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Defects in AlSb: A density functional study
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We carry out density functional calculations to study both intrinsic and extrinsic defects in AISb. We focus
on the carrier compensation and trapping properties of these defects, which are important to the radiation
detection applications. We show that the Sb antisite (Sby;) is a low-energy defect, with interesting property of
light-induced metastability, similar to the As antisite in GaAs. Sby,, is effective in compensating holes induced
by the residual carbon but is also a deep electron trap that reduces the carrier drifting length. We discuss the
possibility of using hydrogenated isovalent N impurity in AISb and GaAs to pin the Fermi level without

causing efficient carrier trapping.
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I. INTRODUCTION

AlSb has potential applications in radiation detection for
its relatively large band gap of 1.60 eV, which allows room-
temperature applications, and high atomic number of Sb,
which is necessary for sufficient stopping power of high-
energy x and vy rays."? In semiconductor radiation detectors,
the radiation-generated carriers are driven by the applied
electric field and collected by the electrodes. Thus, high re-
sistivity of the semiconductor material is needed to reduce
the noise from the background free carriers and high u7 (u is
the carrier mobility and 7 is the carrier lifetime) is required to
enable carriers to drift to the electrodes. It has been found
that the growth of single-crystal AISb with high resistivity
and high mobility is difficult.' AISb is known to react with
oxygen and almost all crucible materials. In addition, the
volatility of Sb causes the nonstoichiometry of the material.
All these problems are detrimental to the quality of the AISb
crystals. Both resistivity and mobility of AISb currently fall
behind those of CdZnTe,! another important radiation detec-
tion material.

Since purifying compound semiconductors to semi-
insulating limit is not practical, carrier compensation is the
primary way of achieving high resistivity of the material.
Shallow dopants may be introduced for carrier compensa-
tion. For instance, the resistivity of the as-grown p-type AlSb
can be increased by doping with Se and Te.> However, it is
not possible to control the shallow dopant concentration to
achieve the complete compensation of carriers. Thus, the
pinning of Fermi level near the middle of the band gap is
usually made possible by the existence of deep levels in-
duced by defect or dopant.*¢ Unfortunately, the deep levels
are also efficient carrier traps and recombination centers,
which reduce the carrier drifting length. Therefore, the un-
derstanding of the defect formation and the carrier trapping
at defects is very important. First-principles calculations
have identified low-energy intrinsic defects in AISb.” In ad-
dition, unintentional dopants such as carbon and oxygen
have been shown to affect the Fermi level significantly.?®
Carbon is a commonly found acceptor in AlSb, giving rise to
p-type conductivity to the as-grown AISb samples.® Oxygen
increases the resistivity, but it also decreases the carrier mo-
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bility in AlISb significantly, which is detrimental to the detec-
tor performance.” Recent theoretical study on CdTe suggests
that a complex of isovalent impurity and hydrogen, which is
an amphoteric defect, may be effective in compensating ei-
ther electron or hole carrier, which ever is in excess.°

In light of these recent developments, we carried out den-
sity functional calculations to study the intrinsic defects and
impurities, including carbon, oxygen, sulfur, and silicon, in
AlSb. We have also studied the possibility of introducing
amphoteric N-H complex into AISb and GaAs for carrier
compensation purpose.

II. METHODS
A. Computational details

We performed calculations based on density functional
theory with the Perdew-Burke-Ernzerhof generalized gradi-
ent correction,’ as implemented in VASP.'® The electron-ion
interactions are described by projector augmented wave
pseudopotentials.!! The valence wave functions are ex-
panded in a plane-wave basis with a cutoff energy of 400 eV.
All the calculations were preformed using 64-atom cubic
cells. A 2X2X2 grid (with its origin shifted away from the
I' point) was used for the k-point sampling of Brillouin zone.
All the atoms were relaxed to minimize the Feynman-
Hellmann forces to below 0.02 eV/A. The calculated AlSb
lattice constant is 6.236 A, in good agreement with the ex-
perimental values of 6.1355 A.!2 For any charged defect, a
jellium background of opposite charge is used to neutralize
the supercell.

B. Defect formation energies and transition levels

The defect formation energy is given by

AHf=AE—Eni(Mi"‘M,r'Ef)‘HI(s\/BM‘FSf), (1)

where AE is the energy difference between the defect-
containing and defect-free supercells and n; is the difference
in the number of atoms for the ith atomic species between
the defect-containing and defect-free supercells. y; is a rela-
tive chemical potential for the ith atomic species referenced
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to ui". For Al and Sb, w'f and xS are the chemical poten-
tials in bulk Al and bulk Sb, respectively. ¢ in Eq. (1) is the
defect charge state. If the system is under thermal equilib-
rium and there is no Al or Sb precipitation, we have uy;
+usp=AHAAISb) and  AHLAISb) <ug,<0, where
AH(AISb) is the heat of formation for AISb. AH/{(AISb) is
calculated to be —0.34 eV. &, in Eq. (1) is the Fermi energy
referenced to the valance-band maximum (VBM)eypwm,
which is taken as bulk VBM corrected by aligning the core
potential of an atom (averaged within a sphere centered at
the atom) far away from the defect in the defect-containing
supercell with that in the defect-free supercell.!* The defect
transition energy level &(¢g/q’) is the Fermi level &, in Eq.
(1), at which the formation energies of the defect at the
charge states ¢ and ¢’ are equal to each other.

AlSb has the zinc-blende structure and an indirect band
gap of 1.60 eV.'? The calculated indirect band gap is 1.21 eV.
Note that the defect formation energy and the transition level
are both determined by using the total energies calculated at
special k points. Thus, for consistency, the energies of the
VBM and the conduction-band minimum (CBM) for bulk
AISb were taken as averages over all special k points. This
approach has been described in details in Ref. 13 and has
been applied to many previous studies of defects in different
systems.®!4-1719 There is only one nonequivalent & point in
the 2 X2 X2 k mesh for a perfect zinc-blende structure in a
64-atom cubic supercell. At the special k point, the VBM and
CBM are down and up shifted by 0.18 and 0.12 eV, respec-
tively, leading to the band gap of 1.51 eV. Although the band
gap at the special k point is close to the experimental value,
the arbitrary shift of the VBM and CBM causes uncertainty
in the calculated deep level positions. However, the conclu-
sions of this paper are not sensitive to the error related to the
incorrect band gap.

C. Convergence tests

We have tested the convergence of the calculated defect
formation energies with respect to the k mesh (up to a 4
X 4 X 4 k mesh) and supercell size (up to a 216-atom super-
cell). The tests on the k mesh show that the calculated for-
mation energies converge to within 0.1 eV. Regarding the
finite supercell effect, we find that the formation energies for
the neutral defects are also converged to within 0.1 eV. For
charged defects, the errors are somewhat larger due to the
electrostatic interaction between the charged defects and
their periodic images. However, we do not apply any correc-
tions to address such electrostatic interactions because the
frequently used Makov-Payne correction'® often significantly
overestimates the correction.!” We find that, by increasing
the supercell to 216-atom cell using the equivalent k points,
the formation energies of the Sb antisite at +2 charge state
and the Al vacancy at —3 charge state increase by 0.08 and
0.20 eV, respectively. These errors include both the electro-
static and the strain effects arising from the finite supercell
and should decrease if the defect charge is reduced.

III. RESULTS

A. Intrinsic defects

We have calculated formation energies for intrinsic point
defects in AlSb, including vacancies, interstitial, split inter-
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FIG. 1. (Color online) Calculated formation energies for low-
energy intrinsic defects in AlSb as a function of electron Fermi
energy at Sb-rich (top) and Al-rich (bottom) limits. The slope of an
energy line indicates the charge state of the defect, as selectively
shown. The transition levels are given by the Fermi energy at which
the slope changes.

stitials, and antisites. Figure 1 shows the calculated forma-
tion energies of several low-energy intrinsic defects in AlSb
at both Al- and Sb-rich limits using Eq. (1). The growth
condition for AISb is usually Al rich.? If the AlSb sample
undergoes postgrowth annealing under Sb overpressure, Sb-
rich condition may also be accessed. Due to the unintentional
carbon doping, the AISb sample commonly exhibits p-type
conductivity.® In p-type AlISb, it is evident from Fig. 1 that Al
interstitial (Al;) and Sb antisite (Sb,;) are most important
intrinsic defects that deserve careful studies.

There are two Al; sites. One is surrounded by four Al
atoms (AI™) and the other is surrounded by four Sb atoms
(AI5Y). Al;é\1 is more stable than AI*" in all the relevant charge
states except in +3 charge state. At the high ionization state
of +3, Al;r3 has large Coulomb attraction to the Sb anions
and thus prefers the Al,-Sb site. The singly positive charge
state is the most stable charge state for Al; over a large range
of Fermi level, as shown in Fig. 1. The calculated diffusion
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barrier for Al;r is 1.28 eV,20 which is in general lower than
those for substitutional defects. During the slow cooling of
the sample, the defects are in nearly equilibrium with their
environment and are gradually annealed out until reaching
the “freeze-in” temperature, at which the thermal equilibrium
can no longer be maintained due to the insufficient thermal
energy for driving defect diffusion. The lower diffusion bar-
rier of Al; means that Al; can be gradually annealed out until
a lower freeze-in temperature than other substitutional de-
fects such as Sby;. If we define the freeze-in temperature as
the temperature at which the defect can hop once per second
and assume an attempting frequency for hopping as about
10" 57!, the freeze-in temperature for Al; is roughly 500 K.
But for a substitutional defect with diffusion barrier typically
at least 2 eV, the freeze-in temperature would be higher than
800 K. Under these conditions, the concentration of Al
would be lower than that of Sb,; even under the Al-rich
conditions.

The semiconductor radiation detector is operated under
electric field. The charged defects with low diffusion barriers
may diffuse, driven by the electric field, toward the elec-
trode, leading to the detrimental effect of inhomogeneous
electric-field distribution. The 1.28 eV diffusion barrier for
Al renders Al; nearly immobile at room temperature, in con-
trast to Cd:-r2 in CdTe, which has only a small calculated
diffusion barrier of 0.36 eV.® Thus Al, may pose a lesser
problem in AISb detector in terms of material homogeneity
compared to Cd}* in CdTe detector.

As argued above, Sb,; may be the dominant intrinsic de-
fect in p-type AlSb. At Sb-rich limit, the Sb,; concentration
[Sbu;] should be on the order of 10'® ¢m™ according to the
calculations. In addition, Sb,, inserts deep donor levels in the
band gap, as shown in Fig. 1. In GaAs, the anion antisite
Asg, 1s also an important defect which induces deep level
that pins the Fermi level at midgap, thereby resulting in
semi-insulating GaAs. However, Sb,; in AISb does not seem
to be as effective as Asg, in GaAs in terms of increasing
resistivity as suggested by the much lower achieved resistiv-
ity of AISb (Ref. 2) than GaAs.?! This is perhaps because
of the large amount of residual carbon acceptor
(~10°-10" cm™) (Refs. 2 and 8) in AISb which may out-
number Sby;. It should be interesting to study Sb,; to under-
stand its role in carrier compensation, but, as far as we know,
there has not been a comprehensive experimental defect
characterization for AlSb. Our theoretical results below will
show that Sb,, should exhibit interesting photoinduced meta-
stability, bearing much similarity to the famous EL2 defect®?
(attributed to Asg,)*>?* in GaAs, and thus may be easily
identified experimentally.

The ground-state structure of the neutral Sby; has the T
symmetry. There exists a metastable structure of Cs, symme-
try [Sba(Cs,)]. Its energy is higher than the ground state
structure [Sby(7,)] by 0.29 eV. In Sby(Cs,), the Sby; atom
moves into a trigonally symmetric interstitial position, as
shown in Fig. 2. The neutral Sb,(7,;) has an occupied single-
particle defect level (optical level) near the midgap. This
level is a s-like state centered at Sby(7,). The neutral
Sbai(Cs,) has an occupied single-particle level slightly above
the VBM. These properties are similar to Asg, in GaAs.>* A
schematic figure (Fig. 2) is drawn to show the optical and
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FIG. 2. (Color online) A schematic figure of the (0/+) thermo-
dynamic transition levels and the single-particle defect levels for
the ground-state (7,;) and the metastable (Cs,) neutral Sby; defect.
The neutral Sbai(7,) has a fully occupied single-particle a; level,
denoted as &, near the midgap. The electrons excited to the con-
duction band from the &, level by photons of energy hv, can be
thermally trapped (indicated by the dotted line) by the metastable-
state defect thermodynamic transition level 83/1[ (0/+). The meta-
stable structure is prohibited from relaxing to the ground state by a
thermal barrier (indicated by the dashed curve) at low temperatures.
The optical excitation (hv,) can partially recover the ground-state
structure from the metastable structure.

thermal ionization levels for Sby(7,) and Sbp,(Cs,). The
metastability associated with the Sb antisite can cause the
photoquenching of the optical absorption [associated with
the &, level of Sb(T,) in Fig. 2] at low temperatures when
exposed to subband gap light illumination (hv,) because the
photoexcited electron can be trapped by the sf{f level of
Sbai(Cs,) driven by the coupling between the high-energy
photoexcited electron and the lattice phonons. Sba;(Cs,) ex-
hibits a large Stokes shift with its optical level insensitive to
the photons with an energy of hv,. The transformation from
Sbai(Cs,) to Sbay(T,) is prohibited by the thermal barrier
(calculated to be 0.23 eV)?® at the low temperatures. The
quenching of photocapacitance, photoluminescence, and the
electron-paramagnetic resonance, which had been observed
for the EL2 defect in GaAs (Ref. 22) due to the photoin-
duced metastability, may also be expected for Sb,; in AISb.

The ground-state Sbu;(T,) can be recovered by thermal
annealing at higher temperatures. At low temperatures (in-
sufficient for thermal transformation to the ground-state
structure), the continuous illumination by the near-band-gap
photon source, hv, (see Fig. 2), should partially recover the
ground-state Sby(T,). Our calculations show that the photo-
ionized Sby;(Cs,)* and Sba(Cs,)** can transform barrier-
lessly to their respective ground states, Sba(T;)* and
Sba(T,)?*, which can further absorb photoexcited electrons
to become neutral Sby,(7,;). However, the optical recovery of
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Sba|(T,) may not be complete because Sb%, and Sbt can
trap photoexcited electrons to become neutral Sby(Cs,)
again.

Figure 1 also shows a stable —2 charge state for Sby; with
C,;, symmetry, similar to what Chadi** found for Asg, in
GaAs. The negatively charged anion site has also been found
by calculations for Tecy in n-type CdTe.?> Such anion anti-
site may be considered as a complex of cation vacancy and
anion split interstitial (two anion atoms occupying one anion
site). In n-type CdTe, V4 is —2 charged and (Te-Te)g, is
neutral. Thus, their complex Teqy is —2 charged. In n-type
AlSb, V,, is =3 charged and (Te-Te)spl is —1 charged. Their
complex Sby, is thus —4 charged. However, structural relax-
ation occurs. The interstitial Sb relaxes to break one Al-Sb
bond and make two Sb-Sb bonds with the Sb atoms around
the vacancy, thereby reducing the stable charge state to —2.
We suggest that the structural model of a complex of cation
vacancy and anion split interstitial may be generally applied
to anion antisite in III-V and II-VI semiconductors and thus
the anion antisite may be amphoteric in many of these semi-
conductors.

B. Extrinsic defects

Commonly encountered extrinsic defects in AlSb include
C, O, Si, S, etc.? Cg, is found to be much more stable than
Cap, in agreement with Lordi er al.> Cg, is a shallow acceptor
with calculated (0/-) transition level of Eygy+0.1 eV. The
hydrogenation of the Cgy, results in a Cg-H complex in Cs,
symmetry, having a strong C-H bond with calculated stretch-
ing frequency of 2772 cm™' and calculated doubly degener-
ate wagging frequency of 771 cm™'.2° The calculated
stretching frequency is somewhat larger than the experimen-
tally measured value® of 2566.6 cm™', which may be the
result of the harmonic approximation used in the dynamic
matrix approach that typically overestimates H stretching
modes.

Oxygen can occupy Sb site (Og,) as an electron donor in
p-type AlSb. When the Fermi level is raised, Og, favors a
structural transformation to become an acceptor. As an ac-
ceptor, Og, is twofold coordinated with two Al-Og, bonds
broken. The two Al atoms that break apart from Og, make a
new Al-Al bond. This is essentially the so-called a-CCB-DX
structure (CCB stands for cation-cation bond).?”-?8 It is well
known that shallow donors in semiconductors often exhibit
DX transformations to become deep acceptors.?’ There is
another DX structure, S-CCB-DX,?”?8 for Og,. The calcu-
lated formation energies of these two DX structures are
nearly the same with difference within the numerical uncer-
tainty. The interstitial and split interstitial O are also of low
energy as shown in Fig. 3 for the Al-rich limit. Due to the
amphoteric behavior of O, as shown in Fig. 3, a large amount
of oxygen in AISb can pin the Fermi level and increase the
resistivity of AISb as observed in Ref. 2. Note that, for the
formation energies shown in Fig. 3, the O chemical potential
satisfies the following relation that prevents the formation of
A]203: 3,lLo+ 2,(LA1<AHf(A1203), where AHf(A]203) is the
heat of formation of Al,O5 calculated to be —14.13 eV. In
reality, this relation may not be satisfied and thus the surface
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FIG. 3. Calculated formation energies for substitutional O (Ogy),
O split interstitial (Sb-O)gp, and O interstitial (O;) (centered at Al
tetrahedron) in AISb at Al-rich limit.

oxidation occurs. Due to the strong tendency to form oxide,
O in AISb may be easily annealed out to the surface to form
oxide layer.

Similar to Ogy,, substitutional sulfur Sg;, can take a- and
B-CCB-DX structures?’?® with B-CCB-DX being more
stable by only 0.03 eV according to our calculations. The
(+/-) transition level between Sg, and Sg, 1y is calculated to
be Eygym+1.15 eV. The DX center has been found experi-
mentally in Se-doped n-type AISb (Ref. 30) and may also
exist in Te-doped AlSb. Si is also amphoteric in AlSb, either
a donor Sij, or an acceptor Sig,,. The (+/-) transition level is
calculated to be Eypy+0.62 eV+ug,, where —0.34 eV
[AH(AISb)] < ug, <O.

IV. DISCUSSIONS
A. Can Sb,, improve the performance of AISb detector?

We have identified deep donors (e.g., Sb,;) and amphot-
eric defects (e.g., Og, and Sg;,) from the results shown above.
The deep levels are desired for the purpose of Fermi-level
pinning. The as-grown AlSb is typically p type due to the
residual carbon impurities. It may be tempting to increase the
Sby, concentration [Sby;] to increase resistivity. However,
the deep levels are also deep carrier traps, resulting in re-
duced carrier drifting length. The lesson may be learned from
GaAs. GaAs has been studied as a radiation detector since
1960s. Both resistivity (>10" ) cm) and carrier concentra-
tion (<107 cm™) approach theoretical intrinsic limit. The
carrier compensation in high-resistivity GaAs is accom-
plished by the presence of defect donor level EL2
(~10'® cm™),* which has been assigned to Asg,.>>* On the
other hand, the GaAs detector is also plagued by these deep
levels that can trap carriers efficiently and do not release
them within the charge collection time. Thus, increasing
[Sby,] in AlSb may lead to the same dilemma for GaAs that
is the irreconcilability between high resistivity and long car-
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FIG. 4. (Color online) Schematic pictures of the structures, the
thermodynamic transition level, and the single-particle dangling-
bond (DB) levels of the Ng,-H complex. The defect levels are
shown with respect to the VBM and the CBM. (a) The structure of
Ng,-H*, (b) the structure of Ng,-H™, (c) the thermodynamic transi-
tion level induced by Ng,-H, (d) the single-particle Al DB level
induced by Ng,-H*, and (e) the single-particle N DB level induced
by Ng,-H™. The electron occupations on the single-particle are in-
dicated by the black dots.

rier drifting length. Figure 1 suggests that the Al-rich growth
condition actually leads to lower defect concentrations espe-
cially in p-type AlSb. If [Sby;] can be effectively reduced by
changing the growth conditions, the carrier traps can be re-
duced, but the alternative carrier compensation method is
needed.

B. Ng,-H in AISb

Recently we have suggested that the complex of isovalent
impurity (on anion site) and hydrogen may be an effective
carrier compensator because such defect introduces a (+/-)
transition level near the midgap.® Typically, the isovalent im-
purity needs to be strongly H bound (such as N and O) to
ensure a reasonable concentration of the hydrogenated impu-
rity. It has been shown that Op.-H in CdTe can pin the Fermi
level near the midgap without causing electron trapping.® We
apply this strategy here by considering the Ng,-H complex in
AlSb.

At +1 charge state of Ng,-H, H binds N at the bond-center
(BC) position [Fig. 4(a)]. At —1 charge state, H binds with Al
at the BC position [Fig. 4(b)]. The (+/-) transition level is
calculated to be Eygy+0.62 eV. The neutral Ng,-H is un-
stable. For Ng,-H*, the empty Al orbital on the threefold-
coordinated Al resonates with the conduction band and thus
does not trap electrons. For Ng,-H™, the fully occupied lone-
pair orbital on the threefold-coordinated Ng, resonates with
the valence band and thus does not trap holes. Figures
4(c)-4(e) show schematically the thermodynamic transition
level and the single-particle dangling-bond levels induced by
the Ng,-H complex. Based on these results, Ng,-H may be an
effective carrier compensator (while not being a deep trap) if
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FIG. 5. Calculated formation energies for substitutional N (Ng;)
and hydrogenated Ng, in AISb when uy=0. The structures of
Ngy-H* and Ng,-H™ are shown schematically in Figs. 4(a) and 4(b),
respectively.

it can exist in AISb in relatively large quantity. However, the
calculated formation energy for Ngy is very high (see Fig. 5),
which would give negligible Ng, concentration. This is be-
cause the requirement of not forming second phase of AIN
limits the upper bound of N chemical potential such that
n+pa<AHAAIN), where AH/(AIN) is the heat of forma-
tion of AIN calculated to be —2.85 eV (compared to the
experimental value of —=3.22 eV.3!) If this restriction can be
lifted, which means the growth of AISb needs to tolerate the
surface nitridation, the Ng, concentration can be increased.
However, any prolonged thermal annealing could drive sub-
stitutional N to the surface to form AIN.

C. Nu-H in GaAs

Since the N solid solubility in AISb is very low, maybe
GaAs should be revisited using N-H complex as a carrier
compensator. As for the deep donor Asg,, it can be removed
by the heat treatment.’> The heat of formation for GaN is
calculated to be —1.74 eV (compared to the experimental
value of —1.63 eV), which is much smaller than that for
AIN 3! This means that the nitride phase segregation poses a
much smaller problem for N doping of GaAs than for N
doping of AISb. The calculated minimum formation energy
for N, in GaAs is 1.76 eV, which is much smaller than that
for Ng;, (3.14 e€V) in AISb and can bring the N4, concentra-
tion in GaAs on the order of 10'® cm™. The calculated hy-
drogenation energy of N, in GaAs is fairly low.>* The hy-
drogen concentration was found to be about 1 order of
magnitude lower than the nitrogen concentration in GaAsN
alloy grown by metal organic chemical vapor epitaxy.’* The
(+/-) transition level for N-H in GaAs had been calculated
to be Eygy+0.83 eV near the midgap of GaAs.?? (The band
gap of GaAs is 1.42 eV.) Thus, N, -H may be used as effec-
tive carrier compensator in GaAs.

Reference 33 shows that the H binds with N, at the
bond-center site for both Ny-H* and N -H™ in GaAs. The
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structure of Nc-H" in GaAs is similar to the structure of
Ng,-H* in AlISb. N,-H* does not induce a single-particle
defect level inside the band gap. The Ga dangling-bond level
in Ng,-H* is resonant in the conduction band. Thus, N-H*
is not effective in electron trapping in GaAs. However, the
structure of No-H™ in GaAs is different from that of Ng,-H™
in AISb in that H binds with N rather than with the cation.®
This leaves a fully occupied Ga dangling-bond level inside
the band gap. Thus, N-H™ in GaAs is a hole trap, in con-
trast to Ng,-H™ in AISb, which does not induce any hole-
trapping levels in the band gap. It had been shown previously
that Op.-H™ in CdTe is also a hole trap because H binds with
Or. (at the antibonding site), leaving an occupied Cd lone-
pair level in the band gap.® Generally, the hydrogenated is-
ovalent impurity is not an electron trap, but it may or may
not be a hole trap depending on the H binding site.

D. Isolated-N-induced defect levels in GaAs and AlSb

The use of the complex of isovalent impurity and hydro-
gen for carrier compensation inevitably also brings a large
amount of unhydrogenated isovalent impurities into the host
semiconductor. An isovalent impurity with electronegativity
much larger than the host atom generally introduces an
empty a; level near the CBM, which could be either resonant
state or trap state depending on the host materials.>> When
the concentration of the isovalent impurity increases to alloy
limit (~1 at. %), the strong coupling between the isovalent
impurity level and the CBM state causes anticrossing of the
two levels®®¥7 and can lower the band gap significantly as
manifested by N in GaAs.® However, for the nitrogen con-
centration considered here (~10'® cm™), the perturbation of
the CBM state by N is small and should not cause significant
scattering of the electron carriers in the CBM state. The iso-
lated N in GaAs is also not an electron trap because its level
is at Ecpy+0.18 eV.3° However, it is not clear about the N
level position in AlSb. The small-supercell calculation actu-
ally represents the alloy situation, in which a deep band with
large N character appears inside the A1Sb band gap (or a new
lower band edge is formed in AISbN alloy). Therefore, one
cannot obtain the isolated N level in small-supercell calcula-
tions. It was found that at least several thousand atoms are
needed in a supercell approach to get relatively converged
result for isolated isovalent impurity levels.3>#0 It is often
assumed that a localized defect level approximately lines up
in absolute energy scale in different semiconductors. Using
the calculated valence-band offset between GaAs and AlSb
(0.15 eV) (Ref. 41) and the experimental band gaps of these
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two semiconductors (1.42 and 1.60 eV, respectively), one can
find that the N impurity level in GaAs lies about 0.15 eV
below the CBM of AISb in absolute scale. Since the Al-N
bond is stronger than the Ga-N bond, the N level in AlSb
should be shifted up somewhat (perhaps a few tenths of eV)
relative to that in GaAs because of the antibonding nature of
this level.>> But since we are unable to carry out large-
supercell calculations with thousands of atoms, we cannot
pin down the level position for isolated N in AlSb. We can
only conclude that the N level is near the CBM of AISb and
is likely to be in the conduction band.

In the small-supercell calculations, the isovalent impurity
hydrogenated with one hydrogen atom still induces a deep
empty gap state which is a little higher (~0.1 eV) than that
for unhydrogenated isovalent impurity. Based on the discus-
sions above, this level is expected to move up into the con-
duction band in a converged large-supercell calculation.

V. CONCLUSIONS

We have studies the defects in AISb to understand their
effects on resistivity and carrier trapping, which are impor-
tant for radiation detection applications. We show that Sby;
should be an important intrinsic defect in AISb, which not
only has low formation energy but also induces deep donor
levels in the band gap which may play an important role in
carrier compensation. Our results also suggest that Sb,; may
have the photoinduced metastability similar to Asg, in GaAs.
The substitutional oxygen has a stable DX structure, giving
rise to a deep carrier-trapping level that may pin the Fermi
level. However, all these deep levels pose serious problem on
the carrier drifting length and this problem may not be easily
circumvented, which is the case for GaAs. In light of this, we
suggest that a complex of isovalent impurity and hydrogen
may provide a carrier compensation mechanism for both
electrons and holes without causing significant carrier trap-
ping at least for electrons. Our calculations show that the
substitutional N in GaAs can have a sufficiently high con-
centration. Thus, we suggest further experimental study on
the carrier compensating property of N4-H in GaAs. How-
ever, the Ng, or Ng,-H concentration in AlSb is predicted to
be too low to have a significant impact on the resistivity of
the material.
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