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Morphological effects on the electronic band structure of porous silicon
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Porous silicon presents a fascinating pore morphology, which could be relevant for its efficient luminescent
properties in the visible spectrum. This work attempts to give some insight into the understanding of its optical
properties, by studying the electronic band structure. The porous structure is modeled as empty columns of
different sizes and shapes, produced into an otherwise perfect silicon crystal. The columns are passivated with
hydrogen atoms. A tight-binding Hamiltonian on sp®s* basis set is applied to supercells of 8, 32, 128, and
256 atoms. Due to the simplicity of the model, morphology effects can be analyzed in detail, even in the case
where the column diameter oscillates is included. The results show that the band gap broadens and the
conduction-band minimum shifts towards thepoint, producing an almost direct band gap, as the porosity
increases. A strong splitting of the originally degenerate states at the top of the valence band is also observed,
for certain morphologies. Finally, the implications of quasiconfinement, where electrons can find ways out
through the necks between the pores, are discussed.

l. INTRODUCTION very different luminescence liné51? In what follows, we
introduce a theoretical model capable of addressing this

Efficient visible luminescence in porous silicdRS at  complex problem.
room temperature has been reported in samples produced by In Sec. Il, we present some general ideas about the pore
electrochemical etching in a hydrofluoric solutibfihis sur- ~ morphology of PS. In Sec. Il we describe the Hamiltonian
prising optical property has stimulated great interest, since i&nd the supercell structures used in our model. In Sec. IV we
is well known that bulk silicon has an indirect band gap ofdiscuss the numerical results and, finally, we give the con-
1.1 eV, which prevents efficient interband radiative recombi-clusions in Sec. V.
nation in the visible region. Besides the challenge of the

bas_ic understanding of thig p_henome_n_on, PS has the techno- Il. PORE MORPHOLOGY
logical importance of achieving all-silicon-based optoelec-
tronic devices. We mean by pore morphology the different forms that the

There have been different attempts to explain the lighoores can take. When PS is prepared from a smooth sample
emission from PS. At the moment there are two promisingdy electrochemical etching, pores start forming from a ho-
models explaining the mechanisms involved in the luminesmogeneous patternX(Y plang, because there is a random
cence process. One of them emphasizes the quantum catistribution of holes, and grow dendritelike, maintaining a
finement effect and the other suggests the essential participreferential direction £ axis).'* Transmission electron mi-
pation of the localized surface states in the siliconcrograph analysis reveals branching and homogeneity in the
nanostructure$Both approaches strongly depend on the ge-distribution of pores at different scales, i.e., a coral-like dis-
ometry of the silicon skeleton created during the anodic distribution at a nanometer scale and a homogeneous one at a
solution process. The quantum confinement is not isotropicnesoscopic scafe'? The columnar diameters range from
in a complex interconnected morphology and the surface cur20 to 500 A, and their lengths are from 10 to 506.1* This
vature could affect the surface states and the charge distribdifference in scale between the characteristic diameters and
tion. lengths allows us to neglect the quantum confinement in the

It is worth stressing that in spite of extensive theoreticallongitudinal direction as a first approximation. However,
studies’° little attention has been paid to the analysis of thethere is experimental evidenCesuggesting variations in the
PS morphology and the statistics of shapes and distributioporosity along the direction, such as variations in diameters
of pores, except for simple structures such as squares amhd interconnections of wires; some of these three-
circles? However, in real PS samples other types of structuraimensional facts and their effects in the electronic band
coexist: wirelike, porelike, and grains or dotlike structures,structure will be analyzed.
depending on the preparation conditions such as temperature, Since the quantum confinement is mainly in the transverse
acid concentration, and current intensify. Furthermore, it  plane, the third dimensiorz(axis) can be considered invari-
is well known that changes in sample preparation leading t@ant in a first study. In this case, let us classify two-
similar porosities but different microstructures can producedimensional(2D) pores by using three parameters, if the

0163-1829/96/5F)/382716)/$06.00 53 3827 © 1996 The American Physical Society



3828 CRUZ, WANG, BELTRAN, AND TAGUENA-MARTINEZ 53

(010}

(100)

Planes

R
22

-1
p N _/’

FIG. 1. Schematic representation of an 8-atom supercell used to model PS. The circle sizes indicate different plamegiractios.
The primed labels refer to periodic boundary conditions.

pore overlap is ignored. These three parameters are the pproduce an 1.1-eV gap in bulk crystalline silicon.
rosity, the pore shape, and the distribution; the last one in- As PS exhibits a very large surface, mainly hydrogen
cludes size and spatial distribution. The poros®) {s mea- passivated,we therefore saturate the pore surface with hy-
sured as the ratio of the PS mass over the original crystallingrogen atoms. We are aware that we are simplifying enor-
silicon mass. The forms of the pores can be circles, squareously the surface description, ignoring other possible satu-
or more complicated shapes. Finally, the pores can be gftors and surface reconstruction. Clearly, to study
different sizes and separated by different distances betweq@iminescence phenomena, this description is insufficient.
pore centers following a given distribution. To perform athe Sj-H bond length is taken as 1.48 A. The on-site energy
systematic study of the effects of the 2D pore on the eleCyf the H atom is considered to be4.2 eV, since the free H
tronic band structure, we will analyze the contribution of 5¢o energy levek-13.6 eV, is so close to thestate energy
each one of the above parameters separately, fixing two qiye| of 4 free Si atom- 13.55 eV therefore, the on-site
them. i i energy of H is taken to be the same as that of silicon, as in
In the case of what we call a three-dimensiof®D) pore,  Ref 20. The H-Si orbital interaction parameters are taken as

an extra parameter is required. This parameter characteriz S0 1.5= — 4.075 eV,spo 1i.s=4.00 eV, which are obtained
pore diameter fluctuations along theaxis. As could be ex- fitt_isr,;g the energyylevels: of silarie.

pected, even if the PS skeleton is wirelike, photoexcited car-~ 1o pores in PS are modeled as empty columns in the

riers in a corrugated wire would tend to populate in thicker yiraction[001] dug into an otherwise perfect silicon crystal,
areas and this fact could be relevant to the photoluminesznere the surface dangling bonds are saturated with hydro-
cence properties. Actually, this idea has earlier been sug- gen atoms. In order to analyze the effects of the pore mor-

gested by Canhathin a model of undulating columns, hology, columns of various shapes varying their distribution
where thicker and thinner areas intercalate periodically in supercells of different sizes are used. In Fig. 1, a supercell
columnar shape. Taking into account these considerationgg g a1oms is schematically shown. Supercells of 32 and 128
we will extend the 2D pore analysis to 3D pore configura-5ims are built joining, on theY plane, 4 and 16 supercells
tions. as the one shown in Fig. 1, respectively. It is important to
mention that, since the supercells 2& plane extended,
IIl. THE MODEL removing one atom in such_sup_ercells produces one-atom
columnar pores along the direction, and these columns
In the preceding section, we have discussed some gederm a square lattice on th€Y plane. The 256-atom super-
metrical considerations of the PS pores. We now have teell is constructed by joining two 128-atom supercells, one
choose a Hamiltonian to study the electronic behavior in thion top of the other, along thedirection. Periodic boundary
material, considering the complex morphology of the poresconditions are considered in the three directions and the
A possible way is to use the simplest realistic tight-bindingpores are made at the center of the supercells, for example,
Hamiltonian, which allows us to calculate complicated poreremoving the column represented by atom 8 in Fig. 1. Spe-
geometries by using large supercells. As we are interested itial care should be taken as there is a limited number of
describing the band-structure modifications around the gamtoms that can be removed for each supercell, beyond which
the minimum basis capable of describing an indirect bandhe solid structure would be destroyed, where quantum con-
gap along thex direction is thesp®s* basis. We have used finement would be even stronger. Experimentally such a po-
the parameters of Vogl, Hjalmarson, and DBwyhich re-  rosity limit has also been observétithe value of this limit
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FIG. 2. Band structures for the 8-atom superc@). Perfect é .
case,(b) 1-atom pore case without saturation, af@ saturated 03 a "
1-atom pore with hydrogen atoms. 0.2
depends on the manufacturing process. 0.1 . L ;
I . 0 10 20 30 40
Once the Hamiltonian and the geometry are decided, we o
are in a position to calculate the electronic band structure of Porosity (%)

PS, diagonalizing matrices o™ 5n, where 5 is the num- _ _
ber of orbitals considered per atom ands the number of FIG. 3. (a) Shifts of the conduction and valence band borders,

atoms in the supercell. This diagonalization has to be don@nd(b) trend of the light-hole effective mass, both as a function of
- . . . . ) ) porosity for a fixed pore shape and as a function of the confinement
for eachk vector within the irreducible first Brillouin zone,

) =1 distance ¢l) between pore boundariésee Fig. 4
producing a | band structure. Clearly, the supercell size is

limited by the computing capabilities. the band gap broadens with the porosity; this fact is not a
conventional quantum confinement effect because there are
IV. RESULTS Bloch wave functions on the confinement plane. However,

o . the electron wave functions have nodes at the pore surfaces

We start by considering a 2D pore in the smallest superanq these extra nodes cause a sort of quantum confinement
cell cor_ltalnlng 8 atoms as the first step to obtain a 1-atomy,q consequently a band-gap broadening, since wave func-
pore. Figures @), 2(b), and 2c) show the band structure of ions with wavelengths longer than the distance between
the 8-atom supercell when the structure is perfect, when sitg,qes will not be accessible for the system. Furthermore, the

8 (Fig. 1) is removed and when the four dangling bonds are,ang porders shift asymmetrically. That the valence band
saturated with hydrogen atoms, respectively. Notice that the

band gap is broadened as we produce a pore structure, and
that the dangling-bond states are removed from the gap when
they are saturated with hydrogen atoms. The observed gap
broadening is in agreement with the quantum confinement

schemé3*1t can also be seen in Fig(@ that the band gap -1 ]
is almost direct and the degeneracy due to symmetry is bro-
ken.

As is mentioned in Sec. Il, there are three possible param-
eters to characterize a 2D pore. Let us first consider the ef-
fects of the porosity in the electronic spectra, maintaining the 4 ///
pore distribution and their shapes fixed, which are chosen in -3t ///
this case to be squares of 1, 4, 9, 16, 25, 36, and 49 atoms %/////d %
removed from the center of a 128-atom supercell. Notice that \<>
in this way the distance between the pores’ centers is con- . s
stant. It most be pointed out that the square pores are dug in 29 31 33
the orientation, which removes, for example, atoms 5, 6, 7, Ln (d)
and 8 in Fig. 1, forming a 4-atom square. In Figa)3we
show the variation of the conduction and the valence band FIG. 4. Logarithmic variation in the energy gap shift with re-
borders, and in Fig.(®) the light-hole effective mass behav- spect to the crystalline cag&,(0)] versus the distance between
ior, both plotted as a function of the porosity. Notice first thatpore boundariesd).

2t hd

Ln [E4(P)-Eq(0)]
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border shifts more rapidly is consistent with the difference in
the band curvatures and it has already been obséNEde
quick enlargement of the band gap observed in Fi@ 3
seems to contradict experimental evideffceshere porosi-
ties as high as 79% are required before the band-gap enlarge-
ment we are predicting is observed. This apparent discrep-
ancy can be clarified if we repeat the plot as a function of the
distance between pore boundari{esnfinement distancd,
as shown schematically in Fig),4since this is a more rel-
evant parameter for the quantum confinement and therefore,
for the band-gap enlargement. It would be worth pointing out
that there is not a direct relationship between the porosity
and the confinement distande because the pore distribution
could modify it. For instance, within our model, at the same
porosity of 12.5% for an 8-atom supercell we have
d=3.838 A while, for a 128-atom supercetl=21.109 A;
consequently the band-gap enlargement is totally different.
In Fig. 3(b), in spite of an expected increase of the effec-
tive mass with the porosity, there are clearly two jumps. The
first occurs when the pores are introduced, which is due to K K
the appearance of new scattering centers. The other is found
at the high-porosity region of the model and is caused by the

fact that we reach a percolationlike limit; i.e., pore edges FIG. 5. Band structure around the gap for the 128-atom super-
almost touch each other cell with (a) 2-neighboring atom pore, ar{®) 2-next-neighboring

Clearly, an interesting approach to analyze the energy ga%tom pore.

behavior is plotting itversusthe confinement distance) as o . )
shown in Fig. 4. A linear behavior between the gap drid ~ Variations in t'he pore mprphology. These dlﬁergnces could
a log-log plot, expected by the effective mass theory, is no{oe_lmportant in the luminescence process; for instance, the
observed. However, for the high-porosity regirsenall d), §pl|tt|ng of_the states at the borders could |_n_fer a double peak
the slope tends te-2 in accordance with the effective mass in the luminescence spectrum for a specific morphology of
theory. The nonlinear behavior at the low-porosity regimePores. Itis worth mentioning that the band gaps in Fig. 5 are
could be interpreted as a noncomplete or quasiquantum coglmost direct for supercells of 128 atoms or larger, due to the
finement effect, where one could define a new effective confolding of the Brillouin zone. However, this is more than a
finement distance, larger thah obtaining in this way a simple supercell effect, since the existence of pores prev_ents
—2 slope. This concept, quasiquantum confinement, meaﬁg‘? use of the 2-atom c.eII comnjonlly used for crystalline
that the electrons can find ways out through the necks bedilicon. Furthermore, PS is monperiodichomogeneous sys-
tween the pores. tem at a mesoscopic _sqale and then, the periodicity of the
We have just seen the importance of porosity in the bandnodel must tend to infinity. _
gap. However, the other parameters are also relevant. The Finally, we present the results for a 3D pore; i.e., the pore
results calculated for a fixed porosity but different pore dis-diameter can vary along tiedirection. We have chosen the
tribution are completely different. For instance, observingSimplest geometry which consists of two alternating pores,
the case of a 1-atom pore in an 8-atom supercell and the ca88€ of 4 atoms and another of 16 atoms, producing undulat-
of a 16-atom poré16 neighboring atoms were remoyeda  INd columns. In Fig. 6 we compare the band structure of a
128-atom supercell, the band gap of the former cas&€D Pore(9-atom square pore in a 128-atom supejoeith a
(E,=2.46€\) is much bigger than the latter one 3D pore (4- and 16-at0r_n square pores in two alternating
(Ey=1.39 e\). Clearly, in spite of having the same porosity, ;28—atom supercellsNotice the different symmetry break-
the quantum confinement is more intense in the first casdNd of the states at the valence band edge. Furthermore, the
since the distance between pore boundaries is shorter. D pore has a band gap of 1.32eV with a porosity of
Let us now, for a fixed porosity and distribution, analyze 7-03%, while the 3D pore has a gap of 1.34 eV with a po-
the morphology effect. We show as an example a 2-aton'i°5!ty of 7.8;%. To compare the gaps at the same porosity,
pore case in a 128-atom supercell. This pore can be producéd interpolation procedure has been performed. The 3D band
in two ways, by removinga) an atom and one next neighbor 9P is 8% larger than the corresponding 2D one, which is
(like 7 and 8 in Fig. 1 or (b) an atom and one second neigh- expected due to the additional confinement inZtkrection.
bor (like 6 and 8 in Fig. 1. Figures %a) and 5b) show the
band _stfuc.ture for casea) anq (b), respectiyely. In spite of V. CONCLUSIONS
the similarity of the results, interesting differences can be
noticed. First, the band gap changes from 1.2298 eV in case The importance of the morphology in a material like PS is
(a) to 1.2478 eV in cas€b). Second, although the degen- intuitively clear but difficult to model. We have presented a
eracy of the states at the top of the valence band is broken imew approach to study the electronic configuration of PS
both cases, it splits differently in each case, due to thesimple enough to be capable of studying complex morpholo-
change in the network symmetry as a consequence of thgies. We are describing the pores as columns of different

Energy (eV)
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confinement concept to explain the jump observed in the
effective mass in the high porosity reginfeig. 3) and to
understand the failure of the effective mass theory in ex-
plaining the band-gap dependence at low porosifés. 4).
The quantum confinement becomes complete at the limit
where the pores touch each other. It is worth mentioning that
the quasiconfinement is not only a peculiarity of this model,
but also occurs in the real PS silicon where columns inter-
mingle, producing alternative connections, and therefore car-
riers could find paths from one quantum wire to another.

The splitting of the states at the top of the valence band
due to symmetry breaking is of the order of meV and, in
principle, it could be studied experimentally, as has been
done in other materials by optical absorption measurements
at low temperature%s

On the other hand, any theoretical description of the lu-
minescent phenomena in PS would be required to include the
participation of the phonon-assisted processes, since there is
experimental evidence suggesting a no-direct band gap in
PS24 These processes could be simulated by a unified model
of phonon-assisted and zero-phonon radiative transifons.

FIG. 6. Comparison of a 2D poré9-atom square pore in a Phonons in PS have been studied by Raman scattering,
128-atom supercglband structure with a 3D poxd- and 16-atom  \where a shift of the top optical mode towards lower frequen-
square pores in two alternating 128-atom supercbisid structure.  cjes has been observé&iThe origin of this shift is similar to
shapes and sizes, saturated with hydrogen atoms; althoué?ﬂ of thle electronlc_case where the valence band edge shifts
the model considers periodicity in ttzedirection, it is pos- ards Ower energies. . . :
sible to introduce a periodic variation iy producing undu- Another |mportant pomt is to c_onS|der disorder effects in

the electronic properties of PS, since the observed band-gap

lating columns. : :
We have introduced some relevant parameters to describﬁlizrgéggjfz s%%%estt)seg:]at gjgiredde ' E;ay‘;:rr; e'{n pgrgz;t rc;lr(]a d

B shon st onesiec e o nS1onENant e, wiin a consant fecve mass scheme,
P Pe, L . § statistical analysis of silicon crystallites is presented. They
3.‘D pores an add|t!ongl para_meter, the pore diameter fIUCtu%und very good agreement with experimental absorption
%fcntsal)c;negagr:eénaeng t'ﬁerqu%'\r/eed' g:ﬁ;‘é?sa?ii:ﬁze%éh;ﬁ;data.22 A similar statistical average over a pore morphology
on the band structure. The mair? results aré as fg”OWS' Tistribution could be introduced to the present model in big-
(1) A clear broadeﬁin of the band aap due to ua.ntu er supercells. Moreover, the 3D clusterlike maximum con-
confinement 9 9ap q inement could be obtained as the limit case of the present
L . - supercell model, when a strormdirection pore oscillation
the(i)eltr:; ;‘p![fr:eOfBrtirl]liu(i:r?nz%%fauon_band minimum towards leads to almost isolated crystallites. Other saturators such as
' oxygen compounds can also be considered. An important

sivgo-rzhe cleaning of the gap due to hydrogen surface pas|'rnprovement must be to simulate the surface more ad-

- . equately, considering the variation of the tight-binding pa-
(4) The splitting of otherwise degenerate states at the tOI?ameters close to the surface by including effects such as
of the valence band for all cases.

(5) A nonlinear increase of the effective mass for bothcharge distribution, surface reconstruction, and electron-
electron interactions. These extensions are currently in
electrons and holes.

(6) An additional enhancement of the quantum Conﬁne_progress.

ment effect due to variations along thealirection. We would like to acknowledge enlightening discussions
All these results suggest that the quantum confinemenwith Professor R.J. Elliott and Professor R.A. Barrio. We
arguments to explain the broadening of the energy gap aralso thank Dr. T.C. Choy for the critical reading of the manu-
adequate. However, this concept should be extended to irscript, pointing out the importance of disorder in PS. This
clude intermediate situations, in which there are possiblevork has been partially supported by Project Nos. DGAPA-
“exits” for the carriers. We are proposing to use the quasi-IN104595-UNAM, CONACyT-4229-E, and CRAY-UNAM.
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