k Y W \YH Dl

AD-A248 570
TR ..

ELECTE 1§
APR1 519924

C

OFFICE OF NAVAL RESEARCH
FINAL REPORT

for

Contract N00014-84-K-0352
Task No. NR 616-027

Theory of semiconducting superlattices and microstructures

John D. Dow
Freimann Professor of Physics
Department of Physics
University of Notre Dame
Notre Dame, Indiana 46556

March 1, 1992

Reproduction in whole, or in part, is permit.ed for any purpose of the United
States Government,

* This docunent has been approved for public release and sale; its
distribution is unlimited.

RMATION CENTER

DEFENSE TECHNICAL INFO




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



a

N. HIS PA

REPORT DOCUMENTATION PAGE

Ta. REPORT SECURTTY. CLASSIFICATION
Unclassified

1b. RESTRICTIVE MARKINGS

3o, SECURITY CLASSIFICATION AUTHORITY

A -2b. DECLASSIFICATION / DOWNGRADING - SCHEDULE

3. DISTRlQUTIONIAYAILApILITY OF REPORT

Unlimited

1‘ _
.§ 4. PERFORMING ORGANIZATION REPORT NUMBER(S)

m
5. MONITORING ORGANIZATION REPORT NUMBER(S)

* |55, NAME OF PERFORMING ORGANIZATION ] 6b. OFFICE SYMBOL ] 73, NAME OF MONITORING ORGANIZATION
University of Notre Dame (If applicable) Office of Naval Research

Department of Physics

Resident Representative

-J 6¢. ADDRESS (City, State, and ZIP Code)

Notre Dame, Indiana 46556

7b. ADDRESS (City, State, and ZIP Code)
536 S. Clark Street Room 286

Chicago, Illinois 60605-1588

3a. NAME OF FUNDING /SPONSORING
ORGANIZATION

8b. OFFICE SYMBOL
(If applicable)

9. PROCUREMENT INSTRUMENT IDENTIFICATION .UMBER

Arlington, Virginia 22217-5000.

Office of Naval Research 1114 SC/ONR N00014-84-K-0352
8¢. ADDRESS (City, State, and 2IP Code) 10. SOURCE OF FUNDING NUMBERS —1
PROGRAM PROJE TASK WORK UNIT
800 N. Quincy Street ELEMENT No. [no ‘NO. ACCESSIONNO.

KB Tlrie (include Security Classification)

Theory of Sem:l.conductmg-Superlatt:ices and Microstructures

12. PERSONAI. AUTHOR
w, John D. )

13a. TYPE OF REPORT 13b. TIME COVERED
Final

FrOM 84-04~16 1090-09-3(
R e S,

15. PAGE COUNT

433

14. DATE OF REPCRT (Year, Month, Day}
92-03-01

16. SUPPLEMENTARY NOTATION

17. COSATI CODES

GROUP SUB-GROUP

FIELD -

theory.

18. SUSJECT TERMS (Continue ot reverse if necessary and
Semiconductor( theory, Superlattices, Deep

IV-VI compounds, PbTe, SnTe, HEMT Structures, local-density

l{ number)
-level structures

microstructures.
structures of impurities in semiconductors.

(Abstract continued on following page)

19. AZSTRACT (Continue on reverse if necessaiy and identify by block number)

This final report summarizes theoretical work on semi conducting superlattices and
A focus of the work is a fundamental understana.ng of deep-level

20. DISTRIBUTION/ AVAILABILITY OF ABSTRACT
BXuncrassirieorunumited £ SAME AS ReT.

22a. NAME OF RESPONSIBLE INDIVIDUAL

George B. Wright

DD FORM 1473, sa maR

3 o1ie useRs

83 APR edition may be used until exhausted.
All other editions are obsolete

21. ABSTRACT SECURITY CLASSIFICATION
Unclasgified

22b. TELEPHONE (include Ares Code)
703)696-4202

SECURITY CLASSIFICATION OF THIS PAGE

114 SS/ONR

MUAS Sovernment Frinting OMien: 1008-20000



ABSTRACT
19. Abstract (continued)

Probably the most striking results in this area concern IV-VI
semiconductors such as PbTe and SnTe, where we have originated the
concept of false valence: In on a Te site in SnTe is a (triple) acceptor and has
normal valence of -3 with respect to Te. But on a Te site.in PbTe, Inis a
(triple) donor with a false valence of +3 with respect to Te because an In deep
p-like one-electron level capable of trapping six electrons crosses the gap as x
decreases in Pb1.xSnxTe. This theory predicts that In is a donor in PbTe but an
acceptor in SnTe; it argues that in IV-VI semiconductors impurities often
occupy the intuitively "wrong" site or antisite; it shows that the relevant In
occupies Te sites; it explains low doping efficiencies; and it shows promise for
explaining solidus curves.

This work on InN illustrates how our theory can be useful for the
fabri.ation and doping of new electronic materials. The recent development
of high-mobility InN raises the possibility of making UV sensors and even
lasers out of this material. We have presented global predictions on the
behavior of s- and p-bonded deep levels in InN, In1.xGaxN, and In1.,A «N as a
means of guiding experiments aimed at doping these materials for use in UV
and glue-green optical devices.

This contribution to the theory of Schottky barriers by developing the
theory of defects at surfaces and at interfaces. Soon we shall pubiist. the first
theory of scanning tunneling microscope images of surface antisite defects in
GaAs. This theory shows that unless the microscope bias is szt correctly, an
antisite defect can appear to be the same as the atom it replaced! We have
also investigated the role of plastic flow in the formation of scanning
tunneling microscope tips by electrochemical etching.

This work has laid the fcundation for treating degenerate Fermi gases
in alloys, and including multi-electron relaxation effects (i.e., infrared
divergence phenomena) in evaluation of their optical properties. While this
approach has a way to go before being easily implemented for realistic medzis,
it is far ahead of its main competitor, the renormalization group method.

The electronic properties of Ge1.xSnyx have been worked out, as a
guideline for experimental groups attempting to grow these interesting N
materials. The physics of order-disorder transformaticns in metastable alloys ™~
such as (GaAs);-xGeax has been elucidated (in collaboration with K. E. g

o

Newman) and new materials, such as (InP);.xGeayx, have been predicted as
likely to have interesting infrared properties. The relationships of random
alloys with partially ordered phases (e.g., zincblende, superlattice, J\'
chalcopyrite, etc.) have been elucidated, and a basic quasi-equilibrium
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approach to understanding their electronic, vibrational, and thermodynamic

properties has been developed.

This effort has produced the first comprehensive theory of deep levels

in {001] and [111] III-V superlattices. This theory elucidated the various factors

affecting deep levels, sets forth the conditions for obtaining shallow-deep
transitions, and predicts that Si (a common donor making GaAs n-type)
becomes a deep trap in GaAs/A xGai.xAs superlattices with thin.quantum

wells. These results have bearing on HEMT structures.

We have developed the pseudo-function method of local-density
theory, including the spin-unrestricted version. We have treated the
hypothetical material MnTe with spin-unrestricted pseudo-function theory
and found an antiferromagnetic ground state and conduction bands that are
highly spin polarized. We have obtained the results of earlier theories by
restricting the amount of spin-polarization; hence we have ascribed the

differences between our results and earlier theories to inadequate basis sets of

the earlier theories. We are currently exploring applications of our methods
to other problems in magnetism, and have some optimism that our spin-

dependent pseudo-function approach may overcome the traditional problems
- of the local-density theory of magnetic systems.

The pseudo-function method is computationally fast by local-density
standards, and we have used it to determine equilibrium surface relaxations

of semiconductors by minimizing the total energies of the surfaces. We have
also looked at many possible oxygen adsorption sites on GaAs (110) to find the

ones with the lowest energy, in order to understand the oxidation process.
The pseudo-function method gives the same answers to the classic problems,
such as the bulk modulus of Si, as the other successful implementations of

local density theory.
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THEORY OF SEMICONDUCTING SUPERLATTICES AND MICROSTRUCTURES

John D. Dow
Department of Physics
University of Notre Dame
Notre Dame, Indiana 46556

A. Impurity levels in bulk materials

One of the long-term interests of our group has been to understand
the deep 1level structures of impurities in semiconductors. We have
continued working in this area because the problems are interesting and
challenging, while often being well-suited to training graduate students.

1. IV-VI semiconductors

Probably the most striking results in this area concern 1IV-VI
semiconductors such as PbTe and SnTe, where we have originated the
concept of false valence: In on a Te site in SnTe is a (triple) acceptor
and has normal valence of -3 with respect to Te. But on a Te site in
PbTe, In is a (triple) donor with a false valence of +3 with respect to
Te because an In deep p-like one-electron level capable of trapping six
electrons crosses the gap as x decreases in Pby_.Sn Te. This theory
predicts that In is a donor in PbTe but an acceptor in SnTe; it argues
that in IV-VI semiconductors impurities often occupy the intuitively
"wrong"” site or antisite; it shows that the relevant In occupies Te
sites; it explains low doping efficiencies; and it shows promise for
explaining solidus curves.

2. InN-related materials

Our work on InN illustrates how our theory can be useful for the
fabrication and doping of new electronic materials. The recent
development of high-mobility InN raises the possibility of making UV
sensors and even lasers out of this material. We have presented global
predictions on the behavior of s- and p-bonded deep levels in InN,
Iny ,Ga,N, and In) ALN as a means of guiding experiments aimed at
doping these materials for use in UV and blue-green optical devices.

3. Charge-state splittings and meso-bonding molecular defects

It has been our position for years that large self-consistent
pseudopotential calculations of deep levels are rarely necessary for
substitutional s- and p-bonded impurities in Si and III-V semiconductors.
This position, although opposed by significant segments of the
theoretical ohysics community, has been vindicated by our self-consistent
calculations for S in Si.

A controversy about the character of the S, substitutional molecular
defect in Si has been resolved in favor of a meso-bonding picture, based
on our self-consistent calculations of the charge-state splittings and
hyperfine tensor in this system.

4. Effects of hydrostatic pressure and uniaxial stress on deep levels




page 3

We have shown that if both the energy of a deep level &nd its
(hydrostatic or uniaxial) pressure dependence are known, one can aimost
uniquely determine <the substitutional defect responsible. The
determination is often not unique, but reduces the candidate s- and p-
bonded impurities to only a few.

B. Surface defects

We have contributed to the theory of Schottky barriers by developing
the theory of defects at surfaces and at interfaces. Soon we shall
publish the first theory of scanning tunneling microscope images of
surface antisite defects in GaAs., This theory shows that unless the
microscope bias is set correctly, an antisite defect can appear to be the
same as the atom it replaced! We have also investigated the role of
plastic flow in the formation of scanning tunneling microscope tips by
electrochemical etching. '

C. Pseudo-function local-density theory

We have developed the pseudo-function method of local-density
theory, including the spin-unrestricted version, We have treated the
hypothetical material MnTe with spin-unrestricted pseudofunction theory
and found an antiferromagnetic ground state and conduction bands that are
highly spin polarized. We have obtained the results of earlier theories
by restricting the amount of spin-polarization; hence we have ascribed
the differences between our results and earlier theories to inadequate
basis sets of the earlier theories, We are currently exploring
applications of our methods to other problems in magnetism, and have some
optimism that our spin-dependent pseudo-function approach may overcome
the traditional problems of the local-density theory of magnetic systems.

The pseudo-function method is computationally fast by local-density
standards, and we have used it to determine equilibrium surface
relaxations of semiconductors by minimizing the total energies of the
surfaces. We have also looked at many possible oxygen adsorption sites on
GaAs (110) to find the ones with the lowest energy, in order to
understand the oxidation process. The pseudo-function method gives the
same answers to the classic problems, such as the bulk modulus of Si, as
the other successful implementations of local density theory.

D. Phonons in alloys

We have developed the theory of phonons in alloys and shown how to
treat correlated alloys by combining Ising Monte Carlo and Recursion
methods.

E. Heavily doped semiconductor alloys

We have laid the foundation for treating degenerate Fermi gases in
alloys, and including multi-electron relaxation effects (i.e., infrared
divergence phenomena) in evaluation of their optical properties. While
our approach has a way to go before being easily implemented for
realistic models, it is far ahead of {ts main competitor, the
renormalization group method.
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F. Metastable alloys

The electronic properties of Gey_ Snx'have been worked out, as a
guideline for experimental groups attempting to grow these interesting
materials. The physics of order-disorder transformations in metastable
alloys such as (GaAs)l_xGezx has been elucidated (in éollaboration with
K. E. Newman) and new materials, such as (InP)l_xGeZX, have been
predicted as 1likely to have interesting infrared properties. The
relationships of random alloys with partially ordered phases (e.g.,
zincblende, superlattice, chalcopyrite, etc.) have been elucidated, and a
basic quasi-equilibrium approach to understanding their electronic,
vibrational, and thermodynamic properties has been developed.

G. Special points for superlattices

We have worked out the special points (for E-space sums) for [001)
and [111] superlattices, and have shown that by taking advantage of
hidden symmetries for certain superlattice period-ratios the number of
special points 1s comparable with the number needed to obtain
corresponding accuracy for bulk zincblende.

H. Structure-modulated superlattices

We have originated (we believe) the concept of a superlattice whose
adjacent layers are the same material but with different structures, and
contrasted this type of superlattice witn conventional composition-
modulated superlattices. An example is a zincblende/wurtzite
superlattice which is lattice-matched, yet has very interesting topology.
We have calculated the electronic structures and deep levels in some such
superlattices.

I. Fanipi doping superlattices

We have developed the concept of false-valence doping nipi
superlattices. Such a superlattice could be formed by uniformly doping
PbTe/SnTe superlattices with In. The In is a donor in PbTe because of a
false valence. It is an acceptor in SnTe because of normal valence.
(The relevant In occupies a Te site.)

J. Deep levels in [001] and {111} superlattices

We have produced the first comprehensive theory of deep levels in
[001] and [111] III-V superlattices. This theory elucidates the various
factors affecting deep levels, sets forth the conditions for obtaining
shallow-deep transitions, and predicts that Si (a common donor making
GaAs n-type) becomes a deep trap in GaAs/Al,Ga; ,As superlattices with
thin quantum wells. Thus the common n-type ﬁopant becomes a deep trap in
ultra-small devices! These results have bearing on HEMT structures.

K. Effects of band offsets and applied pressure on deep levels in superlattices

Since band offsets are generally poorly known, except for
GaAs/Al,Ga)_,As superlattices, we have explored the dependences of deep
level energies on the offsets -- and found them to be small. We have also

studied the pressure dependences of the electronic structures of and deep
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levels in superlattices.

L. Strain-induced Type II - Type I transitions in ZnSe/ZnTe

We have shown that by suitably choosing the periods of ZnSe and ZnTe
in a ZnSe/ZnTe superlattice to obtain appropriate strain fields, it is
possible to drive the structure from Type II to Type I. This raises the
possibility of fabricating blue-green lasers from such superlattices --
if the doping problem can be solved.

M. Si-based luminescence

We have shown that with novel combinations of superlattice growth
direction (such as [111]), band-folding, superlattice periods, and
uniaxial stress, it is aiways possible to drive a Si/Ge superlattice
direct and make it capable of emitting luminescence. We have also
calculated dieiectric functions of such microstructures to predict the
luminescent intensities.
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DEPENDENCE OF THE GaAs (110) SURFACE ELECTRONIC STATE
DISPERSION CURVES ON THE SURFACE RFELAXATION ANGLE

David V. Froelich, Mary £, Lapeyre, and John D. Dow
Department of Physics, University of Notre Dame
Notre Dame, Indiana "46556
and
Roland E, Allen
Department of Physics, Texas A&M University
College Station, Texas 77843

(Received 16 July 1984)

The surface state dispersion curves E(K) of the dangling bond states
near the fundamental bhand gap, c3 and Ag, are computed for both the
established 6327° model and the recently rroposed 837¢ model of the
(110) surface relaxation of GaAs, where § {s the surface bond rotation
angle., The two models produce surface state dispersion curves that are
similar to one another and to the data.

Until recently it was thought chat the experimental features (7) (Fig.!). However, we
geometrical structure of the (110) surface »f now find qualitatively similar dispersion
GaAs was one of the few semiconductor surface relations E(K) for the relevant surface states,
structures that was established. The accepted for 6=0°, 9=7%, 14° and 27° (Fig. 1), Since the
nodel was the 27° rotation model [1,2): To a theory {s only accurate to several senths of an
good approximation, the anions rotate rigidly eV i8] wuear the wvalence band maximum, the
out of the surface through an angle of 83279, theoretical surface state dispersion curves do
This model was established as a result of not provide  =neans for discriminating with
careful analyses of low-energy electron confidence arong the relaxation models. The
diffraction  (LEED) data, and, in addition, theory does predict that surface states do fall
provided a way out of a theorerticail dilenma: in the fundanental band gap for cthe 7° model [1)
calcoulations of Gads  surface states for (Fig. 2 (9] and Ref. [10]): 0,1 eV below the
unrelaxed surfaces, 3$=0°, produced surface conduction band edge and 0,1 eV ahove the
states in the fundamental band giap (contrary to valence band maximuym -~ but these c¢nergies are
data) that receded into the valence and too small in comparison with the several tenths
conduction hanls when the 527" relaxation was of an eV theoretfsal uncertainty to be
accountad for {3]. convincing proof of cthe 27% model over the 7°

Recently, however, Gihson and co-workers [4} model.,
have suggested that 937° may be a more Hence we conclude that the agreement bhetween
appropriate relaxation angle, based on analvses photoenission data and the theory does not
of Rutherford back-scattetring (RBS) cata. Duke provide strong evidence for or against either
and co-workers have also presented analyses of the 9%7° model or the 5=27° model, The
LRED data that {ndicate cthat a 7° rotation, established 6=27° model should bhe retafner until
vwhile not prefecrred, is acceptable |[5]. Gibson more coynclusive experimensal evidence against it
et al, have stated, however, that their data is prevented.
night be consiscent with the 9:27° nodel, F{nallv, as we have been completing this
orovided one allows for anomalously large manuscript, we have veceived a preprint from
surface phonon anmplituvdes, Maflhiot, Duke and Chang (11}, who have

With LEED and R8S analyses producing ambiguous independently been studying this problem using
interpretations of the data, we thought it mipht the same Hamiltoniarn and comdparahly accurate
be useful to deternine if the neasured surface thearetical techniques, They have [ und similar
state dispersion curves £(X) [6], when compared results; however they interpret their results as
~ith theoretical predictions, preferred either providine stronger support for the 9327% model.

the 6272 nodel or the 9=27° codel, Previous
calculations of ¥(R), assuning the 9227° nodel,

were in sufficiently good agreement with the Acknowledzments == We are grateful to the U.S,
data to afford evplanationg of the principal Army  Research Office ond the Office of Naval

Research for their support (Conzract  Nos.
1982 PACS Number: 68.20.+t; 73,20.-v DAAC-29-83-K~-0122 and N00O0:i~82-1-0447),
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Energy (eV)

fig., 1. Calculated surface state dispersion
curves in the gap (solid lines) and resonant
with the bulk bands (dotted lines), assuming a
surface bond rotation angle of 8=0°, 7°, 14°,
and 27° for the dangling bond (110) surface
states Cy and Ag of GaAs. Heavy solid lines
represent the bulk band edges; the dashed line
denotes the daza of A, Huijser, J. van Laar and
T. L, van Rooy, Phys. Lett. 65A, 337 (1978) and

1l

M X
Surface Wave-Vector X

C. P. Williams, R. J. Smith and G. J. Lapevre,
J. Vac. Sei. Technol. 15, 1249 (1978). The ¢4
state is not shown for 8=14°, because this state
lies too close to the 0=7° and 27° states., The
27° results are the same as those of Ref, [7].
The absolute uncertainty in the theoretical
predictions is shown by the error bar at 7
centered on the data,

> Cs
Q
- 1.0k i
>
o 0.5} -
e
L N\‘\\fiiz~____~\
0.0 - E,
[l 1
o’ 9° 18° 27°

Fig. 2. Calculated energies of the dargling bond
(110) surface states of GaAs (solid lines for
Yound states, dotted lines for resonances) ut T
{9], as functions of the surface bYond rotation

angle, The results for the C, state are fronm
Ref. [10]. E, and E, are the valence and
conduction band edges, genoted by heavy solid
lines.
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The orthogonalized plane wuve band scructures of GeTe, 3nTe, PhTe, ?bSe,

and  PbS ave iz wizth a neavesc-neighbor, 18-orbital sp°d®, relaciviscic

tight-binding model zhat exhibizs chiaical

tvends. The band gaps of

Pby (S Te, Sy Ge. Te, and Gey .Ph.Te alloys ave prdicted as funceions

of compositions %, V', and z.
substantial 2
axhibic a Dimmock reversal.

1. Introducsion

The rocksalz-szruczure IV.VI  semiconcuctor
compounds, such as PbTe, SnTe, GeTe, PbSe, and
355 all have small band gaps, hnigh dielectric
constants, Inceresting defac: levels, and a
variesy of wvery anusual thermodynanic,
vibrational, electronin, and {nfrared propercies
J1). Explofcazion of chese properzies for che
fabricatlien af technologically  importanc
spto-siecivenic devices has  been  parsially
{zpedad by an incomplete underssanding of the
incrinsic and extrinsic eiecivonic stazes of
shase materiasls. The 1IV-VI's R=ave acsracted
celasively lissle theoretical aszenzion,
nowever, because thelr elscoronic band
structures  are  complicated,  having large
velazivistic splizcings, At fizst glance, i:
rau}d appear that the eleccyonic states of bulk
cefecss or surfaces of thess naterials can be

sndersiood only {f one exscuzes a very ceéious,
selasivistic cheory,
In his paper, we show chat che appazently

somplicased energy bands of zhe IV.VI cerpounds
¢an be paranezerized by a sizple neavest-

‘a) Permanent address: Deparsmen: of Elecsrical
and  Computer Engineering, CUnlversisr of
fotre Dame, Notre Dame, Indiana 46555,

3) Perzanent address: Deparimens of CozpuZor
Sciance, Western Illinois University,
Macozd, Illinois 61435.

@) Present address: Theodore Associates. Inc.,
10530 Streamview Court, 2otomac, Marvland
20854,

2ACS Nutder: 71.25.7Tn

0749-5036/86,050391 + 09 $02.00 0

foving of che gap
for Gey ,Pb.Te, and either Snl.?ccyrc or Gey .?b.Te should

ts expected to he

neighbor tight-binding model Hamilzonian. The
paranmeters of thls model exhibic chemical crends
and can be used to predicc che electronic
structures of alloys such as  Pby . Sn.Te.
Morsover, ctheories of defect energy levels and
surface states {n IV.-Vl's can be coi.tructed
us{ing chis sirple Hamiltonian, as we shall
demonstrace in sudsequent work.

2, Tighc-binding theory

The relacivistic Hualltonian that produces che
energy band ssructures has the form {2}

e (p2/2m) + Ve Hyy

+ h2v2V/Bm:c2 . p“/h}c2
(1)
vhere V is che crystal potancial, che spin orbic
{nteraction {s

Heo
and the remaining terms are zhe Darwin cerms and
the velativistic zass correczion term {3].

Employing the ideas of Slater and Hoster |[4],
Harvisea [5), Chadl [6], and Vogl et al. {7}, we
construc: the nearest-neighbor ctighc-binding
Hamilzonian:

- - 2.9
© Foe(Wxp)/enc®,

Hp = 37 4.1 (18,8008 ,<a,i.0.K]
. |c.t.a.in)Ei_c<c.£.a.§+3|)
A 3§.§0.,.L'J lli.i.o.§>vi.5<c.j,o.ﬁ'vﬁl

+ hoe.} + Hy,
(<)

€ 1986 Academc Press Inc. (London; Limited
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TABLE 1. Nearest-neighbor cight-binding parameters of GeTe,
$nTe, PbTe, PbSe, and PbS, as fit to the band structure of Herman
et al. [9), in eV. The column labelled GeTe* refers ¢o
Dimmock-reversed GCeTe vith the valence (conduction) band extremum
at L (L) V4,dee Va,50 and Vg 4 are taken to be zero.

GaTe GeTer SnTe PbTe PbSe PbS
Eyc  c7.847  -7.992  .6.578  -7.612  -7.0010  -6.546
E,. 1097 -10.855 .12.067 -11.002 -13.742 -13.827
Epc 1,456 ..657  1.659  3.195  4.201  3.486
Epa 0.666 0,250  -0.167  -0.237  -1.47%8  -1.153
Eq.c 9.08 9.08 8.38 7.73 8.72 9.27
Eq,a  25.85 2675 7.73 7.73 1195 10,38
A 0.505  0.577 0,592  1.500  1.693  1.559
A 0.647  0.351 0.5  0.428  0.121  -0.211
Vg,s  °0.617  -0.631  -0.510  -0.474  -0.402  -0.364
Ve.p 0.877  0.788  0.99  0.705  0.929  0.936
Vs 0.790  0.876  -0.198  0.633  0.159  0.186
Vo.p 2,189 2.181 2,218 2.066 1,920 2,073
Vp,pr  -0.678  -0.498  .0.446  -0.430  -0.356  -7.281

‘P-d -1.14 +1.65 +1.11 -1.29 -1.590 -1.142
vp.dn 1.56 1.78 0.624 0.835 1,45 1.16
vd,p -1.55 -1.50 -1.67 -1.39 -1.09 -1.54

v 0.97¢ 0.742 0.766 0.531 0.0497 0.517

. px
Vd.d 3.7 «3.87 «1.72 -1.35 -1.90 -1.67
Vd.d‘ 0.887 0.892 0.618 0.668 0.692 0.659

Table II. Experimental values of the fundamental gap for GeTe,
SnTe, P5Te, PbSe, and TIbS wused in fitting the tight-binding
paraneters of Table I (in eV).

GeTe Snle PbTe PbSe Pbs

£ 0.2% 0.3b 0.186°  0.165¢  0.286°

gap
{a) L. Esaki, J. Phys. Soc. Japan, 1966, 21, 589 [Kyoto Conference
Supplement), measuremenz: at 4.2°K,

{b] Ref. [10], measurenents at &.29.

[c] Ref. [10}, measuremenzs at 129K,

{d}) D. L. ¥itcheldl, E. D. Palik, and J. N. 2emel, Pro:c. Seventh
In:6 Conf. Phys. Semicond., 1964, p. 325 (1964), measurezints at
4.2°%,
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Fig. 1. The energy baud structure in eV of
PbTe, published by Her=man et al. {9] (dashed) in
comparison with the pres:nc work (solid). Note

where h.c. means Hermitian conjugate, R are the
rock-salt lattice positions of the anion, { and
J are the basis orbitals for the cacion and
anion respectively, ¢ is the spin (up or dowm),
4 and ¢ refer to the anion and cation
respectively, and I {s cthe position of the
cation relative to the anion in the R-th cell; d
= (21/2)(1,0,0). The spin-orbit Hamiltonian s

Hyo = TR,0.0¢,4 [lcit,0, 00 L 0G e l 0 R])
* R0.0,j [I"j'°'§>\l£a';a<.'1'a"Ezgi

We use nine orbicals per atom in our basis,
each with up and down spin: s, Px+ Py Pa
42,42, d3:2..2, dyu, dyoy .. Because of che
impo¥:anco of tne & bands nes® the bottom of iie
conduction band at the X point we found it
necessary to I{nclude all five d bands in che
model. This approach is to be preferrec over
that of Robertson (8), which included ouly two
of the five d orbitals. Ve did neglect (i) the
somevhac smaller couplings V, betveen the s
states and the d scates and (f?) V4 dge  Che
z-type bYonding betveen d staces. )

The resulting 36x36 Hamiltonian macrix {s
given in Appendix A.

thac the zero of energy is the valence band
maximua and that the fundamental band gap {s ac
L.

3. Determinaction of the empirical
Hamilzonian macrix eleaents

The paransters of this model sre listed in
Table I. They wvere obcained by ficcing the
eigenvalues of the matrix to the energy bands
published by Herman et al. [9]) (See Flg. 1).
Analytic expressions for che eigenvalues ac high
symmetry points were used to make an initial
guess for the paranmeters. Then a leasc-squares
fit of the paranecers to the calculated energy.
bandz was performed, The symmecry of the states
on either side of the fundamental gap vas also
included in the fitting procedure. This {s
necersary to assure the Dimmock reversal (10] ¢
the ovdering of bands that occurs in Pb . Sn.Te
betwesn PbTe (with a conduction band minimum ag
L6' and valence dand maximum ac Ls‘) and Snle
(vith the opposite ordering). The enevgy bands
vere £it to che values obtained by Herman ec al.
for wavevectors at the I', X, and L points of the
3rillouin =cne; but Herman's conduction band
enevgies ac L were all shifted by the sarme small
amouns {n order o guarantee At e
fundamencal band zip agreed with experimens. The
resulting band structures are displayed in Figs.
1-5. The fit of cthe band structure of GeTe
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Scaling Relation for s - Lesels

”

]
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2 .
@ aubk  GeTeo ® PbTe 4
=

" o 4 1 * ’

0.0 RX ] 6.0 9.0 12.0 180

Atomie s Energy Difference (eV)

Fig. 6. The s.orbital energy differences in
the solid, (7able 1) versus the s-orbital energy
differsnces in the atom [7].

assumes a PbTe-like ordering of the conduction
and valence bands: L. above Lg+. The
possibility exists, however, that GeTe's band
structure {s Dimmock-reversed, as SnTe’'s is,

with Ls* being the conduction band minimum, We
denote Timmock-reversed GeTe by GeTe*, and
obtain for it che slightly differvent matrix
elements lisced in Teble I.

For the paramatezs of the model, the
differarces in the diagonal matrix elements
Ee .°F and £ .-E. ., are approximately
pgégorgiSnal to :giccogi:sponding differences of
atopic energies. The Vogl constant of
proportionality B (7] is about 0.65 for the
s-state and 0.9 for the p-state. (See TFigs. 6
and 7.) These proportionalicies or scaling rules
for the matrix elements of the empalicnl
Hamilionian allow the theory to male sensible
predicrions of chemical trends for intrinsic and
extrinsic electronic states of different IV.VI
semiconductors,

4, Applicatior to Alloys
In chis section we apply the
Pby . (Sm,Te.  Smy GeyTe, and Gey ,Pb.Te alloys

and compute :hc'allo} band gaps as functions of
the composizions X, y, and 2, using the virtual

theory to

crystal approximation. These raterials are
substizutional alloys miscible for all
cozpositions,

Pbl,xSnxTe is an interesting alloy because the
band gap” of SaTe is “inverted" in comparison

Superlattices and Microstrutures, Vol. 2, No. 5, 1986

Sculing Relution for p - Levels
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Atomic p Energy Difference (eV)

Fig. 7. The p-orbital energy differences in
the solid, (Table 1) versus the p-orbital energy
differences in the atom {7).

with the gap of PbTe: the fundamental band gap
occurs with the conduction band minimun being
the L6+ point of the band structure, rather than
at the the L.° point. This phenomenon was
elucidated by Dimmock et al. [10] several vears
ago, who pointed out that a level-crossing
phesomenon occurs with increasing X as :he
band-gap of Pby ,.Sn.Te decreases and attempis o
become negative. We calculate that the 3ap
vanishes at x#0.35, in good arreement with the
expsrimental value,

As a function of alloy composition, this
Dimmock raversal in Pby .Sn.Te must undo itsel!
in either sy, ccch or col,zrbzr.. Ve predict
that the sccgnd Dimmock <reversal must occur
either near y e« 0.6 in 5ny  GeJl¢ or neir
z = 0.3 in Gey .Pb.Te. In the *o:ber case, GeTe
mast have the same ordering of L, bands as PbTe,

wvhereas in the latter case, Cea7Te has the
SnTe-like GeTe* electronic structure. (See ig.
8.) The calculacions also indicite that one

should enpect consideradle bowing in  che
fundamental band gap versus alloy composizion
for Gey ,Pb,Te, in contrast to the lincar
xedependence of <ctht gap for Pby, SnTe. Tnis
striking prediction of the calculasions is in
qualitative agresment with the measurerents of
Kikolic (11,12},

We compute the fundamental band gaps of alloyvs
such as  Pby . SnTe by ciagonalizing :the
vir:ual-czys:a} “(13) empirical cight-nindis,
Hamilsonian. The covalent racdii of P and &
differ by so lictle (~ 4%) and all of the
Hamiltonian macrix elements of ?bTe and SnTe are
sufficiently similar cthat a wvirzual erys:al
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Fundamental Gap vs. Alloy Composition
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Fig. 8. The calculate? band gaps and LG* and 2. The zaro of energy is the Lé’ hand extremun.
Lg® band edges of Pby . Sn,Te, Snl_.ceyre. and The hacched avea is the 3ap. (a) Tor ordinary
Gey ,?b,Te versus alloy compositions %. ¥y, and GaTe; (b) Iov Dimmock-reversed GeTe¥ (see text).

approximacion to the matrix elements of adequate for raproducing chemical ctrends,
Pby_Sn.Te {s appropriate for states ncar the including cthe D2Jimmock band veversal pheanomenon
fundamenzal band  gap  {i3}: che diagonal in Pby . Sn.Te. Therefore, {t should vprovide a
Hamiltonian macrix elements of Pby (Sn.Te are satisfacsory scarsing point for pencrai theories

(1-x) cimes the PbTe elements plus x times the of localized electronic szates i, chese
SnTe macrix elements [l4]. The off-diagonal wary small band-gap materials, such as “deep

mairix elements, mulciplied by che squave of the traps” {15} or surface scates., Subsequent work
lattice constant [5), are similarly averaged, will use <chis Hamiltonian co ssudy a wide
using Vegard's Law for the lattice conscang. The variety of problems involving localized
band edges of Fig. 8 wera eigonvalues obtained elencronic scates {n IV-V! semiconduccors.

by dlagonalizing this Hamiltonian for a
wavevector at the L.point of the 3ril}louin zons.
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APPENDIX A: The 36x36 Hamiltonian matrix

The basis set for the 36x36 Hamiltonian is:

Is,e 1>, [s,c,i>, [s.a,1>, |[s,a,8>, |pg.c,1>,
Ipy.cit>, IPze€ 12, Ipyic, i, 1Pyec, 8>,
Ioncv‘>o - lpx'a">' IPy-l.7>a lp:lav’>o
Ipy 204>, lpy,a.&>, Ips.2,3>, {dy,e, 1>,
letcv’>c |d3-cvt>- |d4.¢.1>, 'ds,c,?>,
'd10c0‘>| Idzacl‘>. Id3-cr‘>o ldé.c.1>.
lds,c.l>. |c:.a.t>. |d2.a,t>. |d3,a,t>.
1d;.a,1>, lds.a,1>, 1dy.a,4>, Idy.a, 4>,

[dy.8,3>, |dg,a,4>, and |dg,a,:>,

vhere we have dy = d,.? .2, dy = dq,2 7, da=d,
Roey ¢ U2 32 . V3%
da-dyz, and ds- Ty
The Hamiltonian can be written in block forn
as follows (only the lower triangular part of
cthe Hamiltonian is given since it is Hermitian):

H s ?
Hpc.s Hpc.pc

Hpa.s Hpa.pc Hpa.pa

0 0 Hdc.pa adc.dc

_0 Hda.pc 0 Hda.dc Hda.da-

He ¢ is a Heymitian 4x4 matrix vhich connects
s-states to s-states:

E

s,.c
0 Es ¢
He s ® So¥ss O Es.a
0 goVs,s © Es.a
and Hpc.s can be wricten as:
o]
B -
pc.s Lo Hy -
where we have
'251\,‘,.5 0
Hy = -2g2Vp.s 0

L .253"P-5 0
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and -
0 -Zglvp's

Hy = 0 “282V,s

Ky -283Vp 5
Hpa.s can be written as:

_H 0-
Hpn.s = }

LHA 0_

vhere we have

™ .Zglvs.p 0
Hy = '282Vs.p 0
- '253Vs.p o
and
0 ’251vs.p
H, = 0 -Zgzvs.p
L0 ‘2g3Vsp
Hpc.p is a 6x6 Hermitian matrix with all the
dlagonaf. elements equal to E Its other

NN
non-zaro matrix elements in the gowe: triangular
region are:

<pyiCit| H fp,ic 1> = i 2./2,
<p:,c.$| H [PyiCet> = Ac/2.
<pgicid| H Ipy.c,1> = 1 2./2,
<px-c-‘| H lpzncl?> - 'xclzo
<py.c.&| H [pg.c,t> = -iAC/Z.
and'

<Py.Citl B Ipgicid> = -1./2.

Hpa.pa is a 6x6 Hermitian matriyx of the same
forn as Hpc pe’ but with the diagonal elements
equal to E a'and the other non-zero elements as
above with"i, replaced with A,.

Hpa.pc is a diagonal 6x6 matrix with,

<px.a.1| H |px.c.t> - vx.x

<pyea.1| H [p,,c. 1> =V y

<pz.a t] B fpy.c,t> = V2T

<Pysdd] H IPeCid> @ VT

<p%,a.$| H |pf.c.z> - vt';

<p=n‘i‘l H lp:lc"> - vi::

and
L ZSAVp.p + 2(ggteg) Vp'pﬂ

vy.y' 255vp'p + 2(gy+8g) VP-P"

V2.2" 286Vp.p * 2(84785) Vp px

Hda.pc can be written in block form as:
" Hg 0
da,pe *

.0 Hy |




-
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where Hy is the 5x3 matzix:

—-3351V,.d R .
51Yp.4 82¥p.d 28575 4
28275 dn -281¥; dn 0
0 -283%5 dn _zszv?'dg

_'283Vp.dx 0 .251\;?'“-J

VP?d: P:Pi:c:ﬁ ;;ev:a:eaggr?d :f: wizh v, 4 and

Hyg ge 1s a 10x10 maczix with only four

non-zero off-diagonal elements. The diasgonal

elenents are:

<dy.a,t| # ldy.e, 1> = <dy.a, ¢ H |4y,e,3>
- 3/2 (55+55)vd,d - (256+5A/2+55/2)Vd_d8
<d2.a,f| H |d2,c.r> - <d2,a.3| K |d2.c.x>
= 3/2 (8,+85) Vg, as* (28+5a/2+85/2)Vy 4
<d3.a.f| H |d3.c,t> - <d3,a.3| Ed |d3.c.8>
= 2 (54*85) V4 dr * 2 85 V.45
<dj.a,t] H |dg,c, 1> = <dy,a,4] H |d,,c.8>
= 2 (35%8¢) Va,dn * 2 84 Va6

<ds5,a,t] H |dg,c.1> = <dg.a,t| ¥ ]ds.c.>

= 2 (54*86) Vo ar * 2 85 Vo a5

The non-zero ofi-diagonal elemenss are all
aqual:

<dy.a, | H [dgie,t> = <dg,ait] H [dy.e,t>
“ <Qyiail H [dg.cid> = <dgia, il H [dy.¢,8>

« (J3)/2 (85-84) (Ygq - Va q5?

wnase wa have

(%) - 2{cos(kyap/2)#cos (k,a, /2 +cos (53, /2) ],

('
P
~
Y
~
1

{ sin(kxaLIZ).

g
~
~
74
~
[}

i sin(kvaL/2).

i~
w
~
)
~
L}

{ sin(kzaL/Z).

&
&
~
=~
-
[}

cos(kxaL/Z).

439
(L) - cos(< a./2).
and
5g(K) = cos(i,ar/2).
The paramecers I . and V correspond

to cthe integrais (ssa)l. %spa)l. (pda)l in Ref.
{a}.

Hy o and Hy 4 are both 10x10 diagonal rmactrices
whose elemen.s are Ed c and E E4,a respectively.
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The doping characters- of vacanciws, the existence of  impurity
resonances, Fermi-level saturation and de.saruration, the Sensitivity of
the resonances to host chemistry, the behavior of In.as both a donor and
an acceptor in Pb‘.xSnxTe. and vhe occurrence of other apparently
anomalous-valencesfo}:imputities in 1V-V] -semiconductors are shown to Ye
simple and direct conséquences of a covalenr lefect theori, with. several

of the important defecte necessarily assigned to "incorrect" or Mansi"
sites.

In this paper we present a simple chemical othe¥ Column-I1I1 impurifies), can be donors in
theory of s5- and p:bonded substitutional point PbTe but acceptors in SnTe {1,4}: (vi) Suggests
defects in PbTe and by . Sn.Te which: (i) that antisite defects and {mpurities on the
Corroborates experimenzal éviéenco [1] and the “incorvect” sife are common: and (vii) Shows why
predictions of Prarc and Pavada [2] (confirmed PbTe, with its large dielectric constant (that
by Hemstreet {31) that cation vacancies ave should almost fuliy screen Coulomb effects)
double acceptors while anion wvacancies ave nevertheless apvears to support different, lonic
double donors; (ii) Naturally produces resonant valence statgs of Pb: divaient Pb * and

defect levels near the fundamental band gap retravalent Pb™Y.
(“neavrby vresonances") that can limit, pin, or The central idea of the theory is that s- and
saturate the bulk Fermi energy so that iucroeased p-bonded defects each produce one s-like and
doping hevond a critical value does not normaliy three p-iike "decp” levels wich encrgies in the
increase the Fermi energy (Experimentally this vicinity of the £fundamental band zap. These
Fermi-leval saturatfion has been inferred from lewals ave absent in  the conventional
"saturation anomalles” in the Hall coefficient, effactive-mass picture of impurity levels,
the Shubnikov de Haas effect, and many other Consider a Cd impurity on a Pb site in PhTe. One
effocts {1,4].): (iii) Also predicts resonant can imagine creating this impurity in threc
levels  further away from the gap., termed steps: (1) add two holes to PbTe, to account for
“distant resonances” (¢.~., associated with the difference in the number of valence
Cotumn-1 or VIl impurities [!,4]) that can electrons between Cd and Pb; (ii) add two
de-saturate the Fermi level and overcome the negative nuclear charges to the Pb nucleus on
saturation anonmalies {as observed in In/1- and the imputicy site, again to account for the
Ti/Ra-doped PbTe {1.4,5]): (iv) Explains why valence difference, and (iii) adjust the
defects in different hosts have quite different potential in the impurity central-cell, so that
Fermi-level saturation energies [l.4}; (v) the Cd potential, not the Pb potential, is
Explains why some impurities, such as In (or present at the impurity site. (That is, turn on
the *“defect potential™ which vepresents che
dif{ference between the potentia.s «f €d and Pb.)
(3) pormanent addvess: Department of FElectrical The fivst two steps ave imples- 2d in an
and  Computer Enginveering, University of ovdinary effective-mass theory or  shallow
tiotre Dame, Notre Dame, Indiana 46556. impurizy levels {6}, and do not pruduce strong
(®) permanent address: Department of Computer impurity resonance levels. The thivd step. i.e.,
Science, Western  Illinois  Uaniversity, the intvoauction of the central-cell .efect
Macorh, Illinois 61455, potential, has two effects (a) a slight shift
(¢) Present address: Theodore Associates, Inc.. of the shallow {impuricy levels tine shift is
10510 Streamview Court, Potomac, Maryland siwall because very little of the :ivctive-.mass
20854 wave-function lics within the central-celly, and
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(b) the produétion of s- and p-like “deep”
‘levels (oftén resonant) .associatéd with the
perturbed chémical ''s>nds between the {mpuricty
and the host. ‘Most efféctive-mass theories do
not include cthe effect (b). In IV.VI
semiconductors the sgatic dielectric constants
are very large (¢ = 107 in PbTe (1)), and s0 all
of the Coulomb-effects are almost. fully. scréened
and negligible. Hence the dominant impurity
effect in IV:Vl's is the production.of efiergy
levels associated with :the perturbed bonds.
Because the fundamental band gaps of IV-VI
semicondictors are so s$mall, most of those
energy levels 1ie .outside the '3ap and are
resonant -witl: either _the valence of the
conduction band .. .levels we. term "deep,"
because they are due to- the central-cell
‘potential (7,8]).

To:. understand tlie physics .of these deep
levels, -consider fifst neutral defects{9] on
the anion site of PbTe (Fig. 1). ‘Begin with the
-simplest deféct, Te, that is; no deféct at all.

TINIRLS
‘°??s?f?9?f&°
-~
oSk 3
.% = J
:L N Bt 3 7 Trgeet A Co
F 00— — =
0.5 - 2
: . 9000 0000- 04000
00— 00— 00— 00—
00 00 00 00 00~ 00 = — 00~ 00—
Y, Rb Cd In sn Sb Te 1 Xe
0 I I umiIv v vivil v
Fig. 1. Predicted energy levels and their
electronic occupancies for neutral anion-site
RbsRow substitutional defects in PbTe. A

the anion vacancy, which can be thought
the Period

denotes
of as originating from Column-0 of

Table. The Columns of the Perfodic Table label
the lower part of the figure. Typically the
levels are ordered with increasing energy: s,

Pl/g. and p3 s, EZlectrons in levels above the
conduczion band minimum decay to the Fermi level
(which, for otherwise perfect PbTe is the
conduction band minimum). Holes in the valence
band bubble up to the Fermi level (valence band
maximum). Hence C e 1s a doubie donor,
Electrons (holes) are denoted by closed circles
(open triangles). Zlectrons that originate from
higher levels appear at the top of cthe diagram
for 1 and Xe. The dotted lines between defoct
levels emphasize the chemical trends across the

Row of the Periodic Table. A level plotted off
the scale is meant to suggest that such a
exists outside the window of the diagram

level

120 PhTe A2 i)y

Sis T 1 hi, No.
.\:’“’.\10 Lol. b, Xo,

1-
Because Te i{s s- and ‘p-bonded-we can think of it
as having various rultiplets of s and p "ievels”

that are "broad resonances” -. cthat Jfs. =he
various bands. One such multiple of s and'p
levels is thé wvalence band. So we can think of

the Te “impurity” as having s and- :p "déep
levels” chat lie resonant with the valénce band,
which is generally acknowlédgsd o have
primatily Te-p-character with ‘some s-&haracter
(2,10).  (Of course, the six-fold degencrate-p
lévels are split by the spin-orbic interaction
into: a four-fold degenerute P35 level and.a.
two-fold degenerate pl/z level, as”shown in the
figures.) )
Now .imagine continuously convercing Te
successively info the other ‘Row:$ elerenss Sb.
Sn, In, Cd, Rb, and a vacancy. Moving io the
left in the Periodic Table coffesponds roughly
to-all of the following equivalent operations:

(1) -increasing the atomic etergy levels of che
defect; (i) Increasing cthe strength of ¢he
defect -potential: and (iii) deécréasing the
electronegativity of the defect. (A vazancy can

be thought of as an atom with very large atomic
enexgies .- so large  that the “atom" |is
completely -out of resonance with, and Jdées not
couple co, its neighbors {11).) Theréfore as ~ne

moves to the left in the Perlodic Table, theve
deep-

deep levels. .move up :in énergy: The
resonances also ‘become narrower, as the defect
moves out of -resonance with the hést,

Pfdtc and Pirada showed thai the Te-vacancy,
which corresponds to "Column-zeio" of the
Periodic Table.and a strongly repulsive defect

potential, has its p-levels above the conduction.

band -edge. Thus, somewherée between the Te
"defect” (Column-V1) and the vacancy (Célumn-0),
the p-levels. of the vilence band cross the gap
into cthe conduction band. Our calculazions for
PbTe, which reproducé che wall-accepted
Pratt-Parada result for the- vacarcy (also
obtained by Hemstreet) incd{cate that the
p:levels cross the gap mnear Column.III (Fig. 1),
Similarly the s-levels cross into ti conduction
band as well (again a  tecature of che
Pratc-Parada theory, Hemstreet's work., and the
present computations for the Te-vacancy): with
our calculations, the crossing occurs beiween
the vacancy (Column-0) and Column-!. Moie that
the basic structure of the theory displaved in

Fig. 1 is a consequence of continuity and the
well-accepted -Pratt-Parada _theory of  the
vacancy. The onlv features of the results that

depend on the Row of the Periodic Table or on
any quantitative theoretical factor are cthe
strengths of the defect potential (or,
aquivalently, the Columns of the Periodic Table)
at which the s- and p-levels crosr cthe
fundamental band gap.

A similar analysis of the Pb-site hegins with
the Pb “defect" on the Pb-site which has an
s-level in the valence band and p-levels in the
conduction band (Fig. 2): the conductior band is
largely Pb p-like and the Pb s states ‘les in
the valence band {2,10]. Making the defect more
electropositive (going rom  Colusn-IV  to
Column-0) drives these levels up in energy unsil
eventually the s-ievel c¢r ..es into the
conduction band (between ol 1.0 and Column-1)
to fara the deep levels of the  wacancy. Maring
the defect electronepatiwe drives the levels
down, so that the p-levels ultimatelv Miap  .ato
the valence band, For the Pheraw f tha Peviadie

3
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Flg: 2. Defect lévels of -cation-site
‘subscicuctonal defec:s £\ PbTe for the Cs-Row:
V denotes -a cacion’ vacancy

Tablé, our calculations indicate chac the
p:levels cross 'the- gap -to the right of
Column-VIIl

“The consequences. of this simple picture of

‘levnl movement with defect potencial strength

are considerable. Consider first an "antisite"
In atém -on- a. Te site. lt. produces a.donor .in
PbTe -{12], with its "deep” p states forming a
neatby conduction-band resonance ih both the-
chéofy and the data (13]. Furchermére cthe p
states are split into a doublet of p and p1/2
lévels by relativistic effects 2{ such

doublet has been observed for- Ga [15) which ls
predicted to have a very similar level structure
téo that of In (Ffig. 1). The resonant In states
lead to saturation of the Fermi energy: once the

.¢oncentration of free electrons is so high that

the Fermi energy coincides with the p-resonance,
the previously unstable resonance becomes a
stable clectronic state capable of holding six
electrons per In atom (three more than In itself
provides) and tha Fermi energy cannot move
higher uncil these In resonant levels are
completely filled by electrons from some other
donor with a still higher resonance level, such
as Cdp, or iodine on etcher site (Figs. 1 and 2
{16]). The energies of the p resonances with
respect to the valence band edge are sensitive
to the host and appear to pass through the band
gap Into the valence band as a function of alloy
composition x im Pby .Sn.Te (Fig. 3). Once the
levels are in the valence *band and below the
Ferni  energy. In becomes an acceptor, as
observed {1,4,17}. The levels resonant with the
conduction band of PbTe occur naturally in the
theory for the Inp, defect, and appear to move
down through the gap as che Sn content of the
host is increased .- in excellent agreement with
che data [l,4] (Fig. 3). At the same time, the
S Te  gap undergoes a Dimmock reversal
g 19]}. We cannot explain these data for the In
resonance with "normal-site” In; with antisite
In. the explanation is simple and natural.

[NPURITY LEVELS [N PbTe.aND Pb . Sn; Te 85

Ladium Impurity ‘Level in'Pb __Sd, Te

SN
cBL)
S
3
. gJve (LG )
L
2 Para
= Py

PPN | 1 [
00 02 04 06 0.8 1.0-

Alloy Composition x

PbTe SnTe

Fig. 3. Energies of the. theoretical conduction
band- .and -valence. band edges (hatched) and I“Te
defect ‘levels in xS0eTe  versus  alloy
composicion X, compareé wich the data (circles)
of :Refs. [1] and {4].

The .provocative suggestion that In (as well as
Ga-and:AZ) occuples-a Te site when it produces a
resonance in the- PbTe. conduction band receives
supporc from the fact that Cd's tendency to be a
donor in PbTe {s also incompatible with its
occupying a Pb site exclusively, as can.be
demonstrated without a calculation: The p deep
levels of Cd on the Pb site are unquestionably
resonant with the conduction band and Cd's deep
s level can conceivably lie either in the
valence band, in the gap, or in the conduction
band. In any case, this level, which contains
two electrons for the corresponding Fb atom on
the cation site, can be thought of as having
those two electrons removed on account of the
valence difference between Cd and Pb, If the
level lies in the valence band (20], the two
holes bubble up to the valence band edge, making
Cd a double acceptor. If the s-level lies in the
gap, Cd is a deep trap for two electrons. If the
s-level is above the conductjon band edge, Cd {s
eleccrically inactive: neither a donor nor an
a donor. This result is independent of any
calculation.

In our model, we calculate the Cd s-level to
lte in the valence band (similar to Hg in Fig.
2), making Cd a double acceptor on the Pb site.
Thus the observation of donor action as a result
of Cd doping indicates that Cd s not on its
"normal® site and {s compelling evidence that
efither "antisite® Cd (on the Te sire) or
interscitial C€d (3] commonly occurs. One
provocative consequence of the theory presented
here is that “antisite” f{mpurities are
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.felatively conmon:and responsible for -several of
the scriking expertncntul observacions for
exnnplc. -the :heory -cannot explnln .the
Fetul level. :saturation data. fof In, Ga; or: Ad
wtthout a::uming that those: lmpurlcies occupy Te
sitcs

The:- predictcd electronic odcupancies of the
various levels (assunln; otherwise -perfect PbTe)

are also shown for neutral defects in Figs 1

vand 2.. They are. obtnined by idding -electrons .oFf
holcs to- accounc for the valeénce difference
‘be:ueen the lmpuricy and che ‘host  atom it
replaces. For- exlmple, to simula:e cd: on a Te
vsite; one adds four " holes: to che p-levels. This
leaves a.doudbly occupicd p level resonant
vith ‘the conduc:ion band, wéfch is. unscable if
': 'lies above the Fermi level;. henée the
elcccrons in the Cd.re P12 defect level of
ochervise perfect PbTe decay to the conduccion
band winimum, making Cd on-the Te site a- double
donor ‘Thus we suspect ‘that ”ancisite
impuricies ‘are common. in- PbTe_and othef IV-VI
.semlconductors and .that significant

concencrltions of -Cd atoms oir.Te sites-will be.

observed 'in EXAFS .and- magnetic resonance studies
of cd. in. PbTe
Defec:s on the.anion site, such as Cd, that
cause. levels derived from the'host Te atom to
:cross- -the. fundamencal “band" ‘gap" [20] “e¥hibic
»abrotmal” doping ‘behavior: they do-not obey the
usual valénce tules -of effective-mass theory,
Thctefote Cd “is a double donor on the Te site,
whereas offec:ive -mass {intuition would have
predicted it to be a quadruple acceptor. This

difference in predlccions of six is due .to the

fact that six spin-orbital ‘levels have cfossed
the gap {20] during the conversion of T Te into'Cd
(Fig. 1). In the-case of the Te vacs =y, which

has six fewer electrons than Te, both s and

p- levels: of Te -cross-the gap, and si.: of the
-eight elecerons {n those levels for Te are
vremoved to form the vacancy; the two remaining
electrons decay to the conduction band .edge,
making the Te .vacancy an abnormal double donor.

Such abnormal doping behavior commonly occuts
(theoretically) in- IV-VI semiconductors for
impurities that lie a few Columns distant in the
Periodic Table from the host atoms they replace.
Therefore, {f the apparent valence of an
impurity {n a IV-Vl semiconductor does not agree
with, the expectations of effective-;miss theory,
one should first examine the possibilities that
the doping is abnormal (apparent valence
differing from the effective-mass values by two,
four {21), or six) or that the {mpurity {is on
the “incorrect* or "anti" site.

With a dielectric constant of ¢ = 103. PbTe
cannot support defects that are strongly ionic
within the unit cell. Charged impurity states
can exist, but much of the charge will
necessarily lie in parts of cthe defect
wave-function that are distant from the central
cell. Therefore impurities are not properly
viewed as being in ionic states and the oft.used
terminology that an impurity replaces either
divalent or tetravalent Pb 1Is inappropriate.
Invariably su.l terminology is used to explain
away abnormal doping behavior within an
effective-mass picture: the deficient valence is
increduced to account for a state that has
crossed the gap.

-1 and At 4re normal

1- xSn Te Voli bl No.

The theory-makes -the- fnllouing prediccions for
Te-site defects Column I and 211 lmpuri:ies on

a Te site.are- abnormal single and double donors
rrespectivelv

Column It1 impuricxes .are. mixed
with B a- normal criple ‘acéeptor: -afnd with Al
Ga; and. In abnormal triple 12} -dohers. In an
cases, ‘the. relevanc p level lies: near the
band gap, in- Che va}ence band for 8.and in che
conduction band, for Af, Ga, In,  and TZ.
Accordlng to .the 'theory, Column-1V, -v, .VI,
=VII; and. VIIT- -(except He [22])) 1mpuri:1es ave
all normal on - the-anion site, producing douhle
acceptor, single acceptor, isoelectfonic center,
single doénor, ‘and-double donor. behavior

On .the cation-site the. Pb Vacancy is an
abnormal double adceptor, while alkall
impurx.ies and -Column-1T defécts are normal
triple and’ double aceeptors, Columns 111, 1V,
aad V  produce normal single -acceptors,
isoelectronic cen:er., and 'single donors,
respectively - except for N, which is predicted
to be a quincuple acceptor, and possibly C,
which is predicted to have a deep pl 3 level
5lightly above the conduction-band edge’ (buc, if
this level -actually were to lie in the  gap. it
would -be capable of crapping ‘two. elecfréns). Two

.powsinilities are.predicted for- chalcogens on a

Pb site in- PbTe: S, Se, Té, and Po should be
nornal ‘double - donots. ‘but borh ‘the p3 “and P12
levels 1le belou the valence band maximum for 6
making it a quadruple acceptor ‘F is an abtiorial
triple .acceptor ‘with-all of its s- and p- levels
in the valénce-bard, while the theory plades the
oy v level of C£ in the valence band, making €7
a sznglc donor, and:the. Py level of Br in  “he
band  gap (a single donor and-a deep hole zrap).
*riple donors, TLc
substitutional rare gas defects are generally
abnormal: double acceptors (Ne, Ar), deep pj/\
traps (Kr), ov double donors (Xe). Rn is notiaall
a quadruple acceptor. 3

The theory {n its present form nukes no
predictions concerning the solubiiity of
specific impurities at particular sites.
Nevertheless, as we have shown, the theory's
predictions of levels often can be reconclied
with data only {f the impur.ty océupies a
specific site. The model i{s based on a simple
empirical spod® tight-binding theory [10j
applied to IV.V1 semiconductovs following {deas
of Vogl 1{23] and Hjalmarswn {7} for 11I.v
semiconductors, Charge-state splittings (which
should be negligiblé) and lattice velaxation
{which may shift levels as much as tenths of an
eVy have been omitied {n order to displav the
chemical trends of the defect levels simply and

senerally. The rmudel's predictions are
remarkably insensitive to alterations of the
model, and will be compares with data in

subsequent work,
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A classical-well or_superlattice structure can enhance luminescence by impeding energy
transfer 1o killer cemers

In this papér we show that, undef certain conditions.-a superlattice structure

.or a classical-well structure can enhance the low- -temperature luminescence of‘a

matenal by imipedinig. exciton transport to ‘non-fadiative killer ceniérs (1.2, 3L
(Wolford- et al. have shown that alloy ﬂuctuanons have a smular -¢ffect ‘on
energy: transfer in"the GaP: N system [3].) )

The basic idéa is-that the superlattice or classical-well introduces barriers to

-exciton mxgrauon in one of the three dimensions:and theréfore i increases the:

effective mean dxstance from the exciton to the nearest-aczessible. non-radlauve
recombination “ Killer" center- (fxg 1) 'I'hxs exciton confinement effect reduces
the non-radiative recombination rate of. excitons and therefore increases the
luminescent yield.

To see that such an effect must exist, consider a lattice with N traps
(non-radiative recombination centers) dxspersed in three dimensions with dén-
sity D3 (the mean distance between traps is of order D)., ‘Then consider a slice
of this lattice of thickness A « D, The mean distance between traps in this slice
is of order D(D/A)'/3, larger by a factor (D/A)'/, A§ A becomes small in
comparison with D, the distance from an exciton to a non-radiative trap in the

* Permanent address
PACS Numbers: 78.55.Ds; 78.55.Kz

0022-2313,/85/503.30 © Elsavier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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E
o well
[inaécessibie|-
killer . L
- .8.":. p. W o NN 1
. ]
= Accesslble ,é
Killer gop
qt
o ) -

Fig. 1. A schematic one-eleclron diagram of a classical-well structure (energy versus position). The
large-band-gap lavers’ form-ihe conf nement.well-in the_material of band gapiE,,, AN exciton
(propeller) diffuses (arrow) ‘to the néaresi-uccessible hiller center-(douhle Imes) lhrouzh other
impurity le\els {solid lines).” Knller venters:in the barrier are inaccessible either bécause the\ are.too
far from- the well for_efficient 1ransfér to-them: to-be possnble or- because the ‘change ot their

) cnergles by: the bamer renders them out of resdnance [1] and impotent.

Slicebecomes large. so that-an exciton: confmed to theé slice can.more éasily

radiatively ¢ say before being trapped.
Stated me e quanmauvel\' the, probability-that the nearest trap is a distaive
r from the & iton.in-a threc-dimensionallattice is

pa(r) = amrixC(1= x)'"" = dzrixC ekp( = xCV).

wheré we have }/ = 4'.'.-r5?/3. C is the density of lattice points, xC:is the density-
of (randomly distributed) trups (xC = D~*), and we have assumed x € 1. The
meani-distance to the.nearest trup is

,R;é,-‘-x)xrpx(r)dr/‘/;xpx( rydr

= I'(4/3)(d=xC/3)"""",

where.I'(2) is the gamma function. For a thin slice A < (xC)~'/* we have the
probability

palr) = 2arAxC(l = x)’ A 2 2erAnC exp( = AAXC).
and the mean distance to the nearest trap in the slice is

R, = I'(3/2)(=)xC) ™",

P

[P,
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‘Here A isithe area=r°. Thus.we have:

Ry/Ry; = (I3 )]-l("’/é)”( '-\'C)‘;”('A""'i'cx (DyX),

Wethave executed:model calculations to-illustraté the-effect on-the lummes-
cence of this:change in effectwe ne.xrcst-trap-dlstancc by the classu..xl \\ell Ve
assime: that: excitons. walk- randomly-on -a lattice: containing . lraps which- are:
dmrxbuted randomly. The jump time of the exciton: betwcen Sites is u constant.
T;mp+ the €Xciton concentration:is small; and the-excitons. initially are rin-.

.domly distributed-on the lamce pomls Excnons jump to neareatonemhbor Sites
-only (with-équal’ probabnh(y) ‘and. once trapped never reappear. The effect-of
the-superlattice-or classical wellsis.to.confine the exciton-to a slab: \xhen an

exciton attémpts to pass through a- slab- boundary; it is perfectly reflected
(unless the confined: slice is only- oné-atomic layer thick.. in which case the
exciton is:only. permitted to Jump -to oneé of its four- nemhbormz sites).

Our. results, as. obtamed using Monte Carlo techmques [3-7]-for 2000-
excitons, are given in fng 2 for a_model in. whigh we- have 7, = =2 ps.
x-= 1074, and a radiative lifetime of 7 ='1.us [8). (The Monté. Carlo calculation-

‘has-been chtcked by calculatmz the mean number-of:steps oefore trapping for.

various analytically solvablé (7] problems involving tandoni walkers on.lattices-
with traps: [91) Because we-hisve - .ump< 7. wefirst- compute the number of

_ éxcitons remaining:untrapped assuming.no: radiative: itransitions:( = #:x¢)-and-

tien multiply this result:by exp(—1,/7) to obtain a-good -approximation for the

Juminescence i intensity. I_.(t).,,normghzed;to‘uhity.at ¢ = (.. Note that confining

1.0¢

0.0 0.2 0.4 0.6 0.8 — 1.0
-8
( IO t / Tiqng )

Fig. 2. Luminescence L(¢) versus time ¢ in units of the jump time 7,,mp, fOr an exciton confined to
a well of thickness A = a. Suy. 100y, or . where gy is the lattice constant. These curves were
caleulated for 2000 random walkers, with x =107%, ¢ =1 ps, and 7,00 =1 ps.
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‘wells-of-a, . Sa,. and 10a,. wheré a, 'is the lattice-constant. do enhance the
'lummescence as expected: The total luminéscent vields are enh.mced by factors
of 2 .34, 1.59. and 1.33, re«pecuvd\

"“The! presem work is meunt 16-démonstrate the yualitative effect on-luminos-
ity of exciton‘localization.by superlamcec or. cl.ussucal—“ell barners, and hope-
fully will-stimulaie experiments to observe. and qu.mmau\ sly demunstrate the
effect, whnch may have béen present in the. recent expenmen's of Peuot‘f et al:

-{10). The:principal. limitation of- the.present’ work is ourassumption.that the:

exciton is of zero- radius and resndec on a single-lattice site:at o time. “This
impliés-that. the present- theory-islikely 10:be’ quanmnuvely pphcable ti:only
small-radius Frenkel excitons and 16 organic classical wells or. superlamces. ln
semiconductors. excitons: <have large radii and. when confined:in. wells-of less
than ~ 100 A width, exhibit. quantum-well 2fects not included in the présent
model-{11}. Nevertheless if the transport to the: non-radx.x ive killer-center
prom.d% #s a result of migration of one carrier through successive small-radius
deep-level siates that have sngmfncamly different energies in the'barrier than in

the well, the present model.should apply semiquantitatively.
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Surface defects and core excitons at the (2X 1) asymmetric-dimer (100) surface of Si
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Predicticas are given for the chemical trends in (i} deep energy levels associated with 28 sp’-
bonded sutetitutional defects, and (ji) enesgies of Hjalmarson-Frenkel core excitons at the ¢100) sur-
fuce of Si, reconstructed according to Chadi's (2 1) asymmetric-dimer model. The predictions sug-
gest that P at tms surface should produze a deep level, and that the Hjalmarson-Frenkel surface core
exciton should have a binding energy that is strongly site dependent.

In this paper we repert a semiquant.tative theory of de-
fects at the Si(100)-(2X1) surface with its outer layer
reconstructed according to Chadi’s asymiaetric-dimer
model.! Our approach is to solve for the band-gap sigen-
values E of the secular equation,

det[1-G,(E)W]=0,

where G,(E) is the surface Green's function and V is the
defect potential of Hjalmarson et al.** Thus we follow
the theory of bulk decp levels,? while evaluating G, usin;
the theory of Allen,* evanesrent-wave techniques,’ and the
em,irical tight-binding basis of Vogl er ul.> A similar
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ouei- G/O::‘“
(X} '
v -1084

DOWN |
2" 1ayer
vk2 8 ULK OOwWN =
e P
(0] (no)

FIG. 1. Dlustration of the geometrical structure of Chadi's
asymmetric-dimer model for the Si(100)-{2X 1) surface in the
approximation that only the first plane of atoms u~_ergoes re-
laxation. The surface is at the top of ... figure. [le circles
denoie rows of atoms in the (001) surfuce, viewed aiong tie (110}
direction (referred to the usual face-centered-cubic bulk direc-
tions). The rows of atoms in the top layer are displacec from
thei: unrecontiructed positions (dashed circlesi to the open.
aircle positions. The displacements of the surface atom: em.
ployed for the present wosh are denoted *w arrows The
second-layer rows of atoms arc ¢enoted by shaded circies The,
plane of the up-i and down-1 atoms in the plane of the paper
lies below the corresponding up-2 and down-2 plane by a per-
pendicular distance V2 4 Tae up-1 10 wp-2 distance is
V 3a, /4, where a; 15 the lattice constant.

method has been applied extensively ard successfully to
defects at 111-V(110) surfaces by Allen et al.,® and has
provided a unified explanation of observed Scheitky bar-
rier ueights.” Details of the method and calculational pro-
cedures are available elsewhere.®

The results of the calculation are predictions of deep
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FI1G. 2. Predicted deep energy levels fur substitutional defects
at the up site of the Sit{200)-(2 X 1) surfac. reconstructed accord-
ing to Chaai's asy:inmetric-dimer model, - orsus defect potential
¥,. The relevant defects apyear at the tee. of the “igure at their
values of ¥,. The shadeu area aenotes the calculated surface-
state bant (which are krwn experaenialis (0 e 0.5 ¢V
lower thar the calculation predicts'). The qualitatne features
of the calcutation and chemical trends of the theory are impor-
tant ard meaningful re. 2k,
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FIG. 3. Deep levels at the down site of the Si(100)-(2% 1) sur-
face.

trap energies E versus defect potential V. V is actually a
diagonal matrix in the local sp’s® basis, centered on the
defect site ¥ =(V,,V,,V, ¥, 0); in order to present results
as a function of a single parameter V;, we use the rule
V =0.5V,.” Figure | shows the asymmetric-dimer model
reconstruction; Figs. 2—5 show the predicted defect levels
for atoms at the “up” and “down" sites of the first and
second layers of the asymmetric-dimer reconstructed sur-
face (see Fig. 1).
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FIG. 4 Deep levels for defects at the up si*. of the second
layer from the Siti00)-12 X 1) surface.
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FIG. 5. Deep levels for defects at the down site of the second
layer from the Si(100)-(2 X 1) surface.

A major result is that the “deep” defcct levels-for atoms.
at the “up” and “down” sites and in the second and first
layers'® are different. This is shown explicitly in Figs. 6
and 7 for the P substituiional impurity and Si vacancy
(which corresponds to ¥,— ), respectively. (Consider
only the qualitative aspects of the predictions; do not take
the precise encr%y levels literally; the expected uncertainty
is ~+0.5 eV.!M1Y)

Si(100){2x1) P or exciton
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FIG. 6. The predicted energy levels within the surf, e band
gap for substicutional P or a Hjzlmaison-Frenkel cere exciton
(Ref. 13), as a function of layer number (0 means bulk!. The
firste and second-layer deep levels all coalesce into a deep
resonant level in the bulk. Closed (open) circles denote electron-
ic (hole) occupation of the neutral defect levels Sites are Jdenot-
ed, ¢.g., dowr. 2 meaning the sccond-layer site beneath the
down-1 site.
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FIG. 7. The vacancy levels predicted to lie 1n the gap for the
$i(100)-i2x 1) surface as a fuaction of layer number (0 means
bulk). Electronic (hole} occupation is denoted by closed (open)
circles. The first- and ‘econd-layer levels all coalesce into the
bulk T, vacancy deep level (Ref. 2), which, when neutral, con-
tains two electrons and four holes.

Almost ail impurities will produce at least one deep lev-
el in the gap for one of the four sites near the surface. In
particular, the bulk shallow dopants P [Fig. 6 (Ref. 13))
and As, when near or at the surface, are pre.licted to yield
deep levels in the gap. Hence, the Si(100-(2X1)

. asymmetric-dimer surface of heavily doped Si should

have many extrinsic surface states, with the number being
roughly proportional to the surface concentration of
dopants.

At the surface, P produces 'evels near both the middle
and the top of the fundamental band gap of Si—a striking
prediction that muy have direct bearing on the Si 2p
“core-exciton anoma’ "—that the observed binding ener-
gy of the Si 2p core exciton apj.ears to be considerably
larger than predicted by shailow-impurity theory."* In-
sofar as a 2p core hole has u charge distribution similar to
a proton, the core electron sees the effective nuclear
charge Z of Si increased by ity to Z + [; that is, it sees
a phosphorus defect potemial."® Thus the energy level of
the surface core exciton should approximately equal the
energy of a P surface impurity, and the theory predicts
that there should be core exciteas at the Si(100) surface

30 SURFACE DEFECTS AND CORE EXCITONS AT THE 2x1)... 4619

with apparent binding cnergies relative to the
conduction-band edge, ranging from 0.2 2V on the up
site of the first layer to more than half the band gap
(=0.8 eV) on the down site. The importa:t point is nct
the absolute values of the predicted binding cnergies
{(which have significant theoretical uncertainties'?) hut
that the-variation of binding energy from site to site can
be large.

It is possible that this dramatic site dzpendence of the
Si surface core-exciton binding energy has been observed,
although ; ..t recognized as such. Several authors have re-
ported wic.ly different Si 2p core-exciton binding ener-
aies,! from 0.1 to 0.9 ¢V, with some speculation ihat the
proximity > the core exciton to the surface affects the
binding encrgy. This variation is comparable with what
we predict, 0.2—0.8 e¢V. Perhaps these diverse vxperimen-
tai rasults can be understood as due to experiments sensi-
tive to core excitons at different sites.

This site-dependence occurs in part because electronic
charge transfers from the down layers to the up layers at
the surface. Thus the up site is a pseudo-anion site and
the down site is a pseudo-cation at this surface. Chemi-
cally, the down site becomes more sp’-bended and the up
site becomes more p backbonded.!* The down cation site
exhibits the larger exciton binding :nergy, as expected' In
IT1-V semiconductors cation core excitons gencrally have
larger binding energies than anicn excitons. This is be-
cause the conduction-band states are cationlike, whereas
the valence-band states are anionlike, This trend of the
cation-site levels lying below the corresponding anion-site
levels holds for the surface vacancies as well as for P or
the core exciton.

The present results illuminate the richness of the spec-
tra of surface impurities. At the present, however, there
are few data for the energy levels of known surface im-
purities; we hope that the present work will stimulate
more experiments in this direction and provide a guide for
elucidating the chemical trends in data.
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1. Introduction.

In the bulk ogla tetraliedral semiconductor, a single substitutional .s-p
bondéd impurity or vacancy will ordingtily produce four "deep'’ levels with
-energies near the fundamental band gap: one s-like <A1) and three p-like (TZ)
[1]. These deep  levels may lle within the fundamental band~§ap, in which case
they are conventional déep levels, or they may 1lie within either the
conduction or the valence band as 'deep resonances.' A sheet of N vacancies
will produce 4N such deép levels ;-‘namgly, the intrinsic surface state energy
bands, which may or may not overlap ‘the: fundamental gap (to a .good
approximation, insertion of .a sheet of vacancies is equivalent to creating a

surface).

Intrinsi¢ sutface:. states have common underlying physics with. deep
izpurities bé¢éu$e~:they too result from localized perturbations of a
semiconductor (2}, and so their enmergies can be relatively easily predicted by
extending to surfades ideas developed by Hjalmatrson, Vogl, Wolford, ét al. (1]
for the deep. impurity problem. This has been done by .séveral authors
(3)(4)15) 661 (71 (8) (9)110)(11){12),  most notably by &llen and co-workers
(131(24](15) (6] {17,

Extrinsic and native-defect surface states also are govérred by similar
physics, and’ are especially intérésting ir thé light of the Schottky barrier
prbbiemi Birdeen showed that modest dénsities of surfacé states on a
semiconductor can "pin" the Fermi level (18], forming a SehottKy barrier. The
bulk Férmi energleés of the seémiconductor, the metal, and the semiconductor
gurfacé must align (Fig. 1). If the semiconductor is heavily doped t~type, the

§urface Féermi energy is the icwést empty surface staté., The bands bend to
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accomodate this alignment of Fermi levels, formiag theé Schottky barrier. Thus
the ‘Schottky barrier height is theé binding ecnergy of the lowest naturally
-enpty surface stgie, relative to the conduction band edge. In. 1976 Spicer et
al. proposed that the Bardeen surface states responsible for pinning the Fermi

energy are dué to mative defects [18][19)[20](21]{22]).

Surface core excitons are similar to surface defect statés, as .can be
seen by using the optical alchemy approximation [23] or the Z+! rule [24].
Considér core excitation of a Ga ‘atom at the surface of GaAs; the radius of
the core hole is sufficiently small that the hole can be assumed to have zero
radius (f.e., the hole is equivaleat to an extra proton in the nucleus). Thus
the éb;g-exéited\eleécrbn feels the potential of an atom whose atomic charge Z
is greater than that of Ga by unity, namely -Ge. Thus the ‘Ga -coré2 -exciton
spectrum -is approxima:ely the :same as the spéctrum;of a Ge impqrfty‘onAa Ga
site: Hence the core exciton states in semicondutors can “e .either “shallow"
(Warinter-Mott excitons) or '"deep" (Hjalmarson=Frenkel excitons), as is the
-casé for impurity .states. The -deep Hjalmarson-Frenkel excitons are similar to

the surface deep levels associated with imputitiesi

In this paper. we show that the physics of deep impurity lévels,
intrinsic surfacé states, surfice dmpurity states, Schottky barriers, and

‘Hjalmarson-Frenkél coré excitons are all similar.

1Ll: Deep impurity levels at the surface:

Schottky barriers and Fermi-level pinning




The basic .physics of most Schottky barriers can be egpiginéd:;n teris of
the Fermi-level - pinning idea of Bardeen [18}. Stated’ in a slightly

oversimplified: form for a .degenérately doped -semiconductor at  zéro

tenperature, the Fermi énérglés of the :b¢tal, the bulk semiconductor, and ‘thé

semiconductor surface all align 46 electronic eéquilibrium. ¥For an n-type
semiconductor with. a distribution of electronic states at the surface, the
fermi lével of the neutral surfacé is the energy of the lowest states that s
not fully accupied by elcctronsgAElec;rons diffuse, causing band-bending near
the sémiconductor surface, until the -surface Fermi -energy aligns with the
Fermi daovels of the bulk .seémiconductor and the metal: This tesults in the

formation of a potential barrier betweeen the semiconductor and the retal, the

Schottky barrier (Fige l). For an n-type semiconductor; the Schottky barrier

height is essentially the énergy separation betwéen the surface state that is

the: Fermi lével and che conduction band edge. For a p-typé semiconductor, the

barrier.heigh: :48 the energy of the hfghest-occupied“éiepttonic*scaté of the

nevtral surface, relative o the valence band caxiuut. Thus -tlie yrobleam of

determining Schottky barrier heights 1s reduced to obtaining the energy lévels:

of the ssurface states. tesponsible for the Fermi~level pinning.

In his original article, ‘Bardeen focussed his atténtion oa intriasic

semlconductor surface states as the most likely candidates for Fermi-level

pinning. But he .also pointed out that deép levels in the gap associated with

impurities or native: surface defects -could also be responsible for the

phenoménon.
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'?olloving'ﬁardeeh's vork, éynajbr advance. occurred-as a result of .the
experiments of Mead and Spitzer [25] who detérmined: the Schottky barrier
heights of miny semiconductors, 'both n-type and. p-type. Most. of those .old data
tiave been confirmed by modern wmeasurement$ taken under mich more. favorable

experimental conditions.

‘However, after this work, the Schottky barvier problem was 'wiagly

regarded as understood {26] in. terms ‘of concépts quite different- from

Y

fermi-lavel pinning.

In recent years Spicer and co-workers have revived the Fermi-level
pinning modei aund ‘have argued cthat .the pinning is accoumplished by 2&££!£
defe;cs;ac or neér*&he surface. Their picture is. that during the deposition .of
the metal native defects are created at or near the semiconductor/metal
interface, and that thése semiconductor surface defects produce deep levels in

‘the. band gap that are responsible for Fermi-level pinning.

Spicer’s viewpoint has teen contested by Brillson and cc-workers [27],
who have cmphasized the importance of chemical reactivity oa barrier height.
The Brillson viewpoint gains support from the otservation of well-défined:
chemical trends {n the variation of barrier height with the heat of teaction
of the metal/semiconductor interface, as shown for n~-InP by Williams et .al,
[28][29].[30) (Fig. 2). (We beliéve thit the Spicér and Brillson viewpsints can

b reconciled.)

Daw, ‘Smith, Swart$, and' McGill (31] have proposed that free sutface
vacancies account for some of the observed Schottky barrter heights in III=V

seriiconductors. Allen -and co-workérs have argued thit a..lsite defeéts
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(32)133]1(34){351(36] “sheltered" ([37] at the sutfaqé‘pln~thesrﬁfﬁt,enétgy*for

most Schotfl:y harriers between Ili-V semiconductotfs and' non-reactive metals,

but that vacancieés ‘becone the{?_,.égg;mnt pianing. defect when the metal is
reactive .[35]. Thus the‘BrfIléon‘re;;£1y1:§ picture can. be unified: with -the
Spicer _Férni-%ﬁvel pinning picture: the qhéﬁiggl reaction merely changes. the
f§om£n$ht pirning deféct. Tue experimental results of Mead and Spitzer [25],
Wieder [38}(39](40], Williams [28]129]{30]), Mdnch [41]{42)[43)[44][45), their

co=-workers, and many othérs support this general viewpoint.

Moreover, the connection between the Schottky barriers formed at Si
interfaces with c:ransition metal silicides and the barriers between 111~V

seaiconductors and metals .appears to .be provided by the racent work of Sankey

et al., [46): Fefmi-level pinning can account for the silicide data as well,

Thus a single unifying picture of Schottky barrier heights. in. III-V and’

hodopolar seaiccnductors apyears to be exerging. And although this Fermi-level
pinning picture is 2o doubt ~oversihplifie&§‘ it does provide a simple
explanation of the first-order physics determining Schottky barfier heights,
and how the physics changes when the dominafit defect switches as a result of

chenical reactivity.

‘It appears. unlikely, howWwever, that the Férmi-level pinning mechznism of
Schottky barriur formatica -is: univérsals Layerad semiconductors appear not to
exhidbit Fermi-lévél pinning, but rather seem to <obey :the original Schottkf
nodel (30). This is probably hecausé the layered semiconductors’ Surfaces are

relatively impervisus to defects and do not have -defect levels in thé 'band

8ap.
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The Feri-level pinning mechanism of Schottky birrier formation has the
most advocates for I1I-V -semiconductors such as -GaAs and InP.. However, éven

fot:these\matgrial§ there are other proposed mechanisms for Sehottky barrier

formation, most fotably those of Freeouf {47] .and Ludecke [48].

Studies of Si, especially Si/irarsition-metal silicide interfaces, have
focussed on the role of the silicide in Schottky barrier formation [49], in
contrast to the studies of I1I-¥’s, Thus, prior to the recent work of Sankey
et al. [46], it was widely ‘believed that Fermi-level pinning was aot

responsible for che Schottky barrier at these silicide interfaces.

Thus. the present state f the ficld is that Fermi-level pinning has its

-advocates for some semiconductors, but is not generally accepted as a.

universal mechanism of Schottky tarrier formation, especially at

Si/transition-meétal silicide interfaces.

A central point of this jsper is the Fermi-level pinaing: can e¥plain an
enormously wide range of phenomena relevant to Schot:ky.ﬁéfrier forcation in
I1I-V semiconductors and ia Si = which.no .other existing modél can do. In
fact, the authors: believe that Fermi*level :pinning by ﬂa;ivé'défeggs is
‘responsible for the Schottky barrier formation in III-V semiconductors and in

Si.

Our approach to the problem 1is simplé: we calculate decées levals .of
defects at surfaces and intérfacés, and we use these calculations to intérpret
existing data in terms of the Fermi=level pinning model. To {llustrate .our
agproach, we first considet Cthe .Si/transitiop-metal. -silicide. interface and

Fefmi-level pinning by -dangling bonds, as suggestéd by Sankey et -al. [46].




Page 8
a) Si/transition-wmétal silicide Schottky barriers

A siccessful theory of Si/ttransition-metal s8ilicide Schottky barrier
heights must auiswer the following questions: (1) How are the Schottky barrier
heights at 3Si/transition-metal silf{cide iaterfaces related to those at
interfaces of III-V semiconductors with metals. and oxideés? (2) Why 1s it that
Schottky barrier heights of 5i with Jdifferent transition metals. do not differ
by ~I e¥, since ch%nges of silicide e1q¢ttonic:$tggctu?e on this scale adre
known. to occur [50)? (3) What is'cthe explanation .of the weak chemical trends
that occur on a “0.1 eV scale jSQ]?’(&)'why are the Schottky barrier heights
of silicides with completély different stoichiometries, such as ‘N12Si, Nisi,
and NLSi, all equal to within <3.03 eV? (5) Why are thé Schottky barrier
‘héights Vi;tually indepéndens of the silicide crystal structure? (6) Why is it
‘that barriers forz with less than a monolayer of silicide coverage? (7) Why do
thé,Schottky Barrier heights for n- and p=-Si very rearly add up to ‘the .band
gap of Si? (8) What role do the .d-elestrons of the tramsition metal play in

~ Schottky barrier formation?

The answWexrs to all of these questionms .are simple and straightforward, if
one -proposzs (as- Sankey et ale (46]) have done) that thé Si/transiticn-metal
silicide Schortky buarriers are a result of Fermi-level pinning by Si dangling:
‘bodéﬁ at the Si/trunsition-mctal silicidé interface. (1) The Fermi-level
éinning~idea~uhifieé»che S$i/transition-petal silicide SchottKy barriers with
thosé found for the III-V’s. (2) Tne Schottky barriér héights’ independence of
the transition=metal silicide comes irom ‘the fact that the causative 'ageh;i
the S1 dangling bond, is assaciated with the S$i, and not with thé silfcide of

transition metal, (3) The weak chemical trends 4ia barrier heights oceur
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‘bé;qﬂsg the differeat transition-metsl siiicides repel the Si dangling bond
wavefunction somewhat differently, causing it to'ife‘sligk;i;T:6;e>Q? less in
tﬁe Si. (4,5) Iﬁé‘ Schottky barrier neights vary Vet;xlittle‘with silicide
stoichiometry and silicide crystal structure because the Si dangling-bond.
level is "deep-level -‘pinned” in the sense: of Hjalmarson et al. [l]: a large
change in defect potential produces only a small <¢hange in the deep level
responsible. for Fermi-Léve1<pinniag The ‘transition metal atoms act as inert
encapsulants with ‘the électrbni;‘prqpcrties of vacancies, because their .energy
levels are out of resonance;with the 8i. (6) Sub-mcnolayer barrier formation
OCcQts because the $i danéling-bond.défeét resporisible. for the Fermi-=level
pinning 1is a loc;IizeQ‘defect that forms before a full interface is formed.
(7) The Schottky barrier heights for n-5i and p-Si add up to the .band gap.
because (in a one-electron approximation) the pinning level associated -with

Yy

the neutral Si dangling-bond at the intérface is occupied by oae electron, and

so can accept either an electrcn or a hole: it is -the. surface Ferai level for
both electrons and holes — both the lowest partially empty state and the
highést partially filled state. (8) The d-electrons of the transition metal
atoms- play no essential role in the transiticn-metal si”lcide Schottky barrier
‘formation; ecxcept to -detéermine the occupancy of the Si dangling btond deep:

level; théy are out of resonance with the Si at the interface.

The physics of the Si dangling-hand, Fermi-level pinning mechanism 1is
containzd in the very .simple mode. presented by Sankey et al. [44): to a good
appreximation, -a Si -dangling-bond at a Si/transiti{on-nétal §ilicide interface
is the same as a vacancy in bulk Si with- three of its four néighbors replaced
by transition-metal atoms. To {llustrate this ph¥sics, consider first a
vacancy in ‘bulk Si. This defect produzes four deep lévels near the band gap: a

i
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non-degenerate A; or s-like level deep in the valence band (a 'deep
tesonance”) and a three-fold\~degen;§gte T, ievel in the band gap. The Si
dangling bond. defect at a Si/transition-metal silicide interface differs for
the bulk Si vacancy in two ways: (1)‘some of the nearest-nuighbors of the
interfaéial vacancy are transition-metal atczs rather than Si atoms; and (2)
more distant neighbors arevalgo different atoas at different positions =- b;c
the experimental fact that SchottKy barriers form at submonolayer coverages
suggests that these differenccs;in rexote atoms are unitiportant. Tnus we can
imagine constructing the Ferni-level pinning defect by slowly changing some of
the 5i atcms adjacént to a bulk Si vacancy into transition-metal ztoms (Fig.

K

To. be specific we consider a S1/NiSi, interface, with a nissing Si-bridge

atom. Thus (Fig. 4) the Si bond dangles. into the vacancy left by the removal

of the &1 bridge atom; this vacancy is surrounded by one Si atou and three Ni

atons..

How are the Ni atoms different from Si? First, their s and. p orbital

-energles 1lie well above those of Si. Second, they each have an additional d
orbital, with an energy that lies well below the Si s and p- orbital energies
(and is ot terribly relevant here). The very positive Ni s and p energies act

as a repulsive potentjal barrier to electrons, repelling the Si datyling bénd

electrun from their vicinity in the silicide ard forcing it to reside almost

exclusively in the Si.

Page 10.
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The effect of this positive potential :b;gtiit due to the Ni-Si
diffgre@ce, as 1t is turnéd on slowly in .our imagination, is to drive the
levels of the bulkdbaganqy upward in en:rgy. In facc; for Ni, the potential is
sufficiently positive to q:ive the Tz‘bulk-Si'vacahéx level out of the jap
4iato the conduction barnd. At the same tize, the A; deep resonance: -of the Si
bulk vacancy is also driven upward. For sufficiently large and positive

potential, it pops into the fundamental hand gap.

The Aj~derived level canno:‘be'd:iven all of the way through the gap by
the potenrial though, because an (approximate) level-crossing theorem prevents

this. A simple way to see that there is an upper bound within the sap Jor the

s L

perturbed “ﬁfﬁf}éQQIu is to consider a paired-defect of a vacancy Vg with a
nelgﬁﬁoring aton X, If the atom X iiféi, then the defect levels are the 4,
(s=-like) 'valénce ‘band reconance aéa T, (p-like) ‘band gap deep level of the
bulk Si vacancy. &) and T, are not good irreducible representation labels of

the (Vgy,X) pair however} the 4; level becomes d-bonded .2nd the T, level

produces one d~bonded and two m=bondad ordital, with the o-bond oriented dlony.

the Vg4,X axis and with the n. bonds perpendicular to it. Thus the unperturbed
“(X=51) o levels of the (Vgq,X) \paii; aré the A; -and' T, bulk Si vacancy levels.
The {nterlading or no=crfossing tbéﬁtem.ISII states that a perturbation cannof
move a l2vel further than the disa@nbe to the néarest unperturbed level. (It
appliés only approkimately heréib Hence no ratter how élcctropesitive X is,
the (Vg4,X) level derived from the Si vacancy A} level cannot lie above the Si
vacancy T, level. Thése considerd:ions for gemeral (Vgy,X) pairs hold for the
specific case of (VSi,Ni)'pairs4 and. carry over to the dangling bond defect at
thé Si/transition-metal silicidé interfface, which is a vacancy Surrounded. by

three Ni atoms and one Si. Thus the. dangling-tond Ay deep level is “leap-lavel
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pinned” (as distinct from Fermi-level pinned) in the sense of Hialmarson et
ale [1], and 15 insensitive to -even major changes in ﬁhe A‘néaibi
transition-métal .g%bds; To é—good~apprcximation, the nearby transition-metal
atogms have the saze effect as vacancies “(which can be simulated [52) by
letting the orbital energies of cthe transition-met2l atoms approach te,

thereby deécoupling the atoms from the seniconductor)..

Thus the work of Sankey et al. [46] not only provides an .:xplanation of
the Si/transition-metal sili’cide  Schottky barriers, it explains why
caléulations for defects at a free surface often can provide a very good
description of the physics of Schottky -barriers: the defécts at interfaces are
“sheltered" [37] or encapsulated by vacancies or by metal atoms that have
7 orbifa;yenetgies out of rcsonance with the sémiconductor atonis; because of fhé
deep-level pinning; the free-surface defects (which can be .thought of -as
‘cncapsulated by vacancies) have almost the same -energies as the actual

{nterfacial defects.

b) III-V Schottky barriers

The Fermi-level pinning story for Si/transition-metal silicides holds for
Schottky barriers formed on I1I-V semiconductors as well. Here we sucmarize

the main predictions of the theory.

The basic approach of the theory was to calculate thé energy levels in
the band gap of thirty s- and p-bondéd substitutional point defects at the
relaxed [53) (110) surfaces of IIl-V semiconductors. With théese results in
hand, Allen et al. -examined Schottky batrfier data in the context of

Fermi-<lével pinning and eliminated from consideration all defects that
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‘produced levels -considerably farthér than ~0.5 eV (the ‘theorétical

uncertainty) from the .observéd pinning levels. Interstitial defects were not

‘considered; they “have less of a tendency [54]) té exhibit the decp-level

pinning that is responsible for ‘the expérimep:aliféét that, different odetals
:%\

RY
produce similar Schottky barrier beigh:sa Yoreover, cktended. defects were not

considered initially, ‘because it is known that paired=-defect spectra are
intimately related to and similar to isolated isolated-defect spectra [55}. (A

more complete théory of ?efmi-legel:piﬁning'by,péifédvdéfect35 especialiy in

‘GaSb where vacancy-antisite pairs are important, is in: preparatiotf.)

For -clean seciconductors, the native substitutional defects potentially

responsiblé for the commonly observed Fermi-level pinning are vacancies and

" "antisité defects (anicns on cation sites or cations: on anién sites).

In Gads, the defects proposed by Allen.-et aly [32] as résponsible for

Fermi~level opinning and Schottky barrier formation are -the antisite defects.

The cation-on~the-As-sire defect accoints for trends with alloy composition of

the ‘Schottky barrier heights of n-type Iny.,.Ga, A8 and,géX,yA;yas alloys (Fig.

5)e The Fermi-level pinning .of p=Inas {56}, which shows: quite different alloy

dependences [57), is also eipiained.

This picture of Fermi-level pinning has been zonfirmed recently by Mduch
and assocfates, who annezled Schottky barriers .and showed that the Fermi=leveél
pinning disappeared at the samé temperature that the bulk (and Lresumably also

the surface) antisite défect is kiowdn to anneal [58].
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InP is an even more irnteresting material, because {its. Schottky barrier
appears to depend on the heat .of reaction of the interface [28)(29](30]. This
can be readily expféined {36) however in terms of Switghing~ of the dominant
Fermi~level pinning defect from an antisite defect for nofi-reactive metals to
a vacancy fof reactive metals (Fig. 2).

v«

Moreover, surface treatments are known to. altér the Schottky barrier
height of n-InP, in a manner that can be easily understood in terms of the
tyeony (36]: Surfaée treatments %ith Sn or S produce shallow donor lévels
associated V?&h S“In, or SP at the surface, and thesé levels p;nwthiisgnfacefg
Fermi enérgy for contacts between n~InP and the non-téactive noble"metalgf
Likewise 0 and C! treatments leéad to reactions with P that leave P-vacancies,.
s0- that the surface Fermi=levél of treated n~InP interfaced with non=reactive
metals liés fear the conduction band edge =-- as though the metals weré

reactive.

Thus. the Ferni-level pinning idea appears t& provide a simble and
unifying understanding of a +Wwide wvariety of Schottky barriér data in the

common. §emiconductors.

I1I. Intrinsié surface states

The calculations of surface defect .levels ‘for the Schottky barrier
‘problea can be checked by simultanecusly evaluating surface state -énérgies and
-ccmparing them with thé considerablé body of available data. The theory
underlying surface statée calculations 15 basically the same as :that for buik
point défects or surface defects. It is quite simple, and requires only (1)

the well<established empirical tight=binding Hamiltonian of the sémidoncuétor
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[59] (the matrix elesents of the Hamiltonian exhibit manifest chemical trends
frod. one semiconductor to ansther), aid (2) knowledge of ‘the positions of the
atoms at the surface. Thus a reliablé treataent -of ‘the ‘surface states: of a
'sgaicbndu¢tot' requires an adéquate dodel .of the geometrical Scrggture»bf’:gg
,Sprfaceq At prasent, no -semiconductor surface ‘scructutés are  beyoad
controversy [50], but two seem to be rather well accepted; the éiio) surface
structure of III~V and 1I-VI  semiconductors with thé  zincblende
1531{61][621§63Tﬁ and the (inU) $urface struéture of §I-VI'§ébitondactors
with the wurtzite structure {62]. In pafticular, (lfﬂi‘zihébleﬁdé surfzéés are
characterized by an outward, almast~rigid<rotation relaxation of the anion
‘é;g,, As in GaAs), vwith the bond between surface anion and surface -cation
rotating through about 27° (III-V’5) or 336»(iI-VI's)3 and with small bornd

length changes and subsurface relaxations.

a) (110) surfaces of III-V and 1I-VI zincblende semiconductors

During the past fiVe years, s number of groups have reported experimental
and thebreticgiﬂ studies of intrinsic sufface statés at (110) zincblende
surfaces 133[41T51 (6] 7318191 (10] [13F27 (131 (24] (15).026) (17] (18}
[641(651(561(67](68)-(69)(701{71){72](73): 1Ia Fig: 6, we show the most -recent
calculation for the dispersiod curvés E(K) at the GaAs (110) surface [14],
together with the .méasured surface state chefgies fo- Williams, ‘Smith, and
.Lapeyre [65] and of Huijser, van Laar, and van hooy [(66]. ‘Tie calculation
‘employs the ;en-bauc’sp3s*~cmpirical:trght-bihding;modei:6§?Vogl et..al, [99].
The agreément bétween théory and éxperiment is excellent. For éxample, along

the symmetry: lines R“H and: BR (i:é., the boundary of the surface Erillovin

zofie); the -uppermost branch -6f 6bservad states: appeéars :to be ekplained by Ag.y
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the next branch by the overlapping fesonances A, and A, and the three lower
branches by A;’, Aq; and Cp. Here "A" ‘and "C" refer to states localized
nprimarily onvanioﬁ:and:catiqn«sices,rréspeccivéry. 4 detafled comparison with.
previous théotretical studies of ‘the G3As {110) surface is givea in Ref. [l4].
The primary additional feéatures arfe (i) the states A; through A5 and C,
‘through C, (in. thé notatica of Réf. {7]) were .located as bound statées or
resonances at all planar wavevector ¥ along the $ymmetry linés of theé surface
Brillouin zohe, and (ii) two '"new" resonances, Ar” éﬁd,Az' were found. (The
branch. &’ was reported in 3'Refs. {5] and [74), but =wot in the other
thebrétical studies. The branch A’ had not been pieviously teported.) The
discovery of this additioral fresomant structure is appareatly due to an
improved techniqué for calculating bound -statés and resonances =~ -the

~ Weffective Hamiltonian" technique (14].

In Fige, 7, the theoretical dispersion- curves of Beres et al. [l14] are
shown for the (110) surface of 2nSe, together with the neasured sufface state
énergies réported by Ebina et al. [il]. Agdin, the agreement betweén theory
and -expériment is quite .satisfactory, being a few :téenths of an éV near the
band gap, and larger for @ore ..§tant .states. Somé apparent discrepancles [11]
between- expefim;nt and previous theo?y were fouad to be resolved by a more

complete tréatment of the resonances, using the approach déscribed above.

Surface state dispersion. relations have also ‘been célcuiéted‘ for Gal,
GaSb; InP; InAs, InSb, A2P, AlAs, ALSb, and ZnTe [14][15)(16)117). Ia none of
the di;éct-gap matarials were intrinsic surfade statés found: within thé band
gap. GaP, however, was. found to6 -have a band of unoccupied surface statés that

overlaps the fundamental band gap and extends below the bulk conduction band
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edge. This “1s in accord with the experimental facts: of these semiconductors
only GaP has 'surface statés: in the gap [18}[69)(70){71]{72). Uf the remaining
indirect-gap Qateti%ls, the ‘theory indicates that intrinsic suffagg states may.
be obscrvable near the top--of ‘the band gap in the indiréct-gap AL-V comj:5unds
{16], although the theory is not suificiently accurate to predict

unequivocally that the states will lie within ‘the gap.

b) §i (100) (2x1) intrinsic surface states

After many years of intensive study 'by numerous groups, there is still
‘controversy over ‘the geometrical structures .of the .most thoroughly studied
seniconductor surfaces: Si (100) (2x1) and Si (111) (2#1), For examplé, four
‘groups have recently given arguments for antiferromagnetic ordering.of Si._
(111) surfaces [75], whereas Pandey has. projosed replacing <the .conveéntional
buckling wmodel ([76)[77)(78] of Si (l11) (2x1) by a (110)=like chain model

{79}, .

In the case of 5i <(100), arguments have recently :beén presented
(80](81](82] against tha (2x1) asyzmetric dimer model of Chadi [83]. (In the
asymmatri¢ dimer bodel, adjacent rows- of surface atoms dimerize, forming a
pattern of paired awoziw rows cn the surface.) The most telling of thése
arguments involves the  apparent  disagre:ment  between  angle=resilved
photoenission measurements of the surface-state dispersion curves (64]165) and

theoretical calculations of these -dispersion curves with convettional .models

of the electronic structure as applied to the asymmetric dimér géometry

(831(84]).
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Very recently, two new calculdtions havée been pérformed independently
with improved .models of the electronic structure [851(36]. The same .conclusion
‘was reached in bctﬁ’of these studies: the eléctronic. structure calculated for
the asymmétric dimer model 1s in agrdement with thé measuréments. This is
{1lustrated in Fig. 8 (taken from Ref. [48]), where both thé the¢oretizal band
width of 0.65 eV and the -detailed variation with the planar wavevector K are
seen to be in :.excellent agreément with the experimental dispersion curves. In
addition, ‘there 1is quite sat}sfédtdty agreemént betwéen the theoretical

surface band gaps and the 0.6 eV gap xggspred"by Monch et al. [87].

IV. Surface cora eéxciton states

The same caléulations that predict .wative~défect surface deep: levels: fot
the Schottky barrier problem also yield sutface core exciton energies, because
the optical alchemy ér Z+1 rule states that the Hjalmarson-Frenkel core
.exéiton energiés are the eaergiés of "impurities" that are immédiately to the
right in the Périodic Table of the cote~evcited atom [23){24). Thus

coré~-excited Ga prodicés a "Gé defect™ and core-excitéd In yields "Sn.™

Ia Figs. 9 and’ 10, the theoretical exciton eﬁetgiés for the (110)
surfaces of the -Ga~V. and In“V compounds are compared with experiment (88].
Noticé that the experimental and theofétical exciton levels for InAs. and IaSb.
lie above thée conduétion band edge, as: resonances rather than as bound states.
In the presént theory this result has' a simple physical intetpretation: Like. a
.deeép impurity state, the Hjalmarson-Frénkel exciton energy 1is determined
primarily by thé high-dénsity-of-states -regions of the ‘bulk band structure.

Theré 14 only a $mall density of states near the low=lying direct -conduction
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‘band idnimus (corresponding to the T'-point of the :Brillouin zoné); but -a large
density of states. near the higher, indirect X .minima. Thus the conduction band

minigum nsar I haQGEeIg;ivgly little influencé on the position of the excitonav

A

The surface HjalharsonvFrenke}'cbré»excitons’haVé also been -calculated
for the (110) surface of ZnSe and ZnTe {89] and are in good agreezent with the
weasurements {90). We conclude that the prusent theoretical framéwork .does a
good job of explaining the basic physics .of the "deep" Hjalmarson=Frenkel core

excitons, whether bound. states .cr resonarnces.

V. Unified picturé

Thusvone'ingerlocking théq%eticai framework successfully predicts the
-correct physics of (1) surface déeép impurity .evéls and Schottky barrier

heights, (2) intrinsic sutfuce states, and /(3) Hjilmarson-Frenkel core exciton

states.




1]

{2}

(3]
{4]

(5]

(6]

1)

{8]

[9¥

{10}
(1)

{12}

(13]

[14)

{15]
[16]

Page 20

‘REFERENCES

44,7810 (1980).

H. "P. Hjalparson, P. Vogl, D. J. Wolford, and J. D. Dow, Phys. Rev. Letters

H. P. Hjalmarson, H. Eiituer, and J. b, Dow, J. Vac. Sci. Technol. 17, 993

(1980); R. E. Allén and J. D. Dow; J. Vac. Sci. Technol, 19; 383 (1981)..

C. Calandra, F. Mannghi, and C. M. Bertoni, J: Phys. C 10, 1911 (1977).

J: D. Joannopoulos and M. L. Cohen, Phys. Rev. B10, 5075 (1974); E. J. Mele
and J. D. Joannopoulos; Phys. Rev. Bi7, 1816.(i978).

D. J. -Chadf; J: Vac. Sci, Technél.’lz, 631, 1244 (1978); Phys. Rev. B18, 1800
(1978).

J. A, Knapp, D. E. Eastmar; X. C. Pandey, and F. Patella, J. Vac. Sci.

‘Technol. 15, 1252 (1978). -

J. R. Chelikowsky and M. L. Cohea, Phys, ‘Rev, B20, 4150 (1979).

A. Mazur, J. Pollmann, and M, Schmeits, Solid State Commun. i&, 37 (:1982).

A. McKinléy, G. P. Srivastava, dad Re H. Williams, J. Phys. C 13, 1581 (1780);
Re He Williams et al., to té published.

M. Schmeits, A. Mazur, and J. Pollimann, Solid Stiate Commun. 40, 1081 (1981).
‘A. Ebina, T. Unno, Y. Suda, 4. Koiauma, and T: Takahashi; J: Vae. Sci.

Technol. 19, 301 (1981).

F

Manghi, E; Molinari, C. M. Zertoni, and C. Calandra, J. Physs C 15, 1099

(1982),

Re
‘Re

Re

Re.

E. Allcn, H. P. .Hjalsarson, and J. Di Dow, Surf. Sc’. 110, 2625 (1981);
P, Beres, R. E. Allei, and J. D. Dow; Solid State Commun. 45, 13 (1983).
P, Béeres, R, E. &llen and J. D. Dow, Phys. Rev., B26, 769 (1982).

P: Beres, M. E. Allen, J. P. buissod, M. A. Bowén, G. F. Blackwell, H. P:

RHjalmarson, and J. D. .Dow; .J. Vac. Sci. Technol. 21, 5&8-(198ﬁ).




Page 21

-

‘Ilijéi; P. Beres; R. E. Allen; énd J, ‘D. Dow, Phys: Rev: B26; 5702 (1982).

{igf J;~gstdgeﬁ,’9h§s. Rev. 14, 717 (1947).

4 [19] W. E. Spicer, P. ‘fbl'.: Chye, P. R. Skeath, C. Y. Su, and I. Lindau, J. Vac. Sci.

. Technol. 16, 1422 (1972), and references therein.

[20] Wi E. Spicer, I. Lindau, P. R. Skeath, and C. Y. Su, J. Vac. Sci. Technol. 17,

_ 1019 (1980), :and references theréein. T

[21] W. E. Spicer, I. lindau, P. R. Skeath, C. Yi Su, and 2. W. Chye, Phys. Rev.
Letters 44, 520 (1980). ‘

[22] P. Skeath, C. Y. Su, L. Hino, I;JLindau, and W. E. Spicer. Appl. Phys. Lett.
39, 349 (i981)..

23] J. D. Dow, D, R« Franceschecti, P. C. Gibbons, and S. E. Schnatterly, J. Phys.
F 5, L2ll (1975) .and referénces i:{jeze'iﬁq"

134] H. P Hialmarson, H. Bﬁttﬁen,,ahd'J.~Qg‘boy, Phys. Rev. B24, 6010° (1981).

{25) C. &. Méad and W. G. Spitzer; Phys, Rev. Al34, 713 (1964).

[26]) S. M, Sze, Physics of Semiconductor Devices (Wiley, New York, 1981).

(27] L. Jo Brillson, Phys. Rev. Lettérs 40, 260 (1978), and refererces rhereéin.

(28] R. ‘H. Williams, V. Montgomery, and R. R. Varma, J. Phys. C _Jz_l_, L735 (1978)

(29] R, H. Wilitams and M. H. Patterson, Appl. Phys. Lett. 40, 434 (1982):

[(30) R; H. Williams, to be published.

{31] M, S. Daw and Di L. Smith, Phys. Rev. B20; 5150 (1979); J. Vac. Sci. Technol.
17, 1028 (1980); Appl: bhys. Lett. 36, 690 (1980); Solid State Commun.. }_Z_, 205
(i981); M. Si Daw, D. L. Smith, C. A. Swarts, and T, C. MCGill, Ji Vac. Sci.
Technol. _1__9_, 508 (198&1),

(32} Rs B+ Allen and J. D, Dow, Phys. Reve E24, 911 (1981).

[33) R. E. Allen and J. Di Dow, J. Vac. Séi. Technol. 19, 383 (1981).

[36] ‘Ro E. Allen ard JQ D, Dé'a',« Appl. Suffo Sel. 11/12, 362 (1982)0




' We Monch, R. S. Bauver, H. Gant, and K: Murschall, J. Vaé. Scis Technol: 2

Page. 22

R.. E. Allen, J. D. Dow, and H., P. Hjalmarson; Solid Stiate Commun. ﬂ, 41§
(1982)..
J. D. Dow and R, E. Allen, Js Vac. Sci. Technol. 20, 659 (1982)s

R. 'E. Allem, K, :?. Beres; and J. D. Dow, J. Vac. Sci. Technol. 81, 401 (1983).

. Ho Wieder, Ins:. Phys. Conf. Ser. 50, 234 (1980).
“He H. Wieder, Appl: Phys: ‘Lett. 38, 170 (1981).
H. H. Wieder, to te published.

W. MNonch and H. J. Clemens, J. Vac. Sci. Technol. 16, 1238 (1979).

H

H. Gant and W. Mnch, Appl. Surf. Sci. 11/12, 332 .(1982).
We Ménch and H. Gant, Phys. Rev. Letters 48, 512 (1982).

1,

498 (1982)+ J. Assmann and W. Mdnch, Surf., Sei. 99, 34 (1980),

P;'. iBnch, to be published.

0. Fi Sankej; R. E. Allen, and J: D. .Dow, Soli'é'iéc_aceA Commun, 45, 1 -(1983).

Je L. Freeouf and. J. 4, Woodall, Appl. Phys. Lett. 39, 727 (1981); J.. L.
Freeouf, Solid State Commun. 30, 1059 (1980); J. M. Woodall, Gi D. Petit, T.

No Jackson; C. Lanza, K. L. Kava.agh, and J. W. Mayer, Phys. Rev. Letters 51,

1783 (1983). ;i

(48]

[49]
(50)
(51

(52]

R. Ludecke and ‘L. Esaki, Phys. Rev. Letters 33, 653 (1974); R. iudecke and A.
Kona, Phys. Rev. Letters 34, 817 (1975); Phys. Rev. Letters 39, 1042 (1977);
and to bé published.

P, S. Ho and G. W: Rubloff, Thin Solid Ffrﬁ;,xgg, 433 (1931).

Je M, Andrews and  J. Ci Phillips, Phys, Rev. Letters 35, 56 (1975).

As A Maradudir, E. W. Montroll, and G. H. Weiss, Solid ‘State Phys. Suppl., 3,
132 (1963).

M. lannoo and P. Lenglart, J. Phys. Cs 30, 2409 (1969).




ryer

(53]

54
.[55]

(56]

[57). H. .y Wieder, private comuunféation.
(58] v

159}

(60]

(61);
62}
163]

(64)
fﬁSl

(66)
(67]

‘Page: 23

Se Te Tong, Ag Ro L\lbin‘ky, B. J. mstik, and M. A. van lhvg, Phy.'o— Rev, 31_7..
3303 -(1978).

0: F. Sankey and JJ D. Dow, ‘Phys. Rev. B27, 7641 (1983).

C. F. Sankey, H. P. Hjalmarson, J. D. Dow, D. J. Wolford, and B. G. Streetman,

Phys. Rev. Letters 45, 1656 (1980); 0. F. Sankey and J. D. Dow, Appl. Phys.
Lect. 38, 685 (1981); J. Appl. Phys. 52, 5139 (1981); Phys, Rev. B26, 3243
(1982).

H, Wieder, to be pudblished. .

4. Msnch;, to be publisheds

P, Vogl, H. P. Hjnlmarson, and J. D. Dow, J. Phys. Chem. Solids 44, 365
(1983).

W. M. Gioson; to be gpbliéhed, has recently proposed that the relaxation of

the (110) surface of Gads is. considerably léss than. once thougﬁt 53], based

on his Hé-atom scattering data.

A. Kahn; E. So, P. MATK, and C. B. Duke, J. Vac. Sei. Technol. 15, 580 (1978).

Co B. Duke, R: J. Meyer, and P. Mark, J. Vac. S¢i. Technol. 17, 971 (1980)..

C. B: Duke, A. Pator, W. K. Ford, A. Kahn,; and .J. Carelli, Phys. Revi B24, 562
(1981); C. B. Duke, A: Paton, W. Ki Ford, A. Kahha, and -G, Scott, Phys. Rev.

B24, 3310 (1981).

Jo A, Knapp and G. J. Lapeyie; Jo Vac. Sei. Technole 13, 757 (1976)5 -Nudvo

Cizents 39B, 693 (1977).

G. P. Williams, R. Jv Smith, and G. J. Lapeyre, J. Vac. Sci. Technol, 15, 1249
(1978).

A. Huijser, Ji van Laar, and T. L. Roéy; Phys. Lett: 654, 337 (1978).

Jo van Laa® and' J. J. Schéetr, Surt. Scii. 8, 342 (1967); J. van Llaar and A,

e o S ittt St T i e




(68]
169]

Page 24

Huijser, J. Vac. Sci. Technol. 13, 769 (1976).
W. Gudat and D. E. Eastman, J. Vac¢. Sci. Technol. 13, 831 (1976).

A. Huijser and J. 'vau Laar, Surf. Sei. 52, 202 (1975); A. Huijsér, J. van

‘Laar, and T. L. van Rooy, Surf. Sci. 62, 472 (1977).

G. M Guichar, C. A. Sebenne, and C. D, Thualt, J. Vac: Sci. Technol. 16, 1212
(1979); D. Norman, I. T. McGovern, and . Norris, Phys. Lett. 63A; 384 (i277).
P, Chiaradia, G. Chiatotti, F. Cicécacei, R. Memeo, S. Nannarone, P. Sassaroli,
and S. Selci, Surf. Sci. 99, 76 (1989),

V. Dose; H.=J. Gassmann, and U Straub;~?hy5w Rev. Letters 47, 608 (1981).

Further work is citéd in the papers above and in the review by J. Pollmann,

Festkerperprobiéme, Vol. XX, p. 117.

174)

17s)

(76} -
177]):
78]

[79]
{80).
[81]
[82]
(83}
f84)
185]
(86]

A. Zunger, Phys. Rev. B22, 959 .(1980).

Sée the proceédings of ‘thé Ninth International Conference on the Physics and
Chemist?y of Semiconductor Inférfaces; J. Vac. Sci. Technol. 21 (1982).

Di Haneman, Phys: Rev. 121, 1093 (1961).

R. Feder; W. Monch, and P. Pi Avéz, .J. Phws, C 12, 2179 (1979).

J. P, Buisson, J. D. Dow, and R. Z: Allen, Surf. Sei. 120; L477 (1982), and

references therein.

K: C. Pandey, Phys. Rev, Letters 47, 1913 (1981),

Di E. Eastman, J. Vac. Sci. Technol. 17, 492 (1980).

D. J. Chadi, Appis Cptics 19, 3971 (i980).

A. Redondo. and ‘W. A. Goddard, .J. Vac. Sci. Technol. 21, 344 (1982).
D. J. Chadi, Phys. Rev. letters %3, 43 (1979).

J. lhm, M. Li Cohér, and D. J. Chadi, Phys. Rev. B2l; 4952 (1980).

M. A. Bowen, J. .D. liow, and R. £. Allen, Phys. Réev. B26, 7083 (1982).

A. Mazur, J. Pollzann, and M. Schmeits, Phys. Rev. B26, 7086 (19£2;.




[87] -
\[88]

[89]
[99)

Page 25

W. Mdnch, P. Koke, and S. Kruéger, J. Vac. Sci. Technol. 19, 313 (1981).

R: E, Allen and J. D. Dow, Phys. Rev. Qgg, 911 (1981). See .also, R. Ei Allen,
H, P. Hjilmarson, H. ittuer, P. Vogl, D. J. Wolford, O.. F. Sankéy, and J. D.
Dow, Internatl. J. Quantum Cheam., Quantum Chen.. Sympos. 14, 607 (1980).

R. 'P. Deres, R: E. Allen, and J. D. Dow, Phys., Rev. B26, 769 (1982).

T. Takahashi and A. Ebina, Appl. Surf, :Sci. 11/12, 268 (1982).




‘Page 26
FIGURE ‘CAPTIONS.

Fig. 1. Schematic 1llustration of fétm;-IgvelAp;hning. Band cdges of the
bulk semiconductor, the semiconductor.»sérface, and’ the lermi-energy of the
metal, the surface of the semiconductor, and the semiconductor are: all shown
as functions cof position. The lowest energy Surface 'defect level that is not
fully occcupied (before. charge is ullowed to flow) 1is denoted by an open

circlé. This level and the Fermi levels of the n-type seaiconrductar and' the

metal -align. '

Fig. 2. Surface Fermi cnergy of n-type In? vérsus hecat of reaction of InP
with sthe metals Ni, Fe, A\,.Cu, g, -and Au, extracted from data of Ref. (28],
assuﬁihg‘?étmjiievgl,,Qiﬁnzﬁg, The theoretical TFermi-l>wvel pinning defact
1evéls for the rsqrfaééii-vacahﬁy:(vp)u the native antisite defects (Inp and
Py )s addithezexﬁtinsié“imﬁéfitieé,SngnjguP-gite (Sg) and Smon-a suzfsce In
5£££e (Sa7:) are 'givqg« @gjrtﬁ; righzuféf;the,figqré. ihe n=InP data :can be.
intefpreted :2s follows: non=rcactive metals préduce only antisite defects as
the dominant defects; réactive metals -and treg:;ent of the surface with oxygen
Tand @ pfoduce P=vicancies. Treatments with. Si aad Sq?;oduCQesu?fa¢¢&Saih, and

NSP,gé dOmina; de@écts,ﬂtéépecﬁf@élya

Fig. 3. The totally symmetric (a,) levels for a tbulk Si wvacancy,
surrcunded’ §y: one Si atom and :hrgewx,atom§,~as a function of the defect
potential. V, normalized: to theé Ni defect potential, thet»ﬁef.'[46l.sFor. VaQ,
the X atoms ‘Qre Si; for V=V“ig the X atoms -are lil. The .parent léevels of the
isolated St vaéadé& are shown for V&O.iThé experimentdl Fermi-level pinning
pésition for NiS1; extracted from the data of . Ottavianai, Ki ¥ Tu, and J,

Wi Mayer, Phiys. Rév}mqgi, 3354 (1981) are dendted: by a -dot with a label NiSi,.
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Fig. 4. One type of interfacial vacancy "sheltering" a Si dangling bond,
after Ref. [46]. The geometry is .that determined for the NiSi,/S1(111)
interface deterainéd by D. Chérns, Gs K. Anstis, J. L. Hutchison, asd J. C. H.

Spence, Phil. Mag. A46, 849 (1982). *

Fig. 5. Predicted dependence of :$chottky barrier height on .alloy

compositions ® and v .of In;_Ga,As and Ga,_ AL As alloys, comparéd:with data,

Y

aftet Ref. (88].

\-

Fig. 6. Predicted surface ;ta:g’dispersibn curves E(K) for surface bound
.states «(sqligMilines)~ and surface resonances (dashed lines) at the rezlaxed
(110) 'surface of GaAs, aftetr Ref. [l4}. The energy is plotted as a fundétion of
the planar wavevector K along the symmetry lines of the surface Brilluuin
zore, shown on thé tight, Thé 1abelling is the. same as that of Chelikowsky and
Cohen: (Ref. [7]), with 4; &y, C;, and Cz.uaiul; s=like, and A3 A,; 4g, C3, and
Caunainiy*p-likez‘AsréndfC3 are thé‘"dangling-bdad“ statess &3, 417, and A’
are latgely associated with in-plane p-orbitals in the first and second
layers. The character of each state varies somewhat with the planar wavevector
%, and represents an adaixture of -all orbii.is. The widths of the resonances
are typically 0.5 to !.0 eV, but in sone cases nre Szmaller than 0.1 eV 6f as
large as 2.0 to 5.0 eV. The dots follow the continuous disperson curves
inferred by Huijser et al. (Ref. [66]) for the "clear" and "weak" experimental
features. The open squarés représeéat thé states observed by yiiliams,ét al.
(Ref. {65]). The data reported in Refs.. [64) and (6] are consistent wirh those

shown hera.

»
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Fig. 7. Predicted energies of surface bound states (solid 1lines) and
surface resoninces (dished) for the (11%,) surface of ZnSe, as function of the
planar wavevegtor'EQ(kl,kz), after :Refs [15]. The surface Brillouin <zone 1is
shown on the right; [ is thé origis, R=(0,0). The bulk bands are shaded. E_
and E, are the valence and conduction band: edges. The experimental features
identified with bound ard resonant surface states. in Ref. [11], along thé two

‘syometry lines I'X’ .and M"; arée indicated by the dotted lines.

Fig. 8. Dispersion curves fur surface statés and surface résonances at
the (100) (2x1) surface of $i, aftér Pef. [85). The energy E is shown as a
function of the planar wavévectér R Zréund the symmetry lines of the surface

Brillouin 2one. Solid lines represént results of the 'present calculations;

dashed lines are the geasurements of R. I. G. Uhtberg, G. V, Hansson, .Js M,

‘Nicolle, and S. A. Flodstrom, Phys. Rev. B24, 4684 .(1981); and the dotted line
is the geasuréméng‘OE F. J. Himpsel énd: D. E. Eastman, J. Vac. Sci. Téchnol.
16, 1297 (1979), which were taken frém [f to J’ aléng -the (010) dir-~ctionm,
rather than along the synsétcy line " to J'+ E

v and E_ are the Si valencé and

conduction band edges.

Fig. 9. Predicted and observed Ga 3d core surface Frénkel ekciténs
(double lobes) for GaAs, GaSb, and. GaP, aftér Ref. [32). The lower unocéupied
surface statés (Ref. [13)(14]) are represested by closely -spaced -horizontal
lines. Ev eand E, are, respectively, the .top of the valénce band and the botfénm
of the conduction band. The expérimental resulis here and in Fig: 7 are those
of .Eastman and co-workers (D. E. Eastman and J. L. Freeouf, prl 33, 1601
(1974); 34, 1624 (1975); W. Gudat add D. E. Eastman, Ji Vac. Sci. Téchnol. 13,

831 (1976); D. E. Eastman, T.=C. Chiang, P. Héimann, -anf F. J. Himpéel, prl
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45, 656 (1980)).

Fig. 10, Precicted and observed In-4d core surfice Frénkel excitons for

1nAs, InSb, and InP; .after -Ref. [32].
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Electronic properties of metastable Ge, Sn;_, allovs
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The energy band gaps and substitutional deep impurity levels of metastable alioys Ge,Sn,_, are
predicted. As a functior of decreasing, alloy compasition x the indirect band structure of semicon-
ducting Ge first becomes direct (indicating that Ge,Sn,_, may have applications as an infrared
detector) and then metallic. Doping anomalies commonly occur as x decreases. Between x =0.4

and x ~0.8, the Gunn effect should occur.

In this paper, we predict the band gaps and s¢bstitu-
tional defect levels for alloys of germanium and tin:
Ge,Sn;_,. These materials are normally immiscible for
most compositions when grown under equilibrium condi-
tions, but have been grown in substitutional, crystalline
metastable states for compositions x >0.78 using non-
equilibrium growth techniques.'=? With increasingly so-
phisticated growth techniques, we anticipate that meta-
stable Ge,Sn;_, alloys will soon be available for a
greater range in x.* One purpose of this paper is to out-
line the electronic structure of these new alloys, and to
suggest that, for a restricted range of alluy compositions,
they should support Gunn-effect oscillations. Hence we
hope to sumulate efforts to grow these materials.

Germanium is an indirect-gap material, the fundamen-
tal energy band gap occurring at the L point of the Bril-
louin zone [k=(27/a, ) $.5,$1], with a magnitude of
0.76 ¢V at low® temperature. Tin is a semimetal, a ma-
terii: with no band gap; its valence and coaduction
bands overlap at the ' point [k=1(0,0,0)]. We predict
Ge,Sn,_, to have a fundar :atal band gap that varies
from zero to 0.76 eV as a funcuon o’ composition x.

I. BAND STRUCTURES

The energy bands of Ge,Sn,., alloys were predicted
using the virtual-crystal approximation and a second-
nearest-neighbor tght-binding model of the Koster-
Slater type.® The parameters, for a first-nearest-neighbor
tight-binding Hamiltonian, are taken to be those of Vogl
et al.,’ which are known to reproduce vulence-band
structures and the principal features of the lowest zon.
duction bands for all zinc-blende and diamond covalent
semiconductors. An important and nontrivial feature of
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Cie= ) 0 — W et N3 Wagt /v
;{‘,%d ng;/\la 0 _le‘g../\-z
IR :v'zw,‘g:/v} -w‘,\g:/v'z 0
%

the Vogl parameters is that they incorporate chemical
trends, so changes in these parameters as the semicon-
ductor composition varies are rather well-beiiaved func.
tions of changes in atomic energies and bond lengths.
The Vogl model, in its published form, is i.cking two in-
gredients essential to a proper treatment of Ge, Sn;_, al-
loys: (i) spin-orbit splitting (which 1s important for the
large-Z Sn atom), and (ii) sczond-nearest-neighlor pa-
rameters (which are needed to correctly simuiate the rel-
ative conducticn .and minnnum near point L along A,
The spin-orbit eftect has been incoporated by a number
of authors; we share common notation with Ref. 8.
Similarly, the second-neighbor interactions czn be incor-
porated os they were for Si;_,Ge, alloys by Newman
and Dow.” The resulting Haailtonian, in a basis of
tigh:-binding states of wave vector k, is

H 0 HW H

ps

0 H, H' H
14 sp PP

Ho(k)= H“ H;p H, o .
H, H, 0 H,

where H, is
[s*1) fs®) |st) |si)

Is*t) E. 0 0 0|
fs*1) 0 E, 0 0
Ist) 0 E, 0!
isi) 0 0 E, l
and H, is
R b 4-b
0 w,,.gb/\/?, _iv'jw,‘g,/\ 3
W, 8, /V3 0 —W, g /V3
W, go/d 3 — W2 0
E,.*)k —IVT_’W,“Q,/‘. 3 ”’,‘g:/v'?)
tvIW, gl /V3 E,-2A 4
Wagt/vo 0 E. -2 !
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We have used the notation of Kobayashi et al.® for all
nearest-neighbor parameters. The second-neighbor pa-
rameters are W, =4(s5,0.0|Hy!p,0.d,). where d, is
the displacement vector of a second neighbur.!

The first-neighbor parameters for Ge and Sn were
fitted to the band structures of Chelikowsky and Cohen’
using the method of Kobayashi er a/® The second-
neighbor parameters were fit to the condu-tion-band
edge at the L point using the same band structures. All
parameters are given in Table [

By dizgonalizing ' *is Hamiltonian, we obtain the band
structures of Ge and Sn, which are in good agreement
with the pseudopoteatial band structures of Chelikowsky
and Cohen.® ‘See Figs. 1 and 2.} To obtain the virtual-
crystal band structures of Ge, Sn, _, alloys, we first aver-
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Here H,, is
{s*t) [s®t) st} |s1)

[s*1) 0 0 0 0

[s*1) 0 0 0 0 |,

le) 0 0 U”go 0

[s1) 0 0 0 U,g
Hy, is

1he) 1) l3—1) 1) V33 -1
Is*1) | iU.,88/V2 ~ViU,. g3/V3 U8} /V6 0 Ue,85/V3 —il,e83/V3
Is*1) 0 iU g.,/\/é SRV Ue,83/V3 iU 3 /Y2 :U g./V3 ~-U. g;/\/3 .
[s1) iU,gs/V2 -x/iu WINAL WU, 5/\/6 0 U,ng/V3 —1U,g5/\/3
Isi) 0 lU,,,g‘/\/E -—\/JU ,83/V3  iU,g3/V2  iU,gl VA% - 83 /V3
H, is
Js®t) |s*1) Jst) |s1)

14.3) iU,s,83 /2 0 iU,83/v2 0
[4,%) \/-U.g3/\/- iU 88 /VE  ViU,g3 /Y3 il,g}/VE
[3,-1) zU.g‘/\/é ﬁu.g,/\/ iU,g8/v'6 ViU,g3 /V3 |
13-4 0 iU,0,82 V3 0 iUpg] /2
[4,4) ~U,.23/V3 :U.gs/\/3 -U,g3/V3 iu,,,g;/\/}
[, -1 —:u.g‘/vs U, g;/\/3 ~iU,83 /Y3 Upg$ /V3
and H,, is
EX)) Ungs  —Uygl/V3 iU,g3/V3 o Uygs /V8  ~iVIU,g3/V3
133 | —Upgs VI Ul 0 iUyl /3 0 ~Ussi /v
4 =1) | —iUyg} /V3 0 U8 Uy gl/V3  =Upng}/V?: 0
13-4 0 —iUug3/V3 gl V3 Ungd | —iVIULgl/V3 Unygi/ve
14.4) U3 /v _ 0 —Uygd /N2 iVl V3 Uugs 0
[4=1 |iVEULES/VE —Uygi /N2 0 Uygl/V'e 0 Un8$

age the parameters of Ge and Sn as follows: on-site pa-
rameters, x [Ge]+(1—x)[Sn}; of-diagonal parameters,
(x[Ge)la(Ge)f*+(1=x)[Sn]fa{Sn}|*){a(x)} % where
[Ge] and [Sn} are typical bulk Hamiltonian parameters
of Ge and Sn, 2{Ge' ¢nd a(Sn) are the lattice constants
for Ge and Sn, respectively, and we assume Vegard's
law:

a(x'=xa(Ge)+(1—x)alSn) .

This averaging procedure is a virtual-crystal app'mnma-
tion, and is valid because the Onodera- Toyozawa'! ratic
for Ge Sn,_, is considerabiy less than 0.1 for the con-
duction and valence bands. This ratio is the Jifference &
in on-site energies of the two constituent materials divid-

_}
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TABLE I. Sn and Ge tight-binding parameters (in eV, ex-
cept d, whaich is in Al We have sdded second-neighbor pa-
rameters to fit the gap at the L pownt. The notation is that of
Kobayashi ¢t al. {Ref. 8).

Ge Sn
E, —5.8800 = 3.8800
E 1.5533 11733
N 0.0967 0.2667
E. 6.3900 3.9000
U, ~6.7800 —3.4600
v 1.6500 14400
v 4.8416 3.9042
v, 4.9520 24,0172
U, 4.5030 3.6459
W, 0.i352 0.1229
d 245 281
Additional second-neighbor matrix clements
(3 3H 3= = W,g8 /V3
(=L H 3= ~iW, g8 /V3
(GrlH | 33)=1,088 V8,

(L —L1H 1) =iW,gt VI

(3=} H | 3 b==iW, g8 /V3

(h=41H L= =W, V3,

(L=3H L =bi=W,g8 V3

(LH 5 == —W,g3 V3
where

8o =sinlk,a /2)sin(k,a /2)+isin(k,a /2)sin(k,a /2)
gr=sinlk,a/2)sinlk,a /2)~isintk,a/2)sin(k,a/2)
gy =sin(k,a/2)sin(k,a/2)

ed v the bandwidth W of the associated band. For
Ge,Sny_,, the larger of the differences 8 of s and p on-
site energies is 0.38 eV. The conduction- and valence-
band widths of Sn are 11.34 and 5.72 eV, respectively.
(The bandwidths of Ge are comparable ) In this case, for
Ge,Sny_, we have §/W £0.02 for the valance band and

Ge

Energy (eV)
BA

L r . XUK r

FIG. 1. Band structure of Ge using the present theory (solid
lines) compared to the pseudopotential results of Chellkowsky
and Cohen (Ref. 5) (dashed lines).
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-
-t

- WUt 9o

tnergy (eV)
[

FIG. 2. Band structure of Sn (solid lines) in comparison
with the results of Ref. 5 (dashed lines).

8/W 50.07 for the conduction band. These materials
satisfy the criterion as well a3 or better than alloys of
GaAs and GaP.

The resulting virtual-crystal-app-  ‘mation band
structures of Ge,Sn,_, are displayed in Figs. 3, 4, and §
for x =0.25, 0.5, and 0.75, respectively.

Figure 6 displays, as functions of alloy composition x,
the principal virtual-crystal band gaps at point I, point
L, and poin* X [k=(27/a)(1,0,0)], and A (A is the
wave vector of the local minimum in the conduction
band along the [100] direction; point L is a local
minimum).

Interesting features of Fig. 6 are (i) that a direct (T)-
to-indirect (L) crossover is predicted near x ~0.8, (ii)
the alloy’s fundamental band gap is nonzero for x > 0.4,
and (iii) the level at [ is lower in energy than the level at
L for x <0.8. This means that Ge,Sn,_, will be semi-
metallic for x <0.4, a semiconductor with a direct gap
for 0.4 <x <0.8 (and hence a potential infrared detector
or light emitter), and a potential Gunn oscillator for
0.4<x <0.8. (See below.) For x >0.8, Ge,Sn,_, is an
indirect-gap semiconductor.

Sng ,75Ge0 .25

1
°
7 L\
5 ?—
5? Sl
?-‘ /
I ]
-7
_° <
- I
-8
L r ‘.(XU,K r

FIG. 3. Band structure of metastable Ge, 2180 4.
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1. DEEP IMPURITY LEVELS
(A~ G‘ . I

The deep- impurity levels:are computcd followirig the

_general. approacl' of. H;almarson -et-al:*1* ‘Because of the:

.chemical trends in the matrix elements, a defect poten-
ml matrix can be constructed- rather easily. ‘For substi-.
tutional defects- that have the samie bond.length-as the

rhost atoms they: teplac- the matrix in a basis:of local--

ized crbxtals centéred 3t the dcfccz site is

1Eg) | Ey) {E7)
|Eg) | -6 O 0
IEg) ¢ Q €7=5" 0
VE): | - 0 €r-e”

where ¢ is the on-site energy! 3.of the host (k) or xmpurl-
ty (i). ‘Note that the -Ej state is 5, 2-like, the E, state'is

- pin-like, and the Ey state is P nelike.

The: eﬂccts of lattxgc relaxation.27ound -the dcfect and
.bond—len_gzh changes can be mcorporated by noting that
the- oﬂ‘-dxagonal matrix elements of the Hamiltonian*?
rcale as the inverse square of the’ bond length. Here we
.neglect such lattice relaxasion effects: bcﬂausc i)-they are

-small, of crder 0.1 :V on the energy sca]es of relevance:

_ Snp 25Gep 75
— e

» it o,

Endtias SaWly
PR PR R

S mi/

§ KUK r

W [N A 'v*.q L}f a‘sﬂg e

ELECTRONIC PROPERTIES OF METASTABLE Ge,Sn,_, ALLOYS, - - T

Ge 1-xSny .
el O
o’ ».4- e
07!
0Ss
03
‘0.9-
0.4
03]
-08 — ST
0.0 08 KT
Sn x Ge

Energy (eV)

FIG. 6. Predictéd lowest conduction’bands at T, L, and X'
(the- valénce band is <haded) vs .ailoy composition x for
Ge,Sny_;. The band Bap: vaiies from zero:ior x =0.4 to 076

-eV-for, pure germamum This covers enérgies mr:espondmg to

infrared: b;ht The Gunn ef“cct sl'nuld occur for 0. 4<% <0.8

‘becaitse- the h:gh-mobmt) Iow-cﬂ'ectxvemass T miniraum lies

b~low the low-mobility L minimum. For x <(.4 the'alloy. is

-predictéd 10 have zero gap.

to the deép impurity problcm—namcly, the =10-eV
bandwidths, and the ~ 1=10-eV scal¢ oi the defect. po-

‘tential, and (i) we are. éxploring the global chemical.

trends in the defect levels rather.than attemptinig to pre:
dict with precision the enérgy levels of a specific-defect
in a single- .host—while the. physics of the unrelaxed
deep levels-may exhibit ‘well-defined trends, the lattice
rclaxat:on may be govemed by dlﬂ‘crem chemistry. which
might obscure thc irends in the unrelaxcc deep levels:
Introducing the Green s-funcuon operator’

G(E)=(E —Hy)™!,

where the é‘ncfg) E is 10 be .intérpreted as h.wing on
infinitesimal posit,ve imaginary parl when. it ‘lies in' a

‘host band, the.Schr.idinger equation for the deep. Jevel

eigenvalues.E is
{Ho+VW=EY,

and leads to the secular.equaticn
det(1=GV)=0.

Here H,, is the- host»crystal Hamn!toman, V=H -Hgyis
t-+ defect matrix, and . is-the unit mai 1x. Invoking the
diamond-crystal symmetry of virtual-crystal Ge,Sn,_,,

‘the secular equations #éduce to the scalar equation:

1/V.=GlE) )
for. the (joubiy degenerate sy ;7-like Eéfie‘vcl,
l/Vu, =G1(E)

for the doubly degenerate p, »-like E; levels, and.

V/V3n=GrlE}

ANean
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for-the fourtold-Jegenerate p;3-like E; levels. Here. Gs»

Gs. and G.; are .Green’s -functions - t'or Es. E;, and Ej.

symmctrv and are definéd as follows:

G:‘E)E-’z.fdkj [(l' k.n {1k, n)[

E~E; '
where E,(k).is the nth cigenvaluesat wave vector k-and
[ 1.2 ) is the rith eigenvector.at 'k with. A =5i, P3sis
or pyn- for the E,, Eq, or E- symmetry, respectively.
The, matm elements V; are deduced from the chemical
-refid:’

Vl ;_‘:Bl(wl.irrip — W hou J

4
where W m, and.wypo, are atomic znergies for vthc im-
purity. and: host atoms, respectively, 1=sy,. p3n, OF
P12, and B;=0.8 for [ =sy,, and 0.6 for | =p,;, or
P3n. Wehave V.=V =V,

B. Deep levels

The predicted substitutional-impurity deep-level ener-
.gies_E._in_the fundimental-band.gap.obtained: by solving
the secuiar equations for Ge;Sn,_, are given in.Figs. 7
and 8 for levels of -E,. £, and £ symmetry, respective-
ly. The levels-found or Ge are in generally good agree-
inent with what is known about de_cp impurities in that
material. The results of this moael are comparable. with
those of other thzories,'!* some of which are much
more complicated. For.cvample, we caiculate the vacan-
¢y Eg level to be 0.24 ¢V above the valence-band edge,
comparcd to 2 rang2 from 0.04 to 0.66 ¢V for other
theories.” We estimate the ancertainty in our theory-to
be a few ‘tenths of an ¢V, comparable with the claimed
0.2-eV uncertainty for self-consistent pseudopotential

calculations.” In Table II we compare the present
‘1.0
GeySni-yx 1.
L .0 +0
;.. Eg (84,2 -like) {J-oo-
had T oo
gos %
e
'5 /“
L — N .0+0
/ /g"
.0-+0
r //‘CT—
0.0
0.0 10
Sn x Ge

FIG. 7. Predicted substitutional deep smpurity levels in
Ge Sny-. of E, Is-like symmetry as a funcnion of composition
Xx. The zero of ene gy is the valence-band edge. The
conduction-band edges at [ and L are shown. Impurity levels
ir the gap for pure Ge are driven int; the conduction band as
x decreases. Occupancies of the neutral impurity statss are
shown on the right; electrons are solid circles and holes are
open circles. An extra electron (denoted by @ would occu-
pv a state near the conduction-band edge.
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FIG 8. Predicted substit-:tional impurity deep levels in
Gc.Sn._, of E; pyp-ike) and- Ey fpy,-liker symmetry as
functions of composition x. The levels.are piotted, relafive to
the valence-band edge. Occupancies of *he states-1re- shown:
electrons are solid circles and holes are open circles. The:
conduction-band cdgcs at [and L are shown. Impunt ievels.

-in the 83p. for _pure germanium.are. dnvcu into.the.condzction:

band as x decreases. .

-theory with experiment. The- -deep energv levels for S,

Se, and Te, all-from colunin VI of the Periodic Tuble,
show-a-definite- trend to higher energies for the series S
to Se to Te. This trend is due to a reductxon in the mag-
nitude of the atomic orbital: energies’ for the valence
electrons of- these .mpu'mcs hence the defect ootenual
weakens. The trend is present both in-theory and in ex:
periment. While the predicted level for S prec:scly
matches experiment (accidentally good agreement for a
theory with an uncertainty of a few tenths of an ¢V), the
theory. also agrees with the data for Se, and places the
Te deep level just above the conduction-bard minimum,
while the data reveal a leiel of 0.1 eV below the band
edge (within the uncertainty).

C. Daoping anomalies

As the band gap decreases with increasing Sn compo-
sition, the deep levels lying in the fundamental band gap
of Ge pass into either the conduction band or the
valence band of the alloy. Wher. this happens, a doping

TABLE II. Comparison of our calculated deep levels (in ¢V)
in Ge with experimental values taken from W. W, Tvler, J.
Phys. Chem. Solids 8, 59 (1959). The Te deep levei :n our
theory is resonant with the conduction band so the ground
state of the Te impurity nas its two extra electrons 1n the
effective-mass shallow levels.

Dzep levzls

Impurity Present theory Experiment
) 0.58 0.58
Se 0.69 0.62
Te resonant . 0.65

)
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_anomaly generalxy occurs. There are two types of ¢om:
mon: dnpmg .anomalies: Q) dcep-sh’:l'ow Aransitions, -

which occur when a. decp level.crosses:a band edge, and
(i) falsc valences that-result- from a-deep Tevel crossing

‘the fundamcmal band gap.

For~cl.srm of d:scusslon, we shall dssume-that' the pre-

'dlcted dcep level energies arc-‘preciscly -correct, -while

cauuomng -the reader to make allowances for a few
tenths of- an:¢V. unccrtamty in the:theory. due:to neglect

«of lattice refaxation and-charge-state splitting of the lev-
els: ¢ for’cxample. the Hg E, level, according to Fig. 8,

is=both an ciectron and a: hole trap, but might actually

lie below the vale-u:c band ‘maximum, donating its.two

holcs to the valence band. and becoming a double accep-

tor.” (The holes are then. trapped by -the long-rangcd

Coulomb potential:in shailaw acceptor levels.)

1. Deep-shaliow trarsitions

All.impurities with deep tevels.1fi-the gap for e un-
dergo a dcep-shallow'transmon as the Sr Lomposxuor
increases.. For -example, the Pysaclike Eq Hg levei is

-driven into the valence taund (Fig. .8), whiic the other

deep levels are driven into-the conduction band (Fig. 7.

‘When the CI; Br, anc 1 dccp E, levels pass into the
conduction band -with aecreasing x, the electrons that.

-occupy the deep levels are autoionized, fall ‘to the

conduction-band- miaimum, and then are- trapped- in

shallow levels. These impurities ceuse being. deep hole-

traps (plus single- dondrs) and instead become triple
donors—the-status they wou.d hold in a- naive effecti :-
mass xh*or) which contained no deep Jevels:

Simila..y S and Se are deep. (double-hole) traps:in-Ge
but begqnw double donors for smaller » (sée Fig. ). N
is-d.deep {clectron and hole) trap in Ge, but becomes a
shallow donor for x <0.6. The Hg. E; “level-traps.iwo

.clcctrons and two holzs (if the theory is takeft” lnerally)
‘in Gc, but. Hg ‘becomss a doubic acceptor with increas

ing .Sn content. Finui:y the vacancy, which is-a deep
trap-in-Ge capable of captiring four electrons or two
holes, becomes a doubie donor when both of ‘its levels
enter the conduction band:ibut is.only a hole trap wken
thc Eq level is in the conducuun band and the E; level'is
in the gap).

2. False valences

Substituticnal oxygen displays a false valence of zero
with respect to Sn or Ge, instead of —2. To see how
this happens, consider Fig. 9, which displexs the predic-
tions for substitutional impurities from row 2 of the
Periodic Table in Ge. The s-like and p-like levels in the
conduction band of Ge for a column-1V defect (C) move
dow v in energy as onc moves to the right in the Periodic
Tatie. The s-like level lies i the gap for N, but crosses
the gap into the valence band for axygen and F. Simi-
larly the p-like £, and E, levels descend into the gap for
F. Because its s-like E, deep level has crossed the gap
into the valence band and contains two clectrons, neutral
oavgen produces neither a doul ie donor (effective-mas-
intuition) nor 2 leep trap. Instead neatral oxygen is in-
ert, neither trapping, nor donating, nor accepting elec-

T x> Lt T
o= amy ‘GBI
. e D - S0, c8
~ 08¢ Ge 5.
>t b
2 -
3 CAal o o
s .| ]
- ’ «<xee
§ ozf= :
00} i ]V

'Viige 8 CN O F
FIG. 9. Predicted deep.levels for -substitutional impurities
from row 2.of the Periodic Table in Ge. Impurities to- the
right of C,:namely N, O, and- F, are not donors (counter to in-
tuition). N and F are traps, whilé O isinert. B and B are ac:

ceptors, C is inert, and Li and the vacancy-trap both electrons
and holes.. Levels in the bands are not to scale.

trons. It has a false-valence of zero withrespect to Ge:
‘Similarly ‘F-has-a- falsé vaience-of® — | insteadaf =3,
and also-has-a deep level'in the gap of Ge. Thereare no
false valenices for impurities or the left side of the
‘Periodic Tuble, because. the filled s- and -p- -like states-in

the valence band move- up-in-enargy, and cross into:the:
.gap for:the.vacancy levels (Fig.9);

L. -GUNNEFFECT

Gunn oscillations'™!®

zone to-a low-mobility region. The mobjhty.ls
u=lels/m*

where e is the electron’s charge, and m ® is the electronic

1.0 GexSn1-x

0.8
£
A 05 L }
13
0.3
r
O.o \ /
0.0 0S5 1.0
Sn x Ge

FIG. 1. Predicted effective electron masses i the I and L
valleys vs composstion . The mass 1n the 17 valley 15 smaller
than the mass of the L valley, hikely resulting in a jarger mobil-
ity for clectrons in the T valley. The Gunn cffect may be ob-
served for 0.4 2x < 0.8. The mummum in the mass of the T
vailey oceurs at the composttion where the energy band gap
vanishes.

result when electrons: .can-
‘tramfe* from a hl"h-mooxlny region of the ‘Brillouin-
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effective mass, and -+ is‘the scattering-time (due to pho-
non, impurity,. and alloy scattering). In most semicon-
-ductors the mobx'n) of-electrons in theé [ villey of the

.conduction-band is considerably higher than tiat in-the.

‘L or- X valleys, o'ving to the very hg,ht effective mass.
‘We find this to be the case for Ge Sn,_, (see Fig. 7)."
The effective masses produced by the.current.model may
be.in error by as much.as a. factor of iD; nevertheless,
the model does give a good qualitative idea-of how the
masses vary with composition: the mass of the I
minimum-becomes very light near x ~0.4, as the alloy
becomes metallic (see Fig. 10).
Gunn devices are .nlm known tc produce:coherent ra-
~ diation.***! As the. potenual across the device incinases,
it- eventually causes transitions to the low-mobility state,
and :then ‘the eléctrons slow down -and form a high-
“resistivity -domain that propagates along the device.
Most of the potential drop is-over the small domain.
The resulting- electric-fields are large and can cause im-
pact ionization, jenérating electron-hole pairs: As the

domain- passes through the material, the..clectron-hole.

pairs.are left: behind. The electrons (holes) fall to the
conduction (valence) -band edge through phonon emis-
sion. The pairs undergo radiative recombination. Such
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iadiatiofi stimulates further recombination and light is
coherently prcduced. It is-an-unanswered experimental
question:whether sich effects occur in Ge, Sn, - .

IV. SUMMARY

In summaty, we hav- predicted; the electronic struc-

‘ture -of Ge,Sn,_, alloys. and find that these materiuls

should éxhibit. interesting properties for sorme ranges. of
composition x, including direct band gaps in the-infrared
and band structures compatible with ‘the Gunn effect.
We hope that this work will stimulate further -attempts
to_produce electronic-grade Ge Sny_, materials,
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“Theoretical predictions of electronic energy levels associated with s- and p-bonded substitutional:

point. dcfects at (110) surfaces of ‘InAs-and other III—V semiconductors are presented and-
discussed. The specific defects considered- fof InAs are: anion and cation vacancies, thé (native)
-antisite defects In,, and ‘ASy,, and 26i impurities. The predlcted sur‘l.ce-drfcct deep levelsare used’
to interpret Schottky barrier heigh data for (a) n- and p-{InAs) and (b) the alloys Al Ga, As,
AGaAs, P Ing_ ,Ga P, and 'In,_,Ga, As. The rather- cc'nplxcated dcpcndencc of the
Schottky barrier height- d, on- alloy composmon provnd&s a nontrivial test.of the thicory-fand
competing theories). The followmg unified microscopic picturé emerges from xh&sc and previous
calculations: (1) iFor most HI-V and group-1V semiconductors, Fcnm-level pmnmg :by:native-
.defects can- cxplam the obscrvcd Schottky barrier hexgh!s {2) For. GaAs lnP and other- III-—V
semiconductors’ xntcrfaced with nonreactive metals, the Fermi-level pmmng is normally due- 10
antisite defects: (3) When InP is interfaced witha reactive metal surface P vacancies are created
which pin the Fermi level. (4) Impurities and defect complexes are Sometimes 1mphcatcd (51.At
8i// transmon-mctal-sxhcldc interfaces, Si danglmg bonds pin-the chu level. (6) These defects 2t
the semnconductor/metal mtcrfaccs are-often-“sheltered" or “cncapsulated " That is, thc states.
mponsxblc for Fermi-level. pinning. are frequently. “dangling-bond"" state:, tliat dangie into a
-neighboring vacancy, void, or disordered region. The defects.are pamally surroinded by atoms
that are out of resonance wnh the semiconductor host, causing the defect ievels o be deep-level
pirned and to have energies that are almost independent of the metal.

~PACS nvmbers: 73.20.1°b, 73.30. +y

I. INTRODUCTION.

‘In this paper we report calculations of the deep levelr asso-
ciated with surface s- and p-bondcd subsmuuonal point de-
fects in InAs, and we show how these results fit into an
emerging unified microscopic picture of surface deep levels
and Schottky barrier heights in I11-V and group IV semi-
conductors.

il. DEFECTS AT THE InAs (110) SURFACE

The calculations we report employ existing and well-es-
tablished techniques for treating defecis in semiconductors
and at semiconductor surfaces.''® Briefly stated, the
Green'sfunctionmatrixG (E) = (E — H)™ ' of the hostsemi-
corductor, with a (110) surface relaxed according to the 27°
rigid-rotatios model,'™*'? is constructed in an empirical
nearest-neighber sp’s® tight-binding basis.” Because the
matrix elements of the empirical tight-binding theory exhibit
simple dependences on the orbital energies of the atoms and
the bond lengths between neighbors, the changes in thse
matrix elements due to a defect can be estimated from the
known atomic orbital energies of the defect atom and the
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(presumed known) lattice distortion around the defect. Thus,
a defect potential matrix V, car. be ceastru=-" *lh is
localized to theimpurity site and 4 sinall number of 1:s neigh-
bors. {In practice lattice distortion around the defect has
only a small, =0.2 eV, effect on the deep levels of irterest,
and so we neglect it—making ¥ a diagonal matrix in a 10-
calized basis.} The resuliing eigenvoiue equation for the
“deep” energy level Eis
det[1 ~G(EW,] =0,

whose soiuticns £ (V, ) are given in Figs. 1 and 2 for defects at
the (110) surface of InAs. [To plot £ as a function of . single
variable ¥,, w= have made the usugl approximations for the
on-site matrix eizments of the 5X 5 matrix V,: (1) the s*
wagenal element and all off-diagonal elen:2nts vanish, and

) the thieep diugonal elements are equal to une another and
half of the s-diagonal element ¥,.%*°] Details of the calcula-
tions, which are identical to those for other III-V semicon-
ductors, ar - available in the lite;ature.'-*!? It should be em-
phasized that this theory is best suited for predicting
chemical trends in the energy: leveis of different impurities in
different hosts, rather than predicting with precision the ab-
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F1G. 1. Deep levels for impurities on the In site wnhm an InAs(110) surface
layer (solid lines). V is the impurity potenual fors electrons E.and E, ase
the conduction and valence band edges? The curvesare labeled according to
lhe parity of the defect state with respect tothe (110} plane, which is perpen-
dicularto the ll 10)s surface plane Thedashed lines give the 4, (s-like)and T,
{ p-like) leVels for the Insite in bulk InAs.

solute energy levels.themselves. For this reason, it.is:espe-.
cially-well sited for treating §maﬁ'band-gap semiconduc-
tors, because a knowledge of the trends can compensate for a
stgmﬁcant theoretical uncertainty on-the scale of the band
.8ap.

‘The predicted surface {solid line) and bulk {dashed line)
deep levels for defects at'the As site in InAs are given ini Fig.
1. The surface or-bulk deep levels of a specific impurity are
obtained (roughly") by dropping a vertical-line from that
impurity {at the top of the graph) and determining its inter-
sections with the solid or dashed theoretical curves. For ex-
amplc, Zn on the As site in-InAs is predicted to produce a
buik leve! roughly 0.2 eV above the valence band maximum
apq asurface ¥ parity level at roughly 0.4 eV (just below the
conduction band minimum). The vacancy levels are the lim-
its as ¥,— o of these curves.'
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03 FiG. 2. Deep levels for the As
sitc at the InAs{110} surface
2 (solid lines) and in bulk InAs
o2~ (dashed lines).
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The electronic occupancy of a level is determined by not-
ing its origin for ¥, =0 and the valcncc difference between

sthe impurity and the host atom. For cxamplc. neutral Zn has

three fewer electrons than-As, or three more holes. For sur-
face Zn, two of these holes go into the uppermost: 4 level,
which [with V, increasing from zero) emerges.from the va-

‘lénce band, crosses the gap, and passes into the conduction

band. The:third hole goes into the second + level, which
lfor ¥, cqual to the value appropnate for Zn) lies roughly 0.4-
eV above the’ valence.band maximym-in the fundamental.
gap. Thus, the only deep level in the gap -of neutral
surface-Zn,, is occupied by one electron and oné hole. Ne-
gauvely charged:Zn~ at the surface would have two elec-
trons in this level. A similar argument for the bulk Zn level
reveals that the orbitally threefuld-degenerate T, state lies in
the gap and'is occupied by three electrons and three holes
when the defect is neutral.

Sxmnlarly, the As vacancy corresponds to V,~—wx, with

‘five holes added; i.e., the As site atom is decoupled from: the

host'* and its electrons are renioved. Thus, three eiectrons
and five holes “occupy” all the levels of the vacancy, includ-
ing those that have been pushed into and are resonant with
the conduction band: Electrons are unstable in reSonant lev-
els, so they spill out-and fall to the conduction band.edge..
“The defect then becomes a shallow donor, with levels! bound
by the loig-range Coulomb tail of the potential {omitted
from the presént model). Our calculations thus predict that
the As vacancy in InAs yields only shallow donor levels in.
the gap.

We can estimate the energies and electronic occupancies
of levels in the gap produced by the various defécts of Figs. 1
and 2 in a similar way. We found above that th surface As
vacancy produces no deep levels in the gap (deep-being de-
fined as-bound as a result of the céntral:cell potcntial) and.
instead gives shallow donor states near the conduction band
edge. Similarly the neutral surface In vacancy produces cnly
a deep level occupied by one electron and one hole near the
conduction band edge, at approximataly”' 0.3 eV. Theé sur-
face antisité defect In,, produces a devn level in the gap at
approximately*' 0.05 eV, near the v.lence band maximum,
which, for neutral In, is occupied by two electrons. Sutface
and bulk As,, produce doubly occupicd dcaor states near
the conduction band edge, that, within the theoretical acer-
tainty,” could be either shallow or deep (at ~0.65 ¢V, above
the conduction band edgs, for the su:-face, producing shal-
low donor levels in the gap).

i, SCHOTTKY BARRIER HEIGHTS

The energy levels of the native defects are relevant to tiie
Schottky barrier problem. According to Bardeen's theory of
Fermi-level pinning {in simpiified form) the bulk bands bend
so that the Fermi energies of the surface and the bulk align.
The band bending forms a Schottk:- tcrrier. For n-type ( p-
type) InAs, the surface Fermi level is telieved to b. deter-
mined by native defects at the surface, and lies near.the level
to be occupied by an extra electron (holg),

For r-InAs tha Schotiky barrier height is approximately
the energy of thie conduction band edg ! relatiy « to the lowest

emy:ty curface defect level—the surface Fermi level, Assum-
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FIG-3.S¢hottky barrier helght d 4 as function of alloy composmon xforAu
contacts to s-type Al, Ga, _ (As, GaAs, _ P, ‘In, _,Ga P and
In, _,Ga,As. The experimental data-are those of J. S. Best; Appl. Phys.
Lett. 34, 552(1979) for Al, Ga, ., As; W.G. Spitzerand C. A. Mead, Phys.
Rev. A 133, 872(1964), and D. A. Neamen and W. W: Grannemann, Solid
State Electron. 14, 1319 (1971) for Gaas, _,P,, T.F. Kuech and J. 0.
"McCaldin, J. Vac. Sci. Technol. 17, 891 ;1980 for In, _ ,Ga,P: and K.
Kijiyama, Y. Mizushima, and S. Sakata, Appl. Phys. Lett. 23, 458{1973) for
-Iny = ,Ga, As.For this alloy, the data of H-H-Wieder;A ppl: Phys: Lett.38,
170(1981), for metal-insulator-semiconductor structures, are also shown.
‘ing only native surface defects (i} In,,, (i) Asy,, (iii) V., (As
vacangy), or (iv) ¥}, the Fermi level is (i) near the conduction
band edge, (ii) near the conduction band edge, (iii; ear the
conduction band edge, or (iv) at 0. 3 eV. If the'concentra-
tion of ¥}, at the surface i$ less than the concentration of As
vacancxes plus half the concentration of As,, the As,, and

Vs levels compensate the ¥, level—so that the surface Fer-
mi level lies at the conduction band edge Thus, normally,
the surface Fermi level of n-InAs is nearly at the conduction
band edge, the Schottky barrier height is approximately
zero, and the semiconductor/meétal contact is, by definition,
Ohmic.

For p-InAs, the Schottky barrier height is approximately
the energy of the surface Fermi level for holes relative to the
valence band maximum. The surface Fermi level for holes is
(i) near the valence band maximum (=0.05 V), (iij near the
conduction band edge, (iii) near the conduction band edge, or
(iv) near ~0.3 eV (slightly less than the 0.42 ¢V band gap) for
Ing,, Asy,, Vy,, or V4, respectively. Under normal circum-
stances we expect the As,, and V,, defects to compensate
V}a» causing the surface Fermi level to lie nearly at the con-
duction band edge. Hence, p-InAs should have a Schottky
barrier height of appreximately the band gap.

Mead and Spitzer®® have reported a Schottky barrier
height of zero (Ohmic} for #-InAs with Au contacts and a
barrier height for p-InAs of approximately the band gap—as
the theory predicts!

{V. RELATIONSHIP TO SCHOTTKY BARRIER
HEIGHTS IN OTHER lii~V MATERIALS

We believe the defect primarily responsible for Schottky
barrier formation in InAs, is In,,, but that As;, and V,,
play secondary roles, as discussed above. Evidence support-
ing the importance of the cation-on-anion site antisite defect
is available from the predicted alloy dependence of Schottky
oarrier heights for Au on n-type semiconductors, shown in
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Fig. 3. (See also Refs. 1 and 2.) The t