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Executive Summary

This documentation is the final technical report for work performed under AFOSR grant -
F49620-96-1-0319. The title of this project was "Atomistic and Ab Initio Calculations of Ternary
[I-1V-V3 semiconductors” and the Principal Investigator was Ravi Pandey, Physics Department,
Michigan Technological University, Houghton, MI 4993 1. It was 36-months research program to
use atomistic and first-principles methods to study chalcopyrites and related semiconducting
materials. During the grant's active period, the following reports have been published :

(i) M. Ohmer and R. Pandey (Guest Editors), MRS Bulletin July 1998
"Emergence of chalcopyrites us nonlinear optical materials.”

(i1) P. Zapol, R. Pandey, M. Seel, J. M. Recio and M. Ohmer and J. M. Recio 1999,
J. Phys : Condensed Matter 11, 1.
" Density functional study of the structure, thermodynamics and
electronic properties of CdGeAs.”

(iii)  R. Pandey, M. Ohmer and J. Gale, 1998, J. Phys : Condensed Matter 10, 55235.
"A theoretical study of native acceptors in CdGeAsy."

(iv)  R.Pandey, M. Ohmer, A. Costales and J. M. Recio, 1998, MRS Symposium
Proceedings Volume 484, p.525.
" Atomistic calculations of dopant binding energies in ZnGeP."

(v) R. Pandey, M. Ohmer, A. Costales and J. M. Recio, 1999, MRS Symposium
Proceedings, Submitted.
" Modeling of dopant properties in CdGeAss.”

(vi)  P.Zapol, R. Pandey and J. Gale, 1997, J. Phys. Condensed Matter 9, 9517,
" Aninteratomic potential study of the properties of GaN."”

(vii) R. Pandey, P.Zapol and M. Causa, 1997, Phys.ﬂ Rev. B 55, R16009.
" A theoretical study of nonpolar surfaces of AIN."

(viii) R. Pandey, M. Rerat and M. Causa, 1999, Appl. Phys Letts. 75, In Press.
" First-principles study of stability, band structure, and optical
properties of the ordered Geg s0Sng,sp alloy.”

A

Interactions/Transitions with U. S. Air Force Research Laboratory :

1. Co-edited an issue of MRS Bulletin (July 1998) with Mel Ohmer (Wright Lab)
on NLO Chalcopyrites. :

2. Organized a session on NLO materials in the MRS Fall meeting, 1997.
3. Sabbatical leave, Wright Laboratory, Dayton, 1997.

4. Summer visit to Wright Laboratory, Dayton, 1998.

(ii)




5. Summer visit to Wright Laboratory. Dayton, 1999.

6. Co-organizer of a US-UK-Russia workshop on NLO semiconductors with
Mel Ohmer and Tony Vere, Malvern, UK. Sept. 1999.

Honors/Awards
National Research Council Senior Fellowship, 1997.

Student Supported : Peter Zapol, Ph. D., 1996-98.
Currently, Peter is a post-doctoral research associate at
Argonne National Laboratory, Chicago.

Accomplishments/New Findings :

(1) Atomistic defect calculations in ZnGeP> have identitied the dominant native acceptor to
be the zinc acceptor vacancy which is responsible for the presence of absorption band near the
pump wavelength limits. Although cation lattice disorder is predicted to be the dominant native
defect, the dominant defects controlling the properties of interest would seem to be the zinc
acceptor vacancy (binding energy of 0.57 eV) which is partially compensated by a phosphorus
donor vacancy (binding energy of 0.68 eV). For the EPR-active acceptor center, the calculated
binding energies and lattice distortion corroborates the ENDOR spectrum associating the zinc
vacancy with the acceptor center. ‘

(2) In CdGeAss, the acceptor center identified by Hall-effect measurements and EPR is
found to be related to the delocalized hole shared by the four As neighbors bound to Cdg,. For
this center, calculations yicld a binding encrgy of 0.13 ¢V in an agrcement with the experimental
value of 0.15 ¢V obtained by the Hall-cffect measurements. ‘

: Although ZnGeP3 and CdGeAs belong to the sume chalcopyrite
family, the nature of dominant acceptors in these materials is predicted to be different. Defect
calculations corroborating the Hull effect (Ohmer) and magnetic resonance (Halliburton)
studies find that the zinc vacancy, not the zinc antisite (Znge), is associated with the dominant
acceptor center in ZnGeP. This is not the case in CdGeAsz where a cadmium antisite (Cdg,) is
predicted to be associated with the dominant acceptor in the lattice. We believe that this
difference may well be due to defect-induced lattice distortion which plays a key role in
stabilizing the hole states in the lattice. '

(3) ZnGeP; is the NLO material for mid IR lasers allowing high-power tunability in the

spectral region of 2-5 um. An absorption band around 1-2 pum is, however, found to affect the
usefulness of ZnGeP;. Experimental efforts involving selective doping of ZnGeP7 are underway
at Lockheed to reduce the concentration of the acceptor-complex giving rise to an absorption

band around 1-2 um in the lattice. To provide a guidance to experimental efforts, we have
performed atomistic calculations on ZnGeP; involving cation dopants, namely Cu, Ag, B, Al,
Ga and In. Calculations predict small binding energies for Cu and Ag substituting Zn in the
lattice which are in agreement with the available experimental data. The group III dopants (i.e. B,
Al, Ga and In) at the Ge site are predicted to have large binding energies for a hole except B
which shows a distinct behavior. This is due to large mismatch in atomic sizes of B and Ge. At




the Zn site, the calculated binding energies of the group Il dopants place donor levels in the
middle of the band gap.

(4)  Group-1V semiconductor alloys have immense potential for applications in the next
generation of Si-based electronic and photonic devices. The MBE group at Michigan Tech
funded by DARPA has recently reported (Phys Rev Lett 80, 1022 (1998)) the morphological
evolution of an epitaxially strained Ge-Sn alloy thin films. Since a knowledge of structural,
electronic and optical properties of GeSn alloys is critical in promoting alloy thin films for
device applications, we have performed a first-principles study on the ordered Geg 50Sng 50 alloy.
The results show a relative stability of the ordered alloy for which the lattice constant and the
bulk modulus are predicted to be 6.20 A and 53 GPa, respectively. Analysis of band structure
and density of states shows the alloy to be direcr-gap semiconductor with the value of 4.44 for

the index of refraction at 6889 nm.

(iv)
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First Principles Study of CdGeAs,.

1 Introduction

Since the first CdGeAs; crystals were grownS in the early 70s, their bulk
prbpertieé have attracted much attention. The photoluminescence studies
have revealed the detailed information about the nature of its band gap.”
‘The electriéal and Hall effect ﬁléﬂ;s‘urexxxexltS have determined the nature of
charge carriers in this material.®® The prese.nce of at least two native accep-
‘tors has been observed in experiments utilizing fzuliu.tion damage,? mag- '
netie resonance!! and thermal admittance spectroscopy'® techniques. Bulk
modulus and Debye temperature were also obtained .from. measurements of
the ultrasonic wave vcluéit.ics.” On the theoretical front, empirical pseu-
dopotential calculations have focused ouly on its band stencture, ' 16 AL
though calculations based on first-principles methods have been performed
on several members‘of the chalcopyrite group,!™ 8 we are not aware of any
| such calc.ula.tions on CdGeAs,. |
In thiﬁ,secrtion, we report the results of calculations based on the density
functionz;.l/theory on CdGeAs; with the aim (i) tov provide a detailed infor-
‘mation about its electronic structure, (ii) to determine its therrﬁodynamic
properties within a ngye—like model, and (iii) to combine knowledge of elec-
tronic structure and thermodynamics to determine pressure dependence of

its band structure. In the following section, computational details will be




given. Results will be disccused in Sec. IV,

2 Corhputational Details

Electronic structure calculations of ‘CdGeAs-g are baSe:d on the .densify func-
tional theory Iembeddefl'in the CRYSTALYS pro'grakmlg. which has been suc-
cessful in descri’bing bulk»ancl Slli't'zt_ce properties of cbvzﬂent itlateriai;ls such
as Si and GaN.20:2! We pertbﬁn calculations in the framework of the local
density approximation®* (LDA) to the.density-t'unct‘i(.)uval théory (DFT).
In some céy.s;czs, gradient-corrected 'functiénnls (CGA), Béckeg" for exchangé
and Perdew and Wang®35 for correlation, are mnploymi to".‘s'uc thc‘offcct of
these corrections on the (::Ll(:vul;u’.ml structural propertics. | |
A linear combination ofC:uxssi:m orbitals are used to generate a lo’ca‘lizc(‘l '
atomic basis from which Bloch functions are (:g)xlstflxctC(l by a furl:hmj lincar
combination with planc-wave phase factors. To reduce the '(:Ou'xp’uta‘ti(')rml‘
cost in the present work, we represent the core electrons by Stcvch’s cfzfeckt.ive '
core potentials(ECPs)?*"? and describe the’respectiv_& valence"QIGCtrons by |
the corresponding Gaussian basis set. The core electrons for Cd, Ce and
As are 152, 2s%, 2p®, 3s2, 3p® and 3d1°. It has been ‘shown‘tha.t' the ECPs -
"(such as for Zn and Ge used in this work) derived from vthe Hartree-Fock
calculations prdvide satisfactory description of the ground stat>e properties
in the DFT calculations.?’ The Gaussié.n basis set consists of four s, four P

and three d-type shells for Cd (i.e. a 4121/4121/311 set), two s, two p and
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a d-type shell for Ge (i.e. a 41/41/1 set), and two s, two p and a d‘-type
shell for As (i.e. a 41/41/1 set). It is to be noted here that the outermost
1d electrons of Cd are considered explicitly here as valence electrons and
are not included in the ECPs. Furthermore, the outer exponents in each
of the basis set are reoptimized to yield the minimal total energy at the
experimental geometry of CdGeAs,.

The initial configuration for the geometry optimization is taken from
the X-ray diffraction data. At ambient conditions, CdGeAs: crystalliieé
in the chalcopyrite phase?®3! with a space group of [-42D. It can be con-
structed” by frst considering a superlattice of the (cubic) zincblende phase
\vi;ln e/a=2, replacing each half of cations by Cd and Ge ions rcspéctively
and finally introducing a small distortion along z-axis leading to ¢/a = 1‘.880._
Furthermore, t.hu As atoms are plmzc(l in the lattice in the special positions -
given by the internal parameter, », which is related to the tetragonal dis-
tortion (i.c. 2-(¢/a)) in the lattice. Geometry optimization calculations in
the LDA approximation thercfore involve the following steps: V(;l) for several
fixed values of the crystallographic unit cell volume, ranging a.pprbximabely
from 0.8 t(i 1.08 times the experimental one, the lattice constant a and the
internal parameter u is optimized with accuracies better than 10~3 A and
10—, respectively; (ii) the calculated potential energy surface (i.e. total
energy vs volume) is then used to obtain the optimized value of the unit

cell volume; and (iii) the optimization of a and u is again performed at this



volume to get the values of équilibrium strucmml -parameters. In the GGA
calLulanons geometry optumza.txon is achleved by a less -exhaustlve ap-
proach where series of one dimensional searches are performed varying each
structural parameters (i.e. a, ¢ and u) one by one on each step, repeatmg
the steps until convergence of 0.01 A in the parameter value is achieved. In
all of these calculations, the tolerance on the toml energy convergence in the
iterative solution of the Kohn-Sham equations is set to 10‘6 qu't:ree and a
v ‘grid of 59 k—points was used in the irriu’liciblé Brillouiu Zom: for iuteérd_ﬁiou

. . . 392
in the reciprocal space.3?

3 Structural and Electronic Properties

"I‘hu caleulated equilibrinm values of the structurnd 1):1;':1.:11(:&::‘3,:xlzlﬁlcly a, '
¢/ and u for C(FIG(::\S-; are 5.914 A, 1915 and 0.265 in the LDA approxima- -
tion and 5.94 A, 1.89 and 0.265 in the GCGA n.p;ﬁoxinmtioxi rcspecti?cly. On
the other hand, the experimental V'xluvs of the lattxco pn.nmvrcr'; ke ;mﬁ(l c
are 5.9432 A and 11.2163 A rcspertwely at ‘708 K lm.(lmg to the c/a ratio

of 1.887. Comparison between the GGA and experimental values of the lat-
tice constants shows an excellent agreement. The calculated LDA uhif. cell

volume is also well wi;hin 1% of the experimental vz;lue. However, the LDA
calculations yield slight underestimation of @ and overestimation the c/a ra-

 tio as expected. Both LDA and GGA values of the internal para.metef u are

lower than the experimental value of 0.2785. This is in accordance with the




results of the LDA calculations on ZnGeP,, CdSnP; and CdSnAsy where
the calculat_ed u is consistently lower than the corresponding experimental
value.!8 It is to be noted here that the X-ray diffraction studies obtain the
value of the internal parameter, u, only in an indirect way.”

The calculated interatomic distance between Cd-As and Ge-As is 2.579
and 2.474 A at the LDA level and 2.581 and 2477 A at the GGA level,
respectively. It has been suggested that the tetrahedral angle in the chal-
copyrite lattice is generally conserved by the group-IV atom (i.e. Ge). This
results in a lzxrger separation beﬁwceu the group II and the group V atoms
relative to the group IV and the group, V atoms in the lattice. This is what
has been predicted by our caleulations in CdGeAsy.  Assuming the con-
servation of tetrahedral bond radii, Jaffe and Zungcr:m have reported the
stenctural coordinates of chalcopyrites. In this sch.cmu, the calculated Cel-
As and Ge-As distance comes out to be 2.63 and 2.45 A rcépecr.iycly. We
note here that the LDA calculations'™ in CdSnAs; yield the Cd-As distance
to be 2.611A. |

Fig.‘ 1 displays the upper valence and lower conduction banci structure
of CdGeAég calculated at the LDA equilibrium geometry. Total and partial
density of states of the valence band are shown in Fig. 2. Accordingly,
the upper valence band is mainly formed by the As p states with very small -
admixture of the Ge p states and the Cd p states (Fig. 2). This band

has a width of about 5.5 eV. In the absence of the spin-orbit interaction




terrﬁs in the present work, the top of the valence-band co.x.lsists of two levels
having symmetry I's, and [',; the former being doﬁble degenerate. Both
levels originate from the same triple degehérate 1\5 level 6f the sbphkalerite‘
. structure.” The difference between the I's, vand [y levels is referred to a.s
the crystal-ﬁeld splitting (Ay) which »is éalculated to b‘e’0.33 1:e_V. The cor-
responding experimental valué is reporfed to be 0.21 "eV.T ‘ | o

At about 9 eV below the top of the valence band (F‘fg 2), a relatively

narrow Cd 4d band overlaps with the band representing the bonding be-

tween the Ge and As in the lattice. [nterestingly, the LDA calculations'®

on CdSnP, reported the, Cd 4d band to be at n.bdut -8.5 éV rcl;n.t.ivc to the
valence band maximum. However, we note here that the DFT caleulations
in the absence of self-interaction correction tend to underestimate the loca-
tion of the d band with reference to the top of the valence band. Fig. 2
also shows a band at about =11 ¢V attributed inﬁiply to t.lbm A‘s_"s orbitals
which app(mx_' to be hybridized with the Cd and Ge orbil:z/tls."‘Rel:vxtive to
‘the valence band maximum, we have collected the energies of the ('ele:ctronic
states at T, T and N k-points” that correspond to ma.xinia’ahd minima of
the valencs and conduction bands in Table .- .

In contrast to a very rea.son.é.blé description of valence sta.tes,- o’ne-.electrovn‘
solutions of thn-Sham equations correspoﬁdiv’r‘xg to the states ‘i‘nyityh'e con- -

duction band are known to be much less reliable. - The most evident and

well-known discrepancy is a severe underestimation of the forbidden band




gap. For example, the calculated band gap in the present work for CdGeASQ
is 0.16 eV as compared to the experimental value of 0.61 eV. This discrep-
ancy may be corrected by employing a semiempirical correction3* which

simply shifts states in the conduction band using the fo’llowing equation :
A=— (1)

where €4 is the high-frequency dielectric constant of the material. For
CdGeASs, o is about L1.0%2 leading to the value of the gap to 0.98 eV
(Table 2). |

The lowest gap between top of the valence band to bottom of the conduc-.
tion band is found to be at I'. Thus, the prcscxﬂ DEFT calculations t)r;:(.liéts.'
the gap to be direct (Tq,-Tie) in agreement with experimental and empiri-
cal pseudopotential studies. ! The ordering of states in the conduction band
(i.e. [ye < Cae < Tae) is also correctly predicted. We note here that exper-
imental assignments arc only tentative because transitions to the last two

states are only weakly allowed.

4 Thérmodynamic properties

To determine thermodynamic properties of CdGeAs», we have used a quasi-
harmonic Debye-like model in which the Debye temperature, ©, depends
only on the volume of the crystal. It is a non-empirical model that only

needs the knowledge of the potential energy surface (i.e. a set of computéd




(V, Ejane(V)) points) to generate the equation of state (EOS) and a number -

of related quantitieé of a given material. It is relevant to notice that whereas

the key parameters from the experimental point of view are pressure'(p) and

temperature (T), the appropriate variable to control the computation is -

volume (V). The computational strategy therefore includes optimization of

the lattice constant ¢ and the internal parameter u for several fixed values of
“the unit cell volume to obtain the energy surface. (see Sec. 2). Fig. 3 shows

such energy surface for CdGeAsy caleulated using the LDA approxi:imtion;

Assuming the isotropic conditions, © can be given by3%

h oL 1% DBy ‘
D = st/ 5l 3 o o 2
O= - [bn‘ V r] i fla) | , (2)

where B is the reduced Planck constant, kg is the Boltzmann constant, M
the molecular mass of the compound, 7 the number of atomis per molecular

unit, By the adiabatic bulk modulus of the crystal, and ¢ the Poisson ratio

which is taken to be 0.25, the value of the Cauchy solid.? “The value (‘)f'

f(rf =0.25) then becomes 0.85095. Note that the explicit éxprcssion for

f(o) in Eq. 2 is®

- .

To-pReE-e ) e

“In Eq. 2, Bs depends on V a.qd T. In order to ba.la_nce'.computational .

‘demand and accuracy, we further assume

dzE[ctt(V)) ) e . . (4)

‘BS = Bgatic = V ( 72

8




where Bgadic 18 the static bulk modulus.
© is now simply a function of V. It is also evident from Eqs. 2 and 4 that
there is no explicit consideration of the structural parameters in the volurhe
derivatives, since we restrict ourselves to hydrostatic conditions. Tiiié rele-‘
vant feature of the model makes it fully independent of axiy. particular crystal
structure. Even if the crystal energy depends.on many internal parameters
and cell constants, a set of pairs (Ep, V) is sufficient to emplqy the model.
A more déta.iled description of the model is given in Ref. [34,35].
Our computed values of isothermal and mliubutic bulk moduli (Bq~(p =
0) = By and By) and their pressure and temperature dc;*rivutives are givcn'
in Table 3 along with the available uxpm’ixxuﬁxt:xl data. Fig. 4 shows the
generated equation of state using the nm‘nmlizcd V(p)/V values, where Vp
is the corresponding equilibrium volume at zero pressure. It should be noted
here that Hailing et al' used the cxpcrimcntnl bulk modulus and its first
: derivative obtained at pressures up to 0.1 GPa from ultrasonic {ll(:&%\xxj(:xx'x(txlts
as parameters and did not fit the equation of state to the cxperimcﬁtn.l cnr‘vc.'
The higher experimental value of 69.7 GPa of By relative to the calculated
one of 57@ GPa makes the simulated crystal to be more compressible, as
illustrated in Fig. 4. |
In the quasi-harmonic model used here, the Debye temperature, ©p,
comes out to be 273K at the static equilibrium and 269K at room temper-

ature. This variation is due to change of equilibrium volume with temper-




ature. On the other hand. the specific heat niezwtxreﬁents37 between 2K
and 30K deterfnine ©p to be 230K whereas the ultfasonic wave velocity
e\cperlment” yields the value of 7.)7K for @D | | |

We note here that thermodynamlc propertxes that are specxally sensi-
tive to computational details are tho»e 1ela.ted to the volume dependence
of O, since they involve third 'derivatives of the'static lattice energy[ The
most important factor in cdmputing this setvot' p_ropverties is the Griineisen
constant, v. Our calculations yield 4 to be 2.262 at 300K for CdGeAs,. |
For the volume thermal expansion coefficient, ¢, the cnlculuted vulﬁe is 30.9
x 107% Kt Qu 30()[(, and 33:8 x 1078 K= at 400K as compared to the
“q)vrmwut U value of 18 x 070 K- | |

The optical transitions in chalcopyrites :u"é .s'(:xxsvitvi»v(: to applied hydro-
static pressure leading to dependence of the pressure” coefficients on the
nature of the band g‘hp. For ex:uuplu, it luys been found™ t.iuit the psumle-
direct gap <flinlcbpyrites,39 such as ZnCePg, have a small positive or negative
slope of the absorption edge, while CdGeAsz and other direct gap chalcopy-
rites have a large positive slope. _Althouéh the LDA calculations do not
provide qtfantitative predictions of the band gap very well, ﬁiley do provide
" reliable predictions of the change in gap under the hydrosfahc condxtxonb
For CdGeAsg, we find that both valence and conductxon levels at T, N and
I k-points in the Brllloum zone show a lmear varlatlon with a.pphed pressure

" up to 10 GPa. The calculated pressure coeﬁ-"lcient:s“‘0 of these levels are given

10




in the Table 4 which yield the coefficient of the minimum-encrgy direct gap
(T4p-T1c) to be 9.5 x 1075 eV/bar. It is in very good agreefnent with the
experimental value'! of 9.3 x 10=6 eV/bar. It is expected that knowledge
of the pressure coefficients for different levels would assist experimentalisté

in identifying various optical transitions in CdGeAs;.

In summary, we have calculated lattice constants, equation of state,
Debye temperature, Griineisen constant and electronic band structure of
CdGeAs; in chalcopyrite structure which are in very good agreement with
the availble experimental data. The caleulated results have also provided
details of the valence and conduction bands predicting their vzu‘i’ation with

pressure.
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‘Table 1: Valence band energies in eV at U, T, N k-points in the Brillouin

zone of CdGeAs,.

Level
As p band maxima
Ta 0.00
[s, -0.33
Ty, + Ty | -1.26
Nyy 1 -0.72
As p band minima
[y -4.49
Th +T5, | -3.86
N . -5.06 o ‘ I -
Ge-As band » ' o o
L -7.05.
Lo NN
T, -7.50
Ny, -7.52 -
Cd o band
Cinar -8.24
| Comin -8.85
Tmnz: . -3.40
v Trnin -8.72
A Nz -8.50
' Npmin -8.90
As s band
Ts, -11.04
T3y -11.09
I -13.10
Tw+T5, | -11.09
Ty -12.34
Niy 16 -11.23
Ny -12.19




Table 2: The minimum-energy direct and pseudo-direct band gaps and crys-

tal field splittings (in eV) for CdGeAs,

DFT gap | Corrected gap | Experiment
Edirect 0.16 0.98 . 0.61¢ )
Epseudu—rlircul 1.16 1.98 -
AW -0.33 -— -0.21
a Ref. (7]

Table 3: Bulk moduli and related properties of CdGeAs:

By(GPa) | Bs(GPa) | B | By(GPa™")

This work : 0K | 57.03 57.03 | 4.79 -0.32
This work : 300K | 53.21 54.43 | 547 046

Experiment®: 300K 69.7 - —- 1{6.18 [

a Ref. [13]

17



Table 4: Pressure coefficients in (1078 eV/bar) of valence and conduction B

levels of CdGeAs;.

Level
Ts | 0.9
Ly | 6.5
Ty | -2.9
Cie 16

T’lu—%-'h; -0.87

T’)c 22
Ny 2.6
N[c 8-4

AR
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Figure Captions

Fig. 1 : Electronic band structure of CdGeAsy.

Fig. 2 : Total and Projected density of states of CdGeAs.

Fig. 3 : Total Energy vs volume of CdGeAs, in chalcopyrite plm;e.-

Fig. 4 : Equation of State of CdGeAs.
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Atomistic Modeling of Native Defects in CdGeAs3

1. INTRODUCTION :

Cadmium germanium arsemde (CdGeAs)) is an tmportant materlal due to its
suitability for nonlinear optical appllcatlons in the infrared region since it has the hlcrhest '
nonlmear Op[lCdl coefficient, 236 pm/V, known for a phase matChable compound
semiconductor. Additionally, it has a wide tr.msparency region extending across’ the
infrared from 2.4 to 18 um.!-3 The availability of large single crystals* of CdGe_Asz has A'v
led to renewed etforts to utilize this material't'or frequency tloubltrlg (i.e., for second
harmonic generation) carbon dioxide luseremissiort lines from 9.3 to 10.6 p.m The "
| lk';xttsp;tt'cney of these eryst;tls". although superior to that of ctxrlicr’ e_ryst;tls' is still limited
by the photo-ionization of native acceptors. | |

Nominally undopcderidgrnnn grown sing‘le cryst_nls'ot' _CdGeAsz ure t’oundjto be
p-type. Hall effect measurements3-® on the best available crystals indicate the presene'e ofa
single acceptor with an activation energy of 0.15 eV. On thc other hdnd Brudm et. al.7,
Halliburton et. al.8 and Smith et. al.? utlhzmv respectxvely radmnon damave techmques,
EPR and thermal admittance spectroscopy measurements observe thut there can be at least -
two native dcceptors present in as-grown CdGeAs; . Smithet. al.9 have found that there
is a level w1th an activation energy of 0.11-0.13 eV in agreement with Hall measurement
on the same samples, and a second deeper acceptor wrth an actrvatron energy of 0.346 eV
It is the goa_l of this work to determine theoretically which native defects might give rise to
these two acceptor centers in CdGeAs;. ' | |

Theory has so far focused on calculating intrinsic properties such as the band

structure!0.11 and has not considered the chemistry of defects in this material. In this
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paper, we perform such a task considering vacancies, interstitials and antisites in
CdGeAs>. We use atomistic simulation methods based on the shell model to describe the
crystalline lattice of CdGeAs3 and will calculate formation énergies of native defects and
binding energies of the acceptor centers. We note here that this approach has been very.
sucéessful in yielding reliable defect energies in a wide variety of materialé includihg
sixfold- and fourfold-coordinated structures.!2 Recent applications of the shell model
include structural relaxation around dopants in sapphire!3, high-pressure phase tfans_ition in

GaN'!4 and defect energetics in ZnGeP; .13

II. PERFECT LATTICE
In the present atomistic description of a crystal, the lattice is considely"édto consist of |
ions interacting via a combination of electrostatics and intc:ratomicl potentials, while
polarization is included by means of the shcll model.!6 The total energy of a crystal is then
mkg:n. to be a sum of two- and three-body interactions in the lattice. The (two-body)
pairwise interaction term consists of the long-range Coulombic part and the short-range
repulsive part and is given by | |
Eij = (Qi Qj/Rjj) + Vsr (Rjj), ()
where Q's are charges and Rjj is the separation between ions. Vsr (Rjj) represents the
short-range interaction between ions and is given by an analytical expression of the ‘Born- |
Mayer form : »
~  Vsr(Rjj) = Ajjexp (-Rjj/ pij), | (2)
where A and p are the parameters obtained generally by erhpirical fitting methods.

Three-body interaction terms in our model are represented by the Axilrod-Teller!”

potentials: _ _
Eijk = kijk (1 +3cos 0 cos Gj cos Ok )/ R;3 Rj3 Ri3, 3)
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ﬁvhcre kijk 1s a cocfﬁc‘icnt. 6; is the ith angle and R; is the side of t‘hc triaﬁglc formed ‘_by
ions i,jmu[k in the lattice. | | |

To describe the polarizabilfy, we employ the shell rﬁodel deScription of the lattice
atoms. In the shell-model, each atom consists of a core of charge X, and a shell of charge
Y, such that the total charge is the sum of the core and shell charges. The polar'izatikon is
then'sifnu'latéd by the displacement of a shell from a core, the two bei‘ngkcbnnectéd by a
h.lrmomc sprmc' with a force constant K. | o

CdGeAs; crystallize in the chalcopyrite phase!3.19 with 2 tetrawonal symmetry
- group of 142d. Chalgopyritcs can be constructed20 by first consxdcrmg a superluttlce of the
(cubib) zincblende phase with ¢/u=2, replacing each half of cations by Cd arﬁd Ge ibné
respectively and finally introducing a small distortion along z-axis lca'ding‘tb c/u = 1.889.
As shown in Fig. 1, each atom is tetrahedrally coerdinutc.d in thc‘:v lutticcﬁ cadmiurﬁ or
germanium czuions have 4 ncar-ncighbor arsenic anions while z;z‘s«:jhic anions hzlv;:' ‘2‘
cadmium zmd 2 gcrrﬁimium cations as ncnr~hci.ﬂhbors. In the lzlt.ricc. czuion; oceupy sp‘ccial
positions labeled as ¢ and b with no positional duvr ¢s of tru.dom Whllk. .xmons are
placed in the o positions given by the internal parameter, x " The yuluc ot'x varies from
crystal to crystal and is related to tetragonal distortion (i.e. 2 - ¢/u)" in the lattice. For
CdGeAsa the lattice p#mmetets"’. « and ¢ are 5.9432 A and 11.2163 A respectively at

‘298'K>and the parameter x is 0.2785 leadingi to the interatomic distimces 0f 2.629 A for

Cd-As and 2.430.. A for Ge-As. | |

In the chalcopyrite lattice, the tetrahedral coordmatxon of atoms suwests that the
covalent bonding (with sp3-hybrid bonds) predominates. On the other‘ hand, the
cofnpositidn of the cation sublattice indicates a presence of the ionic character in the
chemlcal bonding. In CdGeAs; a relatively larce maomtude of tetracronal compressxon
(=6%) confirms that the chemical bonding is rmxed Based on the electronegat1v1t1es of the :

constituent atoms, the Ge-As bond is expected to be Iess ionic than the Cd-As bond. Our
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atomistic model therefore do not assume either fully covalent (i.c. Cd2-GePAsal+) or fuily
ionic (i.e. Cd2+Ge++Asa3-) description of the lattice, but uses the empirical fitting method
to determine the charges associated with Cd, Ge and As. Hence. the_mixcd (ionic-covalent)
chemical bonding is taken into account by the use of the derived. atomic charges along with
the three-body terms included in the atomistic description of the material. R

In our model, the two-body interaction term (Eq. 2) therefore requires the

determination of Qcy, QGe, Qas and VR (i. e. parameters A and p ) for the Cd-As, Ge-As

“and As-As interactions in CdGeAsj. Note that the short-range interactions between Cd-Cd

and Ge-Ge are ignored as they become very small for large separations (> 4.0 A) in the

lattice. We also need to determine the coefficient kiyGeAs and k,\A-C‘/;\'_\. tor the three-body

terms (Eq. 3) along with the shell-model parameters Yas and kag. Both cations are

considered as rigid ions in the lattice. All of these potential parameters are obtained by the -

empirical fitting method2! which uses the experimentally known crystal properties such as
crystal structure!8:19, clastic?? and diclectric!:23 constants of CdGcAs‘g. Fitting and all
calculations were performed using the program GULP.24

Table [ lists the mode! parameters representing the interatomic i-ntcrnctions in the

lattice. The calculated crystal properties are compared with the experimental data in Table

II. Accordingly, the potential model reproduces the lattice structure Avery well. The overall

good agreement between the calculated and experimental properties for the perfect lattice

indicates the reliability of the derived interatomic potential set for CdGeAs>.

-

III. NATIVE DEFECTS

Defect energies of several plausible types of ionic and electronic native acceptor

defects have been calculated using the Mott-Littleton methodology23:26 in which the lattice

is divided into a series of different regions around the defect by concentric spherical -

boundaries. Immediately surrounding the defect is region | in which all ions are treated
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explicitly and fully optimiscd. Bclyond this is region 2a in which all atoms are still explicitly
considered, but the relaxation effects arcv much smaller and can be treated more
approximately. The validity of the successive :lpproxifnations made‘ in the above
multiregion mefhod improves as the radii of the regions increase. Therefore it is important
to check the convergence of the results with region size. In the present work a regiod 1
containing approximately 350 atoms was found to be sufficient to convergd the absolute
defect energy to better than 0.01 eV, though relative energies will be tar rndre cdnverged
than this. We also note here that provide the defects are charge neutral overall -and the
quality of fitting to the structural propemes are the same, then to the tlrst order the defect '
‘energies should not depend too strongly on the Lhdl‘"db used in the modcl If detect-
induced displacements in the lattice are larac then thc ‘particular sh‘tpc of lhe anharmomc o
region of the potential energy curve will become more important thereby y:cldmg a strong'
dependence of defect ene ergics on the charges. -However, given that we know the ions in
CdGeAsa do not have integral chm'gcs. the use of partial charges isv(hcrct'orc expected to
give a better account of this anharmonic rcgion in defect calcdlations. | |

The Schottky defects in the lattice are t'orméd.by movin‘7 the cdn.;;(itucht' ions to the
surface from their bulk sites whereas the Frenkel duﬂ.cts are pmrs of the vacancy and
interstitial of the same type of ion. In calculations an mtu’stltml was sxmulatcd as an
addition of atom to the empty. interstitial position in the lamce The Schottky, Frenkel and -
antxslte formation energies (Table [II) were obtamed from defect energy calculatlonb of
vacancies, interstitials and antisites in the lattice. In CdGeAs2 the Schottky defect 1‘s-
(VCd+VGe+7VAs) the Frenkel defect pairs are (Vcg+Cdy), (VGe-l—Ge,) and (VAS+As,) and
the antisite pairs are (CdGe+GeCd) (Cdas+Ascy) and (Geas+AsGe)- As shown in Table
II1, the lowest formatlon energy comes out to be for the (Cdce+GeCd) antlsltc pair which is -
folloWed by the Schottky and Frenkel pairs of Cd and Ge. The la;rge. formation e‘nergies.for .

the antisite pairs, (CdA5+ASCd) and (Geas+Asge), would seem to preclude their occurrence
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as intrinsic point defects in CdGeAsz. This ordering of formation energy is what we
expected since the magnitude of formation energy depends rhuinly on the extent ot'v
distortion introduced by individual defects in the lattice. In the present case, antisite.
disorder in the cation sublattice introduces least distortion in the lattice compared to that
introduced by either vacancies, interstitials and antisites involving both c:.;tion and anion
sublattices.? We note here that (tetrahedral) covalent radii of Cd, Ge and As ions are.
1.405, 1.225 and 1.225 A respectively 27.

The magnitude of the formation energy ﬁ)r the (Cdge+Gecy) antisites is smdll
(= 0.3 eV) suggesting that appreciable disorder would occur in the c‘c;tion vsublattice ar’
higher temperatures. This is in accord with what has been reported for CdGeAs; which has |
a high-temperature disordered zincblende phase. In this phusc; Cd and Ge occu4py cation
sites randomly in contrast to the ordered chalcopyrite phase where Cd and Ge occupy

alternating cation sites. Upon cooling to room temperature, the lattice is' then expected to ‘

© retain some of the disorder in the cation sublattice.

IV. NATIVE ACCEPTORS :
A native acceptor center in CdGeAsa may involve cither cution'vucancy (Vcu or
VGe) or antisite (Cdg,) based on the effecti?e charge considerations and- can stabilize a holé
on near-neighbor As ions with the binding energy given by :
) AE = Ep + En - Ensa ' . - : »(4)
where Ep..4 refers to energy of the hole-acceptor complex, Ej, is energy of the hole and Ep
is energy of the acceptor in the lattice. For the bound hole, AE is taken to be pos'itive,. :

The hole-acceptor complex in CdGeAs; can be classified according to the degree of

delocalization of the hole states in the lattice. For example, a complete delocalization refers

" a adetailed list of individual defect energies and lattice coordinates can be obtained from the authors

(pandey@mtu.edu)
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to sharing of a hole by all of the t'our‘A.s' neighbdrsAof‘the acceptor (i.e. 4-center case).
Alternatively, a hole next‘ to the acceptor center may be shared by a pair ofAs neighbors
~ (i.e. 2-center case) or loculized on one of the As ions (i.e. l-éen.ter‘(:u‘se) in the lattice. The
presence of hole-acceptor complexes in as-grown CdGeAél'v_ has been_‘revealed by Hall-
effect measurements3-6.28, electron paramagnetic resoﬁunce"(EPR)8 , and thermal
admittance spectroscopy.? We note here that a direct comparison can be made between AE
and the acceptor binding energy obtained ffbm the Hall-effect méaéurerhents.

Our approach to calculation of AE is similar to that used in an earlier study!5 of
ZnGePs where we ussumevd that the presence of avhole in the lattice redﬁces' the (shell) |
charge thereby only modifying 'long-r‘ungc Couldmbic interactions bctwécn’ions. The short-
range interaction parameters (Eq. 2) are taken to be the same as obtained for the perfeét
lattice. This assumption is likely to overestimate the I-center hole b'indihg eri'crg'y slightly
since it providcs 4 more accurate treatment of the dcloCuiizcd hole (4ﬁccntcr case) relative to
the localized hole (l-center case). Furthermore, we expect, to a first vnppi'oximutio»n,
czm_c(:lliuion of the hole sclf-interaction energies in Eq. 4 for the 4-center case sincé dE is
the difference of two terms involving the delo«.alued hole. |

Calculations based on the Mott- Lnttleton mc.thodolony (dc_scrlbc.d in Sec. III) are -
performed to obtain defect energies for eq. 4 to calculatc AE. Thesc include, for example,
antisite (EA), delocalized hole (Eh) and antisite next to the delocali‘zed hole (Ep+a) in the_ |
lattice. All defec}t' coordinates are fdlly optimizgd in these calculations. The calculated |

binding energies (AE) are given in Table IV. Accordingly, a striking distinction is found in

the binding energies of acceptors associated with either vacancies or antisites for different -~ -

hole localization regions. The hole tends to be localized near a cation vacancy, i.e., the
more the hole is localized, the larger is the bindin?y energy. But the trend is exactly opposite
for antisites where a larger binding energy is found to be associated with the delocalized

hole. It is well known that the localization of a hole i in the lattlce is a result of 1nterplay

30




between lattice distortion and polarization. In CdGeAsa. the distinct behavior of hole
localization can therefore be understood in terms of the distortion and polarization
introduced by these defects in the surrounding lattice. For example, a Vg has an effective
charge of -1.8e in comparison to the effective charge of -0.5¢ asséciated with Cdge. The
difference in effective charges along with the fact that a Cd atom is rmich larger than the Ge
atom results in an inward relaxation (=6%) of As neighbors for Vg in contrast to an
outward relaxation (=5%) of As neighbors for Cdge. Based on simple électrostatic‘
arguments, the localized hole (i.e. l-center case) is therefore expected to- have a'larger |
bindingbcnergy for Vg than that for Cdge. | |
As shown in Table IV the calculated bindihg energies tor va’rious.uccepto'r centers
vary from 0.04 to 0.80 ¢V. Note that the energy gap for this mutcriui is only 0.57 eV at’
room temperature. For Hall effect measurements on the best available crystals3:6, a value of
0.15 ¢V is obtained for the acceptor binding energy. The acceptor center revealed in the
Hall-clfect measurements is therefore likely to be associated Qith the dcloczilizcd hole (i.c.”
4-center case) in the vicinity of Cdge for which calculations yicld the binding cricrgy of
about 0.13 ¢V. The acceptor center involving Vg was not chosen as one wlould‘ cxpect the
deepest level, 0.49 ¢V, o be its populated level (Table V). We note here that a detailed
electronic structure study of these defect-complexes is planned bto confirm the proposed
assignement of the acceptor centers in CdGeAs;.
| In fact, our prediction regarding the nature of the dominant aéceptoré is conﬂrméd.'
by the EPR measurements. Halliburton et al.3 have proposed that the dominant EPR Signai
may be due to the acceptor center consisting of either a cation vacancy or antisite cation
with the unpaired spin shared by the four neighboring As ions. This is consistent with our .
selection of the shallow acceptor as the cation antisite, Cdge. Our funhe; analysis of the
calculated results find that the near-neighbors of Vg relax inward by 0.08 A in contraét to

the outward relaxation of near-neighbors of Cdge of about 0. 19 A from their regular
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lattice sites (Table V). Itis to be ﬁotéd here that the mugnitude of the f{attice distortion
introduced by acceptors can be used in the analysis of (future)kmagnctic resonance studies
to ascertain more precisely the nature of the EPR-active center. |
Recentvcapavcitance-voltage measurements using thermal udmittﬁnch spectroscopy?
have reported the presence of two acceptor levels in p-CdGeAs) with binding energies of
0.11-0.13 eV and of 0.346 €V. The first acéeptof level is the same oné’feveuléd by Hall
effect measurements yielding binding enér'gies of 0.10 - 0.12 eV for thgse exb.ct same |
samples3 which are tairly heavily doped. This value‘cofresponds tb the delocalized hole
(i.e. 4- center case) bound to the Cdge as préviously discussed. Bused on com’paris‘on of the
-bmdmu energy of the second acceptor w1th the calculated bmdmu energies (Table V) we
predict that the deeper acceptor is associated with the lo:..nhzcd hole bound to VCd as this
center’s dccpcst lcvcl will be populated. The other stslblllth& mn be mlcd out as they

have binding energics which exceed the band gap of CdGLA.\g.

S. SUMMARY

A set of interatomic pou.ntmls Qmsnstmw of two- .md thru. -body potential
parameters couplud with the shell modt.l description of the lattice is dLVLlOpLd for CdGeAs—;
reproducing its structural, elasnc and dxelecmc propc.rtu.s successtully Natxve defect
formation energies show that antisites in the cation sublattice will dominate the mtnnmc
disordér in this mflteriul. The dominate acceptor center controlling the optical pfoperties of
this material and revealed in the EPR and Ha‘ll-effect measufements is likely to be‘ a hole -
shared by four newhbormv As ions in the vicinity of Cdge. The deeper level is probably
due to the a hole localized on one As ion and bound to Vg -

Although ZnGePz and CdGeAs; belong to the same chalcopyrlte farruly, the nature
~ of dominant acceptors in these materials is predicted to be different. Defect calculations

corroborating the Hall effect and magnetic resonance studies find that the zinc vacancy, not -
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the zinc antisite (Znge), is associated \Qith the dominant acceptor center in ZnGePs. This is
not the case in CdGeAsz where a cadmium antisite (Cdge) 18 prcdicted to be associated
with the dominant acceptor in the lattice. We believe that this difference may well be due to
defect-induced lattice distortion which plays a key role in stabilizing the hole states in the
lattice. Based on the size argument, native acceptors associated with zinc antisites (Znge)
are not expected to introduce significant lattice distortion in ZnGeP since béth Zn and Ge

have the same tetrahedral radius27 of 1.23 A. On the other hand, the tetrahedral radius of
Cd is about 1.41 A. Therefore, the size difference of about 15% bctwee»n Cd and Ge_wqu'ld
be expected to cause significant distortion by a cadmium antisite (Cdg.) in the CdGeAs;

lattice.
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TABLE I. Interatomic potential parameters of Eqs. 2 and 3. The atomic charges are

+1.83e, +2.29¢ and -2.06¢ for Cd, Ge and As, respectively. For As, the shell charge (Y)v

is -2.22¢ and the spring constant (K) is 1.40 eVA-2,

AjEeV) pij(A) kijk €VA9)
Cd- As 32905 0.4826
Ge - As 531.6 0.4119
As - As 322289 0.3131
Cd-As-As 2724
Ge-As-As -2_77.5
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"TABLE IL Calculated and Experimental bulk properties of CdGeAs: .

This work Experiment
Structure  a, A 5.951 5.9432a
¢, A 11.221 11.2163
ca 1.886 1.887
XAs 0.279 0.2785
Lattice energy/unit cell, eV
EL -134.6 —
Elastic constants ( 10!! dyn cm2)
Cn 9,70 9-1.5h ;
Cin | 4.47 5.06 -
Ci3 ‘5.45 597
C33 8.95 834
Cas 4.26 4.2'1:' |
Cé6 3.42 4.08
Dielectric constants
gp'! 14.75 14.8¢
€033 15.43 15.4
£l 10.17 10.064
£.,33 10.93 1104

(a) reference 19 (b) reference 22

(c) reference 23
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TABLE III. Native defect formation energies in CdGeAs .

Formation energy (per defect), eV

Schottky pair :
(Vca+VGet2Vas) 1.88

Frenkel pair :

(Veg+Cdi) : 2.39
(VGe+Gei) 2.82

~ Antisite pair :

(Cdge+Gecu) 0.28
(Cdas+Ascy) 12.1
(Geas+ASGe) 13.1

A
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TABLE IV. The calculated binding energies (AE of eq. 4) of native acceptors in CdGeAs). ’

Acceptor center?  l-center 2-center 4-center
Hole near Vg 049eV  026eV 0.15eV
Hole near Vge 0.80 067 059
Hole near Cdge ~ 0.04 0.12 - 013

A gealization of a hole on a As. two As and four As neighbors to the cation site is represented by [-center,

2- center and 4-center cases respectively.

TABLE V. The calculated lattice distortion introduced by native acceptors in CdGeAsz .

Near-neighbor Separation?, A

Acceptor center l-center 2-center .  d-center
Hole near Vg 2.38 2.50 - 2.56
Hole near Ve 226 237 . 241
Hole near Cdge = 2.97 271 262

@ The near-neighbor separﬁtions in the perfect lattice are 2.43 and 2.63 A for Ge-As and Cd-As, fespectively. ’
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Atomlstlc Calculations of Dopant Binding Energies
in ZnGePz

INTRODUCTION

Zinc germanium phosphide (ZnGeP») is the NLO material for mid IR lasers allowing
high-power tunability in the spectral region of 2-5 um.!-2 An absorption band around 1-2
wm is, however, found to affect the usefulness of this material. This band is attributed to
photoionization of a deep native acceptor center associated with the zinc vacancy.3-5 »
Experimental efforts involving selective doping of the material are underway to reduce
the concentration of this acceptor-complex in the lattice. Earlier work on the propertiés of
dopants in ZnGeP2 have been limited to few photoluminescence and Hall effect studies.
Averkieva et al. have reported® photoluminescence spectra and hole éonccntrations.fof:
crystals melt doped with Cu, Ga, In, Se, Fe, Cd and Si. The room temperature hole
concentration for these samples were reported to vary from a low of 2.8x1010/cm3 for Si,
nominally the value seen in undoped crystals, to a high of 10!7/cm?3 for In. Based on a
photoluminescence study?, it is rcpoi‘tcd that Cu ditfusion can increase the hole
concentration by a factor of 10,000 in ZnGeP; by a proper choice of the diffusi_oh regvimc. '
‘Grigoreva et al., however, have reported® Hall effect data on samples doped with Au, Cu,
Se, Ga and In and stated that the first two dopants were inactive and the rest were
acceptors. The binding energy of Se was rcportéd to be 0.40 ¢V and that of Ga to be 0.30
eV. In a more recent review paper, Rud? has indicated that Au, Cu, Ga, In, Se and Pt are
acceptors with activation energies in eV of respectively 0.50, 0.30. 0.06 for heavy doping,
0.03 for heavy doping and =0.4 for light doping, 0.40 and 0.50. These results will be ﬁ
compared with olr calculated values later in the paper.

We have initiated an extensive theoretical study’ on ZnGeP3 and, in this paper, we will
report the results of atomistic calculations involving cation dopants, namely Cu, Ag, B,
Al, Ga and In. The choice of dopants is expected to indicate the ion-size effect on the
binding energies for the groups I and III dopants which lie left and right columns of the
host Zn ion in the periodic table. Our approach is based on the pair-Wise description of
the lattice which has been very successful in yielding reliable defect energies in a wide

variety of materials including sixfold- and fourfold-coordinated structures. 10-11 '
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INTERATOMIC POTENTIALS

In our approach, the lattice is considered to consist of ‘ions interacting via a combination
of electrostatics and interatomic potentials, while polarization is included by means of the
shell model.!2 The total energy of a crystal is then taken to be a sum of two-body
interactions in the lattice. The pairwise interaction term consists of the lo'no-ranoe
Coulombic part and the short-range repulsive part which is given. by an analytlcal

expression of the Born-Mayer form : _ } _
Vsr (Rjj) = Ajjexp (-Rjj/ pu) v o y (1)

where A and p are the parameters yet to be determined.

We apply a parameter-free procedure to model interatomic interactions of dopant ions
with the host P3- anion. The gcnernl"stratcgy has been described in detail previousl‘ylo
and consist of two stcps . (i) generation of quantum-mechanical crystalline ionic
~electronic densitics (IEDs) for the ions involved in the interaction, and (ii) application of
the electron gas formalism!3 to derive the corrcs'pondih" crystal consistent interatomic |
potential (CCIP) To obtain the quantum- mc,chanu.dl description of p3- cmbcddc.d in the
ZnGeP; environment, we have used the ab-initio Perturbed fon (aiPI) model.'* The
minimization of the total crystal energy required by the Hartree-Fock .\pproach provides a
set of crystal-like atomic wavefunctions that respond self-consistently to the nearly exact
crystal potential. In our case the aiPI computation has been performed at the experi_mentdl
“value of the lattice parameters of ZnGeP; using the Slater type orbitals given by Clementi
and Roetti.!5 It is interesting to remark that the essential electron gas assumption of the
total crystal density being a superposmon of the 1nd1v1dual [EDs is better satisfied by the
aiPI crystal-like orbitals than by solutions employed in earlier electron gas calculations.’
This behavior is mainly due to the inclusion in the representation of the aiPI crystal '
potential of a prolectxon operator that enforces the ion-lattice orthogonality. ’

For calculations based on the electron gas theory, we have used the following functional
forms to evaluate the pairwise interatomic energy : Thomas Fermi for kinetic, Lee-Lee-
Parr for exchange and Wigner (with the new fitting by Clementx) for correlation. The
coulombic contributions has been exactly evaluated by means of analytlcal algorithms
recently developed.!6.17 To compute the rest of the contrxbutlons we have used a
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spheriodal(¢, A, u) coordinate system. The angular intcgrution over ¢ is trivially 2r, since
the electron density is cylindrically symmetric along the internuclear axis. In the cases of -
A and w, we have used a 60x60 Gauss-Legendre quadrature. The total volume of
integration contains at least 99.9998% of the electron density. For each set of interatomic
potential representing interaction between dopant and the P ion, the interatomic energy is

evaluated at separations starting from 2 bohr to 12 bohr at intervals of 0.1 bohr.

The calculated potential energy surface for all the dopants considered here is shown in
Fig. 1. The effect of ion-size is clearly illustrated here; higher the atomic number of a
dopant, stronger its short-range interatomic interaction with P in the lattice. The energy
surface is then fitted to the analytical expression (Eq. 1) whose parameters (i.e. A and p)
are listed in Table [. For the host lattice, the interatomic potential parameters (i.e. Zn-P,
Ge-P, P-P, Zn-Zn, Ge-Ge and Zn-Ge) along with the shell-model purameter_s Yp and kp |
parameters are obtained by the empirical fitting using the program GULP. !9 Both dopant
and host lattice cations are considered as rigid ions in the lattice. Thé derived interatomic
potcntml set (Table ) for the host lattice reproduces the calculated crystal propertles such

as structure, clastic and dielectric constants very well:20

DOPANT ENERGETICS

The nature of a cation dopant in ZnGeP; depends on the host atom which it is replacing
in the lattice. In the present case, the group [II dopants (i.c. B, Al, Ga and [n) would either
act as a donor substituting Zn or act as an acceptor when they replace Ge. The group I -
cations (i.e. Cu and Ag) would always be acceptors substituting either Zn or Ge in the
lattice. The binding energy of an electron or a hole to the dopant can then be writtenas:
AE= Egop-+iso - (Eiso + Edop) ' - (2)

-

-

where Eqgop+iso refers to energy of the dopant complex, Eigo is energy of an isolated hole
or electron and Eqop is energy of the dopant in the lattice. Calculations to obtain energles
for Eq. 2 include, for example, Cu at the Zn site (Eqop), an isolated hole localized over
As ions (Ec) and Cu next to the localized hole (Egop+c) in the lattice. Note that a direct
comparison can be made between AE and the acceptor binding energy obtained from the

Hall-effect measurements.
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Total energies of defects including both native and dopants have been calculated using
the Mott-Littleton methodology2!-22 in which the lattice is divided into a series of
different regions around the defect by concentric spherical boundaries. Immediately
surrounding the defect is region 1 in which all ions are treated explicitly and fully -
~ optimized. Beyond this is region 2a in which all atoms are still explicitly considered, but
_the relaxation effects are much smaller and can be treated more approx1mately The
displacements in region 2a can be calculated based on the force due to region 1. chond
region 2a is region 2b in which the relaxation energy is treated yet more approxxmately
and responds only to the total charge on the defect position at the defect center. Hence’
this component can be summed to infinity through the use of lattice summation methods
analogous to the Ewald sum for the first inverse power of distance. In the present work,
region 1 contains approximately 350 atoms which was found to be sufficient to converge

~ the absolute defect energy to better than 0.01 eV.

The calculated binding energies (AE) for various dop;ims are given in Table II. At the Zn
site in ZnGeP,, Cu and Ag acting as acceptors ire predicted to have the binding energy of
0.25and 0.17 eV rz.spc.uwdy Comparison of the calculated value with the c‘(penmcnml :
value of 0.30 ¢V for Cu shows a very good agreement. The group [1I dopants, on the
other hand, have a donor-like nature at the Zn site. Their clectron binding energies vary
from 0.36 to 1.50 ¢V with a significant change in encrgy going from B to Al. This may'
be due to a larg,c, mismatch between the atomic sizes of B and Zn in the lattice (Table ).
For Al, Ga and In, calculations yicld large binding cnergics for the electron placing the
donor levels in the middle of the gap in ZnGeP3. At the Ge site where the group [II‘
dopants act as acceptors, the results find a dxstmct behavior by B which forms a deeper
center as compared to other ions. This difference can again be understood in terms of the
large lattice relaxations arising due to difference in covalent cadii of B and Ge which tend

to stabilize the hole more strongly. The group I dopants (i.e. Cu and Ag) at the Ge site '

have a very large hole bmdmo energy due mamly to electrostanc interactions, for -

example, between [CugGe] and a hole.

In summary, we have derived the interatomic potentidls for various cation dopants in
ZnGeP; and have calculated their bmdmg energies to a hole or an electron depending on
the substitution site in the lattice. The calculations based on atomistic descrlptlon of the
lattice predict that the group-III dopants would bind the hole more strongly than the




group-I dopants. Furthermore, the results find that dopants acting as donors introduce

midgap states in ZnGeP3,

REFERENCES

| . G. Schunemann, P. A. Budni, M. G. Knights, T. M. Pollok, E. P. Chicklis., and C. L. Marquardt,
Advanced Solid State Lasers and compact Blue-Green Laser Technical Digest (Optical Society of
America, Washington, DC, 1993). ’
2 yu. V. Rud, Fiz. Techn. Poluprovodn, 28 633 (1994).

3 M. H. Rukowsky, W. K. Kuhn, W. J. Lauderdale, L. E. Halliburton, G. J. Edwards, M. P. Scripsick, P.G.
Schunemann, T. M. Pollak, M. C. Ohmer and F. K. Hopkins, Appl. Phys. Lett. 64, 1615 (1994).

4 L. E. Halliburton, G. J. Edwards, M. P. Scripsick, M. H. Rakowsky, P. G. Schunemann, and T. M.
Polluk, Appl. Phys. Lett. 66,2670 (1995). : :

5 p. Zapol, R. Pandey, M. Ohmer, and J. D. Gale, J. Appl. Phys. 79, 671 (1996).

6. G. K. Averkieva, V. S. Grigoreva, [. A, Maltseva, V. D. Prochukan, Yu. V. Rud, Phys. Stat. Sol (a) 39,
453 (1977). :

7V, G. Voevadin, A. L. Gribenyukov, A. . Morozov and V. S. Morozov, lzve Vys. Ucheb, Zav., Fiz 2, 64.
1985.

8 V.S, Grigoreva, V. D. Prochukhan, Yu. V. Rud, A. A. Yakovenko, Phys. Stat. Sol. (a) 17, K69 (1973).

9 Physical Phenomena in Ternary Compounds and Devices by Yu. V. Rud (in Russian), Machine
Translation-NAIC-ID(RS)T-0699-94, Distribution limited. available from DTIC. "

10 5. H. Harding and A. M. SzQ,nch;l(n, J. Phys. C15, 3649 (1982),

e, Zapdl. R. Pandey and 1. D. Gale. 1997. 1. Condens. Matter. in press. I997.

12 8. G. Dick and A. W. Overhauscr, Phys. Rev. 112. 90 (1958).

13 E, Francisco, J. M. Recio, M. A. Blanco, A. Martin Pendas and L. Pueyo. Phys. Rev. B 51,2703 (_1:995).
14R. G. Gorden and-Y. S. Kim. J. Chem. Phys. 56. 3122 (1972) | |

15 v. Luana and L. Pueyo, phyg. Rev. B 41, 3300'( 1990).

16 E. Clementi and C. Roetti, At. Nucl. Data Tables 14, 177 (1974).

I7g, Francisco, J. M. Recio, M. A. Blanco and A. Martin Pendas,‘ Phys. Rev. B 51, 11289 (1995).

I8 A. Martin Pendas and E. Francisco, Phys. Rev. A43, 3384 (1991).

19 5. D. Gale, Phil. Mag. B73, 3 (1996); J. D. Gale, JCS Faraday Trans 93, 629 (1997).

43



20 A detailed comparison can be obtained from the authors : pundcv@mlu.cdu

ql A. B. Lidiard and M. 1. Voraclt in Compumuonal Solid State Physics. edited by F. Herﬂﬂ (Plenum,
New York., l97"’) p. 385.

22 ¢ R. A. Catlow and W. C. Mackrodt, Computer Simulations of Solids (Springer, Berlin, [982).




TABLE I. Interatomic potential parameters (given in Eq. 2) both for dopants (obtained -
by electron-gas methods) and the host lattice (obtained by emprical fitting method).

Ajj (eV) pij (A)

electron-gas : Cul+ - P3- 1562.56 0.3694
Agl+-P3- 2170.20 0.3514
B3+. p3- 2566.54 0.2808
A3+ . p3- 2310.8 0.3233
Ga’+ - P3- 2567.12 0.3474
[n3+.P3- 2879.71 0.3501
empirical :  Zn2+- P3- 2776.92 0.2946
Get+ - P3- 1030.93 0.4659
Zn2* - Zn2+ 2776.92 0.2946
Ge+ - Get+ 646.280 0.1996
Zn2* - Get+ 239443 0.3406
p3-. p3- 1422.15 0.4932

A
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TABLE II: Binding energies for various cation dopants in ZnGeP:.

Dopant Nature ' B.inding‘ energy”™ (eV) Rdopant **(A)
[Cuzal acceptor 0.25 1.35
[Agznl acceptor 0.17 - 1.53
[Bzs] ~ donor 036 088
[Alzs]  donor 1.05 126
[Guzn]' donor 1.40 - 126
[[nZn]' donor : 149 144
[Cuge] aceeptor 2.2 1.35
[AgGel acceptor 2.0 1.53
[BG._‘]. zxcccptdr 0.83 - .0.88
[Alge] aceeptor 0.61 1.26
(Gage] =~ acceptor 0.57 _ 1.26
(InGe) acceptor ‘ 0.56 o l44

:For Cu. Ga and In as acceptors, the experimental values®-9 are 0.30. 0. 31 and 0.40 ¢V respectively.
**The covalent radii of the host ions : Rzn: 1.31A, Rge : 1.22A. :

-
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First Principles Study of Stability, Band Structure and Optical

Properties of the ordered GeysSny ;) alloy.

Group IV semiconductor alloys have immense potential for applicaﬁions in the next geh-
eration of Si-based electronic and photonic devices. Alloys and ordered compounds of Si-Gé, ‘
Si-Sn and Ge-Sn may have particuiarly unique optoelectronic properties for applications >in.
quantum-well intersubband technology.!™. Recently Deng et al* have reported the mor-
phological evolution of an epitaxially strained Ge-Sn alloy thin film on Ge (1'00) wafers. The
surface morphology of the alloy film showed the formation of a pattern of trenches ‘and wi‘;eS
along <100> direction created by the migration of Sn islands on the growing surface. It
is sxtggested that the high-throughput fabrication of novel nanostructures can be 'made.by
forming such t.réx;che:% on epitaxially strained ;{llo_v ﬁl\izl films. |

At ambient conditions, both Ge and «-Sn crystallize in the diamond-like phase and are
immiscible in the bulk. The equilibrium solid solubility of Sn in Ge is less r.h;ml.l% whilé .
that of Ge in Sn is negligible. In spite of a large lattice mismatch of about 15% bctxivcén
Ge and a-tin, epitaxially-stabilized GeSn thin films have been successfully groxﬁx on various
substrates. For example, Hochst et al® have prepared crystalline thin films of G'el_,Sn; on
Ge(100) substrates with x=0.5. The Sn-rich alloy films, on the other hand, were grown‘6 on
InSb and InSb/GaAs substrates having excellent cryst;allinity for z < 0.90 while the Ge-ri'ch‘
alloy films were epitaxially prepared” on Ge (100) for z up to 0.24. On the theoretical
front, the nature of the band gap of these alloys have been studied® in the virtual-crystal
appfoximation. The gap is predicted to be direct for 0.3<z<0.75. For z<0.3, the films are ;
expected to exhibit indirect gap while the films with z>0.75 are expected to be metallic, as
also observed.

Calculations based on first principles methods are now routinely performed to gain an

understanding of structural and electronic properties of a wide variety of materials including
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the group IV (u.g; SiGe) f)ixl;ir}' alloy systems.™! Since a knowledge of structural, electronic -
and optical properties of GeSn alloys is critical in pronfoting the alloy thin films for device
applications, we have embarked upon a theorct_icnl study of this alvloyv sy’sterh i_lsing' sfate-of-
the-art linear combination of atomic orbitals (LCAO) method in the framex-vork of density‘
functional theory (DFT). In this paper, we present initial results on the ordered Geo,sosno.yg,o'
alloy in the zincblénde phase obtaining its equilibrium structural properties, band structure,
dielectric constant and reflectance speé‘trum. ‘

In the LCAO method a linear combination of szssiaﬁ orbitals are used to construct
a localized atomic basis from which Bloch functions are constructed by‘. a furtller.lihe'ar .
combination with plane-wave phase factors. The 'Gz_mssizm basis sets used here consist of
five s, four p and two d-type shells for Ge (i.e. a 97631/ '7631/; 6.1 :sét); and se\)e_n s, six p
and three d-type shells for Sn (i.e. 2 9763111/ 763111/ 631 set).'! o :

The total uncfgy'calculntions are pért’omm(l in the non-local density approximation to
density functional theory (referved to as GG’:‘\) with a k:qmbi'natioﬁ of Becke exchange
functional'? with the Perdew-Wang's correlation l'mktional.“’ The tol«érzui‘cc on the total
energy convergence in the iterative solution of the Kohn-Sham cql’mtioriékis set to 10“6"
Hartree and a grid of 29 k-points was used in the irreducible Brillouin Zone for inte‘gmtioﬁ |
in the reciprocal space. Under these compuhationa‘lvconditions, thé resiA(lu%'tl‘mlmerical un-
certainty in the these calculations is estimated to be about 0.01 eV per atom. The program
package CRYSTAL is used for calculations.! It has been apblied su’c‘cessfull‘y to siudy bulk
and surface propertiés of covalent materials such as Si, C, BN and GaN.!5717 '

We now proceed with the geom'etry optimization of the GeSn alloy in Ehe zincblende phase
assuming that structures and local bonding of the ofdefed alloy is similar to t’he,constituent‘
elements, namely Ge and a-Sn. The calculated potential energy surface of GeSn together
with its elemental componenﬁs Ge and o-Sn is then fitted to the Vinet equation of s’caﬂ:é_18
“to obtain the equilibrium structural parameters whicﬁ are listed in Table I. ‘The calculated
lattice constant follqws the expected trend; the GGA values are about 1.0% larger than the

corresponding experimental values for Ge and a-Sn. For the ordered alloy, calculations find
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A a(ie. agesn - (1/2) (age + asn)) to be almost zero obeyving Végards linear rule.

The calculated bulk‘modulus is 33 GPa for Geg 50Sng. s while that of Ge and @-Sn is f’l
and 12 GPa, respectively (Table [). The experimental values of the bulk modulus for Ge.and
a-Su are 77 and 42.6 GPa, respectively.!® The calculated bulk modulus of the ordered alloy
therefore appears to fall on the straight-line average of the constituent elements‘.. The cliﬁer;
ence (AB) between the alloy bulk modulus and the average value By,, (i.e. (1/2)(Bge+Bsa))
comes out to be about 1.5 GPa leading the ratio of AB/B,y, to be 3%. It is to be noted
here that various theoretical calculations reported the AB/Bgy, ratio to be about 0-2% in
SiGe.?® The bond-strength in the ordered alloy is then predicted to be stiffer than the
average of that in the elemental components.

We now calculate thev phase stability of the cubic GeSn alloy which is known to dépend ‘
on the magnitude of the EIltllilipy of formation (AH). Following the notations of Martins and
Zunger?, AH is calenlated to be negative with a value of 0.068 eV /atom at 2ct0 pressure and

temperature. [n contrast, it is interesting to note here that the LC AO-GGA caleulations
yield +0.63 and +0.01 e¢V/atom for AH in the cubic alloys of Sn with C and Si, respec tively.?!
The ml( ulated results therefore indicate the relative stability of the G(\bn alloy dgmmr
svgrogdtmn into the clemental components. Furthermore, calculations of Gll)bs free cn(‘rg,y
show the stability of the cubic phase of GeSn at pressures up to 9 GP:I at whu h one of the
alloy components, Ge undergoes a high-pressure phase transition.??

We now turn our attention to electronic properties of GeSn and display the upper valence |
and lower conduction band structure of the ordered alloy in Fig. 1. 'Accordingly, the top ‘
of the valence band consists of the triply degenerate I'is in the absencvevof the spin-drbit
interaction terms in this work. The p states of Ge and Sn forms the upper valence band
which has a width of about 6.3 eV. The s states of Ge and Sn form a band Wit;h a band-width
of 1.6 eV at about 10 eV below the top of the valence band. The Sn 4¢ band appears at
about 23 eV below the top of the valence band and is therefore least likely to influence the
states in the conduction band (Fig. 2). In the ordered alloy, dispersion of the valence band '}s

similar to that of Ge in agreement with the photoemission study.> However, its conduction
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band appears to be similar to that of n-Sn in whi(:h the minimum occurs at [. The valence
band offsets in the allox components are Ldl(.llldt()(l to be -0.31eV (Ge) and -0‘1‘7eV (Sn)
with respect to the reference energy of the top of the valence band of the cubic GeSn

‘The lowest gap between top of the valence band to boctom of the conduction band is
found to be at [ in the ordered alloy. Thus, the present DFT calculations predict the gap to
be direct with a gap value of 0.1 eV. Knowing that the DFT calculétio‘ns'u'nderestimate the
band gap relative to experiments, we now estimate the gap from the experiméntal gap values
of the alloy components. a-Sn is a zero-band gap semiconductor while Ge is an indi'rect-g;ip
semiconductor.?*! Thé minimum indirect gap in Ge is 0.78 eV asédci_ated with the [-L
transition while the minimum direct gap is 0.98 eV at T Taking the theoretical value of
the optical bowing parameter of 0.8eV at T', the direcc gap (at T) in the alloy is estimated®
to be 0.3 eV. It is to be noted here that angle-resolved ;)lxotOexyxissibxx study on Geg.aSng 52
thin films does find a narrowing of the alloy band gap with r(\.spucﬁ to the average of the gap
of its components.® |

Both valence and conduction level vnm;givs' at T, X and L k-points show a iinenr‘vm'iation
with applied prvssuro The cale ul.m‘(l pressure (.OLfﬁ(A(‘ll(’s of rlwsv lvwls listed in T«Ll)l(‘ [l
yield the cocfficient of the mmlmum energy direct gap at F to be 3. 4) X 10-* vV/Imr At
about 7 GPa, a cross-over between the condnctxon levels at T’ and X occurs resulting ivn’t.o‘ ;

the minimum-energy gap to be indirect in GeSn.

It is well known that the conduction bands are not well described by the densxty funcmonal‘
theory, though t:hei:' use in polarizability’calculations yield satisfactory values of dielectric
response functions in semiconductors.!®?? In this work, a sum over sta.t;es (SOS) method :
is used to calculate the real and imaginary parts of the poIarxzabxhty from Wthh related
functions such as the dielectric constant and energy loss function (ELF) can easily be ob-,.'b'
tained. The SOS calculations'®?® yield the value of 44.1 A® for (s‘ta.t;ic) polarizability, 19.6
for dielectric constant and 4.36 for index of refraction of the ordered alléy. At 6889 nm,

the index of refraction is calculated to be 4.44 which is very close to the Soref’s empirical

estimation! of 4;52. It is to be noted here that the calculated dielectric constant of 16.0 and’
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24.3 for G(: and a-Sn are are in very good agreement with the reported vallms""f of 16.0 and
2.8, |

The complex dielectric response function is now used to calculate the plasmon ‘energy
corresponding to the maximum of the ELF function. It i‘S_fOLlﬁd to be 16.1 eV for GeSn
and is smaller than the average of the component values of 19.3 eV and 14.7 eV for Ge
and a-Sn, respectively. Our calculated plasmon energy for Ge can be cdmpared with the
previously reported value® of about 17.5 eV where the real part of thé‘ dielectric constariﬁ'
was obtained from the imaginary one via the Kramers-Kronig relation. '_I’he reflectance,
square of the normal incidence reflectivity is determined from the diele’ctric function Via the
Fresnel equations, with respect to the incident photon energy for GeSn along with Ge and o
S;x. As expected, the reflectance behaviour of the ordered z\lloy can be approximaﬁed by the
average of the reflectance of Ge and Sn. Similarly, the mean value of the Compton prbﬁle”
(with respect to the moment value ¢ of electron.in the scattering direction) of GeSn appears
to be the average of that in the elemental components. ’

[n summary, first principles calenlations based on the density functional thm)ry find the
ordered GeSn alloy to be stable in the zineblende phase up to 9 GPa. The band gnp‘ofy
the cubic alloy is predicted to be direct. Although the bond-strength in t,h‘c ordered alloy
is found to be stiffer than the average of that in the elemental componcnts;’thc reflectance

and Compton profile of the alloy can be obtained by taking the average of their respective

values in the elemental components.
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TABLES

TABLE L. Structural properties of Geg 50Sng 50, Ge and c-Sn.

a(d) V(A3) ~ B(GPa) B'

GeSn This work (GGA) 6.20 59.38 . 53 6.9
Ge This work (GGA) 5.7 4728 7 5.1
Expt.(Ref. 24) 5.66 45.33 o -
«-Sn This .wurk (GGA) | 6.65 73.38 ' 42 5.1
Expt.(Ref. 19) 6.49 68.3-4 C 426, -

TABLE II. Electronic properties of GegsoSng.sp in the zineblende phase.

Band Gap, eV

Direct 0.1
' _ 3.1
- 1.6
Indirect Lo
_ - 0.7
Pressure Coelfficients, x 10~% eV/bar
Valence Band : s 2.40
Ns 1.13
L3 1.85
Conduction Band . r 5.85
X1 1.70
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