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Experimental determination of the electrical band-gap energy of porous silicon
and the band offsets at the porous silicon/crystalline silicon heterojunction

F. P. Romstad and E. Veje
Oersted Laboratory, Niels Bohr Institute, Universitetsparken 5, DK-2100 Copenhagen, Denmark
(Received 12 August 1996; revised manuscript received 21 Octobe) 1996

Photovoltaic and photocurrent measurements have been carried out on a series of samples consisting of
porous silicon on top of crystalline silicon. From the experimental data set, the electrical band-gap energy of
porous silicon is deduced to k&.80+0.02 eV, and the conduction-band and valence-band offsets at the
porous silicon/crystalline silicon heterojunction are determined tg0b&2+0.01) eV and (0.57+0.03 eV,
respectively. The results are compared to previous determinations and dis¢&€8688-18207)00408-9

I. INTRODUCTION After production, the samples were dried and stored in air
at room temperature for several days, before measurements

Photoluminescenc@L) properties of porous silicoPS  were carried out on them. Each sample was mounted on a
have for the past few years been studied intensively, becausepper plate by gluing the back side of i wafer to the
PS can emit very bright PL even at room temperature, ircopper plate with the use of a drop of silver paste. This
great contrast to crystalline silicofe-Si), which is a semi- served two purposes, namely, to create good electrical con-
conductor with an indirect band gap. Overviews of experi-tact between the copper and the back of ¢h8i wafer, and
mental and theoretical works on PS, with references to prealso to fix the sample to its holder.
ceding review articles can be found in Refs. 1 and 2, The following three types of electrical contacts were used
respectively. at the top surface of the PS layer) A thin (10—20-nm-

PS has in a recent work from our laboratory been studiedhick) semitransparent gold layer was vacuum evaporated
in detail with a combination of PL, photoluminescence exci-onto the surface(i) The end of a thin metal wire was glued
tation, and photoabsorpticiiThe data indicated that the PL onto the PS surface with a droplet of silver pasiie) A flat,
is of molecular nature, and the optical band-gap energy of P8etal spring leave was gently pressed towards the PS sur-
was measured to be 1.59 eV or larger, depending on sampface. All three types of contacts were stable in time and
preparation. In addition, the energy-band diagram related tgielded reproducible results. The data sets obtained with the
the PL was constructetlin contrast to the large number of three types of contacts were identical on relative scales.
works on the PL properties of PS, the electric and also pho- As illumination, a 250-W halogen lamp coupled to a
toelectric properties of PS have been studied only sporadiMcPherson model 207 scanning monochrométer0.67 m
cally, cf. Refs. 1, 2. Therefore, we have produced a series ofas used, different spectral orders being separated by appro-
heterostructures, each consisting of a fairly thick layer of PSriate filters. A bifurcated optical cable was mounted at the
on top of thep-type c-Si wafer, on which it was grown, and exit slit of the monochromator in such a way, that the sample
studied transverse photovoltaic effects together with photoeould be illuminated by one of the cable outputs, while the
current (PC) through these samples. With photocurrent weother output was coupled to an optical power meter. In this
mean electric current induced above its dark current level byvay, the illumination of the sample could be monitored con-
photon illumination. tinuously without interrupting illumination of the sample,
which was placed in an otherwise light-sealed metal box,
shielding it from external electric noise. The power of the
monochromatic light from the monochromator was a few

The samples were produced by etchpitypec-Si wafers ~ wW. The short-wavelength limit, 400 nm, was set by absorp-
electrochemically in hydrofluoric acid mixed with ethanol, tion in the glass fibers below this wavelength. All data re-
1:1. The electrolytic cell used for the etchings, and the etchported here have been taken at room temperature.
ing procedure are described in Ref. 3. T&i wafers used The current through the sample was measured with a pi-
were of crystal orientatio(100, and were fairly lightly = coammeter with dark current suppression and with an analog
doped(1-30(2 cm). Samples were produced with different output connected simultaneously to a chart recorder and a
current densities, from 5 mA/cimto 25 mA/cnt, and the personal computer with adequate hardware and software.
current density was always kept constant during etchingThis way, slow variationgtime scales of days or longer
Etching times were from 60 to 90 minutes, so that in eackcould be registered with the use of the chart recorder, and
case, a fairly thick layer of PS was produced. This was ofaster changes could be observed with the computer with an
importance, to avoid direct contact from the electrode on th@verall time resolution limit of 1 ms.
top surface of the PS film to the Si wafer. In all cases, the All data have been normalized to same photon fluence.
PS layer remained on the'Si wafer on which it was pro- The geometrical sizes of the samples were not determined.
duced. No attempts have been done here to carry out meaherefore, all of the data presented are on relative scales.
surements on self-supporting films of PS. The samples were studied with PL at room temperature,
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as well as at 10 K, at the PL facility described in Ref. 3. Atwere discernible from the noise level. Also, they were repro-
room temperature, the maxima in PL intensity were in theducible, and different samples showed the same relative
wavelength region 750-780 nm, which indicated that thespectral shape.

samples had a fairly high content of hydrogen, as estimated The photovoltaic charge separation was always such that
with the use of Fig. 4 in Ref. 4. No annealing or other prepain the sample, photoexcited electrons moved towards the
ration treatment were carried out on the samples aftefront surface of the PS layer, and holes moved towards the
growth, except that they were stored in air at room temperag_sj packing. In other words, for the photovoltaic effect, the
ture approximately one week or more before they were usednqtions of photocreated charge carriers through the samples

Some of the samples were studied repeatedly over a periQfere identical to the flows when an external power supply
of a couple of months and showed no changes. was applied in the reverse direction

In Fig. 2 are shown typical photovoltage dafapper
IIl. RESULTS AND DISCUSSION curve and photocurrent datdower curve versus the wave-
A. Current-voltage characteristics length of the illuminating lightbottom scalgand the photon
energy(top scalg. The similarities between the two curves in
samples without illumination. A typical result is shown in Fig. 2 are striking. For _both curves, a clear onset is observed
) at 689 nm, corresponding to 1.80 eV. At wavelengths above

Fig. 1, in which a rectifying behavior is seen clearly. For a”th' ¢ K sianal N imatel
samples, in the forward direction, the positive output of the IS Onset, very weak signals were seen up 1o approximately

external power supply was connected to ¢i8i wafer, and 950 nm(1.30 eV}, and nothing could be detected above this

the negative output to the PS layer. It is worth noting, thatwavelength. Our interpretation is that the photon energy at

typically, the samples could withstand a high potential dropthe onset is identical to the electrical band-gap energy of PS.

without breakdown, and also, that the current in the reversgﬁ]e faverage vlaluc_a floggl'% t(a)nerg&/ , obtained as an average of
direction was very reduced as compared to the forward g;@!l of our results, i e 2 ev. .
In the data reduction, the relevant sections of the curves

rection. As an example, in Fig. 1, the ratio between the cur- . , : .
rents in forward and reverse directions i& B0°. measured \Were extrapolated to zero signal with the use of straight lines,

with 30 V across the sample. Similar rectifying behavior of @ indicated in Fig. 2, and the onset energy was identified as

PSE-Si heterojunctions has been reported previodgly. the positior_1 qf zero signal. The u_ncertainty guoted accounts
This rectifying behavior is discussed at the end of Sec. llI Cfor uncertainties in the exirapolation procedure.

in the light of the band-structure results presented in Secs. Concerning whether we deal W.ith a direct or an indirect
B and Il C. and gap, we mention the following. The variation of the

absorption constant with photon energy in the region slightly
above the threshold depends on the nature of the band gap;
for a discussion, see, e.g., Ref. 9. For the bulk of an ideal
If a semiconductor structure has an internal electric fieldsemiconductor with direct band gap, the square of the ab-
then the electron-hole pairs generated by photon absorptiosorption constant is proportional to the difference between
can be separated by the internal field, and this can producethe photon energy and the band-gap enér§pr an ideal,
measurable potential drop across the sample and/or a currdmilk semiconductor with indirect band gap, a plot of the
in an external circuit. This is the photovoltaic effect; for an square root of the absorption constant conSists two
overview, see, e.g., Ref. 9. straight lines, one corresponding to absorption of a phonon,
Our samples produced measurable photovoltaic signaland the other to emission of a phonon. By transforming the
which, albeit being of the order of a fegV or nA, clearly  signals presented in Fig. 2 to signal versus photon energy

Current-voltage I(-V) characteristics were measured for

B. Photovoltaic results
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all photoluminescence excitation curves recorded. At shorter

PHOTON ENERGY (eV) wavelengths, all such curves had a steeper slope than at
20 18 16 14 1.2 wavelengths above approximately 650 nm. If the sections of
B | | ! | these curves below 650 nm are extrapolated to zero signal, a
threshold is found at a photon energy of 1.80 eV. In other
words, in Ref. 3, all curves which are measures of photoab-
sorption in PS indicate a change in the photoabsorption at a
photon energy identical to what is observed here, namely
1.80 eV. For photon energies above 1.80 eV, the absorption
is larger than below this energy, indicating a band edge at
1.80 eV. Thus, the photoabsorption studies in Ref. 3 conform
with the value for the electrical band-gap energy for PS, as
derived from the photovoltaic work.

The very weak signal observed above 689 (uf Fig. 2
decreased gradually for increasing wavelength, and disap-
peared at around 950 nm. We were unable to observe a clear
threshold, due to poor signal-to-noise ratio. One probable
interpretation is that this weak photoinduced signal is caused
l wess. | by photoexcitations from surface-related states and/or in dis-
crete levels in the band gap.

Photovoltage -

PC SIGNAL (arb. units)

C. Photocurrent results with external bias applied

With an external power supply connected to the sample in
- the reverse direction, PC’s could readily be detected. Two

Photocurrent typical PC data sets are shown in Fig. 3 as functions of the
_ wavelength of the illuminating lightbottom scalg and the
photon energyupper scalg Before discussing these results,
\ | 000r000esaeethectessegq, | we mention that time-varying PC and also persistent PC,
600 700 800 900 1000 1100 1200 both with slow relaxation times, have been reported for PS
WAVELENGTH (nm) (Ref. 11, but the data reported here have all been obtained

so fast and with so low illumination intensities, that all re-
FIG. 2. Typical curves for illumination-induced photovoltage Sults presented here are undisturbed by such effects with

(upper curvi and photocurrentiower curvé plotted vs the wave- ong relaxation times. Only PC signals with a time response

length (lower scalg and photon energgupper scalgof the illumi-  shorter than that of the equipmefie., 1 m3 are presented
nating light. The measurements were taken without an external pcand discussed here.
tential applied to the sample. In Fig. 3, three features are seen, at 689 (N80 eV},

1050 nm(1.18 eV}, and at 1165 nn(1.06 e\j. Different
instead of wavelength, none of the two above-described besamples showed these three features at the listed wave-
haviors were observed. This need not be a surprise, becaukmgths, independent of sample, and the positions of the three
the descriptions in Ref. 9 apply to the ideal cases of bullonsets were unaffected by the value of the externally applied
semiconductors, and we deal with fairly thin films, which arepotential drop across the samples, cf. Fig. 3. However, the
very inhomogeneous in thickness. However, we observed nourve shape depended on the external bias in the sense that
trace of a variation consisting of two components, one corfor large values of the potential drop across the sample, a
responding to phonon absorption, and the other to phonolocal maximum was seen at around 940 nm, whereas for
emission. This seems to indicate that the PS samples we hagmall potential drops, the PC curve was rather flat in this
been working with have a direct band gap. Further supponvavelength region, see Fig. 3.
for a direct-gap nature of PS comes from the blueshift of the In the data analyses, the relevant sections of the PC spec-
photoluminescence from PS with increasing hydrostatidra were fitted with straight lines, as indicated in Fig. 3, and
pressur® as well as from the observation of very bright the onset energies were identified as the positions of the
electroluminescence from RSee, e.g., Ref.)1 At the same crossing points between the straight lines. The uncertainties
time we mention that a question as to whether the band-gaguoted account for the overall uncertainties related to this
nature of PS is direct or indirect may be a wrongly posedprocedure. The energy values listed in the following are av-
guestion, because long-range order is lost in PS and thererage values obtained from different samples and also with
fore, thek vector and thus the concept of a direct or indirectdifferent values of the externally applied potential drop.
gap no longer have any precise meaning. Therefore, we as- The threshold observed €it.80+0.02) eV is evidently the
sume that photovoltaic processes as those shown in Fig. 2 asame as that discussed in Sec. lll B. Thus, we shall here offer
not phonon assisted. Consequently, the band-gap energy tiee same interpretation as that given in Sec. lll B, namely,
given above does not need a phonon-energy correction. that the photon energy at this onset equals the electrical

In the work by Andersen and Vejea kink was observed band-gap energy of PS, and refer the reader to the discussion
at approximately 650 nm in the absorption curve and also imgiven in Sec. Il B.
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property of the PS, or rather, to the heterojunction between

PHOTON ENERGY (eV) 10 the layers of PS and-Si. Here, we offer the explanation that
2~‘0 118 1]6 1]4 1'12 ‘| it is caused by electrons, which are photoexcited inat&
backing layer and subsequently, due to the electric field, are
injected ballistically from thec-Si layer into the conduction
band in the PS layer. This way, they will give rise to an
oo electric current. This interpretation is supported by the fact
L - that the relative size of the onset at 1050 nm increases with
25 Volts an increasing external electric potential drop across the
sample, cf. Fig. 3, because the higher the field strength will
be, the larger such a ballistic injection will be. Also, nothing
was observed in this wavelength region in the photovoltaic
. measurements described in Sec. lI[&. Fig. 2), in which
no external bias was applied to the sample, and conse-
quently, no externally applied force would act on electrons
- photoexcited in the-Si layer and force them towards the PS
layer. The polarity of the external bias was such that elec-
trons, which were photoexcited in tleeSi layer would move
towards the PS layer, whereas the corresponding holes would
move away from the PS layer. Thus, a ballistic injection can
take place for electrons at the conduction-band discontinuity,
but not for holes at the valence-band discontinuity. The pro-
cess is basically an internal photoemission process, and has
been observed with GaAs/&ba, _,As heterojunctions?~1’
It is sketched in Fig. 4, in which the band gapptype c-Si
is drawn to the left, and the electrical band gap of PS, de-

“eteen, _
B 2 Volts M rived as described above, is drawn in the middle of the fig-
e ure. The highest occupied molecular orbital in PS is desig-

PC SIGNAL (arb. units)

| \ t | \ L Cesiag,l nated HOMO. To the right in this figure is sketched the
600 700 800 900 1000 1100 1200 energy-band structure related to the PL of PS, as derived and
WAVELENGTH (nm) discussed in the work by Andersen and V&je. that work,
it was suggested that the two PL-related bands are surface
FIG. 3. Typical PC signals in arbitrary units plotted vs the bands. All three energy-band structures in Fig. 4 are on the
wavelength(lower scal¢ and photon energyupper scalg of the same scale.
illuminating light. The upper curve was recorded with 25 V across At the heterojunction, there can be so-called band bend-
the sample, and the lower curve wig V across the sample. ings, which can be crucial in the data reduction. This has
been discussed in detail in a recent w8rkon
The onset seen &t.064+0.005 eV is located at a photon GaAs/ALGa, _,As heterojunctions in which the reverse pro-
energy, which is identical to the difference between thecess, namely, the ballistic injection of electrons from the
band-gap energy of-type c-Si at room temperatutéand  semiconductor material of the higher-lying conduction-band
the boron acceptor-level energydrSi (taken from Ref. 18  edge into the other material, combined with the radiative
The interpretation that the onset at 1.064 eV is caused by P@combination of such electrons in this material, was used to
in c-Si was confirmed by carrying out PC measurements omlerive the conduction-band offset, i.e., the discontinuity at
unetchedp-type c-Si samples, which yielded a strong re- the heterojunction. The analogy between the two mecha-
sponse with a relative curve shape as that seen in the waveisms is evident by comparing Fig. 4 to Figs. 1, 3 in Ref. 18.
length region 1100—1200 nm in Fig. 3. The presence of a PElere, we shall first ignore the possible band bendings, and at
signal which is traceable to onlg-Si is most presumably the end of this section, a possible influence caused by band
caused by small sections of the samples where the electrichending will be discussed.
contact on the top surface was directly connected tactBSe The conduction-band offsef\E., at a heterojunction is
wafer, thus shortening out the PS layer. The relative heighdefined as the discontinuity in the conduction-band edges at
of the signal from pures-Si, as compared to the rest of the the interface. Correspondingly, the valence-band offset,
PC spectrum, changed from sample to sample, also in caskE, , is the valence-band discontinuity. These two quantities
different samples had been grown together on the same warte included in Fig. 4. EvidenthAE, equals the difference
fer. between the photon-energy thresholds to create PC in the
The PC response observed at 1050 nm in Fig. 3 correheterojunction(process labeled 1 in Fig)4nd to create PC
sponds to a photon energy (£.180+0.008 eV, which ac- in a purec-Si sample(process labeled 2 in Fig.)4In other
cording to the previous discussion is below the electricawords, from our resultsAE.=(1.180+0.008 eV—(1.064
band-gap energy of PS. Therefore, it must be traceable ta0.005 eV=(0.12+0.01) eV. We note here that we could
photoexcitation taking place in the'Si wafer. However, it determine both of the thresholds with relatively small uncer-
was not observed in PC measurements carried out on puteinties, and also, that the two photoexcitatigpsocesses 1
c-Si. Consequently, it must also be relatable to some energgnd 2 in Fig. 4 initiate from the same energy level in the
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TABLE I. In the table experimental values are presented for the
electrical band-gap energy for PSpg (first column, the

conduction-band offsetAE. (second columpn the valence-band
UPPER offset, AE, (third columr), and references to previous worlast

PL BAND column.

cb Eps (eV) AE, (eV) AE, (eV) Reference

AE
Ct 1.80+0.02 0.12:0.01 0.570.03 This work

2.20 7
29 0.5 13 19
1.8 0.3 0.4 20

cb

4 1 accuracy of the present work. However, possible band bend-
ings can well be sample dependent, so our findings need not
be a common result.

Our results are summarized in Table I, in which also re-
sults of other work5®?°are included. Evidently, agreement
between the different data sets is not more than fair. How-
ever, the different investigations agree theE. is smaller
thanAE, . The results taken from Ref. 20 are average values
taken from Fig. 5 in Ref. 20. In that work, a dependence
ARy LOWER upon preparation paramete_rs was found. Although we

PL BAND searched carefully for a possible dependence on preparation
parameters, we failed to observe any. This is worth noting,
remembering that our samples were produced under fairly
different etching conditions, and also different top contacts
were used; cf. Sec. Il. In a previous wotkye studied pho-
toluminescence from PS produced at different etching con-

FIG. 4. The figure shows the energy-band structuresci@i  ditions and arrived at a corresponding conclusion, namely,
(left) and PS(middle and right sectionsThe band structures are on that with our method to produce PS, the relative photolumi-
the same scale, and the band edges have been aligned in accordanegcence spectral distribution depends not very much on pro-
with the band-offset determinations described in the text. In theduction parameters. In Ref. 3 it was concluded that the pho-
figure are also sketched photoexcitationi8i followed by a bal-  toluminescence of PS is of molecular nature, and that it
listic injection into the PS layefprocess Land photoexcitations in  seems quite problematic to account for it with models based
the c-_Si layer to energies below the height of the conduction-bandyp, quantum confinements in Si nanostructufes an over-
edge in PSprocess 2 view of such models, see Refs. 1)-®robably, this is also

valid for the photoelectric properties of PS.
c-Si. Thus, there is no ambiguity concerning the initial elec- |n the p-typec-Si used by us, the Fermi level will at room
tron energy. The relatively large uncertainty AE; given  temperature be close to the acceptor level. When two semi-
above is becaus&E results from a difference between two conductor materials form a junction, the Fermi levels in the

vb

c-Si PS HOMO

numbers, which are of comparable size. two materials will in the bulk of them line up to the same

According to Fig. 4AE, can be determined from horizontal position in a band diagram like that shown in Fig.
4. This rule, if applicable to Fig. 4, will locate the Fermi

AE,=Eps—Eg—AE,, level in PS to approximately 0.62 eV above the HOMO, i.e.,

above the upper edge of the lower PL-related band, but al-

whereEpsandEg; are the band-gap energies of PS anfli, = most 0.3 eV below the middle of the band gap of PS. How-
respectively. By usindgeg;=1.109 eV, as derived from data ever, PS has at room temperature a very high electrical re-
in Ref. 12, we obtaidE,=(0.57+0.03 eV. Again, the rela-  sistivity. It seems to be a semi-insulating material rather than
tively large uncertainty stems from differences between coma semiconductor, and therefore, application of the line-up
parable numbers. rule for the Fermi levels is questionable. Nonetheless, the

Now we return to the problem of band bending atlower PL-related ban@Fig. 4) is most presumably below the
the heterojunction. In corresponding works onFermi level, whereas the upper PL band clearly is above the
GaAs/ALGa, ,As, such effects manifested themselves in theFermi level.
fact that threshold-energy values were found to depend on Concerning the rectifying behavior described in Sec.
the externally applied potential drop, and the extrapolation tdll A, it could, in principle, be caused either by the BSi
zero potential drop was found to be cruciat® Here, how-  heterojunction or from a Schottky barrier at a contact. When
ever, the positions of all three thresholds were independeritiased in the reverse direction, the positive output from the
of the potential drop applied across the sample. From thisgxternal power supply is connected to the top of the PS layer,
we conclude that possible band bendings at the heterojunend the negative to the-Si layer; cf. Sec. lll A. This im-
tion are so small that it is justified to ignore them within the plies, that for the contact at tleSi back in itself, the biasing
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will be forward!® remembering that the-Si is of p type.  data, we have deduced experimental values for the electrical
Also, if holes were injected into the PS layer from the topband-gap energy for PS and the band-edge discontinuities at
contact, they would pass through the device, according tehe interface. The results are presented in Table I. No depen-
Fig. 4. From these considerations, it follows that the rectify-dence on etching conditions has been observed. The results
ing action LS caused by a Schottky barrier at the contachre compared to results from a recent optical stusfyPS,
between the top surface of the PS layer and the positivgnd an overall discussion is given with the conclusion that
output from the external power supply. This is consistenthe electrical band gap of PS seems to be direct and an ob-

with the above-given discussion of the position of the Fermigapyeq rectifying behavior of PSSi devices is traceable to
level in the PS layer, according to which the Fermi level is Schottky barrier formed at the metal-PS interface.
located below the middle of the band gap in PS, because this

implies that the PS is gf type, and consequently, a Schottky
barrier at the top surface would be biased in reverse. The
experimental finding that the opposite direction to that just
discussed actually is forward, is obviously fully consistent _ ) )
with the energy-band structure shown in Fig. 4 combined This work has been supported by the Danish Natural Sci-
with the above-given discussion concerning the reverse dignce Research Council, the Danish National Agency of
rection. Technology, the Carlsberg Foundation, Director Ib Henrik-

Summarizing briefly, we have carried out photocurrentseéns Foundation, and the NOVO Nordic Foundation. All
measurements on RSSHi heterostructures, and from the grants are highly appreciated.
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