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Surface photovoltage spectroscopy of porous silicon
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Results of surface photovoltage spectroscopy on free-standing porous silicon films fabricated from boron-
doped Si wafers of various resistivities are presented. We find that all the films have bandtails, which are about
0.3 eV wide, and their optical band gap is about 2 eV. The majority carriers in the strongly luminescent and
poorly photoconducting films are holes, while in the weakly luminescent but photoconducting films they are
electrons. This difference between the films appears to be due to different oxygen coverage of the silicon
nanocrystallites. We conclude that the origin of the strong red-light luminescence is in the electron optical
transitions from the conduction bandtail to the valence band&@l163-1827)50604-7

Despite extensive efforts,the nature of the visible panied that study. For further characterization of the PSi lay-
photoluminescencéL) from porous silicon(PS), whether ers used in the present study, we have measured the
due to the geometrical and quantum confinement in the Sphotoluminescenc®, the dark and photoconductivity,and
crystallites, to surface states, or to various silicon comthe Raman spectfaof the present PSi layers, using these
pounds, is still intensely debatéd.While there is strong techniques in the modes that we have described previously.
evidence that the PL originates from the crystallitehe In the SPS methdd one measures the change, induced by
difference of about 0.3 eV between the optical absorptiorillumination, in the contact potential between a metal plate
band gapg, and the red PE% as well as the effect of (the Kelvin probg and the semiconductor surface. This
“chemical” treatments on the PL:8indicate that it is not the changeU, which is the surface photovoltage, is monitored as
conceptually simple radiative band-to-band process. In fact function of the light photon enerdyv. The corresponding
optical absorption measurements do not yield a clear answeubband-gap absorption, which results in electron transitions
concerning the nature of the band g&pand the type of the to and from localized states, causes a change in the electrical
majority carriers in luminescent PSi has not been identifiedcharge in such states. Charge neutrality is maintained by a
This is manifested by the fact that while very many workschange in the space charge, i.e., by the band bending. In an
suggest the presence of bandfaifs'ithere is very little di-  n-type material, under the usual electron depletion condi-
rect evidenc¥ for their existence, and there were only very tions near the surface, photoelectron excitation from a local-
few attempt&®!1to determine their widths. In particular, as ized state to the conduction band causes band “flattening”
far as we know, no attempt was made to distinguish experiyielding a negatived. Hence, in am-type materialU de-
mentally between the valence bandtail and the conductionreases whemv equals the energy separation between the
bandtail. It is also customary to call the PBitype orn-type  conduction-band edge and a localized level. Since the elec-
according to the type of wafer of which it was formed rathertron concentration at the valence-band edge is very high,
than to carry out a direct test of the type of the PSi layeroncehv is larger than the band gap, saturates® Similarly,
Again, very few attempt$* have been reported for such a for a p-type material under hole depletion, electron transition
test and in those cases no correlation was made to the effrom the valence band to an electron empty state yields a
cient photoluminescence. “flattening” of the bands and thus a positivé. In particu-

Following these considerations we have carried out dar, the sharpness of tHe variation with increasindiv, as
comprehensive study of surface photovoltage spectroRv approaches the band-gap enefgy, reflects the sharp-
scopy® 17 (SPS of PSi films that were prepared grtype  ness of the valence-band edge inratype material and the
crystalline Si(c-Si) wafers. We note that this method is par- sharpness of the conduction-band edge in paype
ticularly suitable for resolving the above-mentioned issuesnaterial’’ Hence, the SPS provides among other data both
(see below, while, as far as we know, there has been onlythe width of the bandtails and the type of semiconductor. The
one previous applicatidfof the SPS technique to PSi. How- SPS measurements, the results of which will be given below,
ever, in that case the PSi layer was not removed from thevere carried out as described previouSlyn particular, we
c-Si substrate, and thus, because of the contributions of thehould point out that this measurement was carried out at
substrate and the substrate-PSi interface bafribe results room temperature and in air ambient.
were not suitable for the above suggested analiggs be- The samples for our study were fabricated from boron-
low). Indeed, no analysis and no interpretation have acconmdoped Si(100 wafers that were anodized, as previously
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FIG. 1. The PL spectrum of a sample of get

U (mv)

described® by a (25% HP/(75% watey solution with an
anodizing current density of 143 mA/émSamples of sef

were anodically etche¢for 10 min) high-resistivity (7—20

Q) cm) crystalline silicon(c-Si) wafer; samples of s& were
anodically etchedfor 12 min) from a low-resistivity(0.01—
0.02 Q) cm) wafer, and samples of s& were anodically
etched(for 10 min) at a current of 107 mA/cfrfrom another
high-resistivity (7—17 2 cm) wafer. Following the anodic
etching, the samples were rinsed with distilled water and
allowed to dry. In order to eliminate the contribution of the
c-Si substrate to the measured surface photovoltage and the
conductivity, “free-standing” films were requiretsee be-
low). While drying, samples of seA flaked off spontane-
ously to yield such films. As samplé& andC did not flake 180
off, they were reetched for 5 min at 143 mA/gmand then 140
rinsed. Following the second etching, parts of the PSi layer
flaked off. The free-standing flakes were as large as 1 cm
Their thicknesses were all measured to berb. Our corre- 60
sponding Raman spectfawere all typical of samplés of 0
3—4 nm nanocrystals.

The efficient(7~1%) PL spectrum of a typical flake of
setA is shown in Fig. 1. In agreement with our rec8rind
many other studiek;® the strong featureless red emission
peaks were observed at a wavelenytbf 720 nm(photon FIG. 2. Typical dependence of the photovoltage on the
energyhv~1.7 eV). The peak of the emission of s& excitation-photon energy for the-type c-Si substrate of seB (a),
samples was at similay, but » was ten times smaller. The a PSi layer on ®-type c-Si substrate of seB (b), a free-standing
emission from seB samples was hardly detectable, but alsofilm derived from a sample of s& (c), and on a free-standing film
peaked at a similax. derived from a sample of sét (d).

Figure Za) presents the typicdlv dependence of the sur-
face photovoltage) of the “parent” Si substrates of all the PSi surface. Therefore, the simild(hv) dependence
wafers. Features beyoid =2.7 eV are of little relevance to masks the optical absorption contribution of the PSi layer to
the present discussion. The obserkéthv) dependence is the observedJ(hv). It is thus apparent that in order to ob-
typical*® of p-type c-Si. The sharp rise followed by the satu- tain a reliable spectrum of the PSi-only material, free-
ration ofU(hv) corresponds to the onset of the band-to-bandstanding films of PSi must be employed.
transitions(generation of electron-hole pajrat the 1.1-eV Figure Zc) displays the spectrum of the free-standing
indirect gap ofc-Si (which is indicated byE, in this figurg.  flakes of setB. Indeed, this spectrum is very different than
This behavior results from the photoinduced reduction inthe one shown in Figs.(d) and Zb). The spectrum exhibits
band bending of the initially hole-depleted surface region ofan n-type rather than @-type behavior and shows that the
the p-type material®>'® “normal” c-Si (Eg=1.1 e\) absorption is totally absent.

The SPS of a PSi film of s&, which was retained on top These differences demonstrate the erroneous conclusions that
of its “parent” wafer, is shown in Fig. @). While the  may be drawn from measurements that are carried out on PSi
U(hv) dependence is the same as that of the substrate wafdayers when these are attached to the substrate. The fact that
the magnitude ob) is different[Fig. 2(a)]. This implies that the free-standing flakes behave as expected fon-dype
photon absorption and carrier excitation occur mainly in thesemiconductdr~*’ (see abovieshows that am-type PSi can
c-Si substrate, but that the change in the magnitudd o  result from ap-type wafer. The fact that we and other
induced by the photocarriers that reduce the band bending atithor$®*#(using other techniqugs$ind such a phenomenon
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indicates that oneannotassume priori that the type of the totransport measuremefitsinder a He-Ne laser photon flux
PSi layer is the same as that of the substrate. In addition tof 10'’ photons/crAs. We found that in the temperature
the apparent band gap of about 2 &¢e beloy, we see that range from 300 to 400 K the values of the dark conductivity
here, for the free-standin@lake only layer, there is a drop o4 and the photoconductivity,, of the flakes from seB
of U(hv) towards the latter energy. The observed drop isranged from 10° to 10°° (Q cm) ! when exposed to air.
seen to be quite gradual when compared to the rise arounithe values ofoy and oy, of the flakes of seA were below
Eq for c-Si [Figs. 2a) and 2b)]. This clearly indicates the our detection limit, while the values of s€twere ten times
presence of a valence bandtail, as we have already discussgahaller than those of s& Hence, the samples of etwere
for hydrogenated amorphous silicbha-Si:H. intermediate between those of sétsand B, in both their
For the derivation of a more quantitive spectroscopic in-SPS and transport properties. This anticorrelation between
formation let us recall that ie-Si, when its surface is rela- the PL intensity andr,, is expected and similar to the one
tively “pure” the hy value at whichU(hv) rises sharply found ina-Si:H. %
yields the value ofg,. When there are gap states that lie  To evaluate the reason for the different conductivities of
close to the band edges there is a more moderate rise ttie various samples we have turned to a “low-temperature”
U(hv), with the corresponding threshold shifting to lower chemical treatment of the samples, which may affect gas
hv values. In this case the value B is better approximated adsorption but is not expected to affect the crystallite sizes in
by the intersection point of the tangents to the rise and satuhe PSi. This “treatment” consisted of decreasing the
ration sections of th&J(hv) curvel® Turning to disordered sample ambient pressure down to %0rorr at room tem-
semiconductors the existence of bandtail states enables onperature. For the conducting samples of Beboth o4 and
the latter procedure for the determination Bf from SPS oy, were completely suppressed, asimilar to the effect of
data. Hence, we applied this procedureat®i:H samples methand®) the reexposure to air restored these conductivi-
and foundt’ by comparison with our optical datasing the ties almost completely. This behavior is clearly due to the
Tauc plo}, that this procedure yields the correct optical gapvariation in the oxygen and/or water surface coverage of the
in that material. The results in Fig(@ are not as clear as PSi structure and is not due to any variation in the PSi par-
those ofa-Si:H but are still applicable to the above proce- ticle size. It therefore appears that, in agreement with previ-
dure. Using this procedure and considering the fact that theus suggestions for PSi, and as fotfhih a-Si:H, the ad-
selection of the tangents is somewhat arbitrary we can deriveorbed oxygen and/or water plays the role of a dthas
only a rough estimate for the value of the optical gap. Thiswell as a weak-bond breakét.
value appears to be of the order of 2 eV. Since the contribu- The above-described transition from a nonconducting lu-
tion of the bandtail states is manifested by théhv) drop  minescent material to a conducting nhonluminescent material
that precedes 2 eV, the bandtail width can be determined bgf the same band gap suggests that the three sets of samples
a similar procedure to the one described above, i.e., by findare not radically different semiconducto(es.g., that one is
ing the intersection of the corresponding tangents. Againgomposed of quantum-confined nanoparticles and the other
this procedure yieldéd very reasonable values ferSi:H.  of siloxenelike compounds Rather, the basic electronic
Using this procedure in Fig.(2) we get then an estimated structures of all our PSi samples appear to be the same. The
value of 0.3 eV, for the valence bandtail width. difference must therefore lie in their defect structure that
A typical surface photovoltage spectrum of a flake of adetermines the radiative vs nonradiative recombination
sample from sef is shown in Fig. 2d). The behavior of paths, as well as the type of majority carriers. The origin of
U(hv) clearly indicategsee abovethat the flakes of seA  these defects is in oxygen or water molecules that yield do-
are p-type semiconductors. Again, no evidence for light ab-nor states and nonradiative recombination centers.
sorption from bulklikec-Si is seen. Here, the determination  Let us now discuss the strong red emission around 1.7 eV
of E4 is even more difficult than in Fig.(2) but using the and our results in view of two major reported findings.
same procedure we can get, again, an estimate for the vallResonant PL measurements show that the radiative transi-
of E4 that is also of the order of 2 eV. On the other hand, thetions occur in the crystallites® (i) The featureless red emis-
derivation of the conduction bandtail width is clear as in Fig.sion band of PSi is very similato that ofa-Si:H, for which
2(c), and using the same procedure we again get a value df has been establish&tithat radiative bandtail-to-bandtail
about 0.3 eV. transitions are responsible for the 1.4-eV PL, while
In the PSi flakes of se€, the spectrum of which is not E;=1.7-1.8 eV. These findings suggest that the strong red
shown,U had much smaller values than those of #etand  luminescence of PSi is due to radiative transitions between
B. However, a similar but very small rise th aroundhy=2  the conduction bandtail and the valence bandtail states of the
eV was observed. This behavior can be consequently desrystallites for which the usual crystal-momentum selection
scribed as that of a “slightly”p-type semiconductor. rules are relaxed, due to the small size of the crystaffites.
The foregoing results demonstrate that the strong lumiSuch a relaxation was already suggested years ago for the
nescence occurs in grtype material that has a conduction phonon-excitation spectra in nanocrystallit®swhile the
bandtail width of~0.3 eV. It also suggests that the transition bandtail states im-Si:H are strictly due to disorder, in PSi
from the strongly luminescent films of st through those there may be a combined effect of sigeg., due to crystal-
of setC, to the weakly luminescent films of sBtis accom- lite size variatioA®%2%3} and disorder. In any case, the out-
panied by a transition fronp- to n-type behavior. Such a come appears to be essentially the same, i.e., a much more
behavior is most likely due to the increase in the nonradiaefficient luminescence than for the indirect gapce®i. The
tive recombination pati$?® as the film becomes amtype  suggestion that the luminescence takes place within the crys-
material. In order to check this point we carried out pho-tallites accounts well for the much higher efficiency of the
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PL in PSi in comparison with that @f-Si:H,?’ in spite of the  face states, such as by breaking weak Si-Si béhds.

similar origin of the radiative transitions. This is because the In conclusion, it is suggested that bandtail-to-bandtail
crystallites provide the geometricali.e., the potential transitions(in which the momentum selection rules are re-
barrier!) confinement of the excited electron-hole pairs.laxed and the geometrical-potential confinement of the ex-
Support for this suggestion is given by the fact that in sys<ited electron-hole pairs are responsible for the strong red PL
tems of isolated nanocryst&%sthe PL efficiency is h|gher in PSi. Furthel‘ Stud|esl a|med at detel’mlnlng. the Va.”o.us
than in PSi. Thus, we may conclude that “physically,” PSi Sources of the_ bandtall states and th_e carrier relaxa_t|on
is “intermediate” between a nanocrystalline system and arn€chanisms within them, should shed light on the detailed
a-Si:H-like system. This also explains the sensitivity of the ature of the PL in PSi.
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gave an example in this paper can drive the systems in eithéor Energy Research, Office of Basic Energy Sciences. The
direction. The exposure to oxygen may yield an oxide shellvork in Israel was partially supported by the Volkswagen
that increases the isolation of the crystallites by providing @oundation, Hannover, Germany, and partially by the Min-
wider potential barrier. At the same time it can also provideistry of Science and Arts, Israel, within the framework of the
nonradiative recombination paths by creating new/more surinfrastructure-applied physics support project.
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