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Chemical trends of defect formation and doping limit in II-VI semiconductors: The case of CdTe
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Using first-principles band structure methods we studied the general chemical trends of defect formation in
II-VI semiconductors. We systematically calculated the formation energies and transition energy levels of
intrinsic and extrinsic defects and defect complexes in the prototype CdTe and investigated the limiting factors
for p-type andn-type doping in this material. Possible approaches to significantly increase the doping limits are
discussed. Our general understanding of the chemical trends of defect formation energies and transition energy
levels in CdTe is expected to be applicable also to other II-VI semiconductors.
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. INTRODUCTION fects(e.g., Nain CdTe:Na. The AX center, however, is not
a limiting factor forp-type doping. We have also studied the
Many semiconductors such as CdTe, ZnSe, and relategffect of codoping/cluster dopift*® on the dopability in
[I-VI compounds and alloys will not be very useful if they this material. We find thata) under equilibrium growth con-
cannot be dopetiMany optoelectronic device applications ditions codoping/cluster doping in general do not reduce the
also require that materials can be doped hotlype andp  formation energy of the defect complexes below that of a
type. For example, the success in the fabrication of bluesingle point defect(tb) Codoping/cluster doping do not lower
emitting ZnSe laser diod&ss mainly due to the ability to the defect ionization energy except when the defect complex
obtain a sufficienp-type doping in this material. It has been is made of a single donor and a single acceptor such as
known for a long time that CdTe is the only II-VI compound (V 4+ Cl). Our general understanding of the doping limits
that can be doped relatively easily eitheor n type3* How-  in CdTe is expected to be applicable to other II-VI semicon-
ever, the dopability of CdTe is relatively low, especially for ductors. It, thus, provides a solid basis for overcoming the
p-type doping®~® In most cases, the achieved hole carrierdoping limit in these materials.
density is less than #®cm 3. This has become a major  The rest of the paper is organized as follows. Section Il
issue in device fabrication using CdTe. The mechanism oflescribes our calculation method. Section Il discusses the
the low dopability in CdTe is not well understood. importance of setting up the correct chemical potential range
Generally speaking, there are three main factors thaih the defect study. Sections IV and V present our calculated
could limit the dopability(i) The desired dopant may have a formation energies and single particle energy levels, respec-
low solubility. (i) The desired dopant has good solubility, tively, of tetrahedrally coordinated point defects. Section VI
but the defect transition energy level may be too deep, thushows the chemical trends of the calculated defect transition
the defect is not ionized at normal operating temperatureenergy levels. In Secs. VII and VIII we discuss the origin of
(iii) The desired dopant has good solubility and is ionizablethe doping limits in CdTe and the effects of codoping/cluster
but as the Fermi energy shifts due to the increased carriatoping. Finally, Sec. IX gives a brief summary of the paper.
density, oppositely charged native defects or defect com-
plexes of the doparfe.g.,DX center$? or AX centerd:!3
could form, thus, limiting further change of the Fermi en-
ergy. To identify which one of these factors dominates forthe The band structure and total energy calculations in this
p- or n-type doping, and the general chemical trends of destudy are performed using the all electron, general potential,
fect formation in CdTe, we have systematically calculatedinearized augmented plane wa(leAPW) method® within
the formation energies and transition energy levels of intrinthe local density approximatioLDA).}" We use the
sic and extrinsic defects and defect complexes in CdTe using@eperley-Alder exchange-correlation poterifisghs param-
the first-principles band structure method. Our calculationsgtrized by Perdew and ZungErThe Cd 4 electrons are
show thatn-type doping in CdTe is limited by the spontane- treated in the same footing as the other valence states. The
ous formation of the intrinsi%24 when the Fermi energy is Brillouin zone integration for the charge density and total
near the conduction band minimu@BM). In some cases of energy calculations are performed using the ten special
extrinsic dopinde.g., in CdTeX with X=(Al, Ga, and In], it points for the zinc blende structure and equivalemoints
could also be limited by the spontaneous formation of thefor the superstructuréd.The single electron energy levels,
DX centers. Fop-type doping in CdTe, it is either limited by however, are determined at thepoint and are aligned using
the formation of Cdor limited by not having a dopant with core electron energy levels. To reduce the well known LDA
both high solubilityand shallow acceptor levels. Some of the band gap errof* we perform the calculations nonrelativisti-
dopants have shallow acceptor levels, but their formatiorcally. With a energy cutoff of 8.5 Ry for the LAPW basis
energies are too higte.g., CdTe:N or CdTe)P Other dop- functions, the calculated lattice constant and bulk modulus
ants have relatively low formation energy, but their acceptorfor zinc blende CdTe are 6.541 A and 516 kbar, respectively,
level is too deefte.g., CdTe:Cl In some cases, it could also in reasonably good agreement with experimental v&fueis
be limited by the formation of compensating interstitial de-6.482 A and 445 kbar. The calculated band gap at the theo-

Il. METHODS OF CALCULATION

0163-1829/2002/685)/15521110)/$20.00 66 155211-1 ©2002 The American Physical Society



SU-HUAI WEI AND S. B. ZHANG PHYSICAL REVIEW B66, 155211 (2002

retical lattice constant is 1.48 e\L.59 eV at the experimen- Therefore, the formation energy of Nadecreases if the
tal lattice constant also in good agreement with the experi- chemical potential of Cd decreases or if the chemical poten-
mental valu& of 1.61 eV. tial of Na increases. Furthermore, to form positively charged
The defect system is modeled by putting a defect or defecefect >0, e.g., Cd interstitial Gd') one has to put the
complex at the center of a periodic supercell. Most of theglectrons removed from the defect to an electron reservoir
calculations are performed with a 32 atom supercell. In SOM@ith jts characteristic energyEg. Thus, the positively
cases, however, a 64 atom supercell is ysed to check thgyarged defect will have a higher formation energyvitype
convergence. For charged defect, a uniform backgroungqTe where the Fermi energy is close to the CBM. Similarly,
charge is added to keep the global charge neutrality of thgegatively charged defectg€0, e.g., Cd vacancy/2;)
periodic supercell. All the internal structural parameters Ofygqye 5 higher energy ip-type material where the Fermi
the supercell are optimized by minimizing the total ener9Yenergy is close to the VBM. Therefore, in principle, by ad-
and quantum mechanical forces. To determine the defect fostting the chemical potential of the dopant or the Fermi
mation energy and defect transition energy levels, we Calcuénergy, one can control the dopant solubility.
late the total energ¥(«,q) for a supercell containing the  ynger equilibrium growth conditions, however, there are
relaxed defectr in charge state. We also calculate the total gome thermodynamic limits on the achievable values of the
energyE(CdTe) for the same supercell in the absence of th&nemical potentials; : First, to avoid precipitation of Cd,

defect, as well as the total energies of the elemental solids %e and the elemental dopaAt(A=Na,Cu,In,Cl, etd, g
gases at their stable phases. From these quantities we dedugg pound by T e

the defect formation energ&H:(«,q) as a function of the
electron Fermi ener§§ Er as well as on the atomic chemi- mea<0, u1e<0, ua=<O. ®)

cal potential&*?® 4, : o o
Secondy; are limited to those values that maintain a stable

AH{(a,q)=AE(a,q) +Negitcgt Nt e Napa+ qEE, CdTe compound, so
(o

where  AE(e,0)=E(a,0)—E(CdTe)+nc4E(Cd)+n1E(Te)

+NAE(A)+0Evey . Ef is referenced to the valence band pqre A, (CdTe) is the formation energy of solid CdTe.

maximum (VBM) of CdTe. »; is the chemical potential of e caicylatedh H,(CdTe)= — 0.79 eV is in good agreement
constituenti referenced to elemental solid/gas with energy, i the experimental value ranged from0.73 to —0.96

E(i). Then'’s are the number of Cd, Te, and extrinsic defecty,,27-29 Finally, to avoid the formation of secondary phases

A, and q is the number of electrons, transferred from thebetween the dopant and the host elementg, is limited
supercell to the reservoirs in forming the defect cell. Theb '

defect transition energy level,(g/q’) is the Fermi energy

Er in Eq. (1) at which the formation energgH:(«,q) of Nia+ Muege<AH;(A,Cdy)
defecta and chargey is equal to that of another chargé of

the same defect, i.e., or

tcat mre=AH(CdTe), (4)

€.(0/9")=[AE(a,q)—AE(a,q9")]/(d"—q). (2 NuatMue<AH(A,Te,). (5)

Due to the finite cell size, basis set, akgboint sampling
used in the present calculation we estimate that the error in . L .
the calculated formation energy is about 0.2 eV and the erro?ccessmle gnder .equmbrlum growth Condltlor_1 for CdTe:Na
in the calculated transition energy is about 0.1 eV. The errof the two dimensionaldcq, una) Plane, as defined by Egs.
could be larger if the defect is very localized and has a high(3)_(5)' It shov_vs that _because Na forms very stable com-
charge statd® Due to the neglect of the relativistic effects, POUnd NaTe with Te(with a calculated formation energy of
the error could also be slightly larger if the atomic number of ~2-84 €V, the highest possiblg, at the Cd-rich condition

the donor impurity(e.g., F or C differs significantly from  L#ca=Oure=AH(CdTe)=—0.79 eV] is —1.02 eV. Under
that of Cd or Te. the Te-rich condition ftcg= —0.79 eVu1=0), unais fur-

ther reduced to less thanl1.42 eV. Above these chemical
potential limits, secondary Nd&e compound will form, thus
stopping the doping process. This low available Na chemical
potential is one of the limiting factors for Na doping in CdTe.
Equation (1) indicates that the defect formation energy, Similar plots can also be obtained for other impurities or
and consequently, the solubility of the dopants, depend serlefect complexes. For example, in the case of coddj@rg,
sitively on the atomic chemical potential, as well as on the(2Cuqq+ Clyg)] or cluster doping[e.g., (4Cu¢qytClyg)] of
electron Fermi energy. This is because in forming the defectCdTe with both Cu and ClI, the chemical potentials of Cu, Cl,
particles are exchanged between the host and chemical reSd, and Te are limited by the formation of CuCl, CdCand
ervoirs. For example, to form the substitutional defectfNa Cu,Te. Because the calculated formation energy of Gd€I
(Na on Cd sit¢ one has to take a Na atom from the Na —4.0 eV, the highest possible CI chemical potentiat-is.6
chemical reservoir, put it into the host, and remove a CceV at the Cd-poor condition. This indicates that the forma-
atom from the host, and put it into the Cd chemical reservoirtion energy of G}, will be relatively high. It is, thus, crucial

Figure 1 plots the calculated chemical potential region

I1l. CHEMICAL POTENTIAL DEPENDENCE
OF THE FORMATION ENERGY
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e, TABLE I. Calculated formation energieSE(«,q) [Eq. (1)] of
e tetrahedrally coordinated point defects at neutral charge state
e =0 Ko, =-0.79 (9=0) andy;=0.
Fra =0 Defect Formation energeV) Defect Formation energieV)
Vg 2.67 Cde 3.92
Ve 3.24 Tey 3.70
T 3.52 Cd 2.26
Tef 3.41 cd 2.04
Nacy 0.45 Aleg 1.17
Clcg 1.31 Gay 1.23
M Adcq 1.32 INeg 1.23
Aucy 1.30 Fre —-0.08
N 2.62 Che 0.48
Pre 1.83 B 0.62
My =-1.02 Asre 1.68 be 0.99
Sbre 1.72 (oll's 2.14
Bire 1.96 (oll's 2.24
Na® 0.60 Na’ 0.45

Hr <0 My =-1.42
qu < O . . .
gion is given by Egs(3) and (4). For example, for neutral
Py <0 V2, the lowest formation energy occurs at the Cd-poor con-
21, TH, <AH(Na,Te)=-2.84 dition with AH(V2)=2.67—0.79=1.88 eV. There are two
M, +H, =AH(CdTe)=-0.79 interstitial sites in the zinc blende structure, one site is sur-
rounded by aniong) and the other is surrounded by cations
(c). For charge neutral Cd interstitial, we find that’Cths a

lower formation energy than ¢d The lowest possible for-
FIG. 1. Calculated available equilibrium chemical potential re-mation energy for the neutral Cdccurs at the Cd-rich con-
gion for CdTe:Na in the two-dimensionajugy, une) Plane. The  dition with AH(Cd®)=2.04 eV. The charge neutral Tsur-
shaded area is forbidden under equilibrium growth condition. rounded by the cations is also more stable with the lowest

] ) S ~ formation energy of 3.41 eV at the Te-rich limit.
to consider all these chemical potential limits in searching For impurities(extrinsic defects Eq. (5) should also be

for the lowest possible formation energy of defect com-.,nsidered. For example, for Ria the lowest formation en-

plexes. ergy occurs at the Cd-poor condition witth(NaOCd)

(vely searoh for  Knetic pathaay o suppress the formatior 45~ 0.79+ 142~ 108 eV. This is because at the Cd
y P y pp oor condition wcq=—0.79 eV), the highest possibjey,

e e O e D o SO ~142 eV see Fig 1 Smiar analyses sho tnt o
through none zilibrium rogcess sucfr1J as epitaxial ré%/\mh harge neutral lgy, Clre, and Ng, the minimum formation
9 q b P 9 energies are 1.00, 1.69, and 1.47 eV, respectively, after tak-

gésuniI:go?r%t&fg?nb{ﬁhﬁ:%ml\ll);:rrlcciisciuﬁzvgshigli?(;eéhgg:fél ?rr1g into account that the calculated formation energies of
In,Te; and CdC) are —1.68 and—4.01 eV, respectively. For

potentials. the isovalent @ defect, the calculatedAE(Or.,q=0)
=—0.41eV. The lowest formation energy occurs when
IV. FORMATION ENERGY OF THE NEUTRAL POINT peat o= pedo= —2.46 eV, so it is independent Qfcq

DEFECT with AH{(0%) =—0.41-0.79+2.46=1.26 eV. One inter-

For point defects, we first consider tetrahedrally coordi-€sting observation is that the formation energy ofTeuis
nated defect centers in which each shell of atoms around thélose to zero. Therefore, the lowest formation energy Cu
defects relaxes symmetrically by the same amount. Possiblt the Cd-poor conditions isAHf(Cugd)= 1.31-0.79
nonsymmetric relaxations for some of the defe@g., the =0.52eV. Thus, the solubility of CuAH;=0.52eV) is
formation of theDX and theAX center$ will be discussed much larger than that of NaAH;=1.08 eV). Our analysis
later in this paper. Table | lists the calculated formation en-4ndicates that impurities that daot form strong bonds with
ergiesAE(«,q) of tetrahedrally coordinated point defects at the host elements have higher solubilities than impurities that
neutral charge stateg&0) andu; =0, from which one can form strong bonds with the host elements, contrary to naive
deduce the defect formation energy at different chemical pothoughts. This is because if the impurity does not form
tentials through Eq(1). strong bond with the host atom, it will also be less likely to

For intrinsic defects, the accessible chemical potential reform secondary phases.
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38 CBM V1. can only be a donor. For the antisite defectGadhere

are 2+2=4 electrons associated with the defect center. Two

of them occupy th&] state and the other two occupy ttie

(a) —e-o— states. Due to the large electronegativity difference between

Cd and Te, however, the partially occupigdstates move up

(c) —oo— considerably, and are close to the CBM. Thus;{d a

donor. On the other hand, if a low valence atom is replaced

0.64 by a high valence atorte.g., Te) or if a dopant goes to an

interstitial site(e.g., C¢ and Tg), the defect states] andt)

() eoes=e will remain inside the valence band. Instead, the defect states
aj andt; are created from the host conducti@hband states
that move downward in energy. Depends on the potential,
both thea] andt$ states can be in the gap. Forcje there

o228, are 6+6=12 electrons associated with this defect center.
VBM . . .
Ves Ve Cdi Te;  Cdpe  Teca Eight of them will occupy the bonding; andt} states. Two
e of them will occupy thea] state and the remaining two will
0.82 occupy thet5 state. Since the partially occupi¢§l state is
FIG. 2. Calculated single particle electron energy states for thelose to the CBM, Tg, is also a donor. For the interstitial
tetrahedrally coordinated neutral intrinsic defects. The solid andjefect, Cd has two electrons that will fully occupy tl’mﬁ
open dots indicate the occupation of each state. state and is thus expected to be a donor. Thel@ct center
V. SINGLE PARTICLE ENERGY STATE OF THE DEFECT has six electrons. Two will occupy the state and the re-
maining four will occupy thet§ states. Since the partially

_ For simple extrinsic impurities, one in principle can pre- geeypiedts states are closer to the VBM, Tis expected to
dict whether a dopant is a donor with a single particle energy,q 5 deep acceptor.

state close to the CBM or an acceptor with a single particle | jg important to know the characters of the single elec-
energy state close to the VBM by simply counting the num-4, energy state. For example, both theGthd Te., defect
ber of the valence electrons of the dopants and the host el@;,ias have the, symmetry. However, Gg has thet} char-
ments. For example, one can expect that group-| eIemengcter whereas g has thet; character. As a result, ggwill

FPE ol | _
substituting on the Cd S'_mc_d (X'=Na, Cu,_Ag, a\r;ciAMor behave differently from Cgl. Indeed, we find that a neutral
group V elements substituting on the Te sitg (Y'=N, P, Tecq is unstable against th€,, distortion’> where the Te

As, Sb, and Bj give acceptors, whﬁreas group-lil elements o on the Cd site is displaced along 141 direction
substituting on the Cd sit&cq (X7 =Al, Ga, or I or  (similar to theDX centey, whereas Cg is stable at theT

1.24
95500

: : 1l VIl
group-VIl elements substituting on the Te SNéFe_ (Y substitutional site. Charge neutral, Teith thet$ character is
=F,Cl,Br,l) or group-l interstitials (Guand Ng) give do- 450 found to be unstable against ti®, distortion®
nors. whereasVq with the ty character is stable against thig,

_Forintrinsic defects, the situation is more complicated.gjstqrtion. Another important issue often encountered in the
Figure 2 shows the single particle energy states of tetrahg-pa cajculations is to estimate the effects of the LDA band
drally coordinated charge neutral defedfsr simplicity, a5 corrections on the calculated energy states. Although

spin-orbit splitting is not included Generally speaking, both V7, and Cd havea, defect statesyr, has thea char-
when a high valence atom is replaced by a low valence atom e ! e !

. . c
(.9., Cd) or by a vacancy Vg andVy.), defect states are acter while Cghas instead tha; character. Thus, one would

created from the host valence)(band states that move up- expect that the energy level of (il follow closely with
ward in energy. The defect states consist of a low-lying sin-the _CBM while the energy level df'r, W”I OOI' .
Figure 2 shows that the state of {Cid higher in energy

let a4 state and a high-lying threefold-degenertitestates.
gt a; 9h=ying generst than that for Cfl. Table | shows that Gdalso has higher

Depending on the potential, both anda’ can be above the . .
VBM. These states are occupied bylthe nominal valencgjrmatIon energy than Gdwhen the defect state is fully

electrons of the defect plus the valence electrons associat@§cupied. However, for doubly charge'di?cfm.e., the defect
with the neighboring atomgsix electrons if the defect is State is empty because the energy gain by removing the two
surrounded by four Te atoms or two electrons if it is sur-€lectrons from the defect state is more in‘Gblan that in
rounded by four Cd atomsFor example, for charge neutral Cd’, the order of the stability could be reversed. Indeed, we
Vg, the defect center has a total of =6 electrons. Two find that forq=2+, Cd' has a lower formation energy than
of them will occupy theaj state and the remaining four Cd. Similarly, T¢ has a lower formation energy thanfTe
electrons will occupy the} states just above the VBM, so when the charge state is neutt@able ). However, Fig. 2
Vg is an acceptor. For charge neutks),, there are only 0 shows that it costs more energy to put two electrons ¢n Te
+2=2 electrons associated with this defect center, and thethan on T@. Our total energy calculation indeed shows that
will occupy only theaf state, which is found to be below the for q=—2, T€" has lower formation energy than {TeThis
VBM. The t} states forV. are above the CBM, therefore, demonstrates an interesting point that the stable position of a
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CBM rich condition(Table ). Thus, forE; at the VBM (E=0),
the formation energy ofAH{(Vsy will be 2.67+0.13
=2.80eV[Eg. (1)]. Similarly, for Eg at the CBM and at the
Cd-rich condition, the formation energy of (;“e*d is (3.92
—0.79+2X%0.10)=3.33 eV.

A. Acceptor levels

To. Figure 3 shows that the intrinsic defeciégy has rela-

(0-2)

0.57 tively shallow transition energy level®/—) and(—/2—) at
0.13 and 0.21 eV above the VBM, respectively, while fas
Big, _0:30 a deep acceptor levéd/2—) at 0.57 eV above the VBN
021 () Goce gig 0y Sbre —0B— For Te, theq= —1 charged state is unstable with respect to
Ve o (09 AEd Qs Aste _ 010 OF) dissociating into theg=—2 andq=0 states, i.e., Teis a
- Naca 002 Pre 005 yvBM negativet) system. A defect often has a negatieif the

NTe 0.01

FIG. 3. Calculated acceptor transition energy levels for the tet
rahedrally coordinated point defects.

atomic position of the defect depends sensitively on its
‘charge state. Clearly/c4 is the most prominent intrinsic ac-
ceptor for CdTe. However, the transition energy levels are

. . still too high to reach high hole density at room temperature.
defects could depend sensitively on its charge Sfaten- For A extrinsic impurity doping, wher&=Cu, Ag, and

other interesting case V.. For neutrals, the occupieda] Au, the calculated0/—) transition energy levels are at 0.22,
state is resonant inside the valence band.\Fgr, however, 0.15, and 0.20 eV above the VBM, respectively. Thi@e )

the neighboring Cd atoms expand significantly due to a Cougransition energy levels are relatively deep because the cou-
lomb repulsion, increasing th¥r-Cd distance by almost pling between the delocalizetiorbitals of the group-IB at-
50% from 2.327 to 3.391 A. Such large atomic displace-oms and the Te orbital is large® Among the three noble
ments push the empsy); defect state up well inside the band metal atoms, Ag has the lowest orbital energy and the

gap, thus lowering the total energy. largest atomic size, so thped repulsion is the weakest for Ag
substitution on the Cd site. Consequently,;Adas the shal-
VI. DEEECT TRANSITION ENERGY LEVELS lowest (0/_) transition energy level. If we replace the

group-IB atom by a group-1A atom such as Na that does not
Figure 3 presents our calculated acceptor transition energyave active valencel orbitals, the (0/—) acceptor level
levels and Fig. 4 gives the donor transition energy levels foshould be even shallower. Indeed, we find that (Bé&-)
tetrahedrally coordinated point defects. These results are olievel of Na4 is only at 0.02 eV above the VBM. Thus, Ag
tained by using Eq(2). From these figures and the data in and Nayg4 could be important acceptors for CdTe.

Table | and Figs. 3 and 4, one can derive using @g.the For By extrinsic impurity doping, where B
formation energies of charged defects as a function of the=N P,As,Sb, Bi, the calculate@®/—) transition energy levels
Fermi energy and chemical potentials. are at 0.01, 0.05, 0.10, 0.23, and 0.30 eV, respectively. The

For example, Fig. 3 shows thatlf=0.13 eV above the transition energy level decreases monotonically when the
VBM, AH((Vcy equals toAH(V2)=2.67 eV at the Cd- atomic number oB decreases. This is because in this case
the defect state has an aniprcharacter and is localized on

Alcy Cu;_-0.01 CBM the B atom. When the atomic number B8fdecreases, itp
0.10 Ince —— 1, Nai ¢01 atomic orbital energy also decreagégcoming more elec-
Cdre (2+/0) 0.05 : :
9 tronegative, thus, lowering the energy of the defect state.
Gacg=224— gy, The shallow(0/—) transition energy levels for Y, Py, and
Tecs —034— 1/0) —o35 Clre Aste indicate that they could be importapitype dopants for
cd; 0452+ ) CdTe. However, the defect formation energy of ¢ large

(Table ) due to the large size mismatch between N and Te.
Tecq ——63-9——(2+/+)

Ve ———— (2+/0)
0.71 B. Donor levels

0.87
Fre Figure 4 shows that most of the intrinsic donor levels are
deep inside the band gap. Only £thas a relatively shallow
(2+/0) transition energy level at 0.10 eV below the CBM.
However, the formation energy of the antisite defectJsl
very large(Table ). We find that Ce,, Cd, andV are all
negativet) systems because the atomic positions of these
defects depend sensitively on their charge states. For ex-

FIG. 4. Calculated donor transition energy levels for the tetra-ample, for Cde, the Cde-Cd bond length changes signifi-
hedrally coordinated point defects. cantly from 2.814 A forg=0 to 3.053 A forq= +2.

VBM
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For extrinsicAcq impurity doping, whereA=Al, Ga, and VBM CBM VBM CBM
In, the calculated+/0) transition energy levels are at 0.02, ;| (@) Hca=0 35 (b) Hpe=0
0.24, and 0.04 eV below the CBM, respectively. The;a
transition energy level is deeper than-ABnd In-4 because
the defect state has mostly the catmoharacter and the Ga 3o
4s orbital is lower in energy than the Als3and In 5 orbit-
als. Because Al and Irgy both have very shallow+/0)
transition energy levels, they could be importasype dop-
ant for CdTe.

For B, impurity doping, whereB=F, Cl, Br, and I, the
calculated(+/0) transition energy levels varies significantly.
They changes from very deep inside the band gap fofdt
Ecgv—0.87eV) to very shallow for {4 (at Ecgum 15
—0.05eV). In fact, k, has a singly occupied state in the
middle of the band gap, thus, it can behave either as a single
donor or a single acceptor. The reason that the transition !?
energy levels move up in energy towards the CRiW.,
getting shallower as the atomic number of thg atom in-

- 7

creases is mainly because the donor state has a Iargesamiono'5 /
character. As the atomic number increases from F to I, the
valences orbital energy of thé atom also increases, thus the ,
donor level gets shallower. In addition, the increased atomic

0.5 1.0 15 ’ 0.5 1.0 15

size from F to | also contributes to this chemical trend. Our Ep(eV) . . Ep(eV) o
calculation suggests that iodine could be a goeglpe dop- FIG. 5. Calculated formation energies of the low-energy intrin-
ant for CdTe. sic defects as a function of the electron Fermi energyantthe

For interstitial defects Guand Na, the calculated+/0) C_d-rich limit and(b) the Te-rich limit. The slope of _tr_le energy line
transition energy levels are very shallow. This indicates tha8ives the charge state of the defect. The transition energy level
they could be strong candidates as efficietgpe dopant for corresponds to the Fermi energy at which the slope changes.
CdTe. It is interesting to notice that Naalso could be a

good p-type dopant since it creates shallow acceptor levelsgap. On the other hand, at the Te-rich limit, undoped CdTe
tends to be slightlyp type, becaus& is pinned at a level

closer to the VBM. Therefore, we expect that under equilib-
rium growth conditions, undoped CdTe should be either

Our analyses above identified a number of shallow acceps€Mmiinsulating orp type. Furthermore, the negatively
tors and donors that could be candidates for efficierand ~ chargedVZ, can form spontaneously even at the Cd-rich
n-type doping in CdTe. However, to be good dopants, theyeondition wherEg is close to the CBMsee Fig. 3. This sets
should avoid either self compensation or compensation byp an intrinsic limit on the possible-type doping in CdTe.
intrinsic defects. They should also have reasonably small forlowever, no such intrinsic limit exists fop-type doping
mation energy, so that significant amount of dopant can b&ecause under the Te-rich condition no positively charged
introduced into the host. In the following we discuss to whatcompensating intrinsic defects can spontaneously form.
extent these dopants can lead to desired carrier concentra- Figure 5 shows that the dominant intrinsic defect that
tions. compensates acceptors is;@d the dominant intrinsic de-
fect that compensates donorsvgy. Therefore, to avoid the
formation of the intrinsic compensating defect, fotype
doping the growth should be carried out at the Te-rich con-

Figure 5 shows the calculated defect formation energy otlition where the formation energy of Ci relatively large
low-energy intrinsic defects as a function of the Fermi en{Fig. 5b)]. Under the Te-rich condition, howevehc,4 has
ergy. In this plot the slope of the energy line gives the chargghe lowest formation energy whereB$, has the highest for-
state of the defect at th&ir . The transition energy level is mation energy. It is therefore beneficial to use group-I ele-
the Fermi energy at which the slope change values. We finghents ag-type dopants. This explains why it is often diffi-
that at the Cd-rich limi{Fig. 5a)], undoped CdTe tends to cult to dope 1I-VI materials-type using group V elements
be charge neutral with the Fermi energy close to the center ffecauseBY often has very low solubility in the host at the
the band gap. This is becausebf is below the mid gap  Te-rich limit. To increase the solubility of group V elements
(i.e., for p-type samplesthe donor defect Gd' will become  in CdTe, one has to change the growth condition to the Cd-
the dominant intrinsic defect that compensates the intentionalch condition. But under the Cd-rich condition the compen-
acceptors. However, iEg is above the mid gagi.e., for  sating defect Cdcan form more easily, thus reducing the
n-type samplg then the compensating acceptor defégf; efficiency ofp-type doping. However, dopants such as N or P
will become the dominant intrinsic defect. Thus, the Fermicreate very shallow acceptor levels in CdTe. Thus, if one can
energy will more or less be pinned in the middle of the bandenhance the incorporation of N and P in CdTe through non-

VII. THE DOPING LIMITS

A. Compensation by intrinsic defects
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FIG. 6. Calculated formation energies for©NaNa , Cuq, and
Cy as a function of the electron Fermi energy(ak the Cd-rich
limit and (b) the Te-rich limit. ® &)

equilibrium processe.g., MBE growth, ion implantation, Cd Te
photoassisted doping, radical-assisted doping, electron beal..

annealing, etg,”3%3"~%it may be possible to significantly FIG. 7. A schematic plot of the double bond breaki@BB)
enhance the hole carrier density in CdTe. On the other handfodel of theAX center for(a) cation substitutional defect ar(t)

to avoid the formation of compensating accepty, for anion substitutional dt_efect. Pane) shovv_s schematically hpw the
n-type doping, the growth should be carried out under theX center can be stabilized by the lowering of the electronic energy.
Cd-rich condition where the formation energy\¢f, is rela-

tively large[Fig. 5(a)]. However, under the Cd-rich condition has a lower formation energy than Gui.e., no self-
Al has the highest formation energy wher@4 has the ~compensation exists. Therefore, Cu could be a gotype
lowest formation energy, therefore, it is usually favorable todopant in CdTe. However, the de¢py—) transition energy
shallow donor levels. CdTe. Furthermore, Cu is a fast diffuser in CdTe because it
has a very small diffusion barri&in CdTe. This could be
another factor that limits the device applications using Cu-

doped CdTe.
For impurity doping, the doping process can also be

stopped by the formation of self—cqmpensatlng defect or de- C. The AX centers
fect complexes. As an example, Fig. 6 compares the forma-

tion energies of Ng, with Na , and that of Cgy with Cu, As originally proposed by Park and Chad? p-type

as a function of the Fermi energy at the Cd- and Te-richdoping in 1I-VI semiconductors can also be limited by the
conditions, respectively. From Fig. 6, it is clear that althoughformation of theAX centers that compensate acceptors. The
Na creates shallow levels in CdTe, it cannot be a good dopAX center forms through a double bond breakifi2BB)

ant. This is because if Ngis used as @-type dopant, when mechanisnt} as shown in Fig. 7, where two next neighbor
the Fermi energy is lowered, positively charged M#ersti- ~ anions move towards each other, breaking two neighboring
tial will be more stable. Therefore, more and more Na will bonds and forming an anion-anion bond. T center can
move to the interstitial site, compensating tivype dopant be a possible stable defect if thg defect states has holes
Nacq. The opposite is also true if we use Nas then-type  (preferentially two holes, such as in §u Ny, etc), be-
dopant. This occurs under both the Cd- and Te-rich condicause the DBB-like lattice distortion breaks the lodg|
tions. This self-compensation effectively changes the shalloveymmetry intoC,,, moving thea, state up and the states
Nacq (—/0) transition and the shallow N&/+) transition to  down. If thea, state is unoccupied and tleestates are fully

a deep negative PNa4(—)/Na(+)] transition. However, occupiedFig. 7(c)], such an atomic displacement can lower
unlike conventional defects, this transition energy dependthe electronic energy, in addition to the formation of the
on the host chemical potential and usually has a nonzerstrong anion-anion bond. However, breaking two neighbor-
activation energy. The situation is somewhat different for Cuing cation-anion bonds also costs energy. If % center
Under the Cd-rich condition self-compensation also takedecomes stable, it can convert a negatively charged shallow
place. However, under the Te-rich condition, Galways acceptor(e.g., Ny into a positively charged deep donor

B. Impurity self-compensation
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[e.g.,AX"(Ny)], thus limiting the doping process. To see (a)
whether theAX center could be a limiting factor fqu-type
doping in CdTe we have calculated tA formation energy
defined as the energy differerité?

AE(AX)=E(AX,q)—E(a,q). (6)
Here E(AX,q) is the total energy of arAX center with

charge statg (in most caseg= +1) andE(«,q) is the total (©)

energy of the corresponding tetrahedrally coordinated defec

« at the same charge state. A negathMe(AX) will indicate ty ) =
that theAX center is stable. We find that for Gy the AX e a
center is unstable. It will move back to the origing| ge- NEEPW W - 1
ometry without any energy barrier. FogN Py, As;,, and (b) a,

Sb}re, we find thatAE(AX) are 1.00, 0.71, 0.66, 0.64 eV,
respectively, indicating that th&X centers are only meta-
stable. These results suggest that the energy increase caus
by breaking the two cation-anion bonds in forming X
center is larger than the energy gain by forming a new anion-
anion bondFig. 7(c)]. The bond-breaking energies increase
as the atomic number of the dopant decreases from Sb to A
to P to N. The calculated dopant-Te bond lengths are 2.99
2.75, 2.64, and 2.17 A, respectively for Sb, As, P, and N.
This can be compared with the calculated Te-Te bond lengtl

of 4.625 A in pure CdTe. Our results indicate that the forma- @ O
tion of the AX center is not a limiting factor fop-type dop-
ing in CdTe. Cd Te

FIG. 8. A schematic plot of the single bond breaki(®BB)
D. The DX center model of theDX center for(a) cation substitutional defect ant)
anion substitutional defect. Pan) shows schematically how the
Another important defect complex originally proposed by DX center can be stabilized by the lowering of the electronic en-

Chadi and Charfgs the DX center that compensates donors. ergy.
DX center often exists in IlI-V semiconductdfS and has
also been reported to present in I11-VI compouht¥.~*°The  respectively, so they are all stable. This indicates thabDtke
DX center forms through a single bond breaki(§BB) centers are much more common in this 1I-VI compound. This
model® as shown in Figs. 8 and 9. Here, the substitutionais consistent with the fact that as ionicity increases the en-
cation defect or Cd next to a substitutional anion defect disergy cost in forming theDX centers decreas&5Thus, al-
places along thg11l) direction, breaking one bond and though Al or In substitution on the Cd site creates a shallow
changing the local symmetry froify to C5, . Accompanied donor level when they are tetrahedrally coordinated, they are
by the displacement, thg state in the conduction band split not good n-type dopants for CdTe because the effective
into an a; and an doubly degeneratestate. Thea,(t5)  negatived (a"/DX") transition energy levels are much
couples with thea,(a$) state, pushing one of them down deeper. For G, Brg,, and k., the calculatedAE(DX) are
[Fig. 8(c)]. If the a, state is occupiedpreferentially by two 0.55, 0.28, and-0.17 eV, respectively. Thus, the formation
e|ectronS, such as in Eg), such an atomic disp|acement can of DX center is not a ||m|t|ng factor for anion substitutional
lead to electronic energy gain. However, breaking the bondlonor except for .
in the (111) direction also costs energy. If theX center
becomes stable, it can convert a positively charged shallow VIIl. EFFECTS OF CODOPING /CLUSTER DOPING
donor (e.g., Irf;d) into a negatively charged deep acceptor
[e.g.,DX™ (Incy], thus limiting the doping process. We have
calculated thdX formation energy defined as the the energy
differencé42

There have been discussions that by using codoping/
cluster doping®~*°one may be able t¢a) enhance the dop-
ant solubility by lowering the formation energy of the defect
complex through interactiongnostly the Coulomb interac-

AE(DX)=E(DX,q)—E(a,q). (7) tion) between the con.s_tituents of the defect complex (d{r)d.
lower the defect transition energy levels through the coupling
Here E(DX,q) is the total energy of th®X center at the between the donor-acceptor states. We have tested these sug-
charge state (in most caseg= —1) andE(«,q) is the total  gestions by calculating the defect formation energies and de-
energy of the corresponding tetrahedrally coordinated defegkct transition energy levels of the defect complexes; V
« at the same charge state. A negatMe(D X) will indicate + Cly,, Vgt CU, 2Cusgt Cle, INcgt+ 2Shr, and 4Cuyy
that theDX center is more stable. We find that forAl  + Cly.. The calculated charge neutral defect formation ener-
Gagy, and Iy, AE(DX) are—0.50,—0.41, and—0.49 eV, giesAE are 1.13, 2.72, 1.67, 2.34, and 5.15 eV, respectively,
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CBM have larger freedom to adjust the chemical potentials during
PR growth. Therefore, codoping could be useful in increasing
dopant incorporation under nonequilibrium growth condi-
tions, e.g., increasing the CI chemical potential but limiting
V.2+Cl.* the formation of CdGl precipitates in CdTe(b) The calcu-
Cd Te lated defect transition energy level increases by 0.1 eV for
4Cuy+ Cle but are essentially unchanged for 2Gt Cl
and In.q+2Sh, defect complexes with respect to that of
m Cucq and Sh,. This is because despite the nearest neighbor

A
VBM donor-acceptor coupling lowers the acceptor levels, the
acceptor-acceptor interaction raises the acceptor levels. Fur-
CBM thermore, the donor-acceptor level repulsion is weak because
I

e T the two states have different atomic characters and symme-
tries. We find that for defect complexes with a single donor
and a single acceptor such agg¥ Cly, the donor-acceptor

ZSbTe_ + InCd+ f:oupling Iqwers the transition energy Ieyel py 0.03 eV. Thus,
' incorporation of a small amount of chlorine in CdTe could be
beneficial to thep-type doping in CdTe. This conclusion is

consistent with experimental observations of Cd@éated
. m sampleg®
VBM

(a) (b) (©) IX. SUMMARY

FIG_. 9. Schematically plots show the effects of codoping on the |, summary, using first-principles band structure methods,
transition energy levels. The upper panel shows defect complex hage hayve systematically calculated the formation energies and
only a single donor and a single acceptor, and the lower panel,qition energy levels of intrinsic and extrinsic defects in
shows defect complex contains more point defects. Cpllﬂ&)n _CdTe. We show thai-type doping in CdTe is mostly limited
shows the acceptor levels before the acceptor-acceptor mteractloBy not having a dopant with both high solubiliand shallow
column (b) shows the effect of acceptor-acceptor interaction but . .
before the donor-acceptor interaction, and coluf@nshows the acceptor level. For exam_ple, CdTe:N or QdTe.P h"’?"e shallow
final energy levels after the donor-acceptor interaction. apceptor levels, but their .defect formatlop energies are _too

high. CdTe:Cu has a relatively low formation energy, but its
for these five defect complexes af=0. Under equilibrium  acceptor level is too deep. In other cases, doping is also
growth conditions and taking into account of the the acceshlmited by the formation of compensating interstitial defects
sible chemical potentials, the lowest possible defect formate.g., Nain CdTe:Na. The AX centers are unstable in CdTe,
tion energies for these charge neutral defect complexes atberefore, they are not limiting factors mtype doping in
1.95, 1.93, 1.70, 1.20, and 3.60 eV, respectively. The calcucdTe. On the other hand-type doping in CdTe is limited
lated (0/—) transition energy levels are at 0.10, 0.17, 0.22,by the spontaneous formation of intrins\'tég when the
0.24, and 0.32 eV, respectively. These results show(#hat  Fermi energy approaches the CBM. In some cases of extrin-
general, codoping/cluster-doping does not lower the formasic doping[e.g., in CdTeX,X=(Al, Ga, and In], it is also
tion energies of the defect complexes below that of the corlimited by the formation of theDX centers. Our analysis
responding single point defedtor V&, CW, and S8, the  suggests that overall, Ag and P are likely to be the best
lowest possible formation energies are 1.88, 0.52, and 1.1p-type dopants and iodine should be the besgpe dopant.
eV, respectively, because the Coulomb interaction betweenOur general understanding of the doping limits in CdTe is
the donors and acceptors is not sufficient enough to compemxpected to be applicable to other 1I-VI semiconductors, and
sate the energy cost of creating the extra individual poinbur results can be used as a guideline to overcome the doping
defects. This is especially true in the case of cluster dopingimit in these systems.
(e.g., 4Cuyy+Cly) where interaction between the close-
packed Cudy acceptors also increases the formation energy of
the cluster. However, in some cases, the formation energy of
the defect complexesge.g., Vgt Clye) are not too much We thank C.-H. Park and A. Janotti for many helpful dis-
higher than the corresponding point deféetg., \ig), but  cussions. This work was supported in part by U.S. Depart-
due to the introduction of new chemical species, one maynent of Energy, Grant No. DE-AC36-99-GO10337.
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