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Electronic signature of the pentagonal rings in silicon clathrate phases:
Comparison with cluster-assembled films
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The valence-band spectrum of the silicon Si-34 clathrate phase has been measured by photoemission spec-
troscopy. In contrast with tetrahedral @iamond phase the clathrate structure presents mainly five-member
rings. From the comparison between the tetrahedral Si and the clathrate spectra, we show that the presence of
odd-member rings induces the merging betweéke andsplike bands and a strong reduction of the valence-
band width. These results are corroborated by first-principles calculations within an accurate quasiparticle
approach[S0163-1828)05240-Q

During the last three decades, a considerable effort has sp®-like configuration. The samples used for this study
been devoted to the understanding of the polymorphism ofvere obtained by thermal decomposition of NaSi under
silicon (Si) with particular attention to thep*-hybridized vacuum (10° Torr) in the temperature range 670—710 K.
networks! ™ For example, the presence of topological They are in the form of a powder with a mean grain size of
defects, as compared to the “ideatp® diamond structure the order of a few micrometers. The crystalline phase purity
(c-Si), is of much importance since it is expected to greatlywas deduced from the x-ray diffraction pattern. A small so-
influence the structural, dynamical, and electronic propertiesium component remains within the cages. In order to check
of various Si-based materials such (@sg) amorphous sili- its influence, we have studied two stoichiometric compounds
con (a-Si), cluster-assembled films, reconstructed surfaces oka Si-34 with respectivelyx=7 (labeled clatl and x=1
interfaces, and-Si core dislocation$.Since the early work (labeled clat? A careful analysis of the x-ray powder dif-
by Joannopoulos and Cohérit has been suggesttd on  fraction pattern reveals that the alkali atoms occupy prefer-
theoretical grounds that the presence of pentagons signifentially the Sjg cages. Therefore, in the clatl phase, all the
cantly affects the valence-badB) density of statesDOS) Sipg cages are endohedrally doped. We find that the VB of
and the fundamental band gap. However, on the experimerpoth the clat1 and clat2 samples are very similar, yielding
tal side, measurements conducted on the various phase¥DS peaks at the same energies.
quoted above average over both the even- and odd-member Clathrates samples are introduced in a dual XPS/Auger
rings and it is difficult to resolve each contribution specifi- camera Nanoscan-100 type microprobe operating at a base
cally. pressure<4x10 1% Torr. The XPS is performed using Al

New crystalline phases named clathrdteshich are built K, x-rays(1486.6 eV.:® The clathrate samples were com-
from the regular arrangement of a combination of, %l ) pared to a nearly intrinsic @00 crystal (p<<400 ) cm,
and Sp, (Dgq) Or Shg (Ty) cages, have been synthesized.n-type, at room temperature, labeled tetrahedral $he
Both the crystalline order and the very large predominancenost accurate VB is obtained ly situ crystal cleaving be-
of fivefold rings (87%) in such materials should allow one in fore analysis. In our case, such a procedure is of course pos-
principle to specifically study the signature of the odd-sible for the reference sample but unsuitable for the clathrate
member rings and much theoretical effort has been recentlgowders, which are therefore previously pasted on another Si
devoted to the study of the electronic propeftieand pho-  substrate. Both samples are cleaned by chemical (i&y
non mode¥~*?of such materials. In this work, we report on solution and dried by a B gas just before introducing them
a measurement of the VB DOS of a clathrate on the basis dhto the XPS apparatus. To check the influence of the
photoemission spectrosco¥PS). Our results clearly show *“glue,” we have compared the spectra obtained for the
that the presence of pentagons induces a contraction of theathrate powders pasted or directly deposited on a gallium
VB width and the merging of the and s-p occupied sub- or indium substrate. The differential charging was estimated
bands with respect to tetrahedral Si. These results are cote be ~0.2 eV (because of the insulating character of the
roborated byab initio calculations within an accurate quasi- glue). This value sets the accuracy of our data.
particle approach. Figure 1 shows the XPS near the Fermi level observed for

Our clathrate samplegabeled Si-34 can be described as the referencéa) and the clat b) samples. These spectra are
being composed of & face-sharing polyhedra, with a Si corrected for the inelastic scattering tail. Thg Siore line is
atom in the verticegspace groufrd3m a=1.462 nm. The  taken as a reference to align th® and (b) spectra* We
space between the giforms Sy cages and each atom is in observe in both cases three “subbands,” well known in the
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lines). The s- and p-resolved contributions are shown with dotted
FIG. 1. VB DOS for tetrahedral Sia) and clathrate(b). The  and dashed lines, respectively. The angular momentum decomposi-
dotted and continuous lines are, respectively, the theoretical angon of the DOS is obtained by projecting the wave functions on a
experimental spectra. The theoretical spectra are calculated froRpherical harmonics basis centered on each Si atom. The DOS have

the DOS (Fig. 2) after several corrections indicated in the text. heen aligned at the VB top edge. A 0.1-eV Gaussian broadening has
Theoretical and experimental spectra have been aligned througheen used.
matching of the intrinsic Fermi level.

clathrate anat-Si phases opens up to 1.9 and 1.2 eV, respec-

case of tetrahedral Si, and that we label respectigelyp,  tively. As for the VB, the effect of the quasiparticle correc-
and p with respect to their angular momentum charatter. tion as compared to DFT-LDA results merely in a slight
We find, however, significant differences in the position and‘stretching” of the VB width, which increases by 0.25 eV
width of these subbands when comparing both phases. lim both cases. The resulting DOS are represented in Fig. 2
particular, the clatl total VB widthW,=11.5 eV} is smaller and compared to the experimental data in Fig. 1. In this latter
than the tetrahedral Si on&;=13.5 eV\). Further, the clat1 case, the effect of cross-section modulation fera®d
s subband maximum lends at roughly the same energy as thetates and a broadening taking into account the experimental
“valley” between thes and sp subbands of tetrahedral Si. dispersion have been applied for better comparison with the
These measurements confirm therefore on an experimentekperimental result&
basis that the presence of pentagonal rings significantly af- We further plot in Fig. 2 thes-resolved(dotted ling and
fect the VB electronic DOS and the corresponding modifica-p-resolved(dashed ling DOS. The calculated DOS repro-
tions are clearly identified. duce quite well the experimental observations, namely, the

Further insight into the properties of the pentagonal ringsshift of thes andspbands and the reduction of the VB width
may be obtained by conducting a first-principles study of than the clatl phase as compared to tetrahedral Si. We do not
electronic DOS of Si-34. The present calculations are firsbbserve a clear reduction of tkédOS band width but rather
performed within the local density approximatior(LDA) a loss of structure. On the contrary, the band width of the
to the density functional theoryDFT).!® A standard p-DOS decreases by2 eV from the tetrahedral Si to the
pseudopotential is used for Si and the wave functions are clathrate phase. This strong reduction, which affects the top
expanded on a plane-wave basis with kinetic energy up to 26f the VB, can clearly explain both the 0.7-eV opening of
Ry. We first relax the system with respect to both cell sizethe band gap and the 1-eV shift towards the Fermi level of
and atomic positions and find a lattice constant of 27.55 a.uthe sppeak in the Si-34 phase as compared to the tetrahedral
We then calculate the band structure of Si-34. The VB widthSi reference. As another consequence, we observe a strong
and fundamental band gap are, respectively, 10.84 and 1.2%5teepening” of the DOS just below the top of the VB edge
eV. This can be compared to 11.92 and 0.51 eV for bulk Sin the clathrate phase as compared to tetrahedral Si. This is
within the same theoretical framework. Therefore, the bandery similar to what happens ia-Si for which one would
gap opens by 0.7 eV from the tetrahedral Si to the clathratexpect the introduction of random disorder to broaden the
phase, in good agreement with the results of Refs. 8 and $ands.
while on the contrary the valence-band width decreases by Now, we can use the clathrate sample as a reference to
1.1ev28 study other Si phases such as cluster-fiftngigure 3a)

We recall now that the DFT usually underestimates by ashows the “addition” of both the tetrahedral Si and clathrate
much as 50% the band gap of semiconductors and insulatorsample’s XPS spectra. This is compared in Figh) 3o the
In order to provide an accurate value for the band gapXPS of a film obtained by the deposition of free Qize
of Si-34, we perform further a quasiparticle energyrange 20-50 atom$® Such small clusters present a combi-
calculatiort® for both the tetrahedral Si and clathrate phasesnation of fivefold and sixfold rings. The straightforward ad-
We find that within this formalism, the band gap of both thedition of both the tetrahedral Si and clathrate sample’s XPS
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FIG. 3. Addition(1/1 ratig of both the experimental VB of the FIG. 4. Valence band for Si diamord), and clathratéb) after
clathrate and Si-diamond sampl@s compared o the VB observed ar+ etching. The addition of the clathrate and Si-diamond theoret-
for cluster-assembled filmé) (see Ref. 2L The corresponding jcal DOS in a 1/1 ratio is shown iic). In this latter case, the
“ring configurations” are given at the top of the figure. intrinsic Fermi levels have been aligned and thand p cross-

section corrections have been applied as in Fig. 1.

spectra is certainly a rather crude approximation that shoulg[Jres are “

not be used to describe the fine details O.f Fip) 3However, selectively created during the etching proc&sthe similar-
one observe in .bOth cases a large merging osthad_ thesp ity between both spectra and their stability under further
bands as mentioned 3for other structures sucla-8 (Ref. o mpardment suggests that in both cases the number of odd-
22) or porous ,5',“‘30'% As emphasized abovesee Fig. 1. and even-membered rings is comparaBl8uch dual defects
this feature originates in the shlft of theepentagon-related yield electronic levels in the valley between theand sp
band as compared to the bulk diamond structure. It appeaisands, leading again to their merging. This is another experi-
therefore that the- andsplike bands merging is the signa- mental confirmation that the merging between shend sp
ture of the fivefold rings, as originally proposed by Joan-subbands originates in the coexistence of odd- and even-
nopoulos and Cohéron the basis of calculations performed membered rings in a close to 1/1 ratio.
on the hypothetical ST-12 Si phase. The present experimen- In conclusion, we have studied both theoretically and ex-
tal results clearly confirm these early predictions. Let us emperimentally the valence band spectrum of a pure Si crystal-
phasize that the filling of the valley between bathand line clathrate phase having mainly pentagonal rings. The po-
splike bands is achieved with a large proportion of five- sition of the subbands attributed to such odd-membered rings
member ringg43% in Fig. 3a)]. This is a confirmation of has been measured. By .comparison with the valence—band
the so-called memory effect in cluster-assembled filmsspectrum of tetrahedral Si, we have shown that the introduc-
namely, that such materials “remember” the structural prop-tion of pentagons in the diamond lattice leads to a merging of
erties of the corresponding free clustéts. thes- andsplike bands, the contraction of the VB width and
Finally, we report on the XPS spectra obtained after to a steepening of the DOS below the VB edge. The avail-

situ bombardment by Af ions. Figure 4 gives the resulting 2Pility of precise and specific data for pentagonal rings
VB DOS for the tetrahedral Si referenéa and the clatib) should prove very usefgl to further study various Si struc-
samples. The spectra, which both show a strong modificatioff’eS such ade.g) aSi, cluster-assembled films, recon-
as compared to Figs(d and 1b), are now remarkably simi- structed surfaces, and interfaces or core dislocations in sol
lar, indicating that both samples have transformed into éds'

similar structure under bombardment. This suggests that the X.B. acknowledges use of the supercomputer facilities
defects in clathrate are formed by even-membered rings sudiCray-C94 at the French Commissariat!&€nergie Atom-

as Sj while those in diamond phase are constituted by oddique (CEA-CENG in Grenoble, France. The authors would
membered rings such assSiln this respect, the two struc- like to thank Professor M. Broyer for fruitful discussions.

dual” if we consider the nature of the defects
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core levels. For the VB measurements the energy pass was fixed bottom of the conduction bands, leaving the VB unchanged, in

at 0.8 eV. For depth profile, we use an argon ion operating at

low flux (<108 Torr) and medium energy3 keV). The etch-
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