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Pressure Coefficients for Band Gaps in Silicon*
' Carmen Varea de Alvarez and Marvin L. Cohen
Department of Physics, 'University of Ca‘.lifornial
: ~and |
Inbrganic Materials Research Division, Lawrenée Rerkeley Labb‘ratbry

Rerkeley, California 94720

Abstract
. We .have calculated thé presSuré coefficients of
fhe main gaps in Si us'mg the Empirical Pseudopotential
Method (EPM). We find a trend towé.rd. metallization at
high hYdrostatic pressures. The deformation potential
at the top of the valence band for uniaxial stress along
the (0,0, 1) d.’u_'ection is alsd obtained. All of_the‘(’:alculated

. pressure coefficients are in good agreement with experiment.

A large number of hydrostatic pressure experiments1 have been

carried out on the diamond type semiconductors. From them, the following

rough "Empirical Rule" is found: the pfessure coefficient of the enerqgy
difference between two states of a given symmetry is roughly independent
of the material in which the pressui'e coefficient is measured. Here We B
preéent our theoretical results of the pressure coefficients of the main

gaps in Si. The object of this calculation is three-fold: to attempt to

~understand why diamond type semiconductors transform as they do under



high hydrostatic stress; .'to vinvestigate the‘ "Erﬁpiriéa_l Rule”l and the
correlation'betWeen.a wave function zpkn and the _pressure_.coef‘ficient )

of the energy levelkan for a given wave vector k- gnd »given band fl;.."

and to gain infbrmation about the "scaling" of the pséudopotentials _through'
adjustments of our form factors using the experimental pressure coefficiénts.-

€

Bassani and Brustz have calculated the pressure coefficients of

the cond.l‘lctiqn band edges of Ge. Although th‘eir theoretical results are
only in fair agreement with experiment, they do distinguish' between
sensitive‘ahd insensitive levels and. éhow a definite correlation between
pressure coefficients and the symmetry of the wave functions involved.
The method used in this work is fhe Empirical Pseudopotential

Method EPM. 3,4

The application of an external pressure modifies the
pseudopotential form factors (and through them the eleétronic barid |
structure Ean)) in the following ways:

| (1) A chaﬁge in the lattice constant changes the atomic volume so
that the p;seudéi)otérziél-}gfm_gctors v(G) havé- té bé scalgd with nI_\?EI«'se”_
' volume. -

- (2) A change in the lattice constant also changes the value of the
reciprocal lattice vectors G at which v(G) has to be evaluated for the
energy band calculation.

(3) A change in atomic volume is also expected.to affect the screening
of the valence electrons which in turn affects the functional dependence of

v(G). This effect is only big for small values of the wave vector g and of

little importance for G # O.
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From 1, 2 , and 3 we see that in orderl to study the change in band
structlire W.ith iattice'parametér, it is necessary to know the completé
pseudopotential function v(q). Inthis paper we used an empirical approach
to d.etermine’the slopes of v(q) at the reciprocal lattice vectors G at atmospheric
- preséﬁre. Thé procedure is as follows: the pseudopotential curves wére

freehand extrapolated from their known values at atmospheric pressure.
From the eXtrapolated curves the values of important gaps were obtained
at 10 k bars (here we uSe fhe known compressibility of Si) .and small
-adjustments tQ the extrapolation were made in order to héve better agreement _
- with experiment (at 10 k bars we are dealing with very small energy
~charges = 0.1 eV, thus the results are very sensitive to the scaling).
It is known that under very high pressures Si undergoes a phase trans-
formation to a metallic phase similar to that of white tin; thus we are
interested iri‘exploring whether our simple method. predicts a trend towards
metallization for Si under high pressure. To do this, we adjusted a
polynomial curve to the v(q)'s from the known values at the reciprocal'
| lattice vectors. at atmospheric pressure and at 10 k bars.
| In EPM calculations, the imp_ortanée of pressure experiments
: rests not only in the positive identification of important optical Eransitions
in.the electronic energy band structure of semicdnd'uctorS; it also provides
" information on the scaling of the pseudopotential forrh factbrs. It is
‘expectedB that the scaling that reprodtices the pressure data for Si will
give very gdod results when used to predict the band structure of Si in

- other crystalline phases (e.g. wurtzite). If in additidn we know how to



scale P form factors from GaP pressure experim ents and Zn form factors
from ZnS pressur'e experiments, we are in a pdéitiOri to predict the
electronic properties of the chalcopyrite compound ZnSiPZ. 0
We have applied the .above scheme to silicon which is one of the
-solids for which the electronic band structure is best known; in ad.diti'on,

experimental data on Si under pres'sure1 is readily available . The form

factors4 for Si at 0 and 20 k bar pressure are (in Ry)

v(3) =-.21 v(8) =.04 = v(11) = . 0800
and

v(3) =-.2092  v(8) =.044  v(11) =.0816

respectively. In zincblende and diarﬁond crystals, special attention has:
been paid to the study of :the pressure coefficients of the first three |
valleys in the\cbnductibn band with respect to the top of the valence

‘band at I'. ’In Si, these three valleys have symmetry, Ly, 44 and —r1—5}--—%

Our calculated values for these pressure coefficients are (10"6 eV/ bar)

dE dE dE

r-L - =X
D - 4.4 3 - -0.7 D 1.6 .
. dE__y -6
The experimental value for 30 - -1.5x 10 ~ eV/bar. The -

pressure dependence of the I'-L transition is ~5 x 10"6 eV/ bar for.all o

zincblende (zb) and diamond crystals measured. The coefficient
dE
-

dpP

L (i.e. I,

g5 " 1"15) has not been measured. According to the:
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empirical rule, the pressure coefficient for the~\r25" - 1“2' transition in
. - AE(Ty5-Ty) -6
zb and diamond crystals is ap ~10 x 10 ~ eV/bar (for Ge is

14 )»c.10"6 eV/bar) our calculated value is 13.4 x 10-'6 eV/bar.

From the above theoretical and experimental results, it is clear
ﬁhat the pressure coefficients are duite sensitive to the symmetry of the
wave flinctiOns. In Fig. 1 we show the absolute value of these wave functions
as-a functioh of position in the unit cell along the (1, l,'.l) direction. From

this figure, we notice that the I',,' wave functionis highly peaked near the

2
atoms, the Ll wave function is brdader and also peaked at the atoms,
the Tyg wavefunction is concentrated at the antibonding site and the X1

wavefunction is almost constant with a slight build up farther away from |

the antibonding site. .1t appears that the conduction band states with larger

charge concentration at the atomic sites have larger pressure coefficients.

The calculated (at 100 k bar) pressure coefficients for the valence

band states 1“25' -‘X4 and 1"25' - L3' are -3.9 and -1. 5 (10"6 eV/bar). For
the important direct transitions (the ones that give the biggest contribution
to the reflectivity spectra), L3' - L1 and 22 - Zl (0.4,0.4,0), our

c"_alculated value for the pressure coefficients are:

dE

5 (Lg'=Ly) = 5.7x 1070 ev/ bar

dE | -6
5 (Tg=2)) =2.3x 10 S ev/ bar

this last coefficient in fair agreement with the experimental value of
, n-B. -
2.9+0,6x10. eV/bar for the pressure coefficient of the main E2 peak

in reflectivity spectra.



The fact that negative pressure coefficients (with respect to the

_ top of the valence band) are found for antibonding s-like states (f15) and

quasi-metallic states (Xl) in the conduction bahd, indicates that _the total
charge density p(r) in the Valence band should become more 'metallicb as
hydrostatic pressure is applied since this allows more =mixing ef these
states wiih veience band states. To show ﬁhis we calculated the charge

density in our model for pressures of O k bar and 100 k bar. The charge

density is calculated using the repfesentative k=point used by Baldareschi. 6

In Fig. 2, we show the charge density p -(as function of‘posvition)
for Si at O k bar of pressure. The agreemen‘t with Walter-and Cohen's’
results is better than 3%. In Fig. 2, we also plot the quantity pO K bar -
P100 k bar’ the results shoW a definite trend towards metallization. Since-
the main effect of pressure appears tQ be the transfer of charge from the
atomie and bond sites to the antibonding region or other regions away from
the atomic and bo'nd. sites, we can speculate that states which concentrate ‘
charge on these sites (e.g. 'Ll) will have _lairjge pressure coefficients
while states which concentrate charge away from the atomic and bond sites,
~(e.q. 1‘15, Xl) will have small preesﬁre coefficients.

‘ U'sing the scaling of the form factors obtained from hydrostatic
pressure data, we also calculated the crystel field splitting at the to'p of
* the valence band for uniaxial stress along the (0,0, 1) direction. This
was done by diagonalizing the pseudopotential Hamiltonian of Si with e

stress of 1-c/a = 0.025. The value for the deformation potential

b(Acr = 3b(1-c/a)) obtained isb = -1.54 x 107 6eV/ bar m good agreement
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with the experimental value of b = -1. 36 x 10-6eV/ bar. This implies that
the interpolation of the form factors is fairly good.

More experimental information on the hydrostatic deformation
potentials of immportant gaps in zb materié.ls would provide very useful
information for the interpolation of the form factors. This information
is essential when transferring the atomic pseudopotential form factors

to a different environment,

Part of this work was done under the auspices of the U.S. Atomic

Energy Commission.
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Fig. 1.

Fig. 2.

Figure Captions
Magnit_ﬁd.e of the wave functions at the top of the valence band |
and at several e_dges in the conc_iuction band for Si along the (1,1, 1)
direction. The unité are e per primitive cell,
Electronic charge denéity (along the (1,1, 1) direction) in the valence
band of Si at O k bars and the difference Ap between this value and

the charge density in the valence band of Si at 100 k bar. The units

are e per primitive cell.
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