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Abstract
We report on electrical resistance measurements of mesoporous silicon samples at room
temperature, in the presence of various dosages of ammonia, showing very slow
non-exponential responses of the system to any variation of ammonia pressure. Resistance
always relaxes according to a stretched exponential law, independently of the sign of the
variation. Moreover, the system remembers its own history, and memory effects can be
accounted for in a very simple way in the framework of the same relaxation law. A possible
extrinsic scenario based on rearrangement of trapped charges is proposed and discussed. These
findings suggest that mesoporous silicon in the presence of polar molecules may be regarded as
a suitable system for the study of glassy dynamics by means of electrical measurements at RT.

1. Introduction

Glassy systems, which evolve out of equilibrium in a
sluggish way, have attracted a broad interest mainly due
to their ubiquitous character in nature. Indeed, peculiar
history dependent (non-ergodic) behavior is observable in very
different systems, such as spin glasses (found in particular
magnetic alloys) [1] and structural glasses (e.g. polymers) [2].
Very recently, some typical features of the glassy phase were
even seen in the response of living cells to transient stretch [3].
Moreover, glassy behavior is particularly interesting because it
is directly connected to the complexity of the systems, i.e. it is
a manifestation of complexity in nature.

In a very few cases, glassy dynamics of charge carriers
traveling through a solid has been observed, suggesting the
existence of the theoretically predicted electron glass [4, 5].
Experimental reports on this topic mainly include electrical
measurements on amorphous or granular materials (e.g. indium
oxide [6] and Al [7]) and on 2-dimensional electron gases
(2DEG) in Si devices [8], at cryogenic temperatures. Very
recently, some typical glassy features, such as slow dynamics
and simple ageing, were reported for mesoporous silicon
(mesoPS) conductance at room temperature (RT) [9], under
the stress ageing protocol [10], but the origin of glassiness
remained unclear.

MesoPS is a disordered network of interconnected Si
nanocrystals, whose average size is of the order of tens of

nanometers [11]. In this material, charge carriers appear frozen
out at RT, even though the starting bulk Si substrate is highly
doped, giving rise to an almost insulating behavior. Moreover,
adsorption of some ‘acceptor’ or ‘donor’ molecules (such as
NO2 and NH3) can restore a high concentration level of free
carriers in the nanocrystals [12, 13]. In particular, ammonia is
known to alter the electronic properties of mesoPS, by injection
of free electrons in the material and an increase of the carrier
mobility [14, 15]. Therefore, the resistance of mesoPS samples
can be lowered by the presence of ammonia molecules in a
reproducible and reversible way.

Here we show that glassy dynamics of electrical
conductivity may arise in porous silicon, as a consequence of
the adsorption of ammonia molecules on the material surface.
We report resistance measurements of mesoPS samples in the
presence of various dosages of ammonia, showing very slow
non-exponential responses of the system to any variation of
ammonia pressure. Moreover, memory effects are clearly
visible in the reported results as a hallmark of glassy dynamics.

2. Experimental details

MesoPS samples were produced by anodization of (100)-
oriented B doped Si wafers (resistivity 0.008–0.012 � cm)
in HF[50%wt]:EtOH solution 1:1 in volume, at a current
density of 100 mA cm−2 (etch stops [16] 1:10) and controlled
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temperature T = 10 ◦C. This way, porous films were formed
with a porosity of about 60% (estimated by a gravimetric
method) and with a thickness of 50 μm. Then two Cr/Au pads,
separated by a 50 μm gap, were evaporated on top of mesoPS
immediately after the etching process.

Electrical measurements were performed by means of a
Keithley 2410 source meter, at RT in a vacuum chamber
equipped with a dry pumping unit (background vacuum 1 ×
10−4 Torr), a gas inlet, a mass-flow meter and a MKS
Baratron capacitance transducer, so that a fine adjustment
of ammonia pressure under continuous flow conditions was
possible. MesoPS resistance was monitored by measuring the
current flowing between the two pads under a dc bias field
of about 10 V cm−1. At such a low bias field, we verified
that the samples exhibit an ohmic behavior, visible in the
I –V characteristics.

3. Results

The basic typical experimental procedure consists of a very
simple protocol. First the sample was left to equilibrate
overnight, under vacuum pumping and constant bias voltage,
such that the resistance reached an almost constant value. Then
a controlled flow of NH3 gas was adjusted by the mass-flow
meter, and the variation of resistance induced by gas adsorption
was monitored for several hours, always keeping the same
constant bias.

In figure 1 the typical response of the system to ammonia
is visible. In this case, first the sample was left to equilibrate in
vacuum (under pumping) at a bias electric field of 10 V cm−1,
then at t = 0 a constant gas flow was switched on, giving rise to
a pressure of 0.20 Torr in the test chamber. It can immediately
be seen that, as a consequence of the presence of ammonia, the
resistance starts to drop, tending to a new smaller equilibrium
value with a very slow non-exponential relaxation. We point
out that such a slow dynamics cannot be a trivial result of
adsorption kinetics, as will become very clear on the basis of
further results on memory effects reported later on in this paper.
Moreover, it is worth noting that the variation �R is referred to
the asymptotic value Req the system is approaching and not to
the starting value. Indeed, as we are interested in the transit of
the system toward a new quasi-equilibrium condition, we have
to look at the evolution of the ‘distance’ from such equilibrium.
This way, taking the normalized variable y = �R/Req, where
�R = R(t) − Req and Req is the equilibrium value of the
resistance for a given ammonia pressure value, we found that
the relaxation curves can be very well fitted by the stretched
exponential law:

y(t) = y(0) · exp

[
−

(
t

τ

)β
]

(1)

with the stretching exponent satisfying the condition 0 <

β < 1. The stretched exponential behavior shows very
clearly in the log–log plot of − log(

y(t)
y(0)

) versus t reported
in figure 1(b), where β is the slope of the linear fit and τ

is given by the abscissa at which the function is equal to
1. Therefore, each relaxation is fully characterized by two

Figure 1. Non-exponential response of mesoPS resistance to dosage
of ammonia (0.20 Torr). The stretched exponential behavior emerges
in (b).

parameters, β (stretching exponent) and τ (time constant).
Note that equation (1) holds for both signs of y(0), i.e. even
when Req > R(0).

Then, in further experiments, the basic experimental
protocol was modified by adding a relatively short step in
ammonia pressure PH during the relaxation at a lower pressure
PL (see figure 2(a)).

We observed that, after the high pressure ‘pulse’, a new
relaxation y(1) started, which carried a clear memory of the
relaxation y(0) prior to the pulse. In particular, we have
verified that even the new relaxation follows the stretched
exponential law described in equation (1), provided that the
equilibrium value R(1)

eq becomes time dependent, coinciding
with the extrapolation of the previous relaxation R(0):

R(1)
eq = R(1)

eq (t) = R(0)(t0 + t) (2)

where t0 is the time interval during which the system relaxed
according to the R(0) behavior, before being interrupted by the
onset of the high pressure pulse. In other words, the system first
relaxes toward the pristine relaxation curve, then continues its
path to the final equilibrium value.

Such a behavior is displayed in figure 2, where typical
experimental results are reported and analyzed. In this case,
a relaxation at PL = 0.07 Torr was interrupted by a higher
ammonia dosage (PH = 0.67 Torr) for 400 s, and the
new relaxation R(1), starting after switching back to PL,
was considered and compared to the pristine relaxation R(0).
Figure 3 shows that, after the proper normalization by R(1)

eq
defined in equation (2), even the new relaxation displays
the stretched exponential behavior of equation (1), with a
stretching exponent close to the exponent of the previous
relaxation, whereas the τ parameter tends to increase.

Moreover, the non-monotonic behavior of R(1), clearly
visible in figure 2(c), indicates that the dynamics under study
is not merely a result of standard gas adsorption kinetics.
By the way, it is interesting to note that a non-exponential
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Figure 2. Response to a PL dosage (0.07 Torr) with a momentary
interruption (for 400 s) by a PH dosage (0.67 Torr). The dashed line
is the extrapolation of the stretched exponential decay for R(0). In
(c) the two relaxations at PL are compared.

Figure 3. After the proper normalization, both the relaxations of
figure 2(c) display a stretched exponential behavior, with very similar
β exponents. Dashed lines are linear fits.

response of porous silicon conductivity to chemical vapor
adsorption was reported in the literature some years ago but
without being explained [17]. Indeed, even in that case, it was

Figure 4. Response to an ammonia dosage of 0.07 Torr with two
momentary higher pressure dosages (0.67 Torr). Dashed lines are
extrapolations for R(0) and R(1). In (b) the stretched exponential
behavior of all the three properly normalized relaxations at 0.07 Torr
is highlighted.

found that such a sluggish relaxation was independent of the
adsorption kinetics, because the recovery time of conductivity
was much longer than the recovery time of photoluminescence
upon chamber evacuation. We suggest that glassy dynamics of
porous silicon conductivity relaxation may be at the basis of
such experimental observation.

Taking into account the memory effects, the relaxation law
can be rewritten in a more general form as:

y(n)(t) = y(n)(0) · exp

[
−

(
t

τ

)β
]

(3)

where y(n)(t) is given by:

y(n)(t) = R(n)(t) − R(n−1)(tn−1 + t)

R(n−1)(tn−1 + t)
(4)

and tn−1 is the time interval during which the system relaxation
is described by y(n−1)(t). Moreover, y(0)(t) represents the
initial ‘memory-free’ relaxation, when memory effects are
absent, i.e.:

y(0)(t) = R(0)(t) − Req

Req
. (5)

Therefore, we suggest that the repetition of pressure
variation pulses, and the consequent memory accumulation,
can be taken into account by an iterative use of equation (4),
starting from the first relaxation R(0) where memory effects
are not important, similarly to that reported by Struik [18] for
structural glasses. This is shown in figure 4, where the results
of an experiment involving two consecutive high pressure
PH pulses are reported. It can be appreciated that all the
three relaxations at PL are well described by the stretched
exponential function of equation (3), with quite similar β

exponents, after application of equation (4) for each y(n).
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4. Discussion and conclusions

The stretched exponential relaxation (usually referred to as the
Kohlrausch–Williams–Watts law [19, 20]) is a very common
feature observed in various complex systems. In literature,
such a behavior has been reported for a wide range of
slow relaxations, and is usually ascribed to hierarchically
constrained dynamics with a wide distribution of relaxation
times [21]. For instance, it is very interesting to note that
glass formers below the glass temperature exhibit a stretched
exponential relaxation law like equation (1) and memory
effects in dielectric ageing experiments [22]. In such a case,
the ageing dynamics is determined by the structural relaxation
process.

Trying to elucidate the origin of glassiness in the system
under study, we ought to consider a possible electrical
transport mechanism previously proposed for mesoPS. Already
in 1995, Lehmann and co-workers [23] argued that the
electrical resistivity of mesoPS may be determined by the
constriction of conductive pathways produced by charged
surface traps. Indeed, the free carriers freeze-out in mesoPS
cannot be ascribed to quantum size effects (as in luminescent
nanoporous silicon), due to the relatively large dimensions of
the crystallites, so that a surface effect, involving Coulomb
repulsion from trapped charges, is more likely to be the basis
of the observed low conductivity. The mechanism proposed
was analogous to the ‘telegraph noise’ in MOS devices, where
a trapped charge can block part of the conductive channel by
its electric field. This phenomenon can become very effective
in PS, because of the huge specific surface (of the order of
hundreds of m2 cm−3) [24] and of the nanostructure of the
material. In fact, the surface of PS is known to be rich in
defects, typically Si dangling bonds at the Si/SiOx interface,
i.e. the so-called Pb centers [25]. Pb centers are electrically
active amphoteric traps, so that they can easily localize both
electrons and holes [26]. Therefore, these centers can strongly
affect the conductivity of PS, by trapping free carriers and
constricting the conductive pathways.

Recently, the model proposed by Lehmann has been
corroborated by the experimental evidence of Coulomb
blockade phenomena in mesoPS [27]. Indeed, the observation
of a conductivity gap in the I –V characteristic has been
ascribed to trapped charges in nanoconstrictions, which can
inhibit the current flow by Coulomb repulsion, according to
a transport mechanism predicted for nanocrystal arrays. A
similar collective Coulomb blockade behavior was indeed
observed in granular materials, such as Au nanocrystal
arrays [28, 29], suggesting a phenomenological analogy
between charge transport in mesoPS and in granular metallic
films. Supporting this analogy, it is interesting to remember
that non-equilibrium dynamics has been reported for the
electrical conductance of granular metal films, and slow
polarization processes were considered as a possible origin of
glassiness by some authors [30–32]. Thus, the glassy behavior
previously reported for mesoPS (stress ageing experiment [9])
may be interpreted in the framework of an extrinsic model,
taking into account a rearrangement of charged traps induced
by the external electric field. Finally, the morphological

disorder, i.e. the random variation of Si nanocrystallites shape
and size within the PS network, may also influence the charge
carrier transport [33], playing a role in the dynamics slow-
down.

We should now consider how can ammonia intervenes in
this scenario. Ab initio calculations have already shown that
a positively charged Pb center P(+)

b (i.e. where a hole has
been trapped) is a favorable adsorption site for ammonia [13].
Indeed, the NH3 molecule can bind to the P(+)

b , releasing
an electron toward the mesoPS surface. Moreover, charge–
dipole interactions are likely to occur between localized
charges and adsorbed molecules, due to the dipole moment
of ammonia. In fact, the evolution of the I –V characteristics
in the presence of ammonia is consistent with such a
scenario [15]. The conductivity gap is gradually canceled
upon ammonia adsorption, revealing the interaction between
adsorbed molecules and charged traps responsible for Coulomb
blockade. Thus, preferential adsorption sites are likely to be
directly related to the trapping centers, so that a rearrangement
of trapped charges may induce a redistribution of adsorbed
molecules, and vice versa. In other words, on one hand,
charged defects are favorable adsorption sites, and on the other
hand, ammonia, through its interaction with mesoPS surface,
can alter the electronic distribution in the surface states. This
kind of correlated dynamics may produce a situation typical
for glasses, where the characteristic time to drive the system
out of equilibrium (i.e., in this case the time to reach a new
ammonia pressure value) is much shorter than the time needed
for equilibrating at the new condition.

In summary, in the experiments reported in the present
paper, gas adsorption can induce a rearrangement of trapped
charges. Such a rearrangement directly influences the
charge transport in the material, and it is likely to be a
sluggish phenomenon. Indeed, there is likely to be a most
favorable configuration for both the density and the occupation
of surface states at each external condition, i.e. adsorbate
amount. To reach such a configuration the system needs
a long time, due to the correlation between the charge
distribution in the surface states and the adsorbate distribution
on the surface. The effect of charge rearrangement and
the associated Coulomb interactions may interact with the
strong morphological disorder in the porous network, giving
rise to glassy dynamics. The causal mechanism may be
somewhat similar to that recently observed in Al–AlOx–Al
glassy tunnel junctions, where off-equilibrium dynamics and
stretched exponential relaxation of conductance were found to
be related to the charge distribution in the interface states [34].
Moreover, such an extrinsic scenario may be close to the model
recently proposed by Burin and co-workers to interpret the
slow dynamics of amorphous hopping insulators [35], where
the origin of glassiness was ascribed to slow rearrangements of
structural defects.

In conclusion, the experimental observation of the
stretched exponential relaxation of mesoPS resistance upon
ammonia adsorption has been reported. Moreover, memory
effects—a typical hallmark for glassy systems—are shown,
and a simple method to account for them is proposed. Such
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a method is based on the following main assumptions:

• the normalized variable y is the proper parameter to
describe the out-of-equilibrium dynamics, because it
represents the normalized distance from equilibrium;

• when the system is ‘aged’ (i.e. not at equilibrium before
the excitation), the relaxation occurs toward the previous
relaxation curve, which was interrupted by excitation.

A possible mechanism underlying the glassy behavior,
involving a major role of trapped charges, has been proposed,
yielding to a description of the material as an extrinsic
electronic glass, where a slow rearrangement of the potential
landscape seen by free carriers is reflected in conductivity
measurements. However, a deep understanding of the origin
of these phenomena obviously requires further study. In
particular, the physical meaning of the relaxation parameters
β and τ and their dependence on the external conditions
(ammonia pressure) should be clarified. Experiments to
investigate the T dependence of dynamics are in progress, and
will certainly help to elucidate the mechanisms at the basis
of the observed glassy behavior, clarifying the extrinsic or
intrinsic nature of glassiness. Anyhow, the reported results
may be a further important element to gain insight into
the non-equilibrium dynamics of porous silicon, indicating
this material as a suitable candidate for studying peculiar
glassy dynamics by means of electrical measurements at room
temperature. Moreover, people working on PS-based devices
should be aware of the extremely slow relaxation processes
involved in the electrical transport phenomena in this material.
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