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Theory-guided growth of aluminum antimonide single crystals with optimal

properties for radiation detection
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First-principles calculations are used to study the thermodynamic and electronic properties of a large
set of intrinsic and extrinsic defects in AlSb. The results are employed in conjunction with
experimental impurity data to devise an improved growth process for mitigating the detrimental
effects of native defects and impurities. A codoping strategy using Te is demonstrated that leads to
a significant increase in both mobility and resistivity without introducing lifetime-limiting deep
levels. The resulting material exhibits an order of magnitude improvement in mobility-lifetime
product and allows spectroscopic detection of « particles with AlISb. © 2010 American Institute of

Physics. [doi:10.1063/1.3499307]

Radiation detection plays an important role in a variety
of fields ranging from x-ray medicine to detector design
for synchrotron facilities to applications in homeland secu-
rity. The current state-of-the-art material for room-
temperature radiation detection' is Cd,_,Zn, Te which has
seen steady improvements over the past few years.2 While
this progress is encouraging, it is an important and necessary
task to search for alternative materials both with regard to
improving efficiency and reducing cost.

A radiation photon interacting with a semiconductor cre-
ates electron-hole (e-h) pairs that can be detected as an elec-
tric current by applying an external electric field. For high
energy resolution, one needs to be able to accurately count
the number of e-h pairs, which is proportional to the energy
of the incoming photon. Any uncertainty in the magnitude of
the signal current due to loss or gain of carriers between the
absorption event and the collection of the induced current
results in a degradation of the energy resolution of the detec-
tor. Candidate materials therefore need to possess the follow-
ing properties: (i) large resistivity to minimize leakage cur-
rents, (ii) long carrier lifetimes, and (iii) high carrier
mobilities to maximize the number of e-h pairs collected.

Given these criteria, finding new materials is a challeng-
ing task, particularly due to the apparently contradictory re-
quirements of large band gap and high mobility. Experimen-
tal efforts in screening or optimizing materials are often
limited by the difficulty in achieving the required purity to
assess material performance, rendering an exclusively ex-
perimental approach time consuming and expensive. On the
other hand, materials simulations and modeling are very
helpful not only for selecting the most promising candidates
but also for determining the ultimate limitations of a mate-
rial, indicating optimal growth conditions, and identifying
the best dopants and dopant concentrations. In this paper, we
implement this approach and achieve an order of magnitude
improvement in the properties of AISb single-crystals.

We begin with a brief description of the properties of
the initial AISb samples. Then, by using the results of first-
principles investigations of intrinsic® and extrinsic*’ point
defects, we establish the theoretical limits of intrinsic net
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charge carrier concentrations and demonstrate how acciden-
tal impurity doping prevents reaching these values experi-
mentally. We further demonstrate that C and O, which we
find to be the most detrimental impurities in terms of carrier
scattering, are also responsible for the experimentally ob-
served p-type conductivity.e By screening several potential
extrinsic donors, we predict Te to be the most suitable
codopant and determine the doping concentration required
for compensation. The properties of material grown accord-
ing to these recommendations show a tremendous improve-
ment, which enabled the spectroscopic detection of
a-particle radiation using AISb.

Bulk AISb single-crystals were grown using the Czo-
chralski method in a sealed system. The starting material
consisted of pellets of 99.9999% pure Sb melted into a solid
ingot in a quartz ampoule, and 99.9999% pure Al melted in a
Al,Oj5 crucible. The molten Al is held for 24 h to outgas the
oxide before introducing Sb into the melt. Single-crystal
boules with diameters up to 13 cm were grown from a seed
crystal pulled from the melt at ~1 cm/h while rotating at 2
rpm. Growth is performed at 1330 K, with heat provided by
a graphite susceptor separated from the Al,O5 crucible by 1
atm continuous flow of Ar gas. Some samples were also
subjected to postgrowth annealing at 1200 K under Sb over-
pressure for up to 8 days. We have achieved highly repro-
ducible, large single crystal growths up to 900 g and
~20 cm® showing excellent uniformity and few, if any, mac-
roscopic defects.

Dynamic secondary ion mass spectrometry was used to
characterize the concentration of impurities in all samples.
Electrical characterization of resistivity, majority carrier
type, net carrier concentration, and mobility was performed
with room temperature Hall measurements. Crystallinity of
samples was confirmed with x-ray diffraction and Laue dif-
fraction. Sample handling, including sawing and polishing in
preparation for characterization, was performed in a glove
box to minimize air exposure and prevent surface oxidation.

We have recently investigated the intrinsic point defects
in AISb within a density functional theory framework.” The
aluminum vacancy (acceptor), the aluminum interstitial (do-
nor), and the Sb,, antisite (donor) were identified as the
prevalent defects. Using the calculated defect formation en-
ergies we obtained equilibrium defect concentrations and

© 2010 American Institute of Physics

Downloaded 05 Oct 2010 to 128.115.27.11. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3499307
http://dx.doi.org/10.1063/1.3499307
http://dx.doi.org/10.1063/1.3499307

142104-2 Erhart et al.

electron chemical potentials as a function of temperature.
The intrinsic material was found to be weakly n-type—in
contrast to experiment—with net charge carrier concentra-
tions on the order of 10'°-~10'7 ¢cm™ near the growth tem-
perature of 1330 K.

To understand the difference between the experimental
data and the calculations for ideally pure AlISb, we computed
the formation energies of common impurities as well as po-
tential dopants from groups IV and VI of the periodic table.”
We find that group IV elements energetically favor substitu-
tion on Sb sites and act as single acceptors. As the atomic
number Z increases, the energetic difference between substi-
tution on Sb and Al (which gives rise to donor defects) de-
creases. In the case of Sn this leads to equal formation ener-
gies for an electron chemical potential u, near the middle of
the band gap and the possibility of forming Sn donors or Sn
acceptors depending on growth and annealing conditions.
Interstitial configurations do not play any role for group IV
defects. Where a direct comparison is possible, the calculated
defect transition levels are in good agreement with
experiment.4

With the exception of oxygen, group VI elements show
an energetic preference to substitute for Sb as well but unlike
group IV elements, act as donors. For oxygen there are three
configurations with similar formation energies. For w, in the
upper two-thirds of the band gap, oxygen interstitials which
act as acceptors dominate. For u, near the valence band edge
and under Al-rich conditions, the substitution for Sb is ener-
getically preferred with amphoteric characteristics. Finally,
for w, near the valence band edge and under Sb-rich condi-
tions, the Og,—Sby; donor complex is the most stable.

The absolute values of the formation energies show a
systematic dependence on the atomic number Z. The forma-
tion energy decreases with Z for group IV elements, while
the opposite is true for group VI elements. The lowest abso-
lute formation energy is observed for oxygen, which indi-
cates the risk for oxidation. Even for carbon, which shows
the largest formation energies, the value is comparably low,
about 1 eV, indicating that all of these elements can be rela-
tively easily incorporated during growth, both accidentally
and intentionally.

We can now combine the data for both the intrinsic and
extrinsic defects to calculate defect concentrations and net
charge carrier concentrations. To this end, we employ the
strategy described in Refs. 4 and 8. The key results of this
investigation are summarized in Fig. 1, which shows the net
charge carrier concentration as a function of the chemical
environment, for various doping conditions and at both the
growth temperature of 1300 K and the annealing temperature
of 1200 K. As discussed above, the intrinsic material is pre-
dicted to show n-type conduction with net carrier concentra-
tions on the order of 10'°—~10'7 ¢cm™ at 1300 K. Comparison
of the data obtained with and without band gap corrections
[curves (a) and (b) in Fig. 1] shows only small differences. It
is therefore justified to carry out the following analysis in-
cluding impurities using the data without band gap correc-
tions. Our baseline material is represented by curve (c) in
Fig. 1, which includes carbon and oxygen at the experimen-
tally observed impurity levels and which indeed predicts the
“impure” as-grown material to be p-type in agreement with
experiment.

The next step in our analysis is to consider the effect of
native defects and impurities on the charge carrier mobilities.
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FIG. 1. (Color online) Net charge carrier concentrations at 1200 and 1300 K
predicted by our thermodynamic analysis using first-principles data. (a) In-
trinsic material using band gap corrections as described in Ref. 3; (b) intrin-
sic material using the as-calculated formation energies; (c) same as (b) but
including C and O impurities with [C]=10"7 cm™ and [0]=10" cm™; (d)
same as (c) but including Te as a compensating dopant with [Te]
=10"7 em™. Solid and dashed lines indicate net excess electrons (n-type) or
holes (p-type), respectively.

Within first-order perturbation theory, the carrier scattering
rate of a defect is determined by matrix elements of the scat-
tering potential V., which is given by the difference between
Vaer(r), the self-consistent potential in a cell containing the
(relaxed) defect, and Viy(r), the potential in the ideal (defect-
free) cell. Applying this approach to several impurities in
AISb,'” we have shown that a very convenient measure for
the relative carrier scattering rate of a defect is given by

2
M?= {f |VVSC(r)|dr} ) (1)

Since this expression can be evaluated much faster than a full
scattering analysis, it is suitable for comparing a large num-
ber of defects and has thus been used in the present study.
The results in Fig. 2 show that C and O are much stronger
scatterers than any of the intrinsic defects, which explains
their detrimental effects on the mobility. For both group IV
and group VI elements, the relative scattering rates strongly
decrease with Z, which can be attributed to the reduction in
local strain with decreasing size mismatch between the im-
purity and Sb, resulting in a decrease in V..

Based on these results, it is obvious that the incorpora-
tion of O and C must be suppressed to minimize their nega-
tive effect on carrier mobility. At the same time extrinsic
donors need to be incorporated to achieve charge compensa-
tion of the as-grown p-type material and maximize resistiv-
ity. Based on Fig. 2, Te, which is most likely to substitute for
Sb, is identified as the most promising candidate due to its
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FIG. 2. (Color online) Relative scattering rates M2 as defined in Eq. (1) for
the most important intrinsic and extrinsic defects in AlSb. The data shown
correspond to the most stable charge state of the respective defect.

very small relative scattering rate. A further investigation of
the electronic structure of Te also shows that it does not
introduce deep states that could cause recombination and/or
trapping and thereby limit carrier lifetimes.

By incorporating Te into our defect model, we are able
to determine the concentration at which compensation is
achieved as approximately 107 ¢cm™. Curve (d) in Fig. 1
shows that this concentration leads to a pronounced decrease
in the net charge carrier concentration, and accordingly an
increase in resistivity compared to case (c). Since this level
of compensation is also comparable to the concentration of
native defects (Sba, Al; oj, Va) at this temperature,” which
have significantly higher scattering rates, the introduction of
the Te codopant has only minimal effect on mobilities.

Using the information from our first-principles defect
model, we modified the growth process and dramatically im-
proved the properties of AISb bulk single crystals. We intro-
duced 3% H, gas into the growth chamber to reduce oxida-
tion and switched to an Al,O; ampoule for melting Sb to
further prevent incorporation of mobility-reducing O impuri-
ties into the material. Tellurium was incorporated at a con-
centration of 10'7 ¢cm™ for carrier compensation. Without
these modifications, our best material achieved a resistivity
of up to 10° € cm with net charge carrier concentrations as
low as 10" cm™, but a mobility of only ~10 cm?/V s.
Using the modified process but without Te doping, high mo-
bilities of up to 400—500 cm?/V s were achieved owing to
the elimination of O scattering centers. Net carrier concen-
trations were, however, in excess of 10" ¢cm™ and resistiv-
ities were low at ~10-100 () cm. With the introduction of
Te, we achieved a resistivity of ~10° Qcm, a mobility in
the range of 150-300 cm?/V s, and net charge carrier con-
centrations below 10'> cm™.

The Te-doped material was fabricated into devices which
showed high signal-to-noise ratios in a-spectra from a >'°Po
source around 5.3 MeV as shown in Fig. 3. The devices
consisted of 1X1X0.15 cm?® polished crystals with a Au
guard ring electrode structure on the front and In—-Ga liquid
paint as back electrode. Determination of the electron drift
figure of merit u,7, was performed by measuring the shift of
the a-spectrum peak centroid as a function of bias voltage
and fitting the data to the Hecht relation." The value of
#,7,=0.58 +0.23 X 10™* cm?/V for the undoped sample im-
proved to 1.27+0.63X 10™* cm?/V by Te doping.

In summary, in this paper we have described a collabo-
rative effort between experiment and theory that has led to an
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FIG. 3. a-spectrum from 2'’Po acquired at room temperature with Te-doped
AISD single crystals. Incomplete charge collection has shifted the 5.3 MeV
2190 « peak to 767.1 keV.

order of magnitude improvement in the properties of AlSb
single crystals for radiation detection. Using first-principles
calculations, we studied the thermodynamic and electronic
properties of intrinsic and extrinsic defects, determined
charge carrier types and concentrations, and obtained relative
carrier scattering rates. We then devised a codoping strategy
that enabled significant simultaneous improvement in both
mobility and resistivity. Our results demonstrate the use of
extremely low scattering codopants to achieve high resistiv-
ity and high mobility simultaneously, without introducing
deep carrier lifetime-limiting states.
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