PHYSICAL REVIEW B

VOLUME 51, NUMBER 3

15 JANUARY 1995-1

Current-voltage characteristics of porous-silicon layers
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The current-voltage characteristics of porous-silicon structures are presented and discussed. Evidence
is given that the forward and reverse currents show Schottky-junction-like behavior. Experimental mea-
surements of reverse I-V curves at different ambient humidities demonstrate that the reverse current de-
pends strongly on this parameter. The results are discussed in the light of generation-recombination
processes in the porous-silicon depletion region. The presence of an inflection point in the reverse I-V
curves is explained by the energy-band-gap difference between porous silicon and the crystalline silicon

substrate.

Porous-silicon (PS) layers formed on monosilicon sub-
strates by electrochemical etching have been known for
many years. Most of the earlier work deals with the ap-
plication of PS in different kinds of sensor devices."’? Re-
cently the interest of physicists in porous-silicon layers
formed on monosilicon substrates has increased sharply,
mainly because of the experimentally observed visible
photoluminescence.> > The origin of the photolumines-
cence (PL) has been discussed widely in scientific papers.
Two different explanations are presented. The quantum
confinement of electrons and holes in the crystalline sil-
icon skeleton, proposed in Refs. 4-6, successfully ex-
plains the PL spectra of PS layers. An alternative theory
proposes that the PL arises in different chemical
species.” " Most of the conclusions in both theories are
based on the analysis of optical spectra and the composi-
tion of PS layers. Obviously additional investigations
have to be carried out to understand the physical process-
es. Especially important is the analyses of electron and
hole transport processes. In some recent works, the I-V
curves of metal—porous-silicon—silicon (M-PS-S) junc-
tions have been reported.'®”!>!7 It is shown that M-PS
junctions have Schottky-junction-like behavior. Despite
such results, a detailed study of the I-V characteristics
and a clarification of the transport mechanisms of the
mobile carriers in porous Si is lacking. The unusually
high reverse current is neither presented nor discussed.

In this paper, an analysis of the current-voltage charac-
teristics of metal—porous silicon—monosilicon is present-
ed. Special emphasis is given to the reverse [positive po-
tential on the metal deposited on the PS layer (top of the
structure)] current-voltage curves at different ambient
humidities.

One of the major points in the formation of porous sil-
icon is the thickness homogeneity of the layers. Usually
this is ensured by preliminary p-type doping of the top of
the wafers. In this case, because of the faster etching of
the highly doped region, its depth determines the depth
of the resulting PS layer. However, the doping itself may
obscure the effect of porosity in subsequent measure-
ments of the current along the direction of the electro-
chemical etching.

The substrates used in our experiments for fabrication
of PS layers were 2-in., 50-Q cm, p-type silicon wafers of
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(111) orientation. A good ohmic contact at the back side
of the wafers was obtained by boron diffusion. An addi-
tional metal layer at the back side of the wafers was de-
posited by rf plasma sputtering. Wafers were anodized in
a specially designed cell,!* which allowed avoidance of
contact between the back side metal and the electrolyte
solution. For the electrochemical anodization, different
solutions of hydrofluoric acid (HF), ethanol, and deion-
ized water were used. A greater level of porosity was ob-
tained by using a low concentration of HF (10%) and a
high current density (150 mA/cm?) (see Ref. 14). The
good ohmic contact between the platinum ring and back
side metal allows the establishment of a homogeneous
porous-silicon layer on top of the wafer. The good ohmic
contact at the back side, ensured by the boron diffusion
and by the metal, is also of importance for subsequent
measurements of current-voltage characteristics.

The current-voltage characteristics of metal—porous-
silicon layer—silicon (M-PS-S) structures are measured
using two different configurations, as shown in Fig. 1.
The first type [Fig. 1(a)] is used to obtain the forward
and reverse currents of M-PS-S structures. The second
type [Fig. 1(b)] is used only to confirm the shape of the
reverse current-voltage curves.

Typical I-V characteristics are shown in Fig. 2. The
forward part of the measured I-V curve is very similar to
a Schottky diode characteristic, and may be analyzed us-
ing the thermionic emission equation described by Sze:!’

Jr=Joexp(qV /nkT)[1—exp(—qV /kT)], (1)
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FIG. 1. Porous-silicon structures used for current-voltage
measurements.
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FIG. 2. Typical forward current-voltage characteristics of
M-PS-S structures.

where J, is the preexponential factor given by
Jo=A*T?exp(—q®, /kT) . )

A* is the Richardson constant, and n is the ideality
factor which accounts for any deviation of the measured
forward current-voltage characteristics from the ideal
behavior of a Schottky diode. The value of the ideality
factor is interpreted in Ref. 16, where its relation to the
interface states and to the possible thin insulator layer
presented at the metal-semiconductor interface is given in
the form

Oeg n 6gD, ’
We,; E;

1

n=1— (3)
where D, is the density of localized states at the M-PS
boundary, W is the width of semiconductor space charge
region, and €; and g, are the dielectric constants of the
interphase and semiconductor regions, respectively. The
I-V characteristics of the M-PS-S structures have been
analyzed by fitting (1) to the measured forward curves in
a way similar to that described in Ref. 17. For the fitting
we take the value of 4 =32 cm 2K 2. The fitted pa-
rameters are the barrier height ®, and the ideality factor
n. The obtained values for the latter parameter are close
to the those given in Ref. 17. The value for n varies from
sample to sample in the range 7.5-14, and is almost in-
dependent of the technological conditions for porous-
silicon fabrication. However, to give physical meaning to
n we need to know the value of € for porous silicon. As-
suming e =¢g; and §=25 A (see Refs. 18 and 19) we may
calculate the density of metal-porous-silicon interface
states. For n varying between 7 and 14, the values of the
corresponding densities of states vary between 5.17 X 103
and 1.12X10* cm2eV~!. The simultaneous fit of ®,
and n gives for the barrier height ®, at the
metal-porous-silicon interface values of 0.65-0.7 eV.
These values are very high in comparison to the barrier
height at an Al p-type silicon Schottky junction.

The reverse current-voltage characteristics of M-PS-S
structures are measured in the case of positive polarity of
the metal electrode. They are very sensitive to the tech-
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FIG. 3. Effect of daylight on current-voltage characteristics
of M-PS-S structures.

nological fabrication conditions for the samples. The
dark current under reverse bias polarization in room air
ambient (relative humidity was of the order of 30%) is
shown in Fig. 3, where it is seen that the presence of
room daylight strongly increases the reverse current.
This is very similar to the sensitivity of a photodetector
reported in Ref. 20, where it is found that the reverse
current depends strongly on illumination. However, the
shape of the reverse current-voltage curve indicates that
the photogenerated carriers and associated light absorp-
tion takes place in the depletion region of the porous-
silicon layer. Similar processes will be discussed further,
analyzing the reverse current-voltage characteristics of
PS in different ambient.

Under some circumstances, the reverse currents of the
M-PS-S structures become sensitive to the ambient in the
measuring cell. The samples prepared under conditions
ensuring large pore size!* show a strong dependence of
the reverse current on the relative humidity (R H,0 ). The

increase of the reverse current caused by increasing the
RHZO from 1% to 90% is shown in Fig. 4 for two
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FIG. 4. Dependence of the reverse current of a M-PS-S struc-
ture on the relative humidity.
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FIG. 5. Current-voltage characteristics of a M-PS-S structure
at different values of ambient humidity.

different voltages. As can be seen from the figure, the
two cross sections of the reverse current-voltage charac-
teristics give only a parallel shift of the response. Hence
we may conclude that the effect of humidity on the re-
verse current is not due to the moving of electrically
charged particles in the frame of the M-PS-S structure.
This fact may be explained by chemisorption of water in
the porous silicon and subsequent physisorption on top of
it. The water molecules of the first physisorbed layer are
doubly hydrogen bonded to two surface hydroxyls and
cannot move or rotate freely.?!

The entire current-voltage characteristic of the M-PS-S
structure for different ambient humidities is shown in
Fig. 5. The forward current of the structure is insensitive
to the humidity, and may be approximated again by the
thermionic emission equation with ®=0.617 eV and
n =12.5. The independence of the forward current on
the humidity shows that the physical mechanism of
humidity sensing differs from known humidity and hy-
drogen sensitive diodes,”?”?* where the sensitivity is
based mainly on the change of the forward current or on
the change of the impedance of the diode. In our case, al-
though the reverse current of M-PS-S structures changes
strongly depending on the humidity, the capacitance
remains constant (for a given voltage) even in the case of
a high humidity. The measured equivalent parallel ca-
pacitance of the structure (at 1 MHz) is shown in Fig. 6.

The strong dependence of the reverse current on the
ambient humidity, and at the same time the absence of an
effect of the humidity on the parallel equivalent capaci-
tance C, and on the forward current I, is a clear indica-
tion that the effect of humidity is connected to the
recombination-generation current associated with the
surface space-charge region of the Schottky junction
formed between the metal electrode and the porous-
silicon layer.!® This current is observed even in the case
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FIG. 6. Capacitance-voltage characteristics of M-PS-S struc-
tures. The inset shows 1/C? dependence on reverse voltage.

of almost perfect PtSi-Si Schottky diodes.?2¢ The value
depends only on the width of the depleted space-charge
region W, and is described by

nWw
Igen=q ’ (4)

where n; is the intrinsic carrier concentration of the semi-
conductor, and 7, is defined as the lifetime of the generat-
ed carriers and is connected to the density of the genera-
tion centers Dy, (cm™2eV™!) and their effective capture
cross section o':

To=1/0vywkTDy, , (5)

where vy, is the thermal velocity of mobile carriers.

The dependence of the reverse current on the applied
reverse voltage reflects the square-root dependence of the
depletion layer width:

172

) (6)

€5€p
29N 4

172 2kT
o,

where V, is the voltage drop across the depletion region.
The experimental results may be approximated by (4) if
we accept that a part of the voltage applied to the M-PS-
S structure drops over a parasitic resistance R, which is
external to the depletion region. In this case the voltage
drop over V, reduces to V,= —V,, and expression

r appl
(4) for the generated current can be rewritten in the form

Toen= AV [Vopi = Visi ] » (7)
where
PR L (8)
1 To | 29N 4
and
2kT

Vbisz“¢b+T . 9
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FIG. 7. Reverse current-voltage characteristics M-PS-S. The
high-voltage part of the current is approximated by Eq. (7).

The comparison between the current-voltage curves
calculated by (7) and the experimental curves is presented
in Fig. 7. As may be seen, correspondence between the
calculated and experimentally measured current is good
only for the high-voltage region of both curves. The
shape of the experimental curve allows us to conclude
that there is a current-limiting barrier only at low applied
voltages. The presence of a second potential barrier at
the porous-silicon-silicon interface may explain the pres-
ence of inflection in the experimentally observed reverse
current-voltage characteristics. When the M-PS junction
is biased in reverse polarity, the junction at the PS-S in-
terface is biased in forward polarity.

If we accept that the current through the PS-S barrier
obeys the thermionic emission equation (1), the current in
the low-voltage region may be approximated again by
fitting the ideality factor n and the barrier height. The
curve calculated by (1) which best fits the experimental
data is shown in Fig. 8. The ideality factor in this calcu-
lation is of the order of 130, which is too high in relation
to the forward characteristics of a metal—porous-silicon
junction. However, according to Eq. (3) this high value
has to be expected because of the high density of inter-
face states at the porous-silicon interface. Assuming
again that an insulator layer of the order of 25 A is
present at the PS-S interface, the high ideality factor
determined using (3) may be attributed to an effective
density of interface states of the order of 1.11X10%
cm ™ 2eV ™

These considerations imply that the PS-S junction may
be treated as a heterojunction between two semiconduc-
tors with different forbidden gaps. According to the ex-
isting theory of the isotype heterojunction presented by
Milnes and Feucht,?® it may be expected that the forward
current (PS negative) also will saturate at some value.
Because of the early breakdown, however, the saturation
current is difficult to determine experimentally. Actually
our experimental measurements show that when the for-
ward current reaches a value of 100-150 mA/cm? a
bright visible electroluminescence (EL) may be observed
when the metal is semitransparent. The intensity of this
light depends on the current density, and has been inter-
preted by Koshida and Korama!! and Wang and Zheng?®

Current
[mA]
8 Ru,0 = 710%
6
Calculated curve
44 n=196; &, = 0.555
2 -
Ru,0 = 30%
0 T T T T T T T T

0 10 20 30 40 50 60 70 80
Voltage [V]
FIG. 8. Reverse current-voltage characteristics of M-PS-S.

The limiting current in the low-voltage region is approximated
by the thermionic emission equation.

as resulting from electron and hole injection from metal
electrodes and p-type Si substrates into the PS. The ob-
served electroluminescence is not dependent on ambient
humidity. The fast change of the ambient humidity from
30% to 70% has no effect on the emitted light. Having
in mind that the high ambient humidity implies a high
density of states in the PS, it has to be concluded that the
radiative process of EL takes place inside the silicon
columns which form the PS but not at the micropore
walls inside the PS layer. The variation of density of
states has no effect on the EL spectra, and only the size of
the silicon columns determines the light emission. How-
ever, detailed study of EL in different gases has to be car-
ried out, to increase the duration of light emission.

In summary, we have presented an analysis of I —V
characteristics of metal—porous-silicon structures for
different ambient humidity conditions. It is shown that
the forward current and the depletion capacitance are in-
dependent of ambient humidity. The reverse current
(metal positive) depends strongly on ambient humidity.
The analysis of the reverse I-V curves shows that current
generation in the depletion region takes place due to the
presence of generation centers in the depleted porous-
silicon region. The density of these centers depends on
the relative ambient humidity during the measurements.
The exact kinetics of the incorporation of the generation
centers in the porous-silicon layer is not discussed here,
and is presented elsewhere.?’” The changes introduced by
the different ambient humidities are determined by the
porosity of the layers. The shapes of the reverse I-V
curves indicate the presence of an energy-band-gap
discontinuity at the porous-silicon—silicon boundary. It
is proposed that the band-gap discontinuity arises from
the energy-band-gap difference between the porous-
silicon layer and the monosilicon substrate.
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