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Amphoteric behavior of arsenic in HgCdTe
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The properties of arsenic in HgCdTe are predicted usingab initio calculations and a statistical
theory. Predictions on the amphoteric nature of arsenic are in good agreement with experimental
results on material growth both by liquid phase epitaxy and molecular beam epitaxy~MBE!. The
experimentally observed dependence of the arsenic diffusion on mercury partial pressure is also
explained by our results. A microscopic model for activating the arsenic as an acceptor is suggested,
and requirements of post-MBE-growth activation anneals are identified. ©1999 American
Institute of Physics.@S0003-6951~99!00705-6#
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Hg12xCdxTe is the material system of choice for hig
performance sensing in the long-wave infrared~LWIR!. A
p-on-n heterojunction device1 is currently the preferred de
vice design, in which a wider gapp-type cap layer is grown
on an LWIR n-type base layer withx50.22, with the cap
layer doping usually.100 times higher than the base lay
doping. Although doping of the base layer with;1015 cm23

indium is well in hand, the cap layer doping is more co
plex. The group V elements have been identified as the m
desirablep-type dopants because of their low diffusion coe
ficients, compared with the native acceptor and the grou
elements in HgCdTe. Liquid phase epitaxial~LPE! growth
results in amphoteric incorporation of the group V elemen2

with n-type behavior resulting when grown from th
tellurium-rich melt, therefore necessitating growth from t
mercury-rich melt, with its accompanying high pressures
obtain p-type behavior.3 Although molecular beam epitax
~MBE! is done at much lower temperatures than LPE, a
thus offers some distinct advantages, the group V impuri
are observed to incorporate as donors. Post-growth ‘‘act
tion’’ anneals at higher temperature are currently used
render the cap layerp type.4–6 If activation anneals are per
formed at temperatures much above the growth tempera
the advantages of the low growth temperature of MBE
reduced. Although models of the amphoteric behavior h
been suggested,7,8 there has been no general consensus
the microscopic mechanism of group V element incorpo
tion both in LPE and MBE material. Arsenic is the group
element that has received the most attention in the past
years, and for that reason, we focus our attention on it.

In this letter, we present the results of a theoretical
amination of the behavior of arsenic atoms in Hg12xCdxTe.
Our focus is on the thermodynamic conditions relevant
LPE growth, the dependence of arsenic diffusion on the m
cury partial pressure, equilibrium conditions of post-grow
anneals, the quasi-equilibrium conditions that are pres
during MBE growth, and nonequilibrium effects of MBE.

The calculations of thermodynamic behavior of arse
in HgCdTe can be divided into two major parts:~1! the cal-
culation of energies of native defects and arsenic in the
terial, and~2! the statistical theory from which the conce
trations of arsenic in the various configurations can

a!Electronic mail: marcy@plato.sri.com
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predicted. Details of the calculations are similar to those
ported previously9,10 and are only briefly summarized her
The ground and excited state energies for native point
fects and arsenic in the lattice are calculated using the
potential linearized muffin-tin orbital method11 within the lo-
cal density approximation~LDA !. Gradient corrections12

were added to the LDA so that the vapor pressure of
mercury monomer can be used to compare with
experiment.13 Defect energies were calculated using sup
cells containing 32 lattice sites. For the native point defe
LDA calculations were done for both HgTe and CdTe hos
and the values at intermediate compositions were determ
by a linear interpolation. For arsenic on the tellurium subl
tice, calculations were done with from one to four nea
neighbor cadmium.

The statistical model we use is the electronic qu
sichemical formalism,9 with Fermi–Dirac statistics for the
electronic excitations. Vibrational free energies are cal
lated using a valence force-field model.14 Experimental ex-
pressions for the temperature- andx-dependent band ga
were used.15 Bounds for the existence region fo
Hg12xCdxTe have also been taken from experiment.16

Various means of arsenic incorporation were included
the analysis, as given in Table I. The native point defe
included in the present analysis are also summarized in T
I. The ionization energies for arsenic on the tellurium s
behaved as an acceptor and for the first acceptor level for
cation vacancy were taken from experiment. An ad hoc s
of 0.22 eV was added to the donor level of the arsenic on
cation sublattices to account for the LDA band gap error

In Fig. 1, the calculated defect concentrations are plot
as a function of mercury partial pressure at 500 °C, a te
perature typical of LPE growth. Arsenic atoms are found
reside predominantly on the anion sublattice under mercu

TABLE I. Arsenic and native point defects included in the analysis. No
tion is as follows: The primary symbol refers to the species, the subsc
refers to the site that the species occupies,V corresponds to a vacancy, an
I an interstitial at a tetrahedral site.

Isolated native point defects: VHg , TeHg, and HgI ,
VTe , HgHg, and TeI

Native defect complexes: TeHg–VHg

Isolated arsenic defects: AsHg, AsTe, and AsI
Arsenic defect complexes: AsHg– AsTe and AsHg–VHg

AsTe– HgI and AsHg– TeHg
© 1999 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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saturated conditions, where they behave as acceptors. U
tellurium-saturated conditions the arsenic atoms are
dicted to occupy the cation sublattice predominantly, wh
arsenic behaves as donors, and with a large fraction of
arsenic atoms bound to cation vacancies. Under all equ
rium conditions examined, the arsenic interstitial density
negligible. This amphoteric behavior of arsenic is consist
with LPE results.2,3 In Table II, some of the electrical prop
erties of LPE material are examined when they are subje
to tellurium- and mercury-saturated anneals at low temp
ture. Such low temperature anneals have been found
modify the vacancy concentrations, but not the electrical
tivity of the arsenic in the lattice,2,4–6 and thus no site trans
fer has been assumed in the theoretical results reporte
Table II. Our predictions are in good agreement with expe
ment for the 200 °C mercury-saturated anneal. Un
tellurium-saturated conditions, a large degree of compen
tion occurs and the exact carrier concentrations are thus
sensitive to energies we calculate for the various defects

Next we consider the nature of arsenic diffusion. O
present and previous14 studies indicate that AsI , VTe, and
TeI , by which AsTe might diffuse in the lattice, have ex
tremely low densities. Our results also show that there
significant fraction of the arsenic residing on the cation s
lattice, even under cation-saturated conditions, and that t
is a high concentration of cation vacancies. This sugg

FIG. 1. Defect concentrations as a function of mercury partial pres
throughout the existence region of Hg0.8Cd0.2Te, for a fixed arsenic concen
tration of ~a! 531018 cm23 at 500 °C and~b! 1017 cm23 at 400 °C. All
concentrations represent a sum over all the charge states of the defect
cation vacancyVHg is predicted to be a single acceptor in this range of al
composition. Both AsHg–VHg and AsHg– AsTe are neutrals only. The dotted
line is the hole concentration at 77 K assuming the high temperature d
structure is frozen in.

TABLE II. Behavior of arsenic in LPE Hg0.8Cd0.2Te.

Material

77 K carrier concentrations~cm23!

200 °C
Te-saturated

200 °C
Hg-saturated

500 °C Hg-saturated
200 °C Hg-saturated

Te-rich LPEa 1.431016 p type 1.531014 n type 4.431015 p typeb

Theory 231014 n type 531014 n type 4.431015 p type
Te-rich LPEa 2.131016 p type 631014 n type 1.231017 p typeb

Theory 1.231015 n type 231015 n type 1.231017 p type
Hg-rich LPE 1018p type 1018p type
Theory 1018 p type 1018 p type

aTaken from Ref. 2.
bThe arsenic concentration in the calculations were chosen to match
value.
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that arsenic diffusion might occur via the AsHg, mediated by
the VHg . If so, the arsenic diffusion will be proportional t
the concentration of AsHg–VHg . The pressure dependence
the AsHg–VHgcomplex is indicated in Fig. 1 for a tempera
ture of 400 °C and a total arsenic concentration
1017 cm23. At low mercury partial pressures, we predict th
arsenic diffusion will be proportional toPHg

21, while at higher
mercury partial pressures, we predict the arsenic diffus
will be proportional toPHg

23. This is in good agreement with
the experimental results of Chandraet al.17 who find a simi-
lar pressure dependence for a comparable temperature
arsenic concentration. Our results are also supported by
perimental findings18 that arsenic diffusion atT,300 °C un-
der Hg-saturated conditions result inn-type material, indicat-
ing that arsenic diffuses as a donor and may not equilib
by transferring to the anion sublattice at low temperatur
even under mercury-saturated conditions.

We now turn our attention to the behavior of arsenic
Hg0.7Cd0.3Te grown by MBE. High quality MBE growth is
restricted to a very narrow growth window, both in mercu
flux and temperature, and because of the high vapor mer
pressures over the solid, is restricted to the telluriu
saturated edge of the existence region.19 In Fig. 2, the defect
concentrations are plotted as a function of the mercury p
tial pressure at 185 °C, a temperature typical of MB
growth. The left edges of Figs. 2~a! and 2~b! represents the
tellurium-saturated conditions present during MBE grow
Also shown in Fig. 2 are the carrier concentrations at 77 K
the defects at 185 °C are frozen in. We findn77 K.3
31015 cm23 and n77 K.1015 cm23 for arsenic concentra
tions of 1018 cm23 and 531016 cm23, respectively, in
rough agreement with experimental values6 of n77 K.8.2
31014 cm23 and n77 K.6.731014 cm23. If the material
prepared under MBE conditions is subjected to a mercu
saturated anneal at 250 °C, carrier concentrations ofn77 K

.2.431015 cm23 and n77 K.6.931014 cm23 are found
experimentally for the aforementioned arsen
concentrations.6 Our theory predictsn77 K.531016 cm23

andn77 K.231015 cm23 for these arsenic concentrations
arsenic is not permitted to change sublattices, but only
vacancy concentrations requilibrate. Thus, our calculati
explain the behavior of arsenic in MBE material assum
quasi-equilibrium conditions prevail, with no need to res

re

The

ct

is

FIG. 2. Defect concentrations as a function of mercury partial press
throughout the existence region of Hg0.7Cd0.3Te at 185 °C, for a fixed ar-
senic concentration of~a! 1018 cm23 and~b! 531016 cm23. All concentra-
tions represent a sum over all the charge states of the defects. The d
line is the hole concentration at 77 K assuming that the defect structu
the growth temperature is frozen in.
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to nonequilibrium aspects of MBE. Even though the arse
dimer and tetramer are strongly bound in the vapor phase
do not predict complexes containing multiple arsenic ato
are present in the MBE material, nor are such comple
necessary to explain the experimental findings.

The question now arises as to how to obtainp-type dop-
ing with arsenic in MBE. There has been success in obt
ing acceptor behavior in arsenic-doped MBE-grown mate
using post-growth high temperature anneals,4–6 but the need
to resort to such high temperatures negates much of the
vantage of the low growth temperature of MBE. We recen
proposed a mechanism for transfer of the arsenic from
cation to anion sublattice~the essential step in the activatio
process!.10 The starting defect for the transfer is the arse
on a cation site bound to a mercury vacancy, AsHg–VHg ,
with a tellurium on the intervening anion sublattice, TeTe.
From Fig. 2, we see that this defect complex will be pres
in large densities in as-grown MBE material. In the first st
of the activation process, the intervening tellurium will tran
fer into the cation vacancy site, creating a tellurium antis
with the arsenic following and transferring to the vacat
tellurium site and leaving behind a cation vacancy:

~AsHg– TeTe–VHg!→~VHg– AsTe– TeHg!.

In the final step, the neutral cation vacancy-tellurium antis
pair, which was previously shown to form a bound pair20

will diffuse away from the arsenic atom, which now resid
on the tellurium sublattice and behaves as an acceptor,

~VHg– AsTe– TeHg!→~VHg– TeHg!1AsTe.

A product of the transfer process will be theVHg– TeHg com-
plex, whose density will be supersaturated and which m
diffuse to an atom sink such as a surface for annihilation

This activation model suggests that cation vacancies
fectively catalyzed the site transfer~they are present both
prior to and following the site transfer!. Thus an effective
activation annealing strategy must preserve the cation va
cies until the site transfer of the arsenic atoms from the
ion to the anion sublattice is complete. Our model expla
the apparent failure of the 250 °C mercury-saturated an
in affecting the site transfer: Even though in equilibrium a
senic should reside on the anion sublattice under these
nealing conditions, the majority of the mercury vacancies
annihilated under these low temperature, mercury-satur
conditions before the site transfer can take place, and
equilibrium of arsenic will take much longer than the 24
typically employed for such anneals. We predict that acti
tion can take place under mercury-saturated condition
high temperatures are used so that there is a relatively
vacancy concentration14 or at low temperatures if the phas
field from tellurium- to mercury-saturated conditions is tr
versed slowly.

The theoretical results presented in this letter explain
microscopic mechanism for the amphoteric behavior of
senic in both LPE- and MBE-grown material and in sub
quent processing, in terms of equilibrium thermodynam
The results unambiguously indicate that arsenic atoms re
ing on the cation sublattice account for the donor-like inc
poration under tellurium-saturated conditions, and that
senic interstitials do not account for a significant faction
Downloaded 20 Apr 2004 to 128.18.80.235. Redistribution subject to AIP
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the incorporation. We suggest that low temperature ann
may be used to activate the arsenic in MBE material if
phase field from tellurium- to mercury-saturated conditio
is traversed slowly. It may be possible to encourage incor
ration of arsenic atoms directly on the anion sublattice
growing on the~111!A or ~211!A surfaces, which are cation
rich and therefore present mostly anion sites to the incom
flux, although thermodynamics will still not favor incorpora
tion of arsenic as an acceptor under MBE conditions. Unf
tunately, growth on theA surfaces have thus far resulted
poor quality material and exceedingly high mercu
consumption,19 compared with the currently preferre
~211!B.
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