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Predicted band-gap pressure coefficients of all diamond and zinc-blende semiconductors:
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We have studied systematically the chemical trends of the band-gap pressure coefficients of all group 1V,
IlI-V, and II-VI semiconductors using first-principles band-structure method. We have also calculated the
individual “absolute” deformation potentials of the valence-band maximBM) and conduction-band
minimum (CBM). We find that(1) the volume deformation potentials of tlhg, CBM are usually large and
always negative, whilé2) the volume deformation potentials of thg, VBM state are usually small and
negative for compounds containing occupied valedcgate but positive for compounds without occupied

valenced orbitals. Regarding the chemical trends of the band-gap pressure coefficients, we fif®l ﬂﬂa’tr
decreases as the ionicity increaseg., from Ge-GaAs—ZnSe, (4) ag’r increases significantly as anion

atomic number increasés.g., from GaN~GaRP—-GaAs—GaSh, (5) ag‘r decreases slightly as cation atomic
number increase.g., from AlIAs—»GaAs—InAs), (6) the variation ofag’L are relatively small and follow

similar trends asy, ', and(7) the magnitude ofy, ~* are small and usually negative, but are sometimes

slightly positive for compounds containing first-row elements. Our calculated chemical trends are explained in
terms of the energy levels of the atomic valence orbitals and coupling between these orbital. In light of the
above, we suggest that “empirical rule” of the pressure coefficients should be modified.
[S0163-182€9)00532-9

[. INTRODUCTION at zinc-blende semiconductor interfacedowever, a closer
look at the currently available experimental datd indi-
The pressurép) coefficient cates that the validity of the “empirical rule” is rather ques-

tionable. For example, the pressure coefficient agf "
dE, (1) changes significantly with anion, from-4 meV/kbar for
dp GaN to~10 meV/kbar for GaP te-14 meV/kbar for GaSb.
Since, however, the available experimental pressure coeffi-
cientsa, sometimes have a large spread, it is difficult to
assess the chemical trends of the pressure coefficients with-
out either a systematic measurements or systematic calcula-
dE, tions.
affzd n (2 The other issue in this field is to determine how much of
v .
the band-gap deformatiom; comes from the valence band
via the bulk modulu8= —dp/d Inv through the relation ~ and how much comes from the conduction b&hd’ This
information is crucial in assessing quantum confinement for

a_
ap—

of an interband transitionr (e.g., I'gy—1ec, 'sy—Lec,
I's,— Xgc) in @ semiconductor is related to the volume) (
deformation potential

e [1) 4 holes, and separately for electrons in heterostructure. It is
ap=- B ay - 3) customary®® to assumed that the volume deformation po-
tentials a¥® of the valence-band maximurfVBM) state

For semiconductors with the diamond and zinc-blende strucr,  are positive, i.e., that the energy of the VBM stae
tures, the accumulated knowledge distilled from many meagreasesas the volume decreases. This is based on the argu-
surements oag for the main interband transitions were sum- ment that the VBM state is a “bonding” state of aniprand
marized by William Padi? in the “empirical rules of the cation p orbitals?® However, assuming the deep impurity
pressure coefficients,” namely that for a fixed interband tranpinning rule?® experimental measuremeffté® find that
sition type @, the pressure coefficiert; is nearly constant aY® are negative for the IV semiconductors GaAs and
for all tetrahedral semiconductors; the main dependence i;P. Theoretical calculations of the absolute deformation po-
on the transition typew. Fora=1"g,— g transitionag’F is  tentials also give contradictory results. For example, using
of the order of 10 meV/kbar, forr=Tg,—Lg, transition  dielectric midgap energy model Cardona and Christefisen
alg‘r is near 5 meV/kbar, and fow=I"g,— Xg transition  find thataY® is alwaysnegative while using the model-
a, " is around—1 or —2 meV/kbar. This “empirical rule”  solid theory, Van de Wallé finds thata)®" is alwaysposi-
has been used successfully in the past to identify from hightive.

pressure optical experiment the symmetry of optical transi- In this paper, we test the validity of the “empirical rule”
tions in semiconductofs* and to determine the band offset and study thechemical trendof the band-gap pressure co-
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efficients by systematically calculating the pressure coeffi- ——
cients for all group 1V, 1lI-V, and 1I-VI semiconductors. We R 3.0 (a) —
also calculate the “absolute” deformation potentials of the > - T
VBM and conduction-band maximug€BM). We show that L5} =
(1) the volume deformation potentialaS®” of the e -

conduction-band minimumCBM) state I'g, are usually © 2.0r 7
large and always negativenergy increases with pressyre ° - ]
while (2) the volume deformation potentials'°™ of the 8 1.5r .
VBM TI'g, state are usually small and negative for zinc- )

blende compounds containing occupied valetistate(e.g., VO T s 0 15 20
GaAs, InAg but positive for compounds without occupied In(Vo/V) (%)

valence d orbitals (e.g., AlAs. Regarding the chemical

trends of the band-gap pressure coefficients, we find(8)at

a, ' decreases as the ionicity increas@,a, " increases 3
significantly as anion atomic number increas{é,i,;,ag‘r de- '
creases slightly as cation atomic number increa®sthe
variation of ag’L are relatively small and follow similar
trends as, ', and(7) the magnitude oy, ~* are small and
usually negative, but are positive for compounds containing
first row elementgC, AIN, GaN, InN, etc).. Our calculated
chemical trends can be understood usingghes ands—d -,
coupling models for the conduction states gndp andp 1.0 (') 5I5 ‘ 1'0 ‘ 1'5 L 2'0 ‘ 2'5
—d coupling models for the VBM. In light of the above

noted chemical trends, we suggest that the “empirical p (Gpa)

rule” 12 of the pressure coefficients should be modified and FIG. 1. Calculated direct band gapTafor GaAs as(@) a func-
that one should be cautious in using the absolute deformatiog,, of'ln'v and (b) a function ofp. The dashed lines are linear

Band Gap (eV)

. . . 16
potentials from previous calculatiof: function predictions using the values and slopes=ab. A constant
is added to the band gdp, so it equals to experimental value at
II. METHOD OF CALCULATION p=0.

(@) Is Eg linear with p or withInv? It is customary to
assume that the direct band gig is a linear function of
either the relative volume change vnor the pressurep.
Equationg3) and(4) imply that it cannot both be right since
B’ is known to be positivé,i.e., the bulk modulus increases
significantly as volume decreases. Figure 1 shows our calcu-
latedE4 for GaAs as a function of Im as well as a function

We calculate the band-gap pressure coefficj&ut. (1)]
via self-consistent local density approximatidrDA),?* as
implemented by the relativistic, linearized augmented plane
wave (LAPW) method®® We used the Ceperley-Alder ex-
change correlation potentfdlas parameterized by Perdew
and Zungef’ The Ga &I, In 4d, Zn 3d, Cd 4d, and Hg 5,

states are treated in the same footing as the atheand p

. f p. We see from Fig. 1 that to a good approximati®nis
valence states. A well-converged basis set of about 30§ linear function of Irv, but not a linear function oﬁn-

L’:‘r'?c\)’:/ rT?eF()jelrJ;tnomt; Ussid&% Ee 321?”+rgz§&gi§“£g‘gggg_'sQeed,d Ey/dp decreases gs increases, while-dE,/dInv

P g ten sp pol increases only slightly as the volume decreases. This conclu-
gap pressure coefficiert;, we first calculate the volume sjon is consistent with experimental observatiois.
deformation potentiah_ [Eq. (2)] at the experimental lattice At low pressure, one can fif4(p) to a quadratic function
constant and then calculate the bulk modulus by fitting the

_ 2
calculated total energy to the Murnahan’s equation of Eg(p)=E4(0)+ap+Bp~. ®)
states?® which assumes Using Eqgs.(3) and(4), we find thatg/« is bounded by
, 0<— Bla<B’/2B(0). ®)
B(p)=B(0)+B'p, 4

For InP the measured valif@$! — B/a=0.002kbar?,
’ ot hich is within the bound of 0 to 0.0034 kbarobtained
whereB’ is the pressure derivative of the bulk modulus. ThelV , . .

i L . from Eg. (6). We find, however, that using E(p) the fitted
ba.nd gEap %res_?urebcto_efflt(ﬂen‘t‘ 'Zth?nto%a;ned f?jrand? valuesa and ﬁ depend sensitively on the pressure range used
using Eq.(3). To obtain the “absolute deformation poten- in the fitting." For GaAs,« and 8 values obtained using data

tial” of the valence-band maximum state, we calculate theoetweerpzo to p=200 kbar is about 5% and 50%, respec-
deformation potential of the transition between the VBM a”dtively, smaller than the values obtained by fitting the data

the averaged cation and anios tore levels. We approxi- nearp=0. If one fits to a linear equatiofi.e., set3=0 in

mate that the cation-anion average of the absolute deformqr_q. (5)] « obtained using data betweep=0 to p

tion potential of the localized<.core state is negligible. The =200 kbar is almost 30% smaller than the value obtained by

uncertainty due to this approximation is about0.5 fitting the data neap=0.

meV/kbar.’ _ (b) Does g, " depend on whether it is zinc-blende or
Before we study the chemical trends, we tested two comgyurtzite structur€ In our calculation we used the cubic dia-

mon assumptions used in measuring the pressure coefficiemhond or zinc-blendé€ZB) structure to obtain the pressure
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TABLE I. Comparison of LDA-calculated band-gap pressure  TABLE Il. LDA-calculated(cal) equilibrium zinc-blende lattice
coefficients(in meV/kbay for the nitrides in the zinc-blend&B) constantsa (in A), bulk moduli B (in kbar, and the pressure de-
and wurtzite(WZ) structures. The values for the WZ structure arerivative B’ of the bulk modulus. Results are compared with avail-
averaged over the crystal-field split VBM states. The differencesable experimentalexp data(Ref. 6. Compounds denoted by an
between the crystal-field split values is less that 0.1 meV/kbar. asterisk exist in wurtzite structure, while HgS exist in the cinnabar
structure. For these compoundglg, andB,, are estimated from the

Compound ag(ZB) ag(WZ) properties of their wurtzite countpart or from LDA calculations.

AIN 4.2 4.3 Compound Acal Aexp Bea Bexp Beal

GaN 3.1 3.3

InN 1.8 21 C 35393 35668 4692 4420 3.8
Si 5.4069 5.4307 966 979 4.4
Ge 5.6540 5.6579 708 689 4.5
coefficients for all the compounds. However, the stable crys- Sn 6.5029 6.4890 443 456 4.6
tal structures for the nitrides and some of the 1I-VI com-  AIN* 4.3641 4.3600 2158 2158 4.2
pounds(CdS, CdSgare wurtzite(WZ). It appears reasonable AP 5.4461 5.4635 903 860 4.4
to assume that compounds in the WZ structure will have Alas 5.6435 5.6600 754 781 4.4
similar pressure coefficients as in the ZB structure, since the A|sh 6.1234 6.1355 560 551 4.4
nearest-neighbor tetrahedral environment is similar in both gan 4.4881 4.5000 2063 2054 4.6
structures. However, a recent calculation of Christensen ggp 54374  5.4505 896 882 4.7
et al.32 using linearized muffin-tin orblta(LMTO) method GaAs 5.6490 56533 742 756 4.8
found that for InNa, ~" = 3.1 meV/kbar in the WZ structure,  Gasp 60917 60959 556 563 49
but Only 1.9 meV/kbar in the ZB structure. The difference InN* 4.9753 4.9800 1498 1480 4.7
was attributed to the extra structural degrees of freedom |,p 58615 5.8687 716 710 4.8
available in the WZ structure: the variation Bf due to the InAs 6.0512 6.0583 603 579 4.9
change in thep=c/a ratio (wherec anda are the hexagonal InSh 6.4763 6.4794 468 483 4.9
lattice constants parallel and perpendicular to[@01] di- 7ns 5 3476 5.4102 906 771 50
rectli)trﬁ, an(?]the mtern?l c?ttrrlljc_turalI palr?.me?erTlo It\leslt t?hewwz ZnSe 5 6079 5 6676 240 624 50
;?rsuuctﬁ’r;ve ave repeated their calculation for InN. In the ZnTe 6.0295 6.0890 559 509 51
Cds 5.7958 5.8180 703 620 4.8
Cdse 6.0412 6.0520 592 530 4.8
dEg :(9_Eg+(9_Eg o a_Eg ou 7) CdTe 6.4400 6.4820 466 445 4.9
dinv  dlnv  dn dlnv  du dinv’ HgS 5.8476  5.8500 689 685 5.0
N - HgSe 6.0950  6.0850 589 500 5.0
where all the quantities are calculated near equilibrium. We HgTe 6.4677 6.4603 477 423 5.1

find that for WZ-InNd#n/dInv=-0.001 and du/dlnv
=0.030 are both very smalthey are, of cause, equal to zero
for ZB structure, thus the contribution of the last two terms . . . 6
in Eq. (7) to dEy/dInv accounts less than 2%. The calcu- and b_qu moduli agree very well with experimental data,
lated bulk moduli(1498 kbar for the ZB structure and 1484 €SPecially for 1ll-V compounds. The LDA error for the lat-
kbar for the WZ structuneare similar in both structures. tice constants and bulk moduli are somewhat larger for the
Thus, the main difference between the ZB and WZ structured-V! Zn compounds. _

are due to the termgEy/dInv in Eq. (7). Table | compares tTakt)_IeI i gl(\j/es the LDA-C?If_(:antSd l‘;‘iﬂd'?ﬁp defor_m?non_
the LDA calculated pressure coefficients for AIN, GaN, andPO€ntials and pressure coetlicients of the thrée main transi-
InN in the zinc-blende and the wurtzite structures. We sediONS I'sy—=Xec, T'gy—Lgc, andI'g,—I'sc. Comparing to
that the pressure coefficient is only 0.3 meV/kbar or les€XPerimental datafﬂe find that the calculated band-gap pres-
larger in the wurtzite structure than in the zinc-blende strucSure coefficientsa, ~ are systematically~1-2 meV/kbar
ture. For ZB-InN. we findat ~"=1.8 meV/kbar is in good smaller than the experimental values. The error seems to be
agreement  with Christgnsenet al’s results al T larger for compounds with smaller band gaps. However,
—19meV/kbar  but for WZ-InN we find aF’r since the LDA errors argystematigsee discussion in Sec.

=2.1 meV/kbar, much smaller than the 3.1 meV/kbar vaIueVI on LDA corrections, thetrendsof the band gap pressure

. . coefficient are well reproduced in the LDA calculation. We
of Christenseret al. The difference between our calculated find that (i) a' T decreases as the ionicity increases. e
pressure coefficient for WZ-InN and that of Christensenf G Gaz\ ZnSe (i) al- T i Y i I’ 9
et a3 is not understood. We will use zinc-blende structure/T0M Ge—GaAs—ZnSe, (i) a, * increases significantly as

only in our following calculations. the anion atomic number increases, e.g., from
GaN—GaR~GaAs—Gasb, (i) a, " decreases slightly as
cation  atomic  number  increases, e.g., from

Ill. CALCULATED VALUES AND EMERGING TRENDS AlAs—GaAs—InAs, (iv) the variation of alrsz are

Table Il gives the LDA calculated equilibrium lattice con- relatively small and follow similar trends ag, ", and(v)
stantsa, bulk moduli B, and pressure derivativB’ of the  the magnitude o&ﬁ*x are small;ag’X are usually negative,
bulk modulus. We find that our calculated lattice constantdut are positive for compounds containing first-row elements
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TABLE Ill. LDA-Calculated band-gap volume deformation potentifizy. (2)] (in eV) and pressure
coefficient[Eq. (1)] (in meV/kbay of the three main transitionBg,— Xg., I'gy—Lgc, andT'g,— T for
group 1V, IlI-V, and II-VI semiconductors. Results fag_r are compared with available experimer(tp
data(Ref. 6, unless specified otherwjse

Compound a, % a, * a, " a, " a, " a, " a, ' (exp)
c —2.31 0.49 —13.65 291 —23.08 4.9
Si 1.84 -1.90 —3.60 3.73 —11.39 11.8
Ge 1.16 —1.64 —3.07 4.34 —9.10 12.9
Sn 0.97 —2.19 —1.96 4.42 —6.97 15.7
AIN —0.42 0.19 —9.04 4.11 —9.04 4.2
AlP 1.86 —2.06 —-3.77 4.17 —8.50 9.4
AlAs 1.63 —2.16 —=3.77 5.00 —7.86 10.4 10.2
AISb 1.71 —3.05 —2.90 5.18 —7.85 14.0
GaN —0.35 0.17 —6.72 3.26 —6.40 3.1 4.0
GaP 1.97 —2.20 —2.96 3.30 —7.99 8.9 9.7
GaAs 1.81 —2.44 —2.66 3.58 —7.25 9.8 8.512.6
GaSb 1.80 —3.24 —2.04 3.67 —7.01 12.6 14.0
InN —0.45 0.30 —-3.97 2.65 —2.75 1.8
InP 1.62 —2.26 —2.25 3.14 —5.30 7.4 8.0; 7.59.%
InAs 1.58 —2.62 —1.98 3.28 —4.93 8.2 11.4; 9.611.4
InSb 1.66 —3.55 —1.65 3.583 —5.60 12.0 12.815.5
ZnS 2.10 —2.32 —-1.97 2.17 —4.28 4.7 5.8; 64 6.7
ZnSe 2.16 —2.92 —1.74 2.35 —3.96 54 7.275; 7.6
ZnTe 2.42 —4.33 —-1.31 2.34 —4.67 8.4 11.5; 10%
Cds 1.62 —2.30 —1.38 1.96 —2.08 3.0 4.4; 4%
Cdse 1.81 -3.05 —-1.17 1.98 —-1.96 3.3 5.8
CdTe 2.09 —4.48 —0.98 2.10 —2.95 6.3 7.6 6.5-8.6
HgS 1.91 —2.77 —0.34 0.49 —1.23 1.8
HgSe 2.20 —3.74 —0.06 0.10 —-1.15 2.0
HgTe 2.49 —5.22 —-0.01 0.02 —2.34 4.9

%Reference 8.
bReference 9.
‘Reference 10.

dReference 11.
®Reference 12.
Reference 13.

(C, AIN, GaN, InN, etc). In the following, we will analyze s—s level repulsion can be modeled approximately using the
the chemical trends of the volume deformation potentials andimple tight-binding modé? where
pressure coefficients in terms of simple models, including the

s—s, p—p, andp—d couplings and level repulsions. £ _ ect+ed (eg— €
2 2

Here, e and €2 are cation and anion orbital energies, re-
spectively, and the coupling potential between casand
anion s statesV varies approximately as-b/I2, where

2
+V2,

®

IV. EXPLANATION OF TRENDS USING SIMPLE MODELS

Since the deformation potentiad! —''=aClBV—aVBM

where aS®M=dE®®M/dInv is the deformation potential of _ _ re
the CBM (') anda?®=dEVB/d Inv is the deformation bss is @ compound-dependent constant. Taking a derivative

potential of VBM (T'g,), we will first analyze individually ~ With respect to volume =12, we find that the contribution of
the chemical trends of the CBM and VBM volume deforma-S—$ coupling to the deformation potential is
tion potentials(Table 1V) and the volume dependence of the

bulk moduli (Table II):

CBM

a,

—4b2,

(s9)=

(€)

212"
317 (€S- €2)21%+ 4bZ ) 2
A. Volume deformation potential of the I'¢. State (1) In the homopolar limit whereS= €2, Eq. (9) is re-
S S b
Under pressure, the antibondifig, state moves upward duced toaS®"(ss)= —2b.43I2, thus the magnitude a2V
in energy due tda) increase in the kinetic energy, which is is expected to increase as the bondlengths of the covalent

proportional tok? or 14, wherek is the reciprocal lattice compounds decrease. This explains whyaS®(C)
vector (in the extended Brillouin zoneand| is the anion- =20 53eV is so much larger thanaS®¥(Sn)=7.89 eV.
cation bond length, an¢b) s—s level repulsion. The two (2) In the ionic limit aSBM(SS)~—4b55/[3|4(6§—e§)],

effects add up for this antibonding state, &g™" is always  jq inversely proportional to the energy difference between
positive and mostly large. The variation a\fB'\" due to the the cations orbitals and aniors orbitals.
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TABLE |IV. LDA-Calculated “absolute” volume deformation

potentials(in eV) of the VBM (I'g,) and the CBM ['g.) states al’ 0 T T T T T
for group IV, 1lI-V, and II-VI semiconductors.
—_ 5k 3s 6p 5o 1
Compound ayeM ag®™M E 6 > 4
c 2.55 —-20.53 g -10 2p
Si 2.05 —-9.34 @
Ge -0.35 ~9.45 = -5 55
Sn —-0.92 —-7.89 3 4s
AIN 4.94 —-4.10 5 20 b _
AlIP 2.64 —5.86 L
AlAs 153 ~6.33 E sl %
AlSb 0.73 —-7.12 <
GaN 0.69 -5.71 30 L 3 i
GaP -0.58 -8.57 54
GaAs -1.21 ~8.46 o 44
GaSb -1.32 —-8.33 ) Be B C N O
InN 0.73 —-2.02 I%/Ig él %1 R g
InP —-0.41 -5.71 - a e AS S
n o0 o Cd In Sn Sb Te
INAS -1 - Hg TI Pb Bi Po
InSe —1.24 —6.84
ZnS —-1.74 -6.02 FIG. 2. LDA-calculated valence atomic energy levels. Lines are
ZnSe —-1.97 —5.93 used to guide eyes.-
ZnTe —2.28 —6.95
Cds —-1.51 —-3.59 . .
fects, the Hg 6 orbital energy is 1.2 eV lower than Cds5
CdSe -181 —3.77 orbital energy(Fig. 2)
CdTe -2.14 —5.09 MmFg- 9.
HgS —3.06 —4.29 . .
HgSe —320 _435 B. Volume deformation potential of the I'g, state
HgTe —3.45 -5.79 The change of the VBM states under pressure are due to

the following three effects(a) The kinetic energy effect,
which moves the energy of the VBM higher under pressure.

(3) For the common-catiorsystem, sincest— €2 usually (b) The anion-catiorp— p coupling effect, which lowers the

decrease as anion-atomic number incredbes 2), Eq.(9)  €Nergy of the VBM under pressure, since the VBM ip a
show thata®® tend to be larger for heavier anion com- —P Ponding state. The—p coupling increases with de-

\% . . .
pounds. This effect, however, is partially cancelled by thetr€asing bondlengthl and decreasing energy difference

increase in the bondlength when the anion-atomic numbe?€tween the catiop and anionp orbital energies € €p)-
increases. The net effect is thaf® has a relatively small Effects (a) and (b) partially cancel each other, sg®™ are
variations with anion for common-cation system. The rela-usually much smaller thanS®". (c) For compounds that
tively big jump in a\?BM between nitride and phosphide have actived valence bands, there is alsopa-d coupling
(AaSBM=1.76eV for AIX, 2.86 for GaX, and 3.69 for I,  effect®®* which is often neglected in previous
X=N or P) are attributed to the large energy differencescalculations®*® This coupling exist because in tetrahedral
(Fig. 2 between N 2 and P 3 orbitals(4.4 e\). The same coordinated compounds, tigeorbital and thed orbital have
arguments explains why Te compounds have lamfgt"!  the same representation Bt(I'y5, or I',5,) thus they can
than Se compounds since Te Brbital energy is 2.1 ev couple and repel each other. Since the VBM is-ad anti-
higher than Se € orbital energy(Fig. 2). bonding state when cation valenderbital energy is below
(4) For the common-aniorsystem, the change in cation the anionp orbital energy,p—d coupling for these com-
valences orbital energy is not a monotonic function of the Pounds make the energy of the VBM higher under pressure.
atomic number of cations in the same column of the Periodid he p—d coupling increases with decreasing bondlength
Table(Fig. 2). For example, due to the incomplete screening?nd decreasing energy difference between the catiand
of the valenced orbitals®*3*the Ga 4 orbital energy is 1.3 anionp orbital energies &, — ).
eV lower than the Al 3 orbital energy and 0.7 eV lower  We find that(1) a;®" decreases with anion atomic num-
than the In'S orbital energy. As a result, the magnitude of ber due to the increase of the bond lend#). Due to thep
aSBM for GaX (X=N, P, As, and Share larger than AX,  —d repulsion effectay®™ are negative for GX and InX
even though they have similar bond lengths. The largetX=P, As, and Spand for ZnX, CdX, and HgX (X=S,
|aS®M| for AIX than for InX is due to the smaller Se, and Tg (3) a;° are more negative for II-VI com-
bondlengths of AK. The same argument explains why Mg pounds wherg—d repulsion effect are large.
(X=S, Se, Tecompounds has largéaS®"| than CdX even Our finding of negativean®™ contradicts to common be-
though they have similar bondlengths: Due to relativistic ef-lieve thata/=M

VBM is always positivé>'® However, our calcu-
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lated results OfayBM(GaAs): —1.21eV andayBM(mP): 10.4, 9.8, and 8.2 meV/kbar for AlAs, GaAs, and InAs, re-

—0.41eV are consistent with experimental observation ofPectively. Comparing AlAs with GaAs, which has similar
—1.0 and—0.6 eV for GaAs(Ref. 23 and InP? assuming lattice constants and bulk moduli, we find that GaAs has
deep-defect level pinning rufd.Our results differ from Van larges—s coupling due to its smalleeg— €5 energy differ-

de Walle’s model solid theory calculatifhwhere all the ence, but it also has larger—d coupling. The net effect is
aY®M are found to be positive. Our results also differ fromthata, " for AlAs is slightly larger than for GaAs. Com-
the LMTO calculation of Cardona and Christensen, whichparing GaAs with InAs, we notice that—d coupling in both
apply the dielectric midgap energy model. They find thatcompounds are similar but tree-s coupling is much larger
a/®M are always negative, even for Xland Si. Our calcu- in GaAs than in InAs, due to the smallef— €2 energy dif-
lateda®M for Si is 2.05 eV, similar to the-2.2 eV value ference and shorter bondlength in GaAs. However, the bulk
derived from (110 interfacial strain,”*>3¢but differ from modulus of InAs is smaller than GaAs, due to its larger lat-
the —1.6 eV value from the LMTO calculatiol?3” Our cal- tice constanfEq. (10)]. The net effect is thaa, " for InAs
culateda)®" for ZnS (—1.74 eV} is also much smaller in is reduced but only slightly relative to GaAs. Similar trends

magnitude than the LMTO resuls-4.10 e\j. are found for other common-anion system, iazg,‘r de-
creases with increasing cation-atomic numbers. However,
C. Bulk moduli of semiconductor compounds due to the cancellation of various effects, the chan@mF

. for common-anion system is relatively small comparing to
Cohen and coworke¥$have show that the bulk moduli of common-cation system.

the semiconductor compounds follow a simple power law (iv) We find thatag‘L has similar trends amg—r, but the

B=kl", (10)  Vvariation is smaller. The small variation & “Lis due to the
more complete cancellation between the reduced level repul-
wherek is nearly a constant analis close to 3.5, increases sjon and the reduced bulk modulus as bondlength increases.
slightly as the ionicity increases. Since fror the dlamc_)nd com-  (v) We find thatag’x for theI'g,— Xg. transition is usu-
pounds the decrease in magnitudeabf " as a function of  ajly small and negative, as predicted by the “empirical
bond lengthl is in the order of~1~2 [Eq. (9], slower than  ryle.” 12 The negative pressure coefficiaalf * is due to(a)
the decrease of the bulk modul®s a, " is expected to the level repulsion between thés, state and unoccupied

increase with atomic number for group-IV elements. Indeedstate (e.g., 3 state in Si or AIP with the same principle
we find the pressure coefficients increase from 4.9 meV/kbaguantum number as the valensand p state*® and/or (b)

for C to 15.7 meV/kbar for Sn. large p—d repulsion of occupied states at the VBM. How-
ever, contrary to the empirical rule, we find that some of the
D. Chemical trends in the pressure coefficient compounds(C, AIN, GaN, and InN have positiveag’x.

The reason that C, GaN, InN have positiafg > is mainly

Our analysis above indicate thets andp—p coupling ) RV
enhance the pressure coeﬁiciaﬁt’r, while thep—d cou- due to lack of(a), while the reason AIN has posm\a{ rfli

pling reduces the pressure coefficient. The fast reduction ghainly due to lack of(b). Our LDA calculateda,
the bulk modulus as the bondlength increases enhances tfied-49 meV/kbar for C is consistent with experimental value
pressure coefficients of compounds with large atomic sizedf ~0.5 meV/kbar and the calculated results of Faityal.
Using these simple rules, we can explain the chemical trends~0-55 meV/kba.*

observed from our calculation of the pressure coefficient of
zinc-blende compounds:

(i) ag—r decreases with increasing ionicitifor example,
the LDA calculatech! " are 12.9, 9.8, and 5.4 meV/kbar for ~ Our predicted chemical trends is consistent with most ex-
Ge, GaAs, and ZnSe, which have similar bondlengths. Thiperimental datgTable Ill). However, there are some excep-
trend reflects two effectEFirst, the cation-aniors—s cou-  tions. For example, using linear composition-dependence as-
pling decreases as the ionicity increases, siage €2 in- sumption, Adach? estimated that the pressure coefficient
creasesSecondthe cation-aniomp—d coupling increases as @, ' for Al,Ga_,As is 11.5-1.8 meV/kbar, i.e., for pure
ionicity increases, thus reducag‘r. AlAs (x=1) its pressure coefficient is 1.3 meV/kbar

(i) ag‘r increases significantly when the anion-atomic sSmallerthan GaAs. Our calculation, however, find tlaét‘F
number increasesFor example, the LDA calculatedg’r for AlAs is about 0.6 meV/kbahigher than that for GaAs.
are 3.1, 8.9, 9.8, and 12.6 meV/kbar for GaN, GaP, GaAsVe believe that the discrepancy between our theory and
and GaSb, respectively. In this case, the increase il is experime_rftg is due to the linear composition dependence
mainly due to the large decrease in bulk moduli when anion@SSumption used in the experiment. To test ”F“S' we have
atomic number increases. The large increases in the pressif@lculated the band-gap pressure coefﬂqaﬁf (x) for
coefficient from nitrides to phosphides and from As to Sb infandom AbGa sAs alloy using the special quasirandom
-V compounds or from selenides to tellurides in 11-vi Structure approact. The calculated results are fitted to a
compounds are also caused by enharezed andp—p cou- ~ duadratic function
pling, since el— €2 and e — €2 decrease as anion-atomic
number increases. ag‘r(x):(1—x)ag_F(GaAs)+xa£‘r(AIAs)

(i) a, " decreases slightly when the cation-atomic num- .
ber increasesFor example, the LDA calculated, ™" are —b,  x(1-x), (11

V. COMPARISON WITH EXPERIMENT
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where the bowing coefficierﬂag’r of the pressure coeffi- TABLE V. LDA-corrected band-gap volume deformation po-
cient is found to be 3.8 meV/kbar for Aba _,As. Since tentials(in eV) and pressure coefficiefin meV/kbay of the three
b, " is larger than the differencéd.6 meV/kbay between lr?/a'ﬂlt\r/ans't('joﬂifv_’x_ﬁc' £8vt_"-6c_|’_ha“d lgy—Tgc foﬁ[_ @_JfOltJP
the band-gap pressure coefficients of AlAs and Gads," 1V, and 1l-VI semiconductors. The pressure coetticients are
will decregsg iﬁitially as AlAs composition increass':ncgear obtained using Eq¢1)~(3) and experimental bulk moduli of Table
extrapolation from the Al-poor samples has the tendency o?'
underestimatingtg’r_(AlAs), t_hus, partially explains the ex- Compound  al % a‘r)—x al-t agfL al-T gl T
perimental observatiolt. Bowing of the band-gap pressure

coefficient has also been noticed® iGa, dny, P and ! c -3.12 07 -1477 33 -2477 56
GaNAs; _, alloys. In fact, due to wave function mixing at  Si 135 -14 407 42 -1244 127
the band edge, we expect that bowing of the pressure coef- Ge 049 -0.7 —-4.00 58 -10.06 14.6
ficient should be a common phenomena, especially for alloys Sn 046 —-10 -271 59 -758 166
whose constituents has large valence-band ofésgt, MgSe AIN -1.13 05 -9.89 46 -1016 4.7
and ZnSgand/or large size mismatdb.g., GaAs and GalN AlP 134 -16 —-438 51 —-952 111
AlAs 1.01 -1.3 -460 59 —-8.93 114
VI. LDA CORRECTED BAND-GAP PRESSURE AlSb 1.18 -2.1 —-3.64 6.6 —-8.85 16.1
COEFFICIENTS GaN —-1.21 06 —-815 4.0 —7.37 3.6
LDA calculation underestimates the band-gap pressure g:is 1(2); :1'3 :233 3'3 :g'ig ig'g
coefficient, as seen in Table Il and other first-principles ' : : ' : :
calculations’? To corrected the LDA error, we have adopted Gasb 112 =20 -306 54  -801 142
a simple method by adding an external potefti# to the InN -13 09 -523 35 ~—366 25
InP 1.00 -14 -3.00 4.2 —-5.93 8.4

LDA potential in solving the self-consistent LDA Schro-
dinger equations, so that the corrected band gaps are similar ["AS 092 -16 —-289 50 —-566 98

to experimental dafaor quasiparticle resulf$:*® The LDA InSb 110 =23 -251 52 ~635 131
corrected band-gap deformation potentials and pressure co- ZnsS 109 —14  -309 40 =516 6.7
efficients for the group-1V, IlI-V, and II-VI compounds are Znse 136 —22 —292 47 —499 80
given in Table V. The pressure coefficients are obtained us- <n1€ 172 -34 -240 47 -560 110
ing Eq.(3) and experimental bulk moduli given in Table Il. €4S 088 -14 -223 36 -294 47
The uncertainty of our predicted values is about 0.5 CdSe 103 -19 -219 41 -290 55
meV/kbar, mainly due to the uncertainty in fitting the exter- CdTe 144 -32 -188 42 -370 83
nal potentials and uncertainty of the experimental bulk HgS 132 -19 -110 16 -216 32
moduli used to derive the pressure coefficients. We see that HgSe 156 -31 -090 18 -215 43
after correcting the LDA error in the band structure, the pre- HgTe 197 -47 -074 18 -319 75

dicted values ofy are in better agreement with experimental — - - -
data(Table 1l). But the chemical trends are the same as increasesiii) a, " decreases slightly as cation-atomic num-

the LDA calculations. ber increasedjjv) the variation ofal ~* are relatively small
and follow similar trends aa, ", and(v) the magnitude of
VII. CONCLUSION ag‘x are small;ag‘x are usually negative, but are positive

L . for compounds containing first-row elemeni@, AIN, GaN,
In summary, we have tested the validity of the “empirical 5., INN.. We suggest that the “empirical rulé’2 of the
rule” and studied theehemical trendof the band-gap pres-  pressure coefficients should be modified and that one should

sure coefficients of all group IV, Ill-V and II-VI semicon- pe cautious in using the absolute deformation potentials from
ductors. We also calculate the absolute deformation pOterbrevious calculation®16

tials of the VBM and CBM. We find that the volume
deformation potentiala®™™ are small and negative for com-
pounds containing occupied valendestate but positive for
compounds without occupied valendeorbitals. Regarding We thank Professor P. Y. Yu for raising our interest in
the chemical trends of the band-gap pressure coefficients, whis subject and many helpful discussions. This work was
find that (i) a; " decreases as the ionicity increaséis,  supported in part by the U.S. Department of Energy, Grant

ag—r increases significantly as anion atomic number in-No. DE-AC36-98-GO-10337.
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