic and intrinsic regions and hence called quasi-
intrinsic region. Region IV is the region in which the effect
of acceptor ionization is negligible and both the majority and
minority carrier densities are equal to the intrinsic concen-
tration. Hence, Region 1V is called intrinsic region.

The temperature dependence of the chemical potential
for a system with one acceptor level shown in Fig. 1c is
obtained as a function of temperature using relation (12)
by keeping N, and AE, constant and varying temperature
T. The intrinsic energy level, E;, can be determined in this
case from relation (1) by changing p, and n, to n; and Ej to
E;. The Fermi-energy level, Eg, can be evaluated in general
using relation (7) along with relation (1). The value of the
chemical potential, E,, corresponding to the acceptor level
has lower value at very low temperature regimes (near the
absolute zero) of Region I and increases with increasing
temperature as predicted by the second part of relation (14).

When the limiting values p, in relation (15) are applied
to relation (1), the Fermi-energy level, Eg, is found to be:
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AE,
2

NV
Ey +kyTn (7>

E, +

+ 5 ln( v ), inRegion|,

a

in Region II,

Ep =1 . (16)
Ey +kpyTIn| ——=—— |, in Region III,
v B N,+4/4n2+N? &
E, in Region IV.

Based on relation (16), the area under the curve of Ey
in Fig. 1c can also be divided into four regions I, II, III
and IV that are identical to the corresponding regions in
Fig. 1b. In Regions I and II (extrinsic regions) of Fig. 1c, the
chemical potential, E,,, corresponding to the given acceptor
level dominates the entire Fermi level, Eg, of the system.
In Region III (quasi-intrinsic region), both the chemical
potential, E,,, corresponding to the given acceptor and the
intrinsic energy, E;, dominate the entire Fermi-energy level,
Ep. Region IV under the curves in Fig. 1c also corresponds
to the intrinsic region (Region IV) of Fig. 1b. The intrinsic
energy, E;, dominates the entire Fermi-enrgy level, Ey, in
Region IV of Fig. 1c. The chemical potential, E,,,, has influ-
ence on the Fermi-energy level, Ep, only in Regions I, I and
III of Fig. 1c. Even though the value of the chemical poten-
tial, E,, beyond the quasi-intrinsic region has no contribu-
tion to the Fermi-energy level, the curve of £, in Region
IV of Fig. lc is drawn to lead the direction of the variation
of E, in the higher-temperature regimes. The boundaries of
all the regions under the curves in Fig. la—c are not clearly
defined in this work.

Highly compensated system

Figure 2 illustrates the temperature dependence of (a) N
(magenta line), N7 (blue line) and N — N7 (red line), (b)
po (wine line), n; (green line) and #; (yellow line) along with
N, - N; (red line) and (c) the energy band structure con-
sisting of Ey, and E- (black lines), E, (wine line), E; (yellow
line), E,, (magenta line) and E, 4 (blue line) for a highly com-
pensated semiconductor of equal acceptor and donor densi-
ties of 10'7 cm™ and equal acceptor and donor activation
energies of 1 meV. The net ionization density is obtained
by subtracting N;r from N in relation (11). The majority
carrier density, p,, is described using relation (7) by taking
into account the net ionization condition with N, = N,. The
other quantities are described in the same way as discussed
in the previous sections.

As can be seen in Fig. 2a, in a highly compensated p-type
GaSb (N, = N,) with equal acceptor and donor activation
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Fig.2 Temperature dependence of a N_ (magenta line), N;’ (blue
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(yellow line) along with N — N (red line) and ¢ the energy band
structure consisting of Ey, and E (black lines), E. (wine line), E; (yel-

energies (AElla = AEu 4)» the donor ionization density is less
than the acceptor ionization density (N < N;) in the lower-
temperature regime. The acceptor ionization density, N_,
also reaches the complete ionization faster as compared to
the donor ionization density, N;. This variation is attributed
to the fact that, in the lower-temperature regimes, the effec-
tive density of the conduction band states (V) that is highly
influencing NdJr [see relation (14)] is smaller than the effec-
tive density of the valence band states (/Vy) that is influenc-
ing N [see relation (13)]. The difference in the values of the
degeneracy of the valence and conduction bands (g, and g,)
can also affect the ionization densities at the lower-temper-
ature regimes [see relation (13)]. The two regions I and II in
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low line), E,, (magenta line) and Ey (blue line) for a highly com-
pensated semiconductor of equal acceptor and donor densities of
10'7 cm™ and equal acceptor and donor activation energies of 1 meV

Fig. 1a are also suitable for the description of the properties
of the regions under the compensated system in Fig. 2a.
Region I of Fig. 2a is a lower-temperature region where both
the acceptor and donor levels are partially ionized and the
net ionization is given by N~ — Nd+. As aresult, the net ioni-
zation density increases with increasing temperature in the
lower-temperature regimes of Region [ where N > N; and
decreases with temperature in the higher-temperature
regimes of Region I where N;r started to influence the net
ionization density. In Region II, the acceptor level is com-
pletely ionized and the donor level is still under partial ioni-
zation, so that the net ionization becomes N, —N; and
decreases with increasing N;r as shown by red line in Fig. 2a.
The partial ionization region gets wider in the donor level
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than the acceptor level in highly compensated p-type GaSb.
Therefore, the larger the effective density of state of a given
band, the larger the corresponding ionization density influ-
enced by the band and the faster it reaches the complete
ionization region.

Since the net ionization dominates the majority carrier
density in the lower-temperature regimes, p,, also increases
with increasing temperature in the lower-temperature regime
of Region I where p, ~ N > N;r and decreases with
increasing temperature in the relatively higher-temperature
regimes of Region I where NCT is influencing the entire net
ionization density. In region II where the acceptor levels are
completely ionized, py ~ N, — N; and hence decreases with
increasing temperature as shown in Fig. 2b until the system
reaches the quasi-intrinsic region (Region III). In the quasi-
neutral region (Region III), the minority carrier also contrib-
utes to the majority carrier density and p, & N, — N7 + ny.
Region IV of Fig. 2b is similar to the intrinsic region in
Fig. 1b. When the temperature dependence of the majority
carrier densities in Fig. 2b is compared with that of Fig. 1b,
the compensated system reaches the intrinsic region faster
than the un-compensated system.

As can be seen in Fig. 2c, the chemical potential corre-
sponding to a given acceptor/donor level lies below/above
the intrinsic level when the ionization density corresponding
to the acceptor/donor level is less than the intrinsic density
and vice versa. One can also see from relation (14) that the
low-temperature chemical potential corresponding to a given
shallow acceptor/donor level approaches the valence/con-
duction band edge. Since the majority carrier density in
highly compensated p-type semiconductor is less than that
of the non-compensated system with equal acceptor density
and activation energy, the chemical potential, Eua, corre-
sponding to the acceptor level of the highly compensated
system lies below the Fermi-energy level, E_, in the extrinsic
temperature region as shown in Fig. 2c. The curves of Epa
and Eu 4 for a highly compensated system also cross each

other on the curve of the intrinsic energy level, E.. The
Fermi-energy level, E_, is dominated by the intrinsic energy
level, Ei, in the intrinsic region.

System with two acceptor levels

For a system with more than one acceptor level, the net
ionization density of the system is given by the sum of the
ionization densities of the individual acceptors as given in
relation (6). Figure 3 depicts the temperature dependence
of (a) the shallow (cyan line), the deep (magenta line)
and the net (red line) acceptor ionizations, (b) the major-
ity (wine line), the minority (blue line) and the intrinsic
(yellow line) carrier concentrations along with the net
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acceptor ionizations (red line) and (c) the energy band
structure consisting of Ey, and E. (black lines), Ep (wine
line), E; (yellow line), shallow level acceptor energy, Epa1
(cyan line) and deep level acceptor energy, E,, (magenta
line) for GaSb sample with two acceptor levels of densities
N,;=10'"cm™ and N,,=10'7 cm~ and the corresponding
activation energies of E,; =1 meV and E,, =200 meV. The
net ionization density is obtained by the addition of two
ionization density of the two acceptors as given in relation
(11). The majority carrier density, p,, is described using
relation (7) by taking the net ionization, N = N, +N,,
into account. The chemical potentials corresponding to
shallow and the deep acceptors, E,,; and E,,,,, are treated
independently for each acceptor ionizations using relation
(12). The Fermi-energy level is described using relation
(1).

As can be seen from Fig. 3a, a shallow acceptor with
lower density dominates the net ionization in the lower-
temperature regime and a deep acceptor can dominate the
net ionization in the higher-temperature regime if its ioni-
zation density is larger than that of the shallow acceptor.
The deep acceptor has less or no effect on the net ioniza-
tion density if its ionization density is less than that of
the shallow level. Since activation energy of the acceptor
has no effect in the higher-temperature regime, acceptors
with different activation energies and equal densities have
the same effect in the complete ionization region (Region
II) and the shallow level is dominant in the partial ioniza-
tion region (Region I). The width of the partial ionization
region (Region I) increases with increasing the dopant
density and the deepness of the acceptor level as shown
in Fig. 3a. The majority carrier density is dominated by
the shallow acceptor ionization density at very low tem-
perature regimes and with the deep acceptor level in the
intermediate-temperature regions as shown in Fig. 3b. The
very high temperature majority carrier is dominated by the
intrinsic carrier density.

As depicted in Fig. 3c, the chemical potential corre-
sponding to the shallow acceptor is less than that of the
deep level acceptor. The gap between the valence band
and the chemical potential also remains constant at half
of the acceptor ionization energy (E,,;=0.5 meV and
E ., =100 meV) when evaluated near the absolute zero
as predicted in relation (14). The decrease in the slopes
of the curves of the chemical potentials with decreasing
temperature is the proof for the premise that the chemi-
cal potentials are independent of temperature at very
low temperature regimes. The chemical potential cor-
responding to the acceptor with high dopant density is
less than that with relatively low dopant density in the
higher-temperature regimes as predicted by relation (14).
Therefore, the Fermi-energy level, E, is dominated by the
chemical potential corresponding to the shallow level in
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Fig.3 Temperature dependence of a the shallow (cyan line), the
deep (magenta line) and the net (red line) acceptor ionizations, b the
majority (wine line), the minority (blue line) and the intrinsic (yellow
line) carrier concentrations along with the net acceptor ionizations
(red line); and ¢ the energy band structure consisting of Ey and E.

the lower-temperature regime, by the chemical potential
corresponding to the level with high acceptor density in
the intermediate-temperature regime and by the intrin-
sic energy level, E,, in the higher-temperature regime as
depicted in Fig. 3c.

Fitting of the theoretical to the experimental values

As already discussed in the previous two subsections, the
effects of a dopant with very low density on the majority
carrier density can be detected if it is shallower than the
other dopants. In general, four dopant levels were identified
in all of the three samples of GaSb used in this work: two
deep acceptors with very large densities and dominating the

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature (K)

(black lines), E (wine line), E; (yellow line), shallow level acceptor
energy, E,,; (cyan line) and deep level acceptor energy, E,,, (magenta
line) for a semiconductor with two acceptor levels of densities of
N,;=10' cm™ and N,,=10"7 cm~3 and the corresponding activation
energies of AE,; =1 meV and AE,;, =200 meV

majority carrier densities in the intermediate-temperature
region below the quasi-intrinsic region; and one very shal-
low acceptor with very low density compensated by very
shallow and one low-density donor dominating the major-
ity carrier density at very low temperature region. Figure 4
depicts the temperature dependence of the theoretical major-
ity carrier densities, p,, (wine lines) fitted to the experimental
results of the majority carrier densities (open wine circles),
two deep acceptors (cyan and magenta lines), one shallow
acceptor (green line) and one donor (green line) detected
in the three different p-type GaSb samples labelled (a) S1,
(b) S2 and (c) S3. As can be observed from Fig. 4a—c, two
hills and one valley are observed in the experimental curves.
Two smooth small bumps are also observed approximately
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Fig.4 Temperature dependence of the theoretical majority carrier
densities (wine lines) fitted to the experimental results of the major-
ity carrier densities (open wine circles), two deep acceptors (cyan

around 100 K and 270 K on the top of the large plateaus
at the right sides of the valleys. The curves with negative
slopes at lower-temperature regime on the left side of the
valleys in all the experimental curves in Fig. 4a—c are fitted
using the method used in “System with two acceptor levels”
section, with the very shallow and low-density acceptors
(density, N,;, and activation energy, AE,;) compensated by
the very shallow and low-density donors (density, N4, and
activation energy, AE,). The smooth bumps on the plateaus
on the right sides of the valleys in Fig. 4a—c are also fit-
ted with two acceptors (one relatively shallow and the other
deep with activation energies AE,, and AE,;, respectively)
with comparable densities represented by N, and N,; using
the method used in “Highly compensated system” sec-
tion. The entire net ionization densities of the system are
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and magenta lines), one shallow acceptor (green line) and one donor
(green line) detected in the three different p-type GaSb samples
labelled a S1, b S2 and ¢ S3

determined by subtracting the ionization densities of the
acceptors from the net (summation of) ionization densities
of the three acceptors, as discussed in relations (6) and (7).
Fitting can be done by adjusting the values of the dopant
densities and the activation energies until the theoretical val-
ues of p, in relation (7) exactly fit the experimental values
as shown in Fig. 4a—c.

The very shallow donors detected in the three samples
have activation energies 3 meV, 3 meV and 4 meV and den-
sities 5.5x 10" cm™3, 2.8 x 10" cm™ and 2.0x 10 cm ™3,
respectively. The respective very shallow acceptors involved
in the compensation process along the very shallow donors
in these samples have zero activation energies and densi-
ties 1.5% 10" cm™, 1.1x 10" cm™ and 1.7%x 10" cm™.
The very deepest acceptors detected in the samples have
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activation energies 100 meV, 76 meV and 86 meV and den-
sities 1.3x 10" cm™, 7.2%10'® cm™ and 2.3%10'® cm™,
respectively. The other respective deep acceptors detected
have activation energies 24 meV, 31 meV and 37 meV
and densities 1.2x10"7 ¢m™3, 7.0x10'° ¢cm™3 and
1.8 10" cm™. The last acceptor levels obtained are in
complete agreement with the dominant residual acceptor
levels of activation energies 20 meV to 40 meV and densi-
ties 101 cm™ to 10'® cm~ reported by Ling et al. and others
[1, 2, 8, 16]. The two dominant deep acceptors reported by
Matsuura et al. and others also confirm the result obtained
[9-11, 13]. The possibility of self-compensation reported
by several writers is also the confirmation of the obtained
results [9-12, 15].
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The compensation effects of the shallow acceptors and
donors with very low densities are detected only in the very
low temperature regions as shown in Fig. 4a—c. This effect
is suppressed by the effects of the two deep acceptors with
high densities in the intermediate-temperature region. Using
this method, one can detect only the very shallowest and
densest dopants. The involvement of the deepest and less
density donors in the self-compensation reported by Hubik
et al. [9, 10] in tellurium- and sulphur-doped GaSb cannot
be detected using this method.

Figure 5 illustrates the temperature dependence of the
energy band structures of the respective samples discussed
in Fig. 4. The energy band structure consists of Ey, and E
(black lines), E (wine line), E; (yellow line), the chemical

potentials corresponding to the three acceptors E,,;, E,,,, and

(b)

Energy (eV)

T
0 100 200 300 400 500 600 700 800 900 1000

Temperature (T)

Fig.5 Temperature dependence of the energy band structures of the respective samples detected in the three different p-type GaSb samples

labelled a S1, b S2 and ¢ S3 discussed in Fig. 4, respectively
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E| .3 (green, cyan, magenta lines) and that corresponding to
the shallow donor E, 4 (blue line). The temperature depend-
ence of E,,;, E,,» and E,,, are determined independently by
varying the respective acceptor densities, N,;, N, and N,
the acceptor activation energies AE, |, AE,, and AE; and the
temperature 7 using relation (12). The experimental values
of the Fermi-energy levels, Ey labelled by the wine open
circles in Fig. 5a—c were determined using the experimental
results in Fig. 4a—c along with relation (1).

One can see from Fig. 5a—c that the chemical potentials
corresponding to the shallowest acceptor, Eual’ dominate
the Fermi-energy level in the lowest temperature regimes.
Since the densities of the two deep acceptors in a sample are
nearly equal, the chemical potentials corresponding to these
acceptors dominate the Fermi-energy level equally in the
intermediate-temperature ranges below the quasi-intrinsic
region. The chemical potentials corresponding to the very
deep acceptors and donors with very lower majority carrier
densities are going deep into the band gap as compared to
those of dopants with very high majority carrier densities.

Conclusion

It was a long-established fact for a semiconductor with a
single dopant level that in the extrinsic temperature ranges
below the quasi-intrinsic temperature region, the dopant
ionization density dominates the majority carrier density,
and hence the chemical potential corresponding to the
dopant level dominates the entire Fermi-energy level below
the quasi-intrinsic temperature region. Upon equating the
expression of the majority carrier density to that of the
dopant ionization density, the expression for the chemical
potential corresponding to the dopant level was established
in terms of the dopant density, the activation energy of
the dopant and the effective density of the respective band
states. Again, upon substituting the Fermi-energy level in the
expression of the majority carrier density by the chemical
potential in the expression of the dopant ionization density,
the expression for the dopant ionization density was estab-
lished in terms of the dopant density, the activation energy
of the dopant and the effective density of the respective band
states. The established facts were evaluated for one-acceptor-
level system, highly compensated system and two-acceptor-
level system with the help of illustrations.

The dopant ionization densities and the majority carrier
density increase with increasing temperature, decrease with
increasing the dopant activation energies in the lower-tem-
perature regime and are unaffected by both the temperature
and the dopant activation energies in the higher-temperature
regime. The deepness of the chemical potentials correspond-
ing to the dopant levels increases by one half of the activa-
tion energy with increasing the deepness of the activation
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energy and unaffected by the temperature and the dopant
densities at very low temperature regimes. The chemical
potentials corresponding to the dopant levels increase with
increasing the temperature and decreasing the dopant den-
sities and are unaffected by the dopant activation energies
in the higher-temperature regimes. The established facts
were well corroborated by the fitting of the theoretical to
the experimental results of the majority carrier densities
obtained by the temperature-dependent Hall effect meas-
urements. From the fitting of the theoretical to the experi-
mental results, four dopant levels are detected in p-type
GaSb. The very shallow acceptor and donor with densities
10'-10'® cm~ and energies 0—4 meV are detected at very
low temperature region. The two relatively deep acceptors
with activation energies 20—40 meV and 75-100 meV and
densities 10'°-10'7 cm™ are also detected at intermediate
temperature below the quasi-intrinsic region.
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