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Transport mechanisms in porous silicon
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The current transport mechanism through porous silig@® films fabricated from 8 to 12) cm

p-type silicon (p-Si) substrates has been investigated using current—vdl(sjeneasurements on
metal/PSp-Si/metal devices in the temperature range of 77-300 K. The characteristics for all
devices show a rectifying behavior with ideality factor very close to unity. A value of 0.7 eV is
obtained for the barrier height at the interface between PS andpb&lkat room temperature and

the barrier height is found to increase with rising temperature. A band model is proposed in order
to explain the observed characteristics. 1®98 American Institute of Physics.
[S0021-897€08)02918-1

I. INTRODUCTION between PS ang-Si structures. The validity of this model is

N . -~ _ discussed in light of earlier experimental evidence due to
Porous silicon(PS has been identified as a potential py|sfordet all!

optoelectronic material compatible with silicon technology

after the discovery of strong room-temperature photolumiy; ExpPERIMENTAL DETAILS

nescencéPL) from high porosity PS in 1998 Electrolumi- o
nescencéEL) is also observed from Schottky diodes formed ~ PS layers were prepared by the anodization(10)
from PS under forward bigs® The origin of light emission P-tyPe silicon substrates in a 1:1 solution of HF a@8% in
has been extensively studiéd The similarity between PL Wate) and ethanol at a current density of 25 mAfcfor 10

and EL spectra indicates that a common recombinatiofinin in the dark. Experiments have been performed with sub-

mechanism is involved in both cases but the quantum effiStrates having different resistivities in the range between 8

ciency of the EL is smaller than that of the PL by at least one?Nd 12¢2 cm. Before anodization, Ohmic contacts were de-
order of magnitude. In order to improve the efficiency, it is PoSited on the backside of the wafers by Al evaporation fol-

important to study the influence of recombination centers'oWed by annealing at 625 K for 30 min. Following anodiza-
surface states, and electrical contacts on the EL and PL. rdion, the samples were rinsed in deionized water for 15 min,

this purpose, much attention is being paid to the studies 0qlried and transferred to a vacuum chamber to deposit thin Al

electric and photoelectric properties of PS-based structure§ONtacts onto the PS surface to make electrical contacts. The

Zhenget al’ described the spectral response of a metal P§1etal evaporation was performed at a glancing angle be-

photodiode is essentially the same as for devices manufa(t,\f_veen the molecular beam ap_d the wafer in order to prevgnt
tured from crystalline silicon. According to Simores al,? direct contact between the silicon and the metal. The active

PS fabricated fronrm-type substrates is type in nature and areas of the devices is found to be 0.3 éntGold was used

the Fermi level appears to be pinned by states on the surfac%%r_some Of_ the sa_m_ples for comparison with Al electrode_s.
of silicon wires within the PS film. Surface states play an sing a Keithley digital electrometer, the forward current is

important role. The exponential dependence of the dark Conr_ecorded when a positive voltage is applied to the metal con-

ductance of a self-supporting PS on temperature is due to tﬁgd on PS with respect to the Al contact on iiSi sub- .
tunneling between thermally vibrating sites placed on thestratg._ Measurements are then repeated under reverse bias
surface? In the majority of the work, the rectification ir{V) conditions.

characteristics is believed to be due to the existence of a

Schottky barrier between the metal and PS interfa¢¢ow- lll. RESULTS AND DISCUSSION

ever, an interpretation of rectifying characteristics due to the  Dc measurements were made in the dark on a number of
junction between the PS and its Si substrate is also reporteshmples of Al/PS3-Si/Al structures for the temperature

in the literature:* The present investigation reports results ofrange between 150 and 300(Koom temperatupe Figure 1

dc measurements on RBSi structures sandwiched between shows a set of typical current—voltab@/) characteristics at
two aluminum (Al) electrodes. The devices are biased atsix different temperatures. The characteristics are found to be
voltages less than 2.0 V. The range of voltages is importanteversible and reproducible; and show a rectifying behavior.
since the series resistance becomes a dominant factor fMeasurements were also performed on structures fabricated
controlling current at relatively high voltages. Experimentalunder different conditions using various anodization currents
results are analyzed in terms of a band model of a junctiomnd postanodization treatments. Tii{¥') characteristics ex-

0021-8979/98/84(6)/3232/4/$15.00 3232 © 1998 American Institute of Physics

Downloaded 01 Aug 2011 to 134.83.1.242. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 84, No. 6, 15 September 1998 Ray et al. 3233

10" O

10°¢

n
S

In[Ip /{1-exp(-qV/KT)}] (Ip in A)
g

150 b . N N
-3 -2 -1 0 1

Voltage (V)

FIG. 2. Plots of Ifilp {1—exp(— qV/KT)}] againstV for the same structure
as in Fig. 1.
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since the factors which are responsible for the nonideal be-
FIG. 1. Current—voltagé, (V) characteristics of Al/P®-Si/Al structures  havior under the forward bias are active under the reverse
at different temperatures ranging from 150 to 293 K. bias!3

The series resistandgs and the ideality facton are
used as adjustable parameters in order to obtain a theoretical

hibit similar rectifying features. The use of gold as a topflt to experimental curves. Figure 2 shows a plot of
electrode has produced no major effects on the results. Th{8[!o/i1—exp(-qV/kT)}] againstV at room temperature.
observation is in keeping with the previously published data! '® resulting graph is linear within a voltage range of
for forward bias turn-on current through similar structures -0 V=V=0.4V and the value of is found from the

obtained with calcium, magnesium, and antimony as a tOI§Iope of the linear portion of the graph. By substituting the

electrode materidit It has been found that the current turns Values fom andls into Eq. (1), an approximate value &
obtained. A least-squares-fitting procedure is then set up

on at the same value irrespective of the metal used as the tdp X X X
vith these starting values for the adjustable parameters in

electrode. The present results, together with earlier observ i X ;
arder to achieve a satisfactory convergence between experi-

tions, therefore, indicate that the interface between the met ; ;

and PS layer may not be responsible for rectification. GenMmental and theoretical data at different temperatures over a
erally, this type of nonlinear dependence of the forward curV/dé range of bias voltage. Similar calculations have been
rent I, on the applied bias voltagé at temperatureT is performed for the remaining temperatures, and valudR.of
written in the form<2 andn are obtained with a standard error of less than 5%.

Figure 3 shows the dependence of series resistRgce
and ideality facton on temperatur@ between 150 and 300
Ip=Is exp( —q(V_IDRS)Nl— exp< —qiv-! DRs)”, K. R; is believed to be decreasing with temperatlirin an
nkT kT exponential fashion of the typd&,=R, exp(AEx/KT) with
(1) Ry=0.28Q andAEg=0.19 eV. It is found thah=1.13 at
T=150 K while n=1.01 atT=290 K. This indicates that
wherel is the zero-bias reverse curreut,is the electron the departure from the ideality is not significantly large. As
charge,n is the ideality factor, andR, is an appropriate se-
ries resistance. The reverse current does not appear to be
saturating, but shows a voltage dependence. This may be
indicative of carrier transport through a heterostructure. The
form of Eq. (1) is chosen in order to account for the effects
of thermionic-field emission and recombination of electron—
hole pairs in the depletion region on transport mechanisms.
Nonideal situations may also arise from a voltage depen-
dence of the barrier height. Equati@l) is reduced to the law
governing diffusion current due to thermonic emission for
n=1 andR;=0. The factor[ 1—exp(— gV/kT)] is found to
be the most effective within the reverse bias range and the
forward voltage regime up tok3/q when the series resis-
tanceR, becomes extremely small. The equation is a generic
one and can be applied to describe the conduction through a
barrier at bothp-n junctions and metal—semiconductor riG. 3. A set of two graphs showing the variation of ideality fagicand
Schottky contacts. The relationship is physically significantseries resistancg, with respect to temperatuf® (a) for Ry and (b) for n.
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FIG. 4. Plots of In(s/T?) against(@) the reciprocal oh T and(b) the recip-  FIG. 5. The temperature dependence of equilibrium barrier hejght
rocal of T.

It has been previously reported that porous silicon on a
shown in Fig. 3, the linear plot of versus temperaturg™1  P-Si substrate behaves liketype silicon:* The surface of
gives a law for the temperature dependence of the idealitilicon is usually positively charged due to the presence of

factor in the form: surface states either on the silicon surface or in the native
oxide. It is, therefore, expected that the surface is depleted of
(N—ng)T=T,, (2)  majority carriers, which are holes. This is a plausible as-

sumption in light of recent experimental evidertéeThe
depth of depletion, the region which depends on carrier con-
=0.897 an.dTO=34 K. ) L centration and the surface charge of silicon, extends over a
_ Assuming that the zero-bias reverse curfens prima-  jistance of a few tenths of microns into silicon. Taking into
rily due to the thermionic emission, the general behavior of,cont that silicon rods in PS film have a thickness in the
I's can be written in a modified form: nanometer range, which is at least two orders of magnitude
Abs less than the depletion width, it can be easily inferred that the
T KngT+Tg)|" (3 bulk of PS is depleted of holes. Depleted PS forms an Ohmic
0 0 contact with the Al top electrode. It should be noted that the
whereA is the Richardson’s constant axfg is the equilib- Au film as a top electrode, having a much higher work func-
rium barrier height. tion (¢y=5.2 eV), does not make a significant difference in
Figure 4 shows a plot of l{/T?) against the reciprocal thel(V) characteristics. The nature of porous silicon implies
of the product of the ideality factor and temperaturer). @ Very large effective surface area, and consequently, a large
The resulting graph is found to be nonlinear, implying thatconcentration of dangling bonds. The dominance of a very
the barrier heighip, is dependent upon temperature. Two high surface charge density in PS is expected to fix the Fermi
dominant conduction processes, however, are believed to eJ¢vel in a certain position near the conduction-band edge.
ist, giving values of 0.70 and 0.22 eV for activation energyHowever, similar effects can be observed if the surface states
corresponding to high- and low-temperature regimes, respeé'® not adequately passivated, leaving an incomplete surface
tively. The transition between the two regimes is not abruptermination.
but takes place gradually. The graph ofii{?) versusT ~* A band model is now proposed in Fig. 6 in order to
is included in Fig. 4 for comparison. There is a tendency foraccount for the conduction in Al/PB/Si/Al devices. The
convergence between the two plots at high temperatures, a@lidity of this model can be justified in light of reported
therefore7 it appears that thermionic emission diffusion profesults from the measurements of the short-circuit phOtOCUF-
cesses are predominate at high temperatures. This obserygnt when a laser beam is scanned across the cleaved edge of
tion is in agreement with the fact that ideality factorap-  the PS layef" The photoexcitation at the interface between
proaches to unity at high temperaturésee Fig. 2. The
relatively small value of activation energy at low tempera-
tures is believed to be associated with recombination cur- Al
rents. For further analysis, the value @f is calculated by

p-Si
applying the midpoint rule as a function of temperature. The / \ -07eV

room-temperature value ap, is found to be 0.7 eV. As

where To and ny are two constants. It is found that,

I=AST exp{

L . . . . . V7 it T 7777
shown in Figure 5, there is a monotonical increase in barrier :
height ¢, with rise in temperature. The temperature coeffi- (_L
cient e of the barrier height is estimated to be 4.3 meV'K |
from the least-square linear approximation to experimental '
data. FIG. 6. A band model for Al/PS-Si/Al structures.
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the metal and PS layer and across the PS layer produces r&perimetal results indicate that PS films behave tikgpe
response, but a sharp increase in photoinduced current & due to their depletion of majority carriefboles. The
found to have occurred when the region just inside the SFermi level appears to be positioned near the conduction
substrate is illuminated. The present band structure has aldmnd and it is also possible that the inhomogeneous band gap
some similarities with the heterojunction model proposed forof the PS film has an effect of destorting barrier heightto

the photoelectronic properties of the PS layer in which thea relatively small value at lower temperatures. The observed
PS layer is assumed to have a much wider band gap thaectification of electron current is found to be caused by the
bulk Sil® Al layers form a Schottky contact with thetype  barrier betweem-Si and PS. The value of the ideality factor
Si substrate, giving a blocking contact for holes but Ohmicclose to unity is interpreted as evidence that the Si/PS junc-
for electrons. The electron current through the system is cortion characteristics are controlled by carrier diffusion in the
trolled by the barrier betweep-Si and depleted PS, which PS. The low value of ideality factar is consistent with the
can cause an observed rectification. The barrier helghaf  diffusion model of charge carriers in an idgatn junction.
0.70 eV obtained experimentally, therefore, corresponds tdhe proposed band model, therefore, gives a qualitative ex-
the barrier between the-Si substrate and PS layer. The planation for the main features of dc conduction in
temperature coefficientr of the barrier heightg, can be AI/PS/p-Si/Al structures.

written as

_|9Breps _ Brp-si

aT aT | @
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