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Local environment of Boron impurities in porous silicon and their interaction
with NO, molecules

L. Boarino! F. Geobaldd, S. Borini}® A. M. Rossil® P. Rivolo? M. Rocchia? E. Garroné and G. Amatd
Thin Film Lab, Istituto Elettrotecnico Nazionale Galileo Ferraris, Strada delle Cacce 91, 1-10135 Torino, Italy
2Department of Chemistry and Material Science, Politecnico of Torino, C.so Duca degli Abruzzi 24, 1-10129 Torino, Italy
3INFM, Torino Politecnico unit, C.so Duca degli Abruzzi 24, 1-10129 Torino, ltaly
(Received 22 June 2001; published 30 October 2001

The aim of this paper is to gain insight into the observed recovery of electrical activity of B impurities
occurring in Porous SilicofPS layers exposed to NOmolecules, while addressing the problem of the origin
of B passivation in PS. Two possible mechanisms are considered, i.e., that the extra electron needed for the
fourfold coordination of B atoms be provided either by H atdihsough the formation of Si-H-B complexes
or Si dangling bonds at the surface. Experimental evidence shows unambiguously that a negligible amount of
B atoms binds with H, even in posthydrogenated PS, the main passivation source being the Si surface dangling
bonds. This explains both the mechanism of formation of PS under electrochemical etching and the efficiency
of the NG, molecules in restoring conduction.
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. INTRODUCTION IR mode of the Si-H-B compound at 1875 cthon free-
standing PS layers. In contrast, they observed this band on
The recent observation of efficient free-carriers generatiosamples still lying on the original substrate: this led them to
in p* porous silicon (P§ when exposed to NO conclude that Si-H-B compounds are present only in the bulk
molecule$ suggests that this material in particular condi- Si region close to the PS interface. When the etching front
tions can behave as a real semiconductor, such as the startiptpceeds, these complexes disappear and some other kind of
c-Si substrate. This effect has been observed only in PS layB passivation takes place. Other authbneported an in-
ers with high amount of B impurities? In spite of this, the crease of conductivity ofp™ PS after annealing at
PS layers behave as insulators. This suggests that B ator§0 °C—200°C, the typical temperatures at which the Si-
passivation is the key mechanism for the lowering of PSH-B compound dissociatésThis indirect observau_on led _
conductivity, but also that such passivation is reversible. [rfhem to conclude that such complex plays an effective role in
fact B acceptors can be “switched on or off” by simple Passivating B atoms in PS.
exposure or removal of the sample to NQ'he aim of this
work is to understand the environment of B impurities in PS
in order to explain the high resistivity gi* mesoporous
silicon and the impressive repopulation of the material in |n order to ascertain which of the above hypotheses is
presence of N@molecules. FTIR(Fourier transform infra-  correct(either surface effect or Si-H-B formatiprwe car-
red and Raman spectroscopies together with TEHi2rmal-  ried out a detailed IR spectroscopic study on both as-
programmed desorptiopmeasurements have been performedprepared and hydrogenated PS membranes fpdmsub-
for the purpose. strates (5 ) cm resistivity. The membranes, 30@m
High values of resistivity and carriers freeze-outgn thick and showing a porosity around 60%, have been ob-
mesoporous silicon has been reported in the’pamtd ex- tained by introducing etch stops in order to replenish the
plained in terms of surface effects. Quantum-confinement efsolution inside the pores so avoiding the vertical porosity
fects, even if cannot be totally excluded, are not presumablgradient:® and detached by means of a high-current pulse at
the main contribution to carrier depletion, since the typicalthe end of anodization. Some of the samples have been sub-
skeleton-size distribution of this material ranges between 4ected to posthydrogenation, obtained by exposing the mem-
and 12 nnf As far as the crystalline counterpartpf PSis  branes to a ki plasma for 90 min at a pressure of 2.4 mbar.
concerned, B passivation has been observed in the past By means of this method we were able to passivate the B
occur through the formation of Si-H-B complex@age Ref. 7 atoms for a depth o2 um from the surface ip* c-Si
for a review. Spreading resistanéeETIR (Ref. 9 andab  samples, with an increase of the sheet resistivity of two or-
initio calculation$? demonstrated that this compound can ef-ders of magnitude and the reduction of Fano resonances in
fectively reduce the doping efficiency of B up to 99%. It first order Raman spectfa.
seemed to us, thus, straightforward to consider Si-H-B com- As previously mentioned, the Si-H-B complex is known
plexes as possible candidates for B passivation in PS, taking dissociate at temperatures around 4200 °C?*? The
into account that, in principle, it is possible to have a sub-+elease of gases from the as-prepared sample because of pro-
stantial amount of H in PS, as a consequence of the anodizgrammed heating in inert flow is reported in Fig. 1, both as
tion process. desorption of H (mass-spectrum datand total effusion
Grosman and Ortedadid not report the presence of the (gas conductivity measurement¥he major part of effused

Il. EXPERIMENT
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Temperature [°C] FIG. 3. Raman spectrum from a PS membrane. See text for

FIG. 1. TPD(Effusion) curves from a porous silicon membrane. details.

Thin curve is the signal from a quadrupole mass analyzer centered 9 o o
onto the H mass(left scald. Thick curve shows the thermal con- tration (3% 10" atoms cm®) is conserved after anodization,

ductivity signal, i.e., the total amount of desorbed gagight  the value 210" cm™? suggests that 99% of B atoms are
scale. The two curves have been superimposed, to show how thpassivated ip™ mesoporous Si. Among them, less than 1%
major contribution to effusion comes from, nolecules. is passivated through the formation of Si-H-B, as the in-
crease in free-carriers concentration caused by thermal treat-
ment is only X 10 cm 3. The formation of such complex
molecules are Keven if a small contribution from silanes is then much less probable than the formation of other hy-
has been observed. Basically this process takes place at teairogenated structures. Moreover, attempts to detect the cor-
peratures above 350°C, and only a negligible amount of Hresponding vibrational peak at 1875 chy assigned to the
is desorbed at 150-160°C. This strongly suggests that th8i-H stretching mode in the Si-H-B complex, even in rela-
concentration of Si-H-B centres is low. tively thick (300 um) both as-prepared and plasma-
Figure 2 compares the IR spectra concerning aydrogenated membranes did not provide any clear signature
120-um-thick membrane, as-preparédurve 1 and after for such vibrational mode, indicating that its intensity is be-
TPD treatment up to 180 °C, temperature at which the Silow the sensitivity of the technique. Thus, it can be con-
H-B species present have been depletsee the arrow in cluded that added H does not form preferentially the Si-H-B
Fig. 1). An absorption increase, due to free-carriers populacomplexes. This further confirms that B atoms in PS are
tion is observed? By fitting the absorption baseline by already passivated in some other way. Support to this con-
means of the Drude mod@lthe following free-carrier con- clusion also comes from Raman spectra of as-prepared mem-
centrations are found:2210 cm~3 and 3x 10" cm 3 for  branes, under 488 nm illumination. No signature of Si-H-B
the as-prepared and the thermally treated samples, respeg®mpounds is observed. Instead, as Fig. 3 shows, B modes
tively. Assuming, for semplicity that the original B concen- are clearly visible at 620 cnt and 640 cm?, together
with a peak at 652 cm' that has been interpreted in the past
as related to the loss of symmetry of the B center because of
the presence of a neighboring H at8mn alternative as-
signment, together with other features will be the subject of a
forthcoming paper.

Ill. DISCUSSION

Some other mechanism has to be found to explain the
99% efficiency of passivation of B atoms i PS. To pas-
sivate substitutional B in Si, an extra electron is needed, in
order to complete its fourfold coordination. Our results indi-
cate that such an electron is not provided in PS by H. On the
. : . , ' other hand, Si dangling bonds can provide the extra electron
2000 1500 1000 500 needed to passivate B atoms, through the rel&tion

Wavenumber (cm'1)

BJ+D%=B,+D". (1)
FIG. 2. FTIR spectra from a 12@m-thick PS membrane before
(lower curve and after(upper curvg H, outgassing in vacuum at Since in PS dangling bonds are expected to be at the
180 °C. The Drude fits of the spectra baselines are also displayedsurface, B impurities are thought to be located underneath. In
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fact, surface B atoms are likely to have a stable trigonal 20
coordination, and, therefore, to be totally electrically inac-
tive, so that it would be possible to explain neither passiva- | ... 1.2 mbar NO, '.‘ i
tion of B impurities nor the above-mentioned “on-off” effect 154 ... Drude model Ny j\,".“
with NO,. The model advanced here agrees well with the )
mechanism proposed by Polissky and coworkémsho ex-
plained the observed percent increase of B atoms consequent
to anodization by proposing a selective etching mechanism.
When the etching front approaches the boron impurity lo-
cated immediately underneath the surface, this looses its ac- ¢ 5 ]
ceptor character and cannot provide the hole necessary to
further sustain the etching. The Si atoms removal is then
stopped and etching proceeds elsewhere. 0.0
Intimate pairs between a doping impurity and a Si dan- 2250 2000 1750 1500 1250 1000 750 500
gling bond have been observedarSi:H (Ref. 18 and the
energy location in the-Si:H band diagram of the reaction
products in Eq(1) has been calculatéd.The formation of FIG. 4. FTIR spectra from a 4@m-thick PS membrane in
such complex is one of the different mechanisms able toacuum (lower curve and under N@ exposure 1.2 mbars,
neutralize dopant impurities ia-Si:H. Another mechanism equilibrium pressune Note that in spite of the much lower mem-
is the above-mentioned Si-H-B complex, which has beerprane thickness (4Qum ipstead of 12(?,um), absorbance values
found not to be operative in PS. Finally, substitutional dopanfomparable to those of Fig. 2 are obtained thanks tg biposure.
impurities have a strong tendency to enter the Si random
network in the form of threefold-coordinated, electrically in- the Eermi level can shift below the,;Bband and the original
active, alloying sites? PS fromp* substrates is found to be acceptor character of B is restored.
mainly Crysta“inéo and the last mechanism has to be ruled A Charge-transfer mechanism |mp||es a 11 correspon-
out. dence between the number of adsorbed, M@lecules and
Impurity passivation irp™ PS occurs through the transfer free holes inside the material. This kind of check is not
of an electron from a dangling bond to an acceptor. Thigrivial, because the number of adsorbed molecules is, at the
mechanism is always thermodynamically favouréblee.,  moment, unknown. Attempts to measure it volumetrically
in equilibrium conditions. Even if there is no experimental showed that it is small, at the most of the order of the B
proof for intimate pair formation in PS, equatidh) holds  atoms. In contrast, it is straightforward to estimate the num-
also for larger distances between the dangling bond and theer of free carriers from the IR spectra, through the Drude
impurity. Work is in progress to ascertain the presence ofipproach used above, under Néxposure. Curve reported
intimate pairs inp™ PS. Moreover, according to the forma- in Fig. 4 comes from a 4@m PS membrane under
tion model proposed in Ref. 17, there is a high probability=1.2 mbars of NQ equilibrium pressure: from the change
for a B atom to interact with a dangling bond in PS: thisin the background it is possible to estimate a density of car-
could be the reason why this mechanism is preferentialiers around X 10'® cm™2. If the upper limit for carrier
in PS. generation under NOis assumed for sake of simplicity, to
Using first-principles self-consistent pseudopotential calPe 10° cm™®, i.e., as many as the B impurities, adsorption
culations in conjunction with a supercell model for the amor-Of NO activates only a fraction of them. This seems to favor
phous network, authors of Ref. 16 showed that the interacn® hypothesis of the 1:1 localization of charge, say 1,NO
tion between the neutral dangling bond, originally located af"0lecule is probably able to activate jusB atom, in agree-
midgap, and the B impurity gives rise to a charged danglin ent with the results of studies of the interaction of NO _
bond O ") whose energetic location is close to midgap, andf IIR] PS .by means of other techniques to be presented in
B, that merges into the valence band. According to @gy. orthcoming papers.
the Fermi level in the B+D° configuration is pinned at
midgap by theD? states. It shifts downwards upon conver-
sion to the B + D™ configuration, but, because of the cre-
ation of a defect coincident with the creation of a doping In conclusion, we have provided several experimental
state, it cannot shift below the band of acceptor states and th@oofs for the negligible role played by H in passivating
material behaves like an intrinsic one. When Ni@teracts impurities in PS, suggesting a direct interaction between ac-
with the surface of PS, acceptorlike states are formed. Theeptors and surface dangling bonds. The electronic state of
Si-NO, complexes can be considered either as acceptdetracoordinated B is assuméds in the case of a-Si)Ho
statesper seor as surface states giving rise to upward bandmerge into the valence band, becoming electrically inactive.
bending'® The absence of carrier repopulation in lightly This not only explains some features related to the PS for-
doped PS suggests us to neglect the first hypothesis. Whenation, but it also explains the spectacular carrier repopula-
the energy bands are shifted upwards on the surface, localtjon during NG, exposure.
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