
\; 

! ·1' 

.4. 

LBL-24467 

ITtl Lawrence Berkeley Laboratory 
11;;1 UNIVERSITY OF CALIFORNIA 

Materials & Chemical 
Sciences Division 

Presented at the Solvay Conference on 
Surface Science, Austin, TX, 
December 14-18, 1987 

~:: ~~ c ~ t: ~ V' ~ . 
... :r.::::·JCE 

.. ~· 1 l_"00~flTt""\· 

First-Principles Calculations of Quasiparticle 
Energies at Surfaces and Interfaces: 
Semiconductor Surface-State 
Spectra and Band Offsets 

S.G. Louie 

December 1987 
TWO-WEEK LOAN COPY 

Thi~ is a Library Circulating Copy 

which may be borrowed for two weeks. 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

c'_~ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-24467 

First-Principles Calculations of Quasiparticle Energies at Surfaces 
and Interfaces: Semiconductor Surface-State Spectra and Band Offsets 

Steven G. louie 

Department of Physics, University of California, and 
Materials and Chemical Sciences Division, 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 

Abstract 

A first-principles theory for calculating surface-state energies and 
semiconductor band offsets is described. Within a quasiparticle interpreta
tion of excitation spectra, the approach provides well-founded energies 
which can be compared directly with spectroscopic measurements. Results 
for the As-capped Si(lll) and Ge(lll) surfaces and for the GaAs-AlAs(OOl) 
heterojunction are discussed and compared with experiment. 

1. INTRODUCTION 

A detailed description of the electronic excitation spectrum is an essential 
ingredient in understanding the physical and chemical properties of surfaces 
and interfaces. _Local density functional (LOA) calculations have been 
quite successful in determining the structure of many surface systems.[l,2] 
However, since the density functional formalism is a ground-state theory, 
these calculations do not provide direct information on the excitation 
spectra. Indeed, as in the case of bulk solids, the common practice of 
comparing LOA eigenvalues to spectroscopic data has often led to large 
discrepancies in the surface-state energies. The proper interpretation 
of the excited-state spectra requires the concept of quasiparticles, the 
particle-like excitations in an interacting many-electron system.[3,4] 

In this paper, we show that a recently developed quasiparticle theory 
[4] which has been successful in calculating the optical and photoemission 
spectra of bulk crystals [4-6] extends to surfaces and interfaces. The 
approach is based on a first-principles evaluation of the electron self
energy operator to first order in the dynamically screened Coulomb interac
tion and the dressed electron Green's function. The results for the two 
prototypical systems discussed here illustrate that the theory is accurate 
and of predictive power. For the As-capped Si(lll) and Ge(lll) surfaces,[?] 
the calculated energies are in excellent agreement with data from angle
resolved photoemission experiments and show a substantially larger gap 
between the empty and occupied surface states in comparison with LOA calcula
tions. The predicted features of the empty surface states have been veri
fied by a recent scanning tunneling microscopy study.[B] Our results 
for the band offsets of the GaAs-AlAs(OOl) interface [9] are also in very 
good agreement with recent experimental values. We find that there is 
a substantial many-body correction to the value of the valence band offset . 
calculated using the LOA. 



-2-

2. THEORY OF QUASIPARTICLE ENERGIES 

In the Green•s function 
mined by solving [3] 

-+ 
(T + Vex t + ~ ) 111 n t( r ) 

approach, the quasiparticle properties are deter-

where T is the kinetic energy operator, Vext is the external potential 
due to the ions, and VH is the Hartree potential. The exchange and correla
tion contributions are included in the self-energy operator r. r, in 
general, is nonlocal, energy-dependent, and nonHermitian with the imaginary 
part giving the lifetime of the quasiparticles. Our approach [4] is based 
on the GW approximation in which a first order expansion for the self-energy 
operator is taken: · 

-+ +• . dw - i ow -+ -+ -+ -+ r(r,r ;E) = 1 f 21f e G(r,r• ;E - w)W(r,r• ,w) (2) 

where o is a positive infinitesimal. The major components of the theory 
are the fully interacting Green•s function for which we use a quasiparticle 
approximation, 
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and the dynamically screened Coulomb interaction, 
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where e is the time-ordered dielectric matrix whose off-diagonal elements 
in Fourier space describe the local fields (variations in the screening 
through the unit cell) and Vc is the bare Coulomb interaction. 

As can be seen from the structure of Eqs. (1)-(4), the quasiparticle 

(4) 

energies together with r and G must be obtained in a self-consistent fashion. 
In the calculations, the electron Green•s function is constructed initially 
using the LOA Kahn-Sham eigenfunctions and eigenvalues and is subsequently 
updated with the quasiparticle spectrum from Eq. (1). The static dielectric 
matrix e(r,r• ,w=O) is obtained as a ground-state quantity from the LOA 
calculation and extended to finite frequencies using a generalized plasmon 
pole model together with exact sum rules.[4] 

The present approach has been applied successfully to a variety of 
crystals including semiconductors, ionic insulators, and alkali metals.[4~6] 
Highly accurate band gaps, optical transition energies, and photoemission 
spectra have been obtained. It is found that, for semiconductors and 
insulators, the use of the crystalline Green•s function and inclusion 
of both local fields (the full dielectric matrix) and dynamical screening 
effects are important factors for quantitative results.[4] For the alkali 
metals, the quasiparticle bandwidths are shown to be also sensitive to 
the correct treatment of exchange-correlation effects in the dielectric 
screening.[6] 

3. SEMICONDUCTOR SURFACE-STATE ENERGIES 

A survey of the literature shows that, for semiconductor surfaces, even 
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in cases where the structure is well-determined, there are rather severe 
discrepancies between the LOA surface-state energies and experimental 
values. In general, three areas of systematic disagreement exist: (1) 
the LOA surface-state band dispersion is qualitatively reasonable but 
is misplaced relative to the valence band maximum; (2) the calculated 
dispersion of the surface-state band is too small in some cases; and (3) 
the gap between the empty and occupied surface-state energies.is often 
dramatically underestimated. This last feature is analogous to the 11 band 
gap 11 problem in bulk semiconductors and insulators. 

The systems we examined to address the problem of predicting surface
state spectra are the As-chemisorbed Si(111) and Ge(111) surfaces. At 
saturation coverage, As is found to substitute for the outermost layer 
atoms. The surface then becomes chemically inactive and is stable against 
reconstruction showing a 1x1 periodicity. These are ideal prototype systems 
for the many~body calculation because of their geometric simplicity and 
the availability of detailed experimental data.[10] Moreover, they are 

·of intrinsic importance as initial stage of GaAs growth on Si and Ge. 

The calculations are carried out using a supercell geometry with a 
12-layer thick slab. The surface geometry and the corresponding ground
state charge density are obtained from a LOA calculation using~ initio 
pseudopotentials. After the structure is determined, the quasiparticle 
energies for both the bulk states and surfaces states are calculated as 
described in Section· 2~ For the Si(111) ~nd Ge(l11) surfaces, equilibrium 
geometry is achieved with an outward displacement of the As atoms by 0.16 
A and 0.17 ~respectively.· ·This structural relaxation is in excellent · ·· 
agreement with the recent experimental result of 0.17 ~ from x-ray standing 
wave measurements on the Si(lll):As surface.[l1] 

The calculated results are depicted in Figs. 1-3. In Fig. 1, the quasi-
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particle surface-state bands (solid 
lines) together with the LOA surface-state 
bands (dashed lines) are plotted against 
the projected quasiparticle band structure 
~f Si. As expected, the fullj occupied 

··surface band corresponds to the dangling 
bond (lone pair) states of the As 

· adatoms. These lone pair states have 
---LOA been carefully studied using angle-resolved 
--- OP photoemission measurements.[10] The 
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Fig. 1. Quasiparticle surface
state energies compared to LOA 
surface-state energies for the 
Si(lll):As surface. Also shown 
is the quasiparticle bulk pro
jected band structure. 

theory also shows an empty surface 
state band in the gap. These empty 
states are split off the continuum 
states and, near f, have atomic character 
at the surface similar to the L1c 
conduction bands. Very similar results 
are obtained for the Ge(ll1):As system. 

In comparison with the LOA results, 
the occupied quasiparticle surface
state band is lower in energy and 
has a broader dispersion. Both are 
needed to bring theory to agreement 
with experiment. For Ge(lll):As, 
the quasiparticle calculation also 
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Fig. 2. Calculated filled quasi
particle surface-states energy for 
Si(111):As compared to data from 
photoemission_(Ref. 10). 

M r 

Fig. 3. Same as Fig. 3 except 
for Ge (111) :As. 

removes an unusual dispersion in the LOA results near F.[7] Figures 2 

K 

and 3 compare the calculated lone pair surface-state bands with angle-resolved 
pbotoemis~Jon d~ta. for both systems, the agreement is excellent in both 
the placement and the width of the band and is well within the estimated 
errors· of ±0.1 eV.with experiment_ and theory. 

As seen in. Fig. 1, .. the effect of the many-body correction· on the empty 
surface states is quite dramatic. These states are substantially shifted 
upwards, opening up the gap between the empty and filled surface states 
by nearly 1 eV at some k-points. The position of the empty surface states 
is a prediction of the present theory. They should be. experimentally 
accessible using angle-resolved inverse photoemission measurements, surface 
optical transition measurements, or scanning tunneling spectroscopy. 
The scanning tunneling experiment has recently been done for the Si(111):As 
surface.[8] Not only is the 1x1 surface structure observed directly, 
the observed surface-state gap of 1.9 - 2.3 eV in the normalized differen
tial conductivity agrees very well with the predicted value of 2.2 eV. 

The many-body results here, thus,. address the many difficulties associ
ated with the LOA surface-state bands. In particular, the gap between 
the empty and filled surface states is substantially opened in comparison 
with the LOA gap. Analysis of the calculated results, however, shows 
that the size of the correction depends on the detailed character of the 
surface states.[?] Hence, the shortcomings of the LOA surface-state spectrum 
cannot be corrected by a simple rigid shift. 

4. SEMICONDUCTOR BAND OFFSETS 

The present approach has also been applied to compute the band offsets 
of the GaAs-AlAs(001) interface.[9] The band discontinuities at a semicon
ductor interface are simply the differences in the quasiparticle energy 
EqP. across the junction for the band edge states. Since previous bulk 
ana surface calculations showed that the quasiparticle wavefunctions are 
virtually identical to the LOA wavefunctions, we may write Eqp near an 
interface as 
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qp LOA nt 
E = £ + ~ - V 

n1< n1< nk xc 
(5) 

nt 
where ~ 7 and V are respectively the expectation value of the self-energy 

nK XC 
operator and the LOA exchange-correlation potential for a given state. 
Then, the valence band offset AEv becomes [12] 

AE = ELDA + o (6) 
v v vbm 

LOA 
where AEv is the LOA calculated valence band offset and ovbm is a many-
body correction given by 

0 = (~ _ V )vbm _ (~ _ V )vbm 
vbm xc GaAs xc AlAs 

(7) 

Since EqP. in Eq. (5) should be evaluated at a distance away from the inter
face in Hetermining the band offset and both I and Vxc are short range 
in~er~ctions~ ··i~- Vxc)vbm can be replaced by bulk values. To calculate 
the LOA band offset, we perform a fully converged 12-1 ayer superl atti ce · · 
calculation using an approach similar to that of Van de Walle and Martin.[l3] 

: ., . • • I • . ,;,, . ,,,. , ... ,,. 

For the GaAs-AlAs(001) interface; we find that the many-body correction 
is quite significant;. that is·,-·ovbm~··0.12 eV. It is more than 29% of 
the LOA result for the valence band offset ~hich is AE~DA = 0.41 eV. 
Combining the two gives a calculated value for the valence band offset . 
of AEv = 0.53 eV. This result is i~· excellent agreement with the most · 
recent experimental values of 0.53- 0.56 eV.[14] The many-body correction 
can be understood in terms of a more localized valence band wavefunction 
for AlAs which leads to a more negative self-energy for AlAs as compared 
to GaAs and, thus~ a positive ovbm· We expect the many-body correction · 
to play an. even mar~ important role for cases where the junctions are 
made of materials with lesser chemical similarities than GaAs and AlAs. 

. .·,. ' 

5. SUMMARY AND CONCLUSIONS 

A self-energy approach for calculating quasiparticle surface-state energies 
and band offsets from first principles is described. This development 
allows, for the first time, ab initio calculation of electronic excitation 

(" energies at surfaces and interfaces which can be directly compared with 
spectroscopic measurements. Results for the Si(lll):As and Ge(l11):As 

~ surfaces and the GaAs-AlAs(OOl) heterojunction show that the theory is 
accurate and of predictive power. 
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