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First principles calculation of point defects and mobility degradation in
bulk AlSb for radiation detection application

Vincenzo Lordj DanielAberg, Paul Erhart, and Kuang Jen Wu
Lawrence Livermore National Laboratory, 7000 East Aveglixiore, CA, USA

ABSTRACT

The development of high resolution, room temperature semaigctor radiation detectors requires the introduction of
materials with increased carrier mobility-lifetimg«) product, while having a band gap in the 1.4-2.2 eV range bAIS
is a promising material for this application. However, sysatic improvements in the material quality are necesgary t
achieve an adequajer product. We are using a combination of simulation and expent to develop a fundamental
understanding of the factors which affect detector matguality. First principles calculations are used to stuldg t
microscopic mechanisms of mobility degradation from pdietects and to calculate the intrinsic limit of mobility fno
phonon scattering. We use density functional theory (DB TEriculate the formation energies of native and impurityipo
defects, to determine their equilibrium concentrationa &snction of temperature and charge state. Perturbat®oryh
via the Born approximation is coupled with Boltzmann traorsgheory to calculate the contribution toward mobility
degradation of each type of point defect, using DFT-congbagerier scattering rates. A comparison is made to measured
carrier concentrations and mobilities from AlSb crystaisven in our lab. We find our predictions in good quantitative
agreement with experiment, allowing optimized annealiogditions to be deduced. A major result is the determination
of oxygen impurity as a severe mobility killer, despite thdity of oxygen to compensation dope AlSb and reduce the net
carrier concentration. In this case, increased resigtizinot a good indicator of improved material performanaes tb

the concomitant sharp reductionyirnr.

Keywords: Mobility, carrier lifetime, aluminum antimonide, semiaturctor, defect, impurity, formation energy, density
functional theory

1. INTRODUCTION

High resolution, room temperature gamma radiation deteet® important for a variety of applications, includingre
land security, nuclear nonproliferation and monitoringdical imaging, and space imaging. The problem of devetppin
such a detector is essentially a materials iSsti&he use of semiconductors for the active material is pdeituattractive,
due to the wide spectrum of properties available and thétiltune the properties over large rangesdyy,, doping, al-
loying, and thermal treatment. Several materials pararmate critical for the development of a gamma radiationatete
that operates with high energy resolution at room tempegatu

An appropriate band gap in the range~af.4-2.2 eV is essential. The detector operates basicaltpbgting the number

of electron-hole pairs created in the semiconductor frorimeitlent gamma ray. The number of carriers generated will be
proportional to the ratio of the gamma ray energy to the baaplemergy (divided by and ionization factor in the range of
2-3.5). Itis generally desired to maximize the number ofegated carriers to reduce the statistical counting noisgcfw
varies as the square-root of the number); this requirenstsitise practical upper bound of the desired band gap range. O
the other hand, thermal excitation of valence electronssacthe band gap will generate a number of carriers propadtio
to exp(—E,/ksT), whereE, is the band gap energy is Boltzmann’s constant, arifl is absolute temperature. The
practical lower limit for the band gap is determined by thguieement to minimize the background signal from thermally
generated carriers, enabling room temperature operation.

Furthermore, we generally require materials containigh$d elements¥ 50) to efficiently stop high energy gamma rays
in a practical volume of material. Roughly speaking, highf@enance gamma detection within a crystal volume on the
order of 1-100 crhis desired. Such a volume implies a required stopping leagtthe order of 1-10 cm. Moreover, the
large crystal volume implies a requirement that carrieft tehgths in the material approach distance$ cm, for highly
efficient collection at the electrodeiss, counting) of the generated carriers from each incidentgamay. The resolution
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and energy range of the detector will depend on the ratioefitift length to the device thicknedgypically, a ratio of at
least 100 is sought.

The requirement of very long carrier drift lengths in the ggmductor is the main issue in selecting and optimizing a
material for radiation detection application, and is als® major basis of differentiation for the performance ofedént
materials. The drift lengthy,, in the semiconductor is related to the carrier mobilityand the average carrier lifetime,
through\; = u7FE, whereFE is the magnitude of the electric field in the crystal. The eiedield is generally maximized

in a device by applying a voltage close to the breakdown gel@af the material, which depends on its purity. Thén,
will be determined by the applied voltage divided by the karigetween the contacts, and will not vary very much between
materials of adequate purity for use in radiation detect@ms the other hand, andr are material parameters that can
vary greatly for a given material depending on the growthditions, processing history, and levels of various defects
At relatively high temperatures.¢., room temperature), will be limited by electron-phonon scattering, but defdats
the material can cause to be considerably lower than this upper bound. For highluéism detectors€g., < 1% at
662 keV), aur product> 0.1 cm?/V is required. We will useur as a figure of merit which we seek to maximize for
candidate radiation detector materials.

Growth of large, high purity, uniform single crystals is aftdifficult, and development efforts can be quite expensive
Currently, the best available semiconductor material domm temperature detection is CdZnTe (CZT), which can aehiev
energy resolution less than 1%. However, growth of CZT tte-@@oduces extremely inhomogeneous crystals containing
both microscopic and macroscopic defects. To achieve thleelst performance from CZT requires careful harvesting
of many small crystals with the desired materials propgif@®@metimes from multiple growths) and fabricating comple
detector arrays to incorporate, in aggregate, the requimedal volume. The result is an impractically high matisri@ost

due to the extraordinarily low yield of the best usable matenp to~100,000 USD for a single detector.

We seek to use first principles calculations of materialpertes in conjunction with experimental efforts of grovetind
post-growth heat treatment to accelerate the developnyetd of new materials. Particularly, we seek to understéed t
theoretical limits of materials performance for radiatgtection application in order to judge the suitability afigen
material and also benchmark the quality of grown crystaldefailed, mechanistic understanding of the nature andtsffe
of various defects in the crystal enables a focused expataheffort in optimizing the material quality. The goal & t
grow large, uniform single crystals, enabling potentiddy cost, high resolution room temperature detectors.

AlSb, with a band gap of 1.61 eV at room temperature, is a psimgicandidate semiconductor to meet the requirements
outlined above. Optimized growth of this material has baadéred by a host of defects that adversely affect the ntgbili
We are using a joint theoretical and experimental effortrtdarstand the nature, concentration, and effects on myobfli
the various defects, to systematically improve the qualitsrystals and find optimized annealing conditions. In gaper,

we focus on the native defects in AlSb, as well as O and C irtipariWe use density functional theory (DFT) to calculate
the equilibrium atomic structure of each defect, its fororaenergy, the equilibrium defect and carrier concerdrei
as functions of temperature, and the strength of mobilityraeation related to each defect. We relate our predictions
measured properties of various large, high-purity AlSlglsircrystals grown in our lab. Particularly, we correlat@imium
defect densities to equilibrium densities of native defdgiarticularly Al vacancies) and correlate measured wabfe
carrier concentrations to the incorporation of oxygen intigs which compensate the naturafiytype material. We also
predict that O impurities are particularly detrimental goréer mobilities, consistent with experimental suggesti Our
calculations also lead to predictions of appropriate gostwvth annealing temperatures. By annealing at 1200 K for 8 d
we have been successful in reducing carrier densities iABIr material to~3 x 103 cm—2 (partially compensated) and
total defect densities te'3 x 10'6 cm™3, with corresponding hole mobilities of a few hundred®yas.

2. METHODOLOGY
2.1 Computational methods

We use density functional theory to study the stability ahpdefects in different charge states by calculating tegirilib-
rium atomic structures and the corresponding total ensrdMe calculate defect formation energies to obtain equilib
concentrations of each defect as a function of temperatiethen calculate net carrier concentrations taking into ac
count compensating effects of oppositely charged defédéting perturbation theory, we estimate the strength ofi@arr
scattering of the dominant defects, to determine a relasim&ing for mobility degradation of each defect.



The goal is to perform fully first principles calculationso(free parameters) to be predictive. This work is part of a
larger program to study defects in a large class of semiottndsifor radiation detection application using first piabes
computational methods, as well as predict quantitativedyrelated electronic transport propertieg( x7). In this paper,
we will focus only on the native defects in AISb, and O and Cssitiitional impurities in AISb (on the Sb site).

2.1.1 Atomic relaxation

Atomic scale models of AISb, a binary zinc-blende alloy, atidof the defect structures were constructed and relaxed
to determine the equilibrium structures. The theoretigtiide constant of AlSb was determined by performing a va@um
relaxation, and this value of lattice constant was usedlinadtulations. Models for all of the native defeci®( those
involving only the atoms in the pure compound or a lack threere constructed, as well as models of O and C sub-
stitutions for Sb. Supercells of various sizes were usadjirg from 32 to 216 atoms, to enable extrapolation of defect
formation energies to the infinitely dilute limit (see Sed..2). Each supercell contained one defect. Table 1 listsf tie
possible native point defects in AlSb, along with their tiotas. Each defect may exist in a number of charge stategrgen
ally, we have considered charge states ugr3e. To avoid high symmetry local energy minima in the atomiaxations,

we performed multiple relaxations of each structure stgrtiom different randomized initial configurations. Coryence

to the same lowest total energy structure for each startmfguration and supercell size was confirmed. Structuras th
relaxed toward very different symmetry configurations feglent to another defect structure) were deemed unstalole a
discarded. Sometimes, only certain charge states of a et were found to be stable.

Table 1. Notation of possible native point defects in AlSb.

Symbol Point defect type
Vai, Vsp Al vacancy, Sb vacancy
Al sp, Shy Al antisite, Sb antisite
Al a, Al sp Al tetragonal-site interstitials: Al-coordinated sitdy-SBoordinated site
Shai, Shsp Sh tetragonal-site interstitials: Al-coordinated sitb;&®ordinated site
Ali hexs SR hex Al hexagonal-site interstitial, Sb hexagonal-site inti&es

AlAl 5, 100y, AlAl 5 110y Al splitinterstitials (intersticialcy), oriented alon@00) or (110) directions
SbSky 100y, SOSRL110)  Sb split interstitials (intersticialcy), oriented aloqig)0) or (110) directions
AlSby, 100y, AlSba, 110y Mixed split interstitials on Al site, oriented alor{¢00) or (110) directions
AlSbgp 100y, AlSbsp 110y~ Mixed split interstitials on Sh site, oriented alo(ig0) or (110) directions

2.1.2 Point defect thermodynamics

At finite temperature and in thermodynamic equilibrium, aenial will contain a certain concentration of defects doie t
thermal activation and entropic considerations. The éaritim defect concentration is givenb§

@ = 0509 exp (—AG;‘D /kBT) , (1)

whereC(@ is the concentration of a defect with charge stat€'s is the concentration of possible defect si&fé? is the

multiplicity of internal degrees of freedom of the defectalattice site, and&GEf) is the Gibbs free energy of formation
for the defect. We can split the formation free energy inte¢terms

AGY = AEY —TASY + PAV Y, )

The formation enthalpyAEJ(ﬂ), is the dominant term, which we will refer to as the “formatienergy.” The formation

entropy,AS}Q), is typically on the order of one or a fekg, is temperature independent, and varies little betweeectief
types or different materials. The effect of the entropy téro nearly uniformly lower the formation free energies by
on the order of 0.1 eV. The last term in Eq. (2), containingftrenation volume, describes the pressure dependence of
the formation free energy. The formation volume is typigallsmall fraction of the atomic volume, so this term can be
neglected except at very high pressures.



Following the formalism of Zhang and Northrdphe defect formation energy in a binary compound (specifi¢sBb) is
given by
bulk _ bulk

1 1
AE;q) = B3 - 5 (Al +nsp) HASS — 5 (na1 = nsp) (HAT™ — 1sb" + Ap) + g (Evem + pte) 3)

whereEt(oqt) is the total energy of the defect structure (calculated by Dk; denotes the number of atoms of typia the

supercellug?”'k is the chemical potential of componeh its reference statéygy denotes the energy of the valence band
maximum, and.. is the chemical potential of the electron reservoir (al$erred to as the Fermilevel). The parameter

is defined to describe variations in the chemical envirortroéthe crystal, and is an experimental variable relatedhéo t
crystal stoichiometry and external environment. The rasfg® is constrained by the formation energy of AIShHJé\'Sb,
with Ay = —AH}'SP corresponding to Al-rich conditions (typical growth cotioins) andA . = +A H7'SP corresponding

to Sb-rich conditions (typical annealing conditions).

The main computational task for determiniﬁg?}q) for each defect and charge state is to accurately calcumemet(cﬁ)
values. However, the supercell approximation (periodigrisary conditions) which we employ is susceptible to certai
systematic errors from spurious interactions betweenctiend their periodic images, especially for charged defec

so called “finite-size effects®!? For neutral defects, the leading error is due to elasticastéons. Linear elasticity
theory shows that the strain energy of a point-like inclogioa homogeneous medium falls off approximatelyl, =3,
whereL is the separation between periodic imaéfe¥? For periodic arrays of charge densities (or points), therattion

can be expressed as a multipole expansfoithe leading term is the monopole-monopole interaction ctvisicales as
L~! and can be determined analytically if the static dieleatdnstant of the medium and the Madelung constant of the
Bravais lattice of the supercell are known. The monopoladgupole interaction, scaling ds3, is the next non-zero
term. Higher order terms are usually small and are negledtedur calculations of defect formation energy, we apply
the monopole-monopole correction manually for each sighesize using the experimental value for the static diglect
constant{ = 12), and lump together the elastic and monopole-quandrupotections by performing a finite-size scaling
with L=3. In this way, we can accurately extrapolate our calculatmfiformation energy to the infinitely dilute limit, with
very small extrapolation error. To perform the extrapolatiwe used four supercell sizes: 32, 64, 128, and 216 atoms. W
found that performing this careful extrapolation to infindilution was necessary to obtain reliable and accurateegdbr

the formation energies.

2.1.3 Self-consistent defect and net carrier concentrations

With the formation energies for all defects under all pdssitharge states calculated, we can use Eq. (1) to determine
the equilibrium concentration of each defect and the sunota defects in the material, as a function of temperature
for given conditions ofAp and .. Actually, Au is a free parameter related to the experimental conditibutsy:. is
partially determined by the concentrations of defects #elues. We can see that Egs. (1) and (3) are not independent if
we consider the charge neutrality condition. Each chargdelad will contributeg free electrons to the crystal. The net
free charge (accounting for the concentrations of the @thdgfects through Eq. (1)) is accommodated by shiftingp
maintain charge neutrality, via

“+o00
n(pe) = D(E)f(E; pe)dE (4a)
CBM
VBM
pu) = [ DE) (- F(Esp))aE (4b)
p(pe) + Np+ > C%) g =n(pue) + Na. (4c)
J»q

In Egs. (4),n andp denote free electron and hole concentration, respectiv®y) is the density of states (determined
with DFT on a fine energy scale using a dekg®mint mesh);f (E) is the Fermi function with:. as a parametefyp and

N 4 denote the concentration of intentional extrinsic dometype) and acceptopftype) dopants, respectively; ady is
the concentration of defegtfrom Eq. (1). We have explicitly indicated the dependencies in Egs. (4).

We solve Eqgns. (1), (3), and (4c) self-consistently to detee ;.. and the equilibrium defect concentrations for a given
Ap andT. After self-consistency is reached, the net carrier cottaéaon can be found by subtracting Eq. (4b) from



Eq. (4a), where a positive number indicates excess holes aregjative number indicates excess electrons. Intentional
extrinsic doping throughv, andNp can be used to biag. toward the VBM @-type doping) or the CBMr{-type doping),
respectively, but a self-consistent solution of the chargetrality condition accounting for any charged defectstiié
required to determine the correct valueiQf In general, only the defects with the lowest formation gresy (within a
range of a few tenths of an electron-volt) will significardlffect the total defect and net carrier concentrations.

2.1.4 Defect scattering of charge carriers

To estimate the effect on carrier mobility of a given defea,calculate the scattering rate due to the presence of faetde
in the crystal (in the dilute limit). Through first order perbation theory in the Born approximation, Fermi's GoldandR
gives the scattering raté?, due to the potential perturbatiodV, induced in the perfect crystal by the presence of the
defect?*

R=2T 0 1AV 6 (e — ). ©)

Here, h is the reduced Planck’s constatit, andi; are, respectively, initial and final state wavefunctionsesponding

to momentum statds andk’, with ¢; ande; initial and final state (eigen)energieg;) denotes the Dirac delta function.
We determineAV by taking the difference in real space of the self-constdteral potential in a supercell containing the
defect and the potential in a same-sized supercell of thiegesrystal. In principle, we need to calculate the scatter
rate for every possible (elastic) scattering event amoagét ofiy). The mobility can be determined from the scattering
rates through the Boltzmann transport equation, which shamvapproximate proportionality between mobility and the
inverse of the scattering ratés From a band structure calculation, we can calculate théecanobilities fully from first
principles, however, in practice the task is computatignadry expensive due to the need to perform a 3D reciprocdesp
integral of the scattering rates given in Eq. (5), which ieggia very densk-point mesh. An efficient means to calculate
the large number of matrix elements is needed.

However, to obtain the relative effect of different defeatsthe mobility, we do not need to perform the full quantitati
calculation. Instead, we can estimate the strength of thteifbation potential acting on the wavefunctions. Since th
wavefunctions) are orthonormal, the matrix elements in Eq. (5) only haverdmutions from gradients ocAV. Thus, we
define a relative perturbation potential strength for agigefect as

M= / IV, (AV)|dr, ()

whereV, denotes the gradient operator dnd indicate taking the absolute value.

2.1.5 Computational details

All DFT total energy calculations were carried out using Yiennaab initio Simulation Package (VASE '8 and the
projector augmented-wave method (PARYC The local density approximation (LDA) of Ceperley and Aldéf as pa-
rameterized by Perdew and Zungfewas used for the exchange-correlation functional. Briiczone integrations were
performed with Monkhorst-Pack (MP)k-point grids using Gaussian smearing with a width of 0.1 eX. the 32- and
64-atom supercell$ x 6 x 6 MP grids were used; for the 128-atom supercalls, 3 x 3 MP grids were used (shifted
off I'); for the 216-atom supercell$,x 4 x 4 MP grids were used. Pseudopotentials supplied with VASRweed, with
a plane-wave energy cutoff of 300 eV for native AISb caldolag; for calculations involving O or C, a cutoff of 400 eV
was used. lonic relaxations were continued until all forwese below 20 me\A. All calculations were performed at the
theoretical equilibrium volume. For the charged defedts,tbtal number of electrons in the calculation was adjukted
create the charged state, with a compensating homogenckgrband charge added to maintain overall charge newtralit
in the supercell.

2.2 Experimental Methods
2.2.1 AlSb growth

We grow single crystal boules of AlSb using the Czochrals&thod in a sealed system. The starting material consists of
pellets of 99.9999% pure Sb melted into a solid ingot in a guEmpoule, and 99.9999% pure Al. The process of melting

Sh in the quartz ampoule introduces oxygen into the ingotvésitly etches the quartz leaving bubbles on the surface of
the Sb ingot; we refer to this process as the “Q process.” Thigmelted in an A}O5 crucible and held for 24 h to outgas



the oxide, before introduction of the Sb ingot. Heating isfgened by a graphite susceptor separated from th@®Al
crucible by 1 atm continuous flow of Ar gas. Optionally, 3—4#41e gas may be flowed with the Ar to help reduce oxides.
Nucleation is controlled by a seed crystal, which is pullexhf the melt at-1 cm/h while rotating at 2 rpm. Growth is
performed at 1330 K. Some samples are subjected to postitgeomealing up to 1200 K with Sb overpressure for up to
8 d. We have achieved highly reproducible, large singletatggowths up to~20 cn? showing excellent uniformity and
few, if any, macroscopic defects. High purity boules up t® g0can be grown with greater than 80 wt% utilization of
starting material.

2.2.2 Defect and carrier concentr ation measurements

X-ray diffraction and Laue measurements are routinely usetbtermine crystallinity and orientation of the grown BIS
boules. High-resolution transmission electron microg¢d{RTEM) studies confirm excellent single crystallinityar8ples

are sawed and polished for analysis and electrical chaizatieon, minimizing air exposure to prevent surface ofimia
Dynamic secondary ion mass spectrometry (dynamic SIMS3esl on all samples to determine the concentrations of im-
purity atoms. SIMS surveys covering a broad range of theogartable provide initial screening for detectable impas
before more careful measurements are performed for thernmajuurities. Electrical characterization is performedhwi
room temperature Hall measurements, which reveal neecaiwncentration, carrier type, resistivity, and majocityrier
mobility for each sample.

3. RESULTS
3.1 Defect structures

We studied the atomic structure and stability of all natieéedts in AlSh, accounting for charge states fremito +3,
and also O and C substitutional impurities on the Sb site. éakthat the “Q process,” where the starting Sb material is
melted in a quartz ampoule, introduces O into our materiaé fiot graphite susceptor is a source of C impurity.

Most of the native defects are stable in at least one chaage Dnly Alnex and AlSky;, 100y are not stable at all. These
defects spontaneously lowered their energies by trangfgrimto a different defect. We tested the relative stapditboth

C and O impurities for substitution on either the Sb or Al siBoth O and C prefer to substitute on the Sb site, gaining
2-3 eV in stability compared to Al substitution. Thus, O isragge-donor dopant, while C is a single-acceptor dopant. We
note that C, as a group IV element, is a potentially amphotirpant, but since it strongly prefers to substitute Sbjlit w
generally act as p-type dopant. The stable charge states of all of the defezexamined are summarized in Table 2.

Table 2. Stable defects in AlSb (refer to Table 1 for notgtion

Defect Stable Charge States || Defect Stable Charge States
VA| 0 1 2 —3 *AlAl Al, (100) +2,+1,0, —1, -2
Vsp +1, O -1,-2,-3 *AlAl 110y +2,+1,0, -1, -2
Algp 0,-1,-2,-3 *SbSQb(IOO +2,4+1

Shy +2, +1, 0 *SbSkp 110y  +2,+1,0,-1,-2
Alia +2,41,0,—1,-2 *AlSba), (110p  +1,0,—1,-2

Alisp +2,41,0,—1,-2 AlSbsp 100 0,—-1,-2

Sh,AI +2 —|—1 O, 1 —2 AISbSb,(llO) +2, +1, O, —1, -2
Shsy +2 Csp —1, substitutes Sb
Shhex +1,0,—1,—2 Osp +1, substitutes Sb

*Metastable

The structures of the vacancies and antisite defects niaititair original site symmetry, except for the Sb vacancies
which exhibit a Jahn-Teller distortion for all but thel charge state. Similarly, all of the stable tetrahedral amdigonal
interstitials maintain their site symmetries, except feg Sha which also undergo Jahn-Teller distortions. Most of the
split interstitials are unstable or metastable (see Tabl®aly the mixed split interstitials on the Sb site have Eaiharge
states. Many of the metastable split interstitials candfiaim into either a tetrahedral interstitial or anotheitspterstitial
with little or no energy barrier. Further details of the spiterstitial structures and relative stabilities will peesented in

a future paper.
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Fig. 1. (Color) Calculated formation energies of all statnlenetastable native point defects in AISb, fay, = 0 (stoichio-
metric conditions), as a function of Fermi level throughth# band gap. The lowedi; states are highlighted by the
bold line at the bottom, with the corresponding defects thesegment labeled below. Important low-formation energy
lines are extracted in detail in Fig. 2, for the limiting casé A p.

For the impurity atoms, the C substitution on Sb was welldvel with no significant symmetry breaking, but the O
substitution underwent a large structural change durifexation. The O atom moved into the center of the triangle
formed by three nearest neighbor Al atoms, forcing the fottneighbor to bond more strongly to its three Sb nearest
neighbors. Strong distortion of the second nearest neigrdmcompanied the relaxation. The O substitution retdies t
expected+1 charge state and acts asratype dopant.

3.2 Defect formation energies

We calculated the formation energies for all of the stablg metastable native point defects in AlSb (listed in Table 2)
following Eq. (3). We re-emphasize that the formation ererglepend on the parametggsand Ay, which correspond,
respectively, to the doping level (net carrier concerargtin the material and the chemical environment. As deedrib
Section 2.1.3y, is not entirely a free parameter, due to the inherent depereden the charged defect concentrations and
their formation energies. However for high purity mater&kvant for radiation detection applicatign, tends to remain
close to mid-gap. The parametfy is free to vary, but the practical values lie at the extremmt$, which correspond
to either Al-rich conditions £y = —AH#'SP) or Sh-rich conditions&z = +AH#'SP). Since the AISb phase diagram
dictates that melt growth will always exhibit slight nomishiometry favoring excess Al, growth conditions corrasg

to the Al-rich limit. On the other hand, annealing condiaran be varied to contrd ;. during post-growth processing;
typically, Sb overpressure (the Sb-rich limit) is employedninimize sublimation of the high vapor pressure Sb from th
crystal surface and also to promote filling of Sb vacanciasrsulted from the Al-rich growth.

The results of the formation energy calculations for thevealefects are summarized in Fig. 1, for the casé\pf= 0.

The data are plotted as a functionof (or Erermj) throughout the band gap, where 0 eV corresponds to thecalzsnd
maximum (VBM) and 1.61 eV corresponds to the conduction bamimum (CBM). In principle i, can span the energy
range of the band gap, depending on external doping levetsadexplained in the previous paragraph the interesting
values ofy, for our case lie near mid-gap a0.8 eV.

We see for each type of defect a set of lines correspondingfereht slopes given by the charge stajeyia Eq. (3).
Wherever two lines with different cross, for a single defect type, defines a set of ionizati@nges, where it becomes
energetically favorable for a defect to acquire a new chatgte. If ionization occurs within the band gap, the defects
generally can be classified into two types depending on venékie change in charge is positive or negative at ionization



positive-type defects tend to be donor states and descidé-@erived states; negative-type defects tend to be aocept
states and describe VBM-derived states. The defect cleestiifin is important because of the well-known LDA band gap
problem, which significantly underestimates the experialeyap?> 2 In the case of AlSb, the LDA gap we calculate (at

0 K) is 1.12 eV, while the experimental gap at room tempegaisirl.61 eV. With knowledge of the experimental band
gap, we can employ the so-called “scissors operator” td #if conduction band states upwards in energy to open the
gap?® However, when applying the scissors operator, we need tatedut about properly shifting the ionization energies,
which were calculated within the LDA gap. A judicious apprbaonsists of rigidly shifting the donor-like ionization
energies with the CBM, while keeping the acceptor-like zation energies tracking the VBR.This is the approach we
have adopted.

In interpreting the results summarized in Fig. 1, which a@pejuite complicated at first glance, we make note of the fact
that only the very lowest formation energy defects will adntte appreciably to the concentration of defects or egsri

in the material (at equilibrium), sincE; appears in the exponential in Eq. (1). Thus, in the figure,ld lxe is drawn
connecting the lowesk; states throughout the range ofdk, and the segments are labeled with the particular defect
that is dominant. In the case shown fyp, = 0, two defects exhibit nearly degenerdie betweery,. ~ 0.1-0.5 eV, so
both defects are indicated. For high purity radiation detematerial, we find the dominant defect to b%ﬂ/ The large
negativeg implies a strong self—hole-doping behavior, and the zeossing of E; within the gap indicates a tendency
to pin the Fermi level. While the majority of defects showrFig. 1 haveFE; values too large to significantly contribute
to total defect densities or net carrier densities in theenit many of the higheE's defects comprise deep level traps
that can affect carrier lifetime and reduce e figure of merit for radiation detection devices. Detaile@lgais of the
trapping contributions of the defects will appear in a fetpublication.

Since we are concerned mostly with the lowEgtdefects, we can simplify Fig. 1 in consideration of the dffgfosarying
Ap, which we show in Fig. 2. The set of dominant defects variesesghat from the Al-rich limit to the Sb-rich limit,
although \)f\r is always an important defect. Conditions are evident witerantisite defects as well as the Alinterstitial
can also play a role.

With all of the formation energies known, we apply Eq. (1)¥ssansistently as described in Section 2.1.3 to obtain the
total equilibrium defect concentration in the material atisus temperatures. We can regard the temperature pa&mamet
as describing annealing temperatures, since as-growrrialagexpected to be in nonequilibrium and driven toward
equilibrium by heat treatment. The equilibrium concenmntratepresents a lower bound. Figure 3 shows the resulisgak
into account all of the stable and metastable native defe&tSb, but assuming no extrinsic doping (pure material).

3.3 Mobility

We calculated perturbation potentialsl” for the dominant native defects in AlSb, as well as for C andhuirities.

We then applied Eqg. (6) to calculate relative strengths efgarturbations to deduce each defect’s relative contobut

to mobility degradation, normalized by concentration. Tésults of these calculations are shown in Fig. 4. We see that
the O impurity exhibits a scattering strength more thanstronger than the other defects, due to the significanttsiraic
rearrangement that occurs around the O defect and the asmrselQnger-range distortions of the lattice (see Sec. 3.1)
Oxygen acts as a strong mobility killer. In general, the inifgudefects show stronger scattering than the native defec

As mentioned earlier, for ultrapure material at moderatgeratures€g., room temperature), the upper limit of mobility
is determined by electron-phonon scattering. Our calmratof this upper limit from first principles is beyond thepe

of the present discussion and will be presented in a fututdigation. However, previous estimates place the room
temperature upper bounds in the range of up 100 cni/V-s for both electrons and holes, with holes thought to teve
slightly lower mobility?®

3.4 Experimental results

We are generally able to grow large single-crystal boule@d®b with ppb impurity concentrations reproducibly. Imjgias
consist of only low-Z elements, with C, O, Si, and S compgdine major constituents. Typical concentrations of these
elements as measured by SIMS are' G x 106 cm=3, O < 1 x 10'® cm~3 (below detection limit), Siv 5 x 10'° cm~3,

and S~ 2 x 106 cm3. Mobility greater than 400 cfiV-s has been achieved. The measured characteristics of a fe
representative samples are summarized in Table 3. Genevalfind that the Q process leads to higher resistivity, ag a
higher total defect density. Adding 3—4% kb the growth atmosphere reduces the total defect densipbyt an order of
magnitude, but also leads to lower resistivity materialwdeer, the as-grown mobility of thed+educed material tends to
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Fig. 2. Low formation energy defects extracted from Fig. () Ax = —0.276 (Al-rich limit) and (b) Ap = +0.276
(Sb-rich limit), as a function of Fermi level throughout th@nd gap. Ticks indicate ionization energies.

be quite high. The mobility of material grown from the Q prsgean be significantly improved by annealing, for example
at 1200 K for 8 d with Sb overpressure, to values over 108/¢ra. The mobility improvement upon annealing is achieved
with little change in either net carrier density or total egtfdensity. The net carrier density tends to be much lowe®fo
process material compared tgHeduced material by over an order of magnitude.

Table 3. Measured properties of AISb samples from Hall anthdhic SIMS.

Resistivity Mobility Net Carrier Density  Total Defect Density
Sample Type (Q-cm)  (cm2/V-s) (cm=3) (cm=3)
Q process as-grown n-type 1.5 x 10% 18 2.3 x 1013 3.1 x 1016
Q process annealed n-type 3.5 x 103 130 1.4 x 10*3 ~ 4 x 106
Hs-reduced #1 p-type 9.7 x 10! 350 2.4 x 104 4.0 x 101
Hs-reduced #2 p-type 1.8 x 10! 450 8.9 x 1014 —




£ 107 00k [Expt data
g annealing 1150K‘—* ® As-grown
=~ 10"} ] (1350K)
@ 1000K=" | * Annealed
S 4ot} (1200K)
g — 850K ™
o ol
IS Undoped AISb
3 | bed AISH| 700K ——
| 1013_ : ' I I I 4

t 02 -01 0.0 041 02 ¢

Al-rich Ap (eV) Sb-rich

(growth condition) (annealing condition)

Fig. 3. Total equilibrium defect concentration calculasetf-consistently, accounting for all native defects iSBAland assum-
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4. DISCUSSION

The results we have obtained build a clear understandirgeatile of defects — both native and impurity — in the varigpil

of material performance of AISb for radiation detection légadion, as well as provide direct guidance toward optamniz
tion. The equilibrium native defect concentrations cated provide a lower bound for total defect densities atdfit
annealing temperatures. While kinetics need to be coreidter plan an optimal annealing time, the results here give a
maximum temperature allowed to achieve a desired defeel (gvthe long time limit). Insight into the thermodynamic
effects of the annealing environment is revealed as welfjeimeral, these types of calculations are helpful for séngen
purposes, since they provide a gating criterion (minimuacpcal achievable defect density) for an experimentalreff
The results presented here demonstrate the very good fivediower of our theory, illustrated by the agreement with
experimental measurements of defect concentrations sirowigy. 3. The bold circle in the upper left of Fig. 3 marks
a measured value of total defect concentration of high tuas-grown material (grown at 1330 K), in close agreement
with the calculated value at 1300 K under Al-rich conditiodster annealing at 1200 K for 8 d with Sb overpressure,
this sample showed a reduction in total defect concentraitilicated by the bold star at the upper right of Fig. 3. Agai
the agreement is quite good, matching closely with the ¢atled value at 1150 K for Sb-rich conditions. The result also
indicates that the annealing step was successful in driti@gnaterial nearly to equilibrium.

But not all defects are alike. Neutral defects contributih&total defect concentration, but do not contribute tccaetier
concentration. Also, positively and negatively chargefédis contribute oppositely to carrier concentration, pernsating
each other. Furthermore, if we examine the energy leveldfefent defects, we expect shallow defects to be easilizén



and contribute fully to carrier density, however deep Isvahy not be ionized. (We are further interested in deepdevel
for their trapping characteristics, as mentioned eafhiet this aspect is beyond the current discussion.) In the aflsigh
purity AlSb, we are particularly interested in the integplkeetween \;,3 and Qﬁ)l The V;|3 is a strongp-type self-dopant,
while the (%*bl is an extrinsic (impurityh-type dopant. We know from the results in Fig. 4 that O is arginmobility killer.
Thus, itis possible to drastically reduce net carrier cotregion by the incorporation of O and increase resistivityt this
greatly reduces mobility. We notice this effect in the expental data highlighted in Table 3. The+educed growths
eliminate much of the O impurity, leading to the highest nitbs even without annealing; however, the carrier déesit
are one to two orders of magnitude higher compared to the @epsogrowths and the material exhibits correspondingly
low resistivity. Also, the H-reduced material ip-type, since the O does not compensate the self-doping ﬁnem/;l?’

(as well as any-type doping from C impurities). Conversely, Q process dheaproducen-type material due to high
excess O content, along with correspondingly low mobditi€he compensating effect is evident in the much highetl tota
defect densities coupled with much lower net carrier dassitFurthermore, annealing improves mobility considigrab
The precise details of this process require further stualyallikely contribution comes from the preference of O tavior
stable oxides with Al and Sb rather than remain as a sulistititdefect. Also, the usual annealing process takes the
as-grown material from the Al-rich limit to the Sb-rich lithincreasing somewhat the equiIibriun;liﬂ/concentration. We
have calculated the O phase stability diagram in AlSb tordatee limits for O substitutional incorporation, and theuks
(1x10' — 1x10'6 cm™2 range) are consistent both with the doping levels requioedHfe explanations given here and
also the measured limits of O impurity levels. Additionallxperiments have been performed to intentionally dopdAIS
highly with O to give high resistivity material. The apprbesuicceeds, but at the expense of obtaining negligible iihgbil
as we expect. In fact, one needs to be careful about usirgiivitgito characterize material, since it is only loosedjated

to mobility (the more pertinent property), as demonstratetlis particular example of a compensating dopant thdsis a

a mobility killer.

Finally, concerning the compensation doping by O, our dat@ns show that much higher levels of O are required to
make the materiai-type under Sb-rich conditions compared to Al-rich coradiii. The reason is the lower concentration
of Va under Al-rich conditions, which reduces the sehdoping and Fermi level-pinning. Thus, it might be possiole
lower the net carrier density and increase resistivityhwaittower concentration of O, yielding higher mobility. Weear
investigating this idea further.

5. CONCLUSIONS

We have used first principles calculations of defects in AtSlupled with experimental growth efforts, to gain insigtio

the microscopic mechanisms of material degradation. Taeltseof our study are leading to improved material through
optimized growth and post-growth processes. We have denaded the quantitative predictive ability of our calcigais

of defect and carrier densities. Through scattering rdtautations, we have shown that O is a particularly strong ititgb
killer and its incorporation into the crystal should be miiged. This result leads to better understanding of sedgning
conflicting experimental data, which sometimes show viariatin mobility and carrier concentration that do not track
each other or the resistivity. There is a fundamental triidetween the carrier compensation effect of O impuritied a
the strong mobility degradation associated with O.

In addition to continuing to explore the effects of varioe$atts and phonons on optimizing AISb material, we are edpan
ing our efforts to other materials of interest as well, whie goal of working toward the ability to perform computaabn
materials discovery experiments. We are developing fuly firinciples approaches to quantitatively predict ttapprties

of materials and alloyse(g., mobility, lifetime, and defect levels) that are relevamatspecific application, such as gamma
radiation detection, and use that capability to find optimaterials as well as to guide experimental efforts at grcwith
process optimization.
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