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Observation of time-varying photoconductivity and persistent
photoconductivity in porous silicon
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Oersted Laboratory, Niels Bohr Institute, Universitetsparken 5, DK-2100 Copenhagen, Denmark

O. Leistiko
Microelectronics Center, The Technical University of Denmark, Building 345 East,
DK-2800 Lyngby, Denmark

~Received 4 November 1994; accepted for publication 6 October 1995!

We have observed time-varying photoconductivity and persistent photoconductivity in porous
silicon, both with time-evolution scales of the order of several minutes or hours. The time evolutions
depend on the wavelength and the intensity of the illuminating light. The data indicate the presence
of at least two competing mechanisms, one is tentatively related to photoinduced creation of charge
carriers in the silicon substrate followed by diffusion into the porous silicon layer, and the other is
tentatively related to desorption of hydrogen from the porous silicon. ©1996 American Institute
of Physics.@S0021-8979~96!99902-2#
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I. INTRODUCTION

Silicon, which has been anodically etched in hydroflu
ric acid @so-called porous silicon~PS!#, has attracted a grea
deal of interest in the last few years, because of its bri
visible luminescence, which is in clear contrast to the v
poor luminescence of pure, crystalline silicon~c-Si!. For re-
views with references to previous works, see, e.g., Refs. 1
Emission properties of PS have been studied in detai1–3

especially with the use of photoluminescence~PL!, photolu-
minescence excitation~PLE!, and also with other emissio
techniques like electroluminescence.3,4 Absorption processe
in PS, on the other hand, have not been studied nearl
much. This is probably because direct observation of pho
absorption is hampered by the absorption taking place in
c-Si substrate.

We have undertaken a systematic study of PS by c
bining PL and PLE with photoconductivity~PC!, which is
based on photoabsorption and may thus yield informa
about absorption properties of PS. In the course of this,
have observed time-varying PC and also persistent photo
ductivity ~PPC!, both with characteristic time scales of th
order of minutes or hours, which we report and discuss in
following.

II. EXPERIMENT

The samples were prepared by anodically etching
p-type silicon in HF, using a standard technique similar
that described, e.g., in Ref. 5. Sample surfaces etche
different degrees yielded similar results. After etching,
samples were mounted strain-free on holders, and ele
contacts to the PS layer were formed by flat metal spr
leaves, which were strong enough to create durable cont
but so soft that the PS layer they touched was not dama
The separation between the two contacts was a few milli
ters, and all data reported here have been obtained w
potential drop of 5 V between the two contacts, so that
overall electric field strength was around 2 V per millimet
As illumination, a 250 W halogen lamp coupled to a mon
chromator~McPherson model 207! was used, different spec
J. Appl. Phys. 79 (2), 15 January 1996 0021-8979/96/79(2)/
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tral orders being separated by appropriate filters. At the e
slit of the monochromator a bifurcated optical fiber cabl
was mounted in such a way that the sample could be illum
nated by one of the cable outputs, while the other output w
coupled to an optical power meter, so that the illumination o
the sample could be monitored continuously without inte
rupting illumination of the sample. The short-wavelengt
limit, 400 nm, used in this work, was set by absorption in th
glass fibers below this wavelength. All data reported he
have been taken at room temperature.

The samples were stored in darkness, and the dark c
rent was recorded continuously. In all of the measuremen
reported here, the illumination was not carried out until th
dark current had stabilized entirely, to ensure that one ser
of measurements was unaffected by the previous ones.

III. RESULTS AND DISCUSSION

Figure 1 shows typical current versus time curves o
tained with one and the same sample. For all of the curves
this figure, the time at which illumination of the sample wa
initiated, has been set equal to zero, and the time at wh
the illumination was terminated, has been marked with
vertical arrow. The curves are labeled with the wavelength
the illuminating light. For each curve, a prompt increase
the current is seen at the beginning of the illumination, an
the height of this step in the signal is marked with a horizon
tal arrow at timet50 for each curve. The time scale of this
prompt increase was less than a few milliseconds, the tim
resolution being limited by the experimental setup. Th
height of the prompt step is more easily seen in Fig. 2, whic
shows the time evolution for selected curves from Fig. 1 th
first few minutes after illumination was initiated. Corre-
sponding measurements onc-Si revealed nothing but prompt
jumps, as expected, again with time resolution set by t
experimental setup.

Besides the prompt changes observed fort50, slow
changes, having time scales of the order of several minu
or hours are also seen in Fig. 1. For all of the curves given
10271027/2/$6.00 © 1996 American Institute of Physics
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FIG. 1. ~a! The figure shows PC and PPC for one sample, obtained with different wavelengths of the illuminating light in the interval 420–600
indicated for each curve. For each curve, the illumination was initiated at timet50, the height of the prompt increase in current att50 is shown with a
horizontal arrow, and termination of the illumination is indicated with a vertical arrow. The curves have been displaced vertically to avoid overlaps
initial dark currents were at the same level. The curves have been normalized to show the same maximum PC signal.~b! The figure shows PC and PPC fo
the same sample as that used for~a!, obtained with different wavelengths of the illuminating light in the interval 700–1200 nm, as indicated for each c
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Fig. 1, the illumination was not interrupted until the curre
through the sample had stabilized. From Fig. 1, we note
following.

~i! For wavelengths above approximately 1200 nm,
PC is observed. This corresponds to the well-establis
photoconductivity response of pure silicon, cf. Ref. 6. Thu
this finding is no surprise!

~ii ! For wavelengths below.1200 nm but above.600
nm @Fig. 1~b!#, the current increases slowly and monoton
cally in time during illumination until finally a stable level is
reached. Correspondingly, the PPC signal shows a sim
decrease in time. The time to reach a constant, illuminati
induced current tends to increase with increasing wa
length.

~iii ! For wavelengths in the interval.400–600 nm@Fig.
1~a!#, the PC first increases in time, but reaches a maxim
value in a fairly short time~.5–10 min! and then, it de-
creases and stabilizes finally at a level which is even be
the initial dark current level. This is the most interestin
finding of our work. After the illumination is switched off
the PPC first decreases slightly further, then passes throu
minimum whereupon it slowly increases monotonically, a
the initial dark current level is reached only after seve
hours of darkness.
1028 J. Appl. Phys., Vol. 79, No. 2, 15 January 1996
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~iv! For wavelengths above approximately 600 nm, t
prompt increase in PC observed att50 equals the prompt
decrease in current observed when the illumination is turn
off. However, for shorter wavelengths, the prompt increase
t50 is much larger than the prompt decrease, the latter be
barely discernible.

With a purec-Si sample, we naturally observed findin
~i!, but none of the findings~ii !–~iv!. The above-listed find-
ings were found to be reproducible not only from day to da
but also over periods of several weeks.

In Fig. 3 PC signals versus wavelength of the illumina
ing light for pure c-Si ~bottom curve! as well as for four
different PS samples are plotted. In all cases, each spec
was recorded during a time which was short in comparis
to the times which are characteristic for the processes
scribed above. Thus the curves in Fig. 3 mainly present
prompt PC signals in comparison to that for pure silico
Clearly, the five curves presented in Fig. 3 have threshold
the same wavelength, namely at approximately 1200 nm
close agreement with~i!. Also there is a close resemblanc
between the five curves from threshold and down to appro
mately 1100 nm, where the PC signal obtained with the p
c-Si sample passes through a maximum, in agreement w
well-established results, see, e.g., Ref. 6. However,
Frello, Veje, and Leistiko
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shorter wavelengths, the PC signal from thec-Si sample de-
creases steadily and is very small below.900 nm, which is
well established forc-Si.6 In contrast to this, the PC signa

FIG. 2. Selected curves from Fig. 1 are shown here on a different time sc
in order to show more clearly the height of the prompt signal and the ti
development immediately after illumination has been initiated.

FIG. 3. Photoconductivities for four porous silicon samples and a purec-Si
sample~bottom curve! plotted as functions of the wavelength of the illumi
nating light.
J. Appl. Phys., Vol. 79, No. 2, 15 January 1996
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from the four PS samples have maximum values at appro
mately 950 nm, and they have short-wavelength tails whi
extend all the way down to the shortest wavelengths used
us. These tails clearly surpass that seen forc-Si. In our cor-
responding PL spectra, we observed a broad spectral fea
with a maximum around approximately 720 nm, which i
somewhat below the maxima of the four PC curves for PS
Fig. 3.

In Fig. 4 PC signals obtained with one sample at thre
different illumination intensities of a 544 nm wavelength ar
shown. For this purpose, a green HeNe laser was appli
From the figure is seen, that the higher the illuminatio
power, the faster the time evolution, but neither the magn
tude of the prompt signal nor that of the time-dependent P
signal are proportional to the incoming photon flux. Simila
features were observed with other excitation wavelengths

For purec-Si, data like those presented above have n
been reported. For amorphous hydrogenated silicon and a
for modulation-doped silicon-based superlattices, PPC h
been reported and interpreted in terms of metastable defe
created during illumination, see e.g., Refs. 7–9. Howev
such light-induced conductivity changes are much larg
than what we observe and also, the time-evolution sca
differ from ours. Thus the interpretations given in e.g., Ref
7 and 8 cannot be taken over here without modifications. W
mention that the thickness of the porous silicon layer used

ale
e

FIG. 4. The figure shows PC and PPC for one sample obtained with th
different illumination intensities of a 544 nm wavelength. The horizont
arrows at timet50 indicate the heights of the prompt increases in PC an
the vertical arrows indicate the time at which the illumination was switche
off. The insert shows the evolution of the curve obtained with illuminatio
power equal to 100mW, during the first 10 min of illumination.
1029Frello, Veje, and Leistiko

¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp



o

n
.
h

l

r

n

m

s
t

f

s

h

ly
en-
ill
n-
tion
, a
or
ar
uld
uld
this

rt
he

c-
ple
-
he
1
ore
rp-
the
lt.
la-
rm

ed
in

ght
n,
g
ter
a-
by
t
and
rter
f

s,

ve

es

nd
v-
m-
i-
s
re-
y
or
ed
us was substantially smaller than the thickness of amorph
silicon used by others. Thus a possible content of amorpho
silicon in our sample was much below the correspondi
layer thickness of amorphous silicon used, e.g., in Refs
and 8. This in itself will introduce a marked difference whic
in any case has to be taken into account when interpret
our data.

The time scales of minutes or even hours for the evo
tions shown in Figs. 1 and 4 are so long that they indica
presence of one or more diffusion processes. We have uns
cessfully tried to rationalize all findings with the use of onl
one diffusion process. Rather, the change in curve shape s
around approximately 550 nm, cf. findings~ii ! and~iii ! listed
above, shows that at least two different and competing p
cesses are active, one of them leading to an increase in
PC, and the other one reducing the PC. The latter is o
active for wavelengths shorter than approximately 550 n
~2.25 eV!. In the following, we shall discuss these two fea
tures one at a time. For the mechanism leading to an incre
in PC, we notice that it is active for all energies above th
photoconductivity band gap ofc-Si. This indicates that it is
at least partially related to creation of electron-hole carrie
in c-Si, and as seen from Figs. 1 and 2, the shorter the ex
tation wavelength, the faster the time evolution will be. Fro
Fig. 4 is seen that the time evolution runs faster with increa
ing density of carriers in the PS layer, and this can expla
the above-mentioned wavelength dependence of the ti
evolution, because the absorption coefficient in PS decrea
steadily with increasing wavelength.10 Therefore, for short
wavelengths, most or all excitation takes place in the poro
layer, with a high density of photocreated carriers there a
result, and with increasing wavelength, the density of pho
created carriers in the PS layer will decrease at the same t
as more and more carriers will be created in the unetch
silicon. These can subsequently diffuse into the porous s
con layer, where their presence leads to creation of me
stable defects that entrap carriers, preventing recombinat
with carriers of opposite sign and thereby enhancing the co
ductivity.

We are not able to say exactly what microscopic mech
nism is involved in the creation of metastable defects. W
mention that for amorphous silicon, such defects can be c
ated by a variety of different means, including illumination
electric currents and electric fields, and these experimen
results are quantitatively consistent with a model that i
volves diffusion of hydrogen.11 Thus a similar model involv-
ing hydrogen diffusion in the creation of metastable defec
may be applicable to our data as well.

The other mechanism mentioned above is active only
wavelengths shorter than approximately 550 nm. Again, w
are not able from our data to point out one single mechani
as being responsible for the decrease in PC. A plausible
planation could be, that the PC quenching is related to ph
tochemically induced desorption of hydrogen atoms from t
surface of the etched silicon. Photoinduced loss of hydrog
from porous silicon has been observed for photon energ
near 3 eV,12 with a rapid increase of the desorption rate whe
the photon energy exceeds 3 eV. In Ref. 12, the authors
port hydrogen desorption for photon energies down to belo
1030 J. Appl. Phys., Vol. 79, No. 2, 15 January 1996
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2.8 eV, and they show that the desorption rate is strong
sample dependent. This is compatible with the threshold
ergy around 2.25 eV that we observe. The desorption w
increase the number of dangling bonds on the hydroge
passivated surface, which leads to enhanced recombina
at the surface. Because of the very large surface of PS
marked reduction of the conductivity would be expected. F
the shorter wavelengths, the excitation will take place ne
the surface according to the discussion above. One wo
thus expect that an enhanced surface recombination wo
strongly reduce the PC for the shortest wavelengths, and
is exactly what we observe, see~iv!. The reduction of the
prompt signal after several hours of illumination with sho
wavelengths is thus fully consistent with an increase of t
surface recombination.

To investigate this mechanism further, a sample was la
quered with an ordinary transparent lackspray. The sam
was illuminated with 450 nm light before and after the lac
quering, and the time-varying PC signal was recorded. T
shape of the PC signal was the same as before, see Fig.~a!,
but the time used to reach a minimum was increased by m
than a factor of 10. This is consistent with hydrogen deso
tion from the surface, where the transparent lack covering
surface will make the hydrogen desorption more difficu
However, as mentioned above, this interpretation is specu
tive, and further investigations are needed in order to confi
or reject it.

In addition to the major trends, as listed and discuss
above, we mention an additional observation. With light
the wavelength region5700–1000 nm, the slowly varying
PC showed a small decrease in the early stage of the li
being switched on, with total duration of less than 10 mi
see the curve labeled ‘‘900 nm’’ in Fig. 2. A correspondin
small increase in the dark current was observed right af
the illumination was terminated. Both of these small vari
tions in the signal may be traces of the effect observed
Staebler and Wronski13 for amorphous silicon; namely, tha
the optical exposure increases the density of gap states,
such an introduction of new gap states can lead to sho
electron lifetimes, which in turn will produce a lowering o
the PC. This Staebler–Wronski effect13 is, however, in our
work a minor detail and cannot explain our main finding
~ii !–~iv! given above.

Porous silicon has been found to be a highly sensiti
photodetector.14,15 Our observation of time-varying PC and
PPC with time scales as shown in Figs. 1 and 4 impli
restrictions on the use of PS for photodetection.

IV. SUMMARY

In conclusion, we have observed time-varying PC a
persistent PC in porous silicon, both with time scales of se
eral minutes or hours. The time evolutions depend in a co
plex way on the wavelength and the intensity of the illum
nating light. At least two different competing mechanism
are observed, one is tentatively related to photoinduced c
ation of charge carriers in the silicon substrate followed b
diffusion into the porous layer. The other, observed only f
shorter wavelengths, is tentatively related to photoinduc
hydrogen desorption from the porous silicon.
Frello, Veje, and Leistiko
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