L AIR = )

Calculated natural band offsets of all II-VI and IlI-V semiconductors: Chemical trends
and the role of cation d orbitals
Su-Huai Wei and Alex Zunger

Citation: Applied Physics Letters 72, 2011 (1998); doi: 10.1063/1.121249

View online: http://dx.doi.org/10.1063/1.121249

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/72/16?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Inter-band optoelectronic properties in quantum dot structure of low band gap IlI-V semiconductors
J. Appl. Phys. 115, 143107 (2014); 10.1063/1.4870939

Temperature dependence of defect-related photoluminescence in IlI-V and [I-VI semiconductors
J. Appl. Phys. 115, 012010 (2014); 10.1063/1.4838038

Nonlinear variations in the electronic structure of 11-VI and IlI-V wurtzite semiconductors with biaxial strain
Appl. Phys. Lett. 98, 152108 (2011); 10.1063/1.3578193

Revised ab initio natural band offsets of all group 1V, II-VI, and IlI-V semiconductors
Appl. Phys. Lett. 94, 212109 (2009); 10.1063/1.3143626

Band offsets of high K gate oxides on Ill-V semiconductors
J. Appl. Phys. 100, 014111 (2006); 10.1063/1.2213170

LIVE DEMO —=— = REGISTER >»>

The Basics of COMSOL
in 18 Minutes

\NB COMSOL



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/299240276/x01/AIP-PT/COMSOL_APLArticleDL_071515/COMSOL_Banner_US_COMSOLBasics_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Su-Huai+Wei&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.121249
http://scitation.aip.org/content/aip/journal/apl/72/16?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/14/10.1063/1.4870939?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/1/10.1063/1.4838038?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/15/10.1063/1.3578193?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/21/10.1063/1.3143626?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/100/1/10.1063/1.2213170?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 16 20 APRIL 1998

Calculated natural band offsets of all II-VI and IlI-V semiconductors:
Chemical trends and the role of cation d orbitals

Su-Huai Wei® and Alex Zunger®
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 27 January 1998; accepted for publication 24 February 1998

Using first-principles all-electron band structure method, we have systematically calculated the
natural band offsetsAE, between all 11-VI and separately between IlI-V semiconductor
compounds. Fundamental regularities are uncovered: for common-cation sysEdecreases
when the cation atomic number increases, while for common-anion syat&mslecreases when

the anion atomic number increases. We find that coupling between jpuaiod catiord states plays

a decisive role in determining the absolute position of the valence band maximum and thus the
observed chemical trends. ®998 American Institute of PhysidsS0003-695(98)03316-4

The offsetAE,(AX/BY) between the valencé/) band calculation for the AX),/(BY), superlattices with(001)

maxima of two semiconductor compourdiX andBY form-  orientation. We find that for most of the systems 3 is

ing a heterostructure is one of the most important parametesufficient to convergEc ¢/ (AX/BY) within 0.02 eV. The

in interfacial structures deciding both transport and quantunerror is larger for a system with large lattice mismately.,
confinement. Extensive studiésee review in Ref. lhave  GaN/GaAs. The structural parameters of the superlattice are
been carried out in the past to both measure and calculatelaxed using the valence force filédFF) modef and tested
AE, of lI-VI and IlI-V semiconductor compounds. How- with first-principle force and a total energy minimization
ever, most of the experimental studies concerned only a pascheme. We estimate that the total uncertainty in our calcu-
ticular pair and their results are somewhat scattered. Furthelation in most cases is about 0.05 eV. The error could be
more, many of the previous theoretical calculations involvedarger for systems between nitrides and other 1lI-V com-
approximationge.g., model solid,no p—d coupling? etc) pounds or between II-VI and IlI-V systems. Conduction
whose validity has not been verified. Thus, overall regulari-band offsets can be obtained from our calculated valence

ties and trends were not apparent. In this letter we have sydand offsets by adding the difference of measured gaps.

tematically calculated the natural band offs&t, via ab
initio, all-electron band structure mettidoetween all [1-VI

The band structure calculation is performed using the
local density approximatiort® (LDA) of the density func-

and ll1-V semiconductor compounds. Clear chemical trendsional theory as implemented by the general potentelg-

are apparent.

To calculate the valence band offskE,(AX/BY) be-
tween two compoundd X andBY we follow the procedure
used in photoemission core level spectroscomhere the
band offset is given by

AE,(AX/BY)=AEC L, —AENS+AEDS )
Here,
A Ejfé: EAX_ EAX @

(and similarly forA ESL,) are the core leve(C) to valence
band maximum energy separations for péX¥ (and simi-
larly for pureBY), while
N ARSI ©
is the difference in core level binding energy betweeX
and BY at the AX/BY heterojunction. To obtain then-
strained “natural” offsets, the core-to-valence-band maxi-
mum (VBM) one electron energy differenceE,'%. is calcu-
lated for AX (and similarly for BY) at their respective
equilibrium (experimental zinc-blende lattice constants.

The core level differencA Eé?(éE,W is obtained here from the
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tivistic, all electron, linearized augmented plane wave
(LAPW) method'! We used the Ceperly—Alder exchange
correlation potentidl as parameterized by Perdew and
Zunger:°

Our directly calculated valence band offsets are summa-
rized in Table | for common-anion systems and Table Il for
common-cation system@umbers without parenthegisAl-
though the form of Eqg.(1) does not obviously lend the
AX/BY band offset to be expressed as a linear difference
between theAX and theBY valence band maximum of the
isolated compounds

AE,(AX/IBY)=E2"—EAX, 4

our directly calculated values show that the transitivity rule
AE,(AXICX)=AE,(AX/BX)+AE,(BX/CX) (5)

is well satisfied for thenatural band offsets between IlI-V
compounds and separately between [I-VI compounds, indi-
cating that it is indeed a bulk property. This observation of
approximate transitivity makes it possible to define from Eq.
(4) the valence band maximum energiesisblated com-
pounds(e.g., with respect to a given compourghown in
Fig. 1. Transitivity also allows us to derive the band offsets
between pairs that have not been calculated dirgetlyn-
bers in parenthesis in Table | and Tablg Il

Our calculated results show the following trends:

© 1998 American Institute of Physics
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TABLE |. Calculated natural valence band offsatg,(AX/BX)=E,(BX) —E,(AX) between common-anion
II-VI and IlI-V compounds. The numbers in the parenthesis are deduced from the transitivity rule, whereas
others are obtained from direct supercell calculations. Energy is in eV.

II-VI systems
X Mg/Zn Zn/Cd Cd/Hg Mg/Cd Mg/Hg Zn/Hg
S (0.18) (0.66) (0.84)
Se (1.03 (0.07 (0.47 (1.10 (1.57 (0.59
Te (0.7 —0.13 0.37 (0.67 1.05 0.26
-V systems

AllGa Galln AllTI Allln AllTI Ga/Tl
N 0.84 0.26 1.04
P 0.54 0.11 0.68
As 0.51 0.05 0.58
Sb 0.41 —0.01 0.43

(i) Most valence band offsets are nonzero. This is in conwell as in the model of Vogle, Hjalmarson, and DéwSince
trast with the “common-anion rule®?!*3that sug- all the cations with the same valence have simiarbital
gested that the offset between two semiconductorgnergies, thip-VBM view naturally leads to the conclusions
having the same anion will be small. The smallestthat if two semiconductors have the same anion, their va-
AE, occur between Zn/Cd and Ga/In common-anionlence band offset will be close to zefthe common-anion
systemgTable ). rulet?>133, Trends(i) and (i) above show that this expecta-

(i)  For common-anion pairsAE, decreases as the tion is not met. Furthermore, theVBM model also suggests
atomic number of the anion increases. For exampleihat the valence band offset for the common-cation systems
the offset between tellurides is smaller than that bevyeflects mostly the orbital energy differences between the
tween selenides or between sulphidéable ). The  two anions, and is thus not sensitive to the identity of cat-
change is larger in [I-VI systems than in Ill-V sys- jons. This conflicts with trendiii ). Furthermore, the calcu-
tems. lated AE, values from thep-VBM modef are much larger

(i) For common-cation pairsAE, decreases as the than our calculated valudsee below.

atomic number of the cation incre.ases.. For example, \we show here that the observed trends above can be
the offset between Hg chalcogenides is smaller thanngerstood ifp—d coupling in these systems is taken into
that between Cd chalcogenides or between Zn chalcozccount, In the zinc-blende compound withsite symmetry
genides(Table 1). Again, the change is larger in ok the aniomp and the catiord orbitals transformamong
_ ll-VI systems than in Ill-V systems. , others as thel ;5 (also calledt,) representation. These two
(iv)  For common-cation pairs, the compound with largerg,,a_symmetry states can thus interact with each other. The
anion atomic number also has a hlghe_r VBM ENe1YYinteraction between the anigmand the occupied catiod
(Fig. D' .e., B, follows the order of aniorp orbital states results in a level repulsion, moving the VBkWwards
energies. (Fig. 2). The coupling is proportional to the matrix square
A long-standing paradigm in the theory of zinc—blendeVSd=|<X,p|AV|A,d>|2 (larger for compounds with more
semiconductors is that the VBM wave functions are made oflelocalizedd orbitals and short bond lengthand is in-
anionp states with small contributions from catignstates.  versely proportional to the unperturbed energy difference
This is clear in the tight binding model of Harrisérf as |ep— €q| (larger for compounds with low aniom orbital en-

TABLE Il. Calculated natural valence band offsedf, (AX/AY)=E,(AY)—E,(AX) between common-
cation 11-VI and Ill-V compoundgsee Table | caption

1I-VI systems

A O/s S/Se SelTe O/Se OITe S/Te
Mg 1.00 ..

Zn 1.00 0.53 0.73 (1.53 (2.26 1.26
Cd 0.42 0.57 0.99
Hg 0.23 0.46 (0.69

-V systems
N/P P/As As/Sb N/As N/Sb P/Sb

Al (1.97 0.54 (0.66 (2.47 3.13 (1.19
Ga 1.72 0.43 0.58 2.19 (2.795 (1.09

In (1,56 (0.42 0.50 (1.98 (2.49 (092
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Natural Valence Band Alignment of Semiconductor Compounds

(a) lI-V compounds

2.03 2.02

InN AIP GaP InP AlAs GaAs InAs AISb GaSb InSb

(b) II-VI compounds

1.53

MgSeMgTe ZnO ZnS ZnSe ZnTe CdS CdSe CdTe HgS HgSe HgTe

FIG. 1. Calculated natural valence band alignmentapflll-V semicon-
ductor compounds angb) 11-VI semiconductor compounds.

ergy and higher catiom orbital energy. Figure 2 shows
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the fact that the Hg & orbital has a shallower energy and is
more delocalized than the Cdl4br Zn 3d orbitals, thus the
p—d repulsion is much larger in the Hg compounds. The
relatively small band offset between the common-anion
Ga/ln and Zn/Cd pairs is due to the fact that, although the In
and Cd 4 orbitals are more delocalized than the Ga and Zn
3d orbitals, the anion—cation bond lengths in the Ga com-
pounds and in the Zn compounds are shorter than in the In or
Cd compounds, respectively.

(b) For the common-anion system, withopt-d cou-
pling, AE, will be small as expected from thp-VBM
model® Since thep—d repulsion decreases as the anion
atomic number increasddue to the increase of the anipn
orbital energy and increase of the bond lenygthsE, de-
creases when the anion atomic number incregsegs, from
0.66 eV for CdS/HgS to 0.47 eV for CdSe/HgSe to 0.37 eV
for CdTe/HgTe. This explains trendii) above.

(c) For the common-cation system, a compound with
smaller atomic number also has a lower VBM enefgg
predicted by the-VBM modef). However, since the anion
with smaller atomic number also has loweorbital energy
and smaller anion—cation bond length, the upward shift of its
VBM energy due top—d repulsion is larger than the com-
pound with larger anion atomic number. This decreases the
AE, . For example, for the ZnS/ZnTe and GaN/GaP pairs,
without p—d coupling theAE, are 2.3 and 4.38 e\? re-
spectively, while withp—d coupling, theAE, is only 1.26
and 1.72 eV, respectively. Singe—d repulsion increases
when the cation atomic number increas®g, is reduced as
the atomic number of the cation increaseg., from 0.53 eV
for ZnS/ZnSe to 0.42 eV for CdS/CdSe to 0.23 eV for HgS/

schematically how the—d coupling affects the band offset: H9S@. This explains trendiii) above.

(@ Trend (i) for common-anion systems is a conse-

guence of the fact that the two cations have differemtr-
bital energies and different spatial extent of herbitals.
The cation with shallowed bands repels the anigm band
upwards more than the cation with deepdoand. This dif-
ferential effect increaseAE, [Fig. 2(@)]. In general,p—d

This work is supported by the U.S. Department of En-
ergy under Grant No. DE-AC36-83-CH10093.
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