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Two Meyer-Neldel Rules in Porous Silicon
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We observe two Meyer-Neldel rules for the dc conductivity in porous silicon. One rule
corresponds to extended-states transport and the other to transport by thermally activated hopping.
The quantitative resemblance of the first rule to the one found in hydrogenated amorphous silicon
(a-Si:H) indicates that in samples in which it is observed the conduction takes place arSaH—
like tissue that wraps the luminescent crystallites. In samples where the second rule is observed the
conduction appears to be either by activated hopping in this disordered tissue, or by intercrystallite
hopping. [S0031-9007(97)02616-1]

PACS numbers: 72.80.Cw, 78.40.Fy, 78.55.Hx, 78.60.Fi

Since the discovery that porous silicon (PS) mayby a continuous “shell,” which consists of disordered sili-
exhibit efficient visible photoluminescence (PL), therecon [21] and related compounds [20] (such as,$iQ).
has been an extensive study of this material [1]. At For understanding the MNR approach taken in this
present, it seems to be quite generally accepted thatetter, consider ap-type semiconductor in which the
the PL is due to the quantum confinement effect inconductivity is activated with temperature and can be
the small silicon crystallites [2,3]. It thus appears thatwritten as
the next fundamental issue concerning light emitting - E
PS is the transport mechanism. This issue is of a o= aooex%—u) (1)
quite general interest due to its obvious relation to kT
electroluminescence and thus to the practical applicationldere Er and Ey are the energies of the Fermi level and
of this system [1]. Unlike the PL issue there is nothe valence band edge, respectively; is the thermal
agreement concerning the conduction path or the transpognergy, andooy is the microscopic prefactor [22]. On
mechanism in PS. Present suggestions for the pathbke other hand, one obtains the activation enéfgynd a
range from transport in the crystallites [4], diffusion prefactoroy by fitting the experimental data to
[5], or tunneling [6] between the crystallites or on their E
surface [6—8]. Transport in a disordered silicon tissue o= o0y ex;(——“). 2
(such as hydrogenated amorphous silicaigi:H) which kT
wraps the crystallites has also been suggested [9,10Examination of this prefactor on PS layers, which have
The proposed mechanisms include band conduction [113 luminescence peak centered around a photon energy,
activated hopping in the tails [9], activated deep stategr, of 2 eV, has yielded [9]o, values lower than
hopping [12], a Pool-Frenkel process [13], and activated0~3 (ohm cm)!. The interpretation given [9], based
hopping in a fractal network [14]. on theoretical expectations [22], was that the transport is

In this Letter we attempt to examine whether thisdue to activated band tail hopping rather than to transport
rather large number of suggested paths and mechanisrabove the mobility edge.
can be narrowed down. For this purpose we use the In order to examine the generality of this conclusion,
Meyer-Neldel rule (MNR), which in the present context we have carried out measurements of the temperature
correlates the conductivity prefactor and the conductivitydependence of the dc conductivity on two sets of “free
activation energy [15,16] (see below). We find quitestanding” (or “self supporting” [9]) PS samples, the prepa-
convincingly that only two kinds of transport take placeration of which has been described elsewhere [10,21].
in PS, and that there is no need to introduce quanturithe PL of one set of samples was centered (at low tem-
confinement [17] effects. peratures) aroundv = 1.1 eV, and the PL of the other

Before turning to the conductivity data let us briefly set was centered arouridr = 1.7 eV. Considering the
review the established structure of PS [1]. This systentorrelation suggested [23] between the average diameter
has a coral-like structure, the members of which includeof the crystallites, the measured Raman spectra and the
individual crystallites. The typical width of these mem- hv values, we found [21] that the correspondihgalues
bers,d, is a few nanometers. The crystallites form thenwere 10 and 4 nm. This is in agreement with the quan-
a network of either continuous “quantum wires” [18] or tum confinement interpretation of the luminescence data
disconnected “quantum dots” [4]. Itis well known that as[1-3,18]. Correspondingly, we refer to the samples of
d decreases the peak of the PL curve is blueshifted [18}he first set as mesoporous silicon and to samples of the
The crystallites were argued [10,11,19-21] to be wrappedther set as nanoporous silicon.
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Typical o(T) data, obtained in the coplanar contactshas not been shown to explain the more detailed behavior
configuration for these free standing “meso” and “nano”of the dc conductivity of this material [16,24]. In particu-
PS layers, are presented in Fig. 1. It can be seen that thar, it did not explain the observation [24] &fnr Values,
measured activation energies are 0.71 and 1.03 eV, andhich are much larger than the optical phonon energy,
the associated prefactors are extremely higx[10° and  in a-Si:H materials of high defect concentration. On the
1.4 X 10° (ohm cm~!, respectively]. These values are other hand, the other, more traditional, model &8i:H
in apparent contrast to the results and conclusions derivedas able to account for the more detailed behavior of the
in Ref. [9], indicating that the dominant conduction mech-MNR parameters in this material [16,24,25]. This model,
anism is different here. On the other hand, the correlatioknown as the “statistical shift” model, is based on the fact
we found between the high values of the activation enerthat Er — Ey is temperature dependent due to both the
gies and the corresponding high values of the prefactorshrinking of the gap and the well known receding
suggests the existence of a MNR in PS. Since the detetewards midgap with increasing temperature. The rate of
mination of a MNR requires many data, and because othe Er shift was argued to depend then on the density of
the above disagreement between our results and those sthtes (DOS) gradient towards midgap [16,24,25].

Ref. [9], we turned to an examination of the data available While at present the question of which of the above
in the literature and presented them within the frameworkmodels is more appropriate fa-Si:H is not settled,
of the MNR. the above discussion and the results found here for PS

Before considering the data, let us give a short introduc{see below) seem to indicate that the statistical shift model
tion to the relation between the MNR and dc conductivityprovides the more likely scenario for these materials.
and briefly review the two models that were proposed tAccordingly, we present the MNR parameters using
explain the observation of the MNR in the dc conductiv-this model.
ity of semiconductors. In one model, known as the kinetic We have mentioned thaEr — Ey is temperature
model [15], the MNR was suggested to be a result of thalependent, and one can assume then that their relative
many possible ways to collect the many excitations reposition can be approximated by the linear dependence
quired for a kinetic process. In this picture the character{16,25]
istic energy of the MNR Eyngr, See below) is that of the
excitations, which in the present context should be typi- Ep(T) = Ev(T) = Eo — 6T, (3)

cal of optical phonons. This model has also been appliedihere E, is the extrapolation, af = 0, of the linear
[15] to a material which is closely related [19] to PS, i.e.,fit to the temperature dependence Bf — Ey. If the

a-Si:H. The model, while very appealing because of itsconductivity takes place in extended states one finds that
generality and applicability to many processesiBi:H,  [16]

S o) = [omeni(2)]ouf -22). (0
E (a) 3 k kT
C 00=5-10% (ohm-cm)™ ]
_ 100k o, ~ Es0T1 &V 3 A comparison of Eqgs. (2) and (4) indicates ttat will
Lg e Ré E have the value ofEy, rather thanEr — Ey. Conse-
EE’ 10-oL i quently, oy will not be the microscopic prefactosyy
s E 3 associated with transport in extended states. For an amor-
s F . phous semiconductor one expects [16] that the smaller the
‘0"°§ 00 o ratio between the density of band tail states and the den-

sity of deep (e.g., dangling bonds) states, the smaller the
10'"3 L magnitude of6. We further note that for such a material
‘ ‘ ’ Eq. (4) will also be obeyed by the transport of activated
T ‘ ] T hopping. In this case [26], however, the relevant level is
not Ey, but the transport energy;,, where the dominant
hopping transport in the band tails takes place.

Following the above explanation, one further expects
that variations iné will take place askr scans through
a band gap region where the DOS changes [16,24,25].
In particular, one may get a linear relationship between
6 and E,. Following Egs. (1)—(4), this means that the
MNR will manifest itself by the relation
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FIG. 1. Our measured temperature dependence of the dahere Bynr and Emng are constants which are the
conductivity in (a) mesoporous and (b) nanoporous silicon.  signatureof a specific system [16,24].
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Returning to PS, we note that if the conduction inresults can be summarized by two MNRs, each relating
PS takes place through the disordered silicon tissu® a group of data points. Accordingly, we have plotted
one would expect to observe the transport mechanisnia Fig. 2 the two best-fit (solid) lines that match the two
known for disordered materials [16,22]. In particular, forgroups of points. The fact that the two groups of PS
extended-states transport one expects [16,22] relativelgata points arevell separatectlearly indicates that there
high oy values. As mentioned above, relatively low aretwo differentdistinguishable transport mechanisms in
conductivity prefactors[1073 (ohm cm~'] have been PS. Following the above discussion, we attribute the
reported for PS [9]. However, the present results andower line to one transport mechanism and the upper
those of other workers [17,27,28] indicate much highedine to another transport mechanism. The fact that the
prefactors [larger thari0? (ohm cm~!; see below]. A data points of the various research groups mix around
very interesting finding in this context is the temperaturethe two MNR lines indicates that the conclusions to be
dependence of the dc conductivity found by Lee andlerived below are general for the PS system, and that
Lee [29]. They reported a change of the activationthey are not limited to a specific laboratory or particular
energy and the corresponding prefactor with temperaturgareparation conditions. We also note in passing that data
Below 330 K they found thak, = 0.25 eV with a low  points obtained for samples in the sandwich configuration
prefactor, while above this temperature they found thaf9,11,14] mix well with data points found on samples
E, = 0.93 eV with a high prefactor. Following the above in the coplanar configuration [10,17,27]. This provides
discussion, one should interpret this transition as du@robably the first indication that PS is an isotropic system,
to the existence of two temperature regions in each oét least as far as the transport mechanism is concerned.
which the transport is dominated by another mechanismAll this leads to the important conclusion that there
Moreover, this is a clear indication that two transportare only two transport mechanisms that are operative in
mechanisms can coexist in the same PS network. PS. Also, the above-mentioned observation [29], of the

Let us turn now to the analysis of the conductivity dataincrease off, with increasing temperature, indicates that
within the framework of the MNR. In Fig. 2 we present these two transport mechanisms can coexist in the same
all the prefactors and activation energies that we couldample, and only the details of the PS network structure
derive by fitting Arrhenius plots to all available published and the ambient temperature determine which of them is
o(T) results on PS that we could find [30]. Examining the dominant one.
the data shown in this figure we note that there is an Let us try now to suggest which transport mechanism is
enormous spread of the measured activation energiesgpresented by each of the lines in Fig. 2. As mentioned
between 0.2 and 1 eV, and that the prefactors coveabove the MNR is well known to exist ia-Si:H and to
some 14 orders of magnitude. We can also see a genenrapresent transport in extended states [16]. Also, quite a
trend of an increase of the prefactor with increasingfew workers have used the results of the MNR analysis
activation energy in agreement with the MNR [Eq. (5)]. of the dc conductivity of this material for the derivation
The striking observation is, however, that all the dataof the DOS in the mobility gap [16,24,25,31]. Typical
points belong to two well-separated groups, so that th§25,31] a-Si:H data are presented by the dashed line [31]

in Fig. 2. The similarity between this dashed line and our
upper MNR line for PS indicates that transport in many

10% ] ' n T T T 7% PS systems does not only resemble tha@i:H, but
. rTehfI: \1/\‘:0“;7 o8 E::::;g-:r?ev (ohm-cm) that the DOS of its conductive network may be similar to
107 o refs. 17, 29 . that of a-Si:H. This conclusion is supported by the many
T,é 3 :Z; g / studies that showed similarities between the electronic
O 10* 4 ref 1 - . structure of the conducting networks of PS am®i:H,
% in particular, the similar existence of band tails [32] and
-~ 10 — o 0105 et deep (dangling bond) defects [20,33].
8 //7 E:::;féze 1,?,ev(°hm om) Turning to the lower MNR line in Fig. 2, we find that
1072 a-SiH ref. 31 / 4 its values Bung = 2.2 X 1075 (ohm cm ™!, Exng =
Q_,é,*//’%/ 166 meV] are in clear disagreement with theseaebi:H
1075 1 l P B PR [16,24]. This gives further support to our suggestion that
01 0.3 05 0.7 0.9 \1 this MNR is related to a different transport mechanism.
Ea (eV) If we try to explain the lower MNR line within the

FIG. 2. The experimentally determined values of the dcframework of the kinetic model [15] mentioned above,
conductivity prefactors as a function of the correspondingwe must assume, in view of the very hidhng, that

activation energies in a variety of porous silicon samples. Thehis line is associated with ionic or atomic transport.

sources of the data are indicated in the figure. The solid linespic ; ; ; ; ;
represent the best fit to a MNR for transport in extended statesghlls IS hvery bunllkelg)/, sm%eacvghLe ;ZCh hlgiEh?]N}a
(upper line), and for transport by activated hopping (Iowerva Ues have been observe i:H [24], no such dc

line). The dashed line represents the data obtained in Ref. [31[ansport has been reported. As for PS, probably the most
for a-Si:H. convincing evidence against ionic conduction is the fact
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