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Amphoteric behavior of arsenic in HgCdTe
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The properties of arsenic in HgJCdTe are predicted usihgnitio 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 efitB&). 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.S0003-695(99)00705-4

Hg;_,Cd,Te is the material system of choice for high- predicted. Details of the calculations are similar to those re-
performance sensing in the long-wave infra@aVIR). A ported previousf§*° and are only briefly summarized here.
p-on-n heterojunction deviceis currently the preferred de- The ground and excited state energies for native point de-
vice design, in which a wider gaptype cap layer is grown fects and arsenic in the lattice are calculated using the full
on an LWIR n-type base layer withx=0.22, with the cap Potential linearized muffin-tin orbital methdwithin the lo-
layer doping usually>100 times higher than the base layer cal density approximationLDA). Gradient correctiorté
doping. Although doping of the base layer wittL0'® cm™3 ~ were added to the LDA so that the vapor pressure of the
indium is well in hand, the cap layer doping is more com-Mercury monomer can be used to compare with the
plex. The group V elements have been identified as the mo&xperiment> Defect energies were calculated using super-
desirablep-type dopants because of their low diffusion coef- cells containing 32 lattice sites. For the native point defects,
ficients, compared with the native acceptor and the group +DA calculations were done for both HgTe and CdTe hosts,
elements in HgCdTe. Liquid phase epitaxiaPE) growth and the values at intermediate compositions were determined
results in amphoteric incorporation of the group V eleménts,by a linear interpolation. For arsenic on the tellurium sublat-
with n-type behavior resulting when grown from the tice, calculations were done with from one to four near-
tellurium-rich melt, therefore necessitating growth from thene'ghrl]30r cad_m!urrll. del < the ol _
mercury-rich melt, with its accompanying high pressures, to . T € Stat'St'Ca_ model we use 1s the (?e_ctronlc qua-
obtain p-type behavio?. Although molecular beam epitaxy sichemical formalisni, with Fermi—Dirac statistics for the
(MBE) is done at muc.h lower temperatures than LPE an(flectronic excitations. Vibrational free energies are calcu-
thus offers some distinct advantages, the group V impuritie ated .usmgf a \;ﬁlentce forcej[—ﬁeld mgjdéIEx%enrtninta(lj ex-
are observed to incorporate as donors. Post-growth “actival ©>S10ns Tor e temperature- ameiependent band gap

5 . .
tion” anneals at higher temperature are currently used t?v_'vere used? Bounds for the existence .rejegrl]on for
render the cap layay type~® If activation anneals are per- gl,XC.dee have also bee‘? t‘f""e” from.experlm : t .
Various means of arsenic incorporation were included in
formed at temperatures much above the growth temperaturﬁ,1e analysis, as given in Table I. The native point defects
the advantages of the low growth temperature of MBE are i )

. : included in the present analysis are also summarized in Table
reduced. Although models of the amphoteric behavior hav?_ The ionization energies for arsenic on the tellurium site

been suggestet, there has been no general consensus O%ehaved as an acceptor and for the first acceptor level for the

the microscopic mechanism of group V element INCOrPOTatation vacancy were taken from experiment. An ad hoc shift

tion both in LPE and MBE material. Arsen!c S the group V of 0.22 eV was added to the donor level of the arsenic on the
element that has received the most attention in the past feWation sublattices to account for the LDA band gap error
years, and for that reason, we focus our attention on it. In Fig. 1, the calculated defect concentrations are plotted
In this letter, we present the results of a theoretical €X5s a function of mercury partial pressure at 500 °C, a tem-
amination of the behavior of arsenic atoms in,HgCdTe.  peraire typical of LPE growth. Arsenic atoms are found to

Our focus is on the thermodynamic conditions relevant tQggjge predominantly on the anion sublattice under mercury-
LPE growth, the dependence of arsenic diffusion on the mer-

cury partlal pressure, e(.]l.JI|I.brIum Con.d_ltlons of pOSt'grOWthTABLE I. Arsenic and native point defects included in the analysis. Nota-

anneals, the quasi-equilibrium conditions that are presenion is as follows: The primary symbol refers to the species, the subscript

during MBE growth, and nonequilibrium effects of MBE. refers to the site that the species occupiésprresponds to a vacancy, and
The calculations of thermodynamic behavior of arsenic an interstitial at a tetrahedral site.

in HgCdTe can be divided into two major partg) the cal-

) : . R Isolated native point defects: Vig, Téng and Hg,
culation of energies of native defects and arsenic in the ma- Vre, Hoyg and Te
terial, and(2) the statistical theory from which the concen- Native defect complexes: T§Vig
trations of arsenic in the various configurations can be  Isolated arsenic defects: Asyg, Aste and As

Arsenic defect complexes: Asyg—Asre and Agig—Vig

Asre—Hg and Asg—Teyg
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] ) ) throughout the existence region of §i¢d, sTe at 185 °C, for a fixed ar-
FIG. 1. Defect concentrations as a function of mercury partial pressur&enic concentration d&) 10 cm3 and(b) 5x 10* c¢cm™3. All concentra-
throughout the existence region of i d, ;Te, for a fixed arsenic concen-  tions represent a sum over all the charge states of the defects. The dotted

tration of (a) 5x 10" cm™2 at 500 °C and(b) 10"" cm™2 at 400 °C. All line is the hole concentration at 77 K assuming that the defect structure at
concentrations represent a sum over all the charge states of the defects. Tii growth temperature is frozen in.

cation vacancy/,q is predicted to be a single acceptor in this range of alloy
composition. Both Ag;—Vyg and Asyg—Asr are neutrals only. The dotted
line is the hole concentration at 77 K assuming the high temperature defe

structure is frozen in. that arsenic diffusion might occur via the 4s mediated by

the V4. If so, the arsenic diffusion will be proportional to

saturated conditions, where they behave as acceptors. Un %rz Zogce\r}traég)nq;fef?;\r/ﬁ%igg ?nrelfizurf Soipaerzgﬁ]':;ﬁ;f
g~ VHg : 3

tellurium-saturated conditions the arsenic atoms are Pr&re of 400°C and a total arsenic concentration of
dicted to occupy the cation sublattice predominantly, where ;7 = - . .
cm >, At low mercury partial pressures, we predict the

arsenic behaves as donors, and with a large fraction of th% X

arsenic atoms bound to cation vacancies. Under all equili arsenic diffusion will be proportional 16,5, while at higher

rium conditions examined, the arsenic interstitial density ignereury partial pressures, we predict the arsenic diffusion

negligible. This amphoteric behavior of arsenic is consistenY"III be prqportlonal toPyg. This is in g(l)g)d agr.eement_ W.'th
with LPE result€? In Table II, some of the electrical prop- the experimental results of Chandrtal.”" who find a simi-

erties of LPE material are examined when they are subjectelfilr pressure dependence for a comparable temperature and

to tellurium- and mercury-saturated anneals at low temperarglrsenlc concentration. Our results are also supported by ex-

ture. Such low temperature anneals have been found tBerimental finding® that arsenic diffusion af<300 °C un-
modify the vacancy concentrations, but not the electrical acd€" Hg-saturated conditions resultriftype material, indicat-
tivity of the arsenic in the lattic*~®and thus no site trans- "9 that arsenic diffuses as a donor and may not equilibrate
fer has been assumed in the theoretical results reported [y transferring to the anion sublattice at low temperatures,
Table II. Our predictions are in good agreement with experi-VeN under mercury-saturated conditions. n
ment for the 200°C mercury-saturated anneal. Under We now turn our attention to the behavior of arsenic in
tellurium-saturated conditions, a large degree of compensdi%.7Ct.sTe grown by MBE. High quality MBE growth is
tion occurs and the exact carrier concentrations are thus vefstricted to a very narrow growth window, both in mercury
sensitive to energies we calculate for the various defects. flux and temperature, and because of the high vapor mercury
Next we consider the nature of arsenic diffusion. OurPressures over the solid, is restricted to the tellurium-
present and previoistudies indicate that As V., and  Saturated edge of the existence redidm Fig. 2, the defect
Te, by which As, might diffuse in the lattice, have ex- concentrations are plotted as a function of the mercury par-
tremely low densities. Our results also show that there is 4@l pressure at 185°C, a temperature typical of MBE
significant fraction of the arsenic residing on the cation sup9rowth. The left edges of Figs(& and 2b) represents the
lattice, even under cation-saturated conditions, and that thefg/lurium-saturated conditions present during MBE growth.

is a high concentration of cation vacancies. This suggest@'so shown in Fig. 2 are the carrier concentrations at 77 K if
the defects at 185°C are frozen in. We fimg; «=3

5 —3 —~ 5 —3 H
TABLE II. Behavior of arsenic in LPE HgCd, ;Te. . 10" cm Band ”g? k=10" cmﬁ foraarsemc concentra-
tions of 13® cm™2 and 5x10% cm™3, respectively, in
77 K carrier concentrationgm™) rough agreement with experimental valties n,; (=8.2
4 -3 - 4 -3 ;
200 °C 200 °C 500 °C Hg-saturated X 10" cm 2 and n,; =6.7x 10t ~cm ™’ If the material
Material Te-saturated Hg-saturated 200 °C Hg-saturated ~ Prepared under MBE conditions is subjected to a mercury-

saturated anneal at 250 °C, carrier concentrationga-efy¢

-ri 4x 10 ) 4 ) 5 _ _
Tetich LPE 14x10°ptype 15¢10°%ntype  4.4<10° p type? ~2.4x 10" cm™ and n,; «=6.9< 10 cm™2 are found

Theory 210" ntype  5x10% n type 4.4<10' p type . . .
Terich LPE 2.1x10%ptype  6x104ntype  1.2¢107 p type® experimentally ~ for  the  aforementioned  arsenic
Theory 1x10%ntype  2x10%ntype 1.2 104 p type concentration§. Our theory predictan;; «=5x10% cm™3
Hg-rich LPE 16%p type 10'p type andn,; «=2x10" cm 2 for these arsenic concentrations if
Theory 16° p type 10" p type arsenic is not permitted to change sublattices, but only the

vacancy concentrations requilibrate. Thus, our calculations
aTaken from Ref. 2. . . . . .
bThe arsenic concentration in the calculations were chosen to match thi€XPlain the behavior of arsenic in MBE material assuming

value. quasi-equilibrium conditions prevail, with no need to resort
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to nonequilibrium aspects of MBE. Even though the arseni¢he incorporation. We suggest that low temperature anneals
dimer and tetramer are strongly bound in the vapor phase, waay be used to activate the arsenic in MBE material if the
do not predict complexes containing multiple arsenic atomphase field from tellurium- to mercury-saturated conditions
are present in the MBE material, nor are such complexess traversed slowly. It may be possible to encourage incorpo-
necessary to explain the experimental findings. ration of arsenic atoms directly on the anion sublattice by
The question now arises as to how to obtaitype dop-  growing on the(111DA or (211)A surfaces, which are cation
ing with arsenic in MBE. There has been success in obtainrich and therefore present mostly anion sites to the incoming
ing acceptor behavior in arsenic-doped MBE-grown materiaflux, although thermodynamics will still not favor incorpora-
using post-growth high temperature annéafshut the need tion of arsenic as an acceptor under MBE conditions. Unfor-
to resort to such high temperatures negates much of the atlinately, growth on thé\ surfaces have thus far resulted in
vantage of the low growth temperature of MBE. We recentlypoor quality material and exceedingly high mercury
proposed a mechanism for transfer of the arsenic from theonsumption® compared with the currently preferred
cation to anion sublatticéhe essential step in the activation (211)B.
process® The starting defect for the transfer is the arsenic
on a cation site bound to a mercury vacancyyf8/ g,
with a tellurium on the intervening anion sublattice,rJe
From Fig. 2, we see that this defect complex will be presen
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