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Abstract 

Porous silicon has been characterized by 29Si nuclear magnetic resonance spectroscopy under conditions of static 
samples, magic angle spinning, decoupling and cross polarization. In a free induction decay experiment, two 29Si resonances 
at - 80 and - 111 ppm were obtained. Cross polarization resulted in a single resonance at - 97 ppm. Magic angle spinning 
and decoupling slightly reduce the linewidth of the 29Si cross  polarized signal. The minor narrowing effect and the relaxation 
behavior in the laboratory and rotating frame indicate a homogeneous contribution to the linewidth. The relaxation data 
suggest that the resonance observed under cross polarization conditions arises from Sill or Sill 2 structural elements. 

1. Introduct ion 

In the controversy [1] about the origin of the 
luminescence of porous silicon, different mecha- 
nisms or combinations of mechanisms have been 
discussed: the presence of siloxene [2-4], quantum 
confinement [5,6], and surface states [7,8]. Thus, a 
study of the surface structure of porous silicon is 
important to substantiate current models. NMR spec- 
troscopy provides information about local bonding 
configurations and, thus, constitutes a useful tool for 
the study of surface structures. Proton, deuterium 
and 29Si CP MAS (cross polarization [9] under magic 
angle spinning) nuclear magnetic resonance (NMR) 
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spectroscopy have been applied to amorphous silicon 
prepared under varying synthetic conditions. ~H and 
2H NMR make it possible to distinguish between 
covalently bound protons in a dilute or clustered 
phase and molecular hydrogen [10-12]; ~H multiple 
quantum NMR has been used to determine proton 
cluster sizes [13]. 2H NMR studies on deuterated 
amorphous silicon a-Si:D,H confirm the existence of 
weakly bound deuterium in plasma deposited materi- 
als [14]. 29Si CP MAS gives rise to distinguishable 
chemical shifts for amorphous and amorphous-mi- 
crocrystalline mixed-phase hydrogenated silicon [15] 
and for varying hydrogen contents in amorphous 
silicon [ 1 6]. 

Porous silicon is synthesized by anodic etching of 
silicon wafers in hydrofluoric acid solution, which 
results in a coverage of the surface with hydrogen 
[17]. We are particularly interested in the surface of 
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the material. An indirect NMR surface study, using 
optically enhanced xenon as a surface probe, yielded 
information about adsorption properties and pore 
size distribution of the material [18]. In this work, we 
present data obtained by using ~H to 298i cross 
polarization [9] in combination with magic angle 
spinning, which allows us to detect selectively the 
29Si NMR resonances of the silicon atoms which are 
in close proximity to protons, namely, the silicon 
atoms residing on the surface of the material. Deter- 
mination of the spin lattice and spin-spin relaxation 
times in the rotating frame provides information 
about the character of the line broadening and the 
magnitude of the dipolar interactions. 

2. Experimental 

The free-standing porous silicon was prepared by 
anodic etching of B-doped silicon wafers with a 
current density of 30 mA/cm 2 in 48% hydrofluoric 
acid solution. The wafers were etched with the (100) 
surface exposed. Resistivities of the wafers were in 
the range of 4.5 to 6 ~ cm -~, corresponding to a 
cartier concentration of 2 to 3 × 10 j5 cm 3 [19]. 
Transmission electron microscope images revealed 
characteristic nanocrystalline dimensions of about 
200 nm for the described experimental conditions. 

The material was powdered for NMR characteri- 
zation. Two samples, prepared in different batches, 
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Fig. 1. 295i NMR spectra of porous silicon under different acquisition conditions. The chemical shift of the cross polarization resonance 
does not correspond to any of the resonances in the static Bloch decay spectrum. The spinning speed in the MAS spectra is 2.65 kHz. 
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were kept in an inert atmosphere before being used 
in the NMR experiments and yielded consistent NMR 
results. After the NMR experiments, one of the 
samples was exposed to air for 2 months. IR spectra 
revealed a surface oxidization of about 10%. This 
sample is referred to as 'aged'. 

NMR spectra were recorded with a home-built 
NMR spectrometer equipped with a 8.52 T super- 
conducting magnet, corresponding to Larmor fre- 
quencies of 71.938 MHz and 362.133 MHz for 295i 

and ~H, respectively. The radiofrequency field am- 
plitudes of both the 1H and the 295i channels were 
25 kHz. In cross polarization experiments, 1000 to 
4000 transients were accumulated with a recycle 
delay of 2 s and a duration of the contact pulse of 1 
to 2 ms. The samples were spun in 7 mm aluminum 
oxide rotors of the Doty design. Compressed air was 
used as a driving and bearing gas. All spectra were 
recorded at ambient temperature. 298i NMR chemi- 
cal shifts are referenced to an external standard of 
tetramethylsilane. Chemical shifts were determined 
from Lorentzian fits to the NMR lineshape with a 
precision of _+ 1 ppm. 

3. Results 

In Fig. 1, the 295i NMR spectra of porous silicon 
obtained from a single pulse excitation (a, c) are 
compared with those from ~H to 29Si cross polariza- 
tion (b, d). Spectra (a, b) were recorded under static 
conditions and without proton spin decoupling. 
Whereas the single pulse excitation (a) results in two 
predominant resonances, only a single line is present 
in the CP spectrum (b). For the resonances in spec- 
trum (a), chemical shift values of - 8 0  and -11 1  
ppm were found, for the CP resonance (b) - 9 7  
ppm. The effect of magic angle spinning at 2.65 kHz 
is also shown in Fig. 1 in spectrum (c) for single 
pulse excitation and (d) for cross polarization. Apart 
from a slight narrowing of the CP resonance, the 
effect of spinning is much stronger on the single 
pulse spectrum. The resonance at - 8 0  ppm has lost 
intensity with respect to the resonance at - 1 ! I ppm. 

The effect of line narrowing through proton de- 
coupling and magic angle spinning is summarized 
for various experimental conditions in Table 1. De- 
coupling and spinning did not result in any observ- 

Table I 
Linewidths for 29 Si NMR signals of porous silicon under different 
acquisition conditions 

Acquisition conditions r H decoupling Linewidth (kHz) 
_+ 0.02 kHz 

Static no 2.42 
yes 2,10 

1.87 kHz MAS no 1,85 
yes 1.54 

2.65 kHz MAS no 1.60 
yes 1.55 

able narrowing effect on the spectra obtained by 
single pulse excitation. 

The dependence of the signal intensity upon the 
contact time in the CP experiments is plotted in Fig. 
3 for the freshly prepared and aged samples. The 
aged sample presents the longest relaxation rate, 
Tsi_ H. Fig. 4 summarizes the data for IH and 29Si 
spin-lattice relaxation times in the rotating frame 
(Tjp) and spin-spin relaxation times in the labora- 
tory frame (T2), which were obtained with the basic 
pulse sequences by Alla and Lippmaa [20]. The 
dependence of the signal intensity on the dephasing 
time in a dipolar dephasing experiment [21] is shown 
in Fig. 5. For short dephasing times, an increased 
signal intensity can be observed when the rotor 
period is a multiple of the dephasing time. 

4. Discussion 

4.1. Chemical shifts" 

One of the two dominant resonances of the free 
induction decay spectrum (a) in Fig. 1 could be 
assigned to silicon in the bulk, and the other one to 
silicon on the surface of the material. Then only the 
'surface peak' should be enhanced by cross polariza- 
tion. However, the shift of the CP peak is different 
from the shifts of the two dominant lines obtained by 
a single pulse Bloch decay. 

Likely structural elements which give rise to the 
observed chemical shifts are Si-Si, Si-H, Si-OH 
and Si-O due to possible surface oxidation of the 
material. Bulk silicon resonates at - 8 5  ppm (static) 
[22] or - 8 1  ppm (MAS) [23]. For amorphous sili- 
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con, assignments to regions with dilute hydrogen of 
around - 4 0  ppm were proposed and to regions with 
clustered hydrogen of around - 8 0  ppm [15]. An- 
other study reports 298i chemical shifts for amor- 
phous silicon with varying hydrogen contents in the 
range of - 6 0  to - 9 0  ppm [16]. For a completely 
hydrogen saturated silicon atom (Sill4), the shift 
moves upfield from the bulk silicon to -92 .5  ppm 
[24]. On the surface of silica gel, the geminal silanol 
peak was assigned a chemical shift of - 89 ppm and 
the single silanol of - 9 9  ppm. Silicon in siloxane, 
which results from the condensation of two adjacent 
silanol groups [25], resonates at - 1 0 9  ppm. Corre- 
spondingly, the interior hydroxyl groups in silica gel 
gave rise to a 29Si NMR shift of - 9 9  ppm for a Q3 
silicon, - 8 9  ppm for a Q2 and - 109 ppm for a Q4 
silicon atom [26,27]. 

For p-type bulk silicon with a carrier concentra- 
tion in the range of 1014 to 1016 cm -3, spin-lattice 
relaxation times of 200 to > 300 min are reported 
[28]. The single pulse Bloch decay spectrum (a) in 
Fig. 1 was acquired with an intervall of 10 s between 
90 ° pulses, and it is, therefore, highly unlikely that 
the resonance at - 8 0  ppm originates from the bulk 
of the porous silicon. We assume that both reso- 
nances are caused by silicon atoms which are close 
to the surface, at which a more efficient relaxation 
mechanism than in the bulk dominates. Dipolar re- 
laxation caused by the interaction with dangling 
bonds or protons is a plausible mechanism. Although 
relaxation due to dangling bonds should be highly 
efficient [29], its contribution will only be minor, 
since the number of dangling bonds is on the order 
of 1016 cm-3  [8]. 

The bulk of our mesoscopic material with respect 
to the bulk material of a macroscopic three-dimen- 
sional silicon crystal differs considerably in spatial 
extensions. However, in mono-crystalline regions of 
our mesoscopic material, the 29Si NMR spin lattice 
relaxation time should not differ substantially from 
that of a three-dimensional crystal, since dipolar 
interactions decrease with the cubed distance of the 
nuclei to the relaxing centers. The longest range 
dipolar interaction possible for a 29Si nucleus in the 
material under study is with unpaired electrons. Even 
though the magnetic moment of an electron is larger 
than that of a nucleus by a factor of approximately 
10 3, for a nucleus-electron distance of only five 

o 

atomic layers ( ~  10 A), the resulting interaction 
would be reduced to the one of a nearby 29Si nu- 
cleus. Therefore, we conclude that only nuclei in 
close proximity to the surface are subject to an 
increased relaxation rate. 

Spectrum (c) in Fig. 1 reveals a loss in intensity 
upon magic angle spinning for the resonance at - 80 
ppm with respect to the resonance at - I I I  ppm. 
This loss can have two possible origins: (i) an in- 
crease in the spin lattice relaxation time or (ii) the 
presence of a chemical shift anisotropy. In the latter 
case, the peak at - 80 ppm is attributed to one of the 
singularities of a uniaxial chemical shift powder 
pattern. In the former case, the spin lattice relaxation 
time must be dominated by dipolar interactions which 
are reduced upon spinning. This reduction is only 
expected for strong dipolar interactions such as be- 
tween :gSi and ~H. In this case, the resonance must 
be observable under CP conditions. Therefore, we 
attribute the peak at - 8 0  ppm to a singularity of a 
chemical shift tensor. An S i -O structural element is 
most likely to cause a chemical shift anisotropy of 
the Si. Assuming that the powder pattern is uniaxial 
and covers the full width of the spectrum, the chemi- 
cal shift anisotropy is estimated Ao-= 46 ppm with 
an isotropic shift of - 9 6  ppm. Large chemical shift 
anisotropies of 29Si have been observed for Q3 sili- 
con atoms, e.g., in a potassium tetrasilicate glass of 
more than 200 ppm [30]. 

4.2. Proton decoupling 

Decoupling and spinning did not result in any 
observable narrowing effect on the spectra obtained 
by single pulse excitation (Table 1). Hence, there is 
no strong proton coupling connected to the two 
dominant resonances, which is in agreement with the 
fact that they are not observable under CP condi- 
tions. Under cross polarization conditions, a small 
decrease in the linewidth with increasing spinning 
speed, U~ot, and upon proton decoupling can be ob- 
served. At Uro t = 2.65 kHz, proton decoupling has no 
observable narrowing effect. Although the spinning 
speed exceeds the linewidth under static conditions, 
the narrowing effect is only minor, and no spinning 
sidebands can be observed. Therefore, the linewidth 
cannot be purely inhomogeneously broadened as is 
typical of the chemical shift anisotropy and dipolar 
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interactions between unlike spins [31]. High power 
proton decoupling under CP conditions results in a 
much stronger signal intensity than in the proton 
coupled spectra. Coupled and decoupled 29Si NMR 
CP MAS spectra for two different spinning speeds 
are shown in Fig. 2. A broad resonance which is 
effectively narrowed by decoupling contributes to 
the dominant CP resonance at - 9 7  ppm. 

4.3. Cross polarization dynamics and relaxation 

The cross polarization relaxation times, Ts~_ H, 
were shorter (0.10 + 0.1 ms at Vro t = 1.95 kHz and 
0.51 + 0.04 ms at Vro t = 1.77 kHz) for the freshly 
prepared samples than for the aged samples (Fig. 3) 

and indicate a strong coupling between the protons 
and the silicons. At spinning speeds comparable to 
the static linewidth, a more efficient polarization 
transfer is expected for slower spinning speeds, since 
the dipolar interactions are averaged less efficiently. 
However, in the presence of homonuclear dipolar 
couplings, proton spin diffusion renders the polariza- 
tion transfer less efficient with faster spinning speed 
[25] which is in agreement with the observed result. 
Moreover, the degree of surface oxidation is proba- 
bly more advanced in the sample with Ts~_ H = 0.51 
ms, a result consistent with the longer Ts~_ H of the 
aged sample of 0.93 + 0.10 ms. For silicas, in which 
the protons are not directly bound to the silicon 
atoms, but are present as hydroxyl groups, a Ts~_ ~ 
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Fig. 2. 29Si NMR spectra of porous silicon with and without proton decoupling for different spinning speeds under otherwise identical 
experimental conditions. 
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of 2.3 ms, 2.9 ms and 12.9 ms for Q2, Q3 and Q4 
silicon atoms was measured [26]. In siloxanes, the 
cross polarization relaxation time is much longer due 
to the increased distance to the protons [26,27]. It 
can, therefore, be concluded that the short relaxation 
times determined in the freshly prepared samples 
must originate from silicon atoms which are bound 
directly to protons. 

Spin relaxation times are summarized in Fig. 4. 
The protons are characterized by a T~p(IH) of 15.5 
_+ 0.8 ms (u~o , = 1.95 kHz) and 8.9 _+ 0.4 ms (uro , = 
2.65 kHz), when a monoexponential decay of the 
polarization is assumed. These values are of a similar 
magnitude to those observed for the protons of the 
interior protons of a silica gel [27]. The proton Ttp 
values are much longer than the Ts~_ H values, so 
that they are of minor importance for efficient polar- 
ization transfer. A better fit resulted when the 7"1 o( j H) 
data were analyzed in terms of a biexponential de- 
cay. For both spinning speeds, a faster relaxing 

sample regime characterized by a Tjo(IH) of 6 ms 
was found, and a slower one with a Tlp(IH) of 
12.8 + 1.1 ms at Vro t = 2.65 kHz and of 47.8 + 3.8 
ms at ~'rot = 1.95 kHz. Deviations from a monoexpo- 
nential decay are typical of many-proton systems 
[29], in agreement with a surface coverage of the 

"~9 
sample with protons. T 10( ~ Si) is only 60.1 + 1.9 ms, 
an indication that relaxation of the silicon spins is 
highly efficient in the presence of the local proton 
dipolar fields. The rapid loss of phase coherence of 
the protons, with a time constant, T~_('H), of 30.6 + 
2.9 ms, is an indication of strong homonuclear cou- 
plings among the protons. The spin-spin relaxation 

~9 time, T2(" Si), was determined in two different ways. 
In the first method, the sequence described in Ref. 
[32] was applied. After the contact pulse, the silicons 
process for a variable time in the dipolar fields of the 
protons and are then detected under proton decou- 
pling. The dipolar fields on the silicons are created 
either by directly bound protons or through spin 
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Fig. 3. Cross polarization relaxation rates Tsi n for two freshly prepared and an aged porous silicon sample shown in detail for the first 2 
ms. The curves correspond to the results of fits to an equation f ( t )  = c • (1 - e x p ( -  t /Ts ,_  H)), with time, t, and a constant, c. The complete 
data set is shown in the inset. Numbers in kHz refer to the rotational frequency. 
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diffusion by neighboring protons [32]. The strength 
of the dipolar interaction is not solely determined by 
the inverse of the cubed distance between the two 
coupled nuclei, but can be mitigated by effects like 
molecular motion and l H-1H or 29 Si_29 Si spin dif- 
fusion [25,32]. At 2.65 kHz, T2(29Si) is 57.9 + 1.7 
ms. In ~3C dipolar dephasing experiments, methylene 
resonances can be suppressed by applying a dephas- 
ing time of typically 35 ms, for aliphatic methine 
carbons of about 55 ms. For methyl and unproto- 
nated carbons, dephasing times on the order of 100 
ms are required [21]. Dipolar interactions for the 
corresponding silicon structural elements are ex- 
pected to be smaller, since the gyromagnetic ratio of 
29Si is smaller than that of ~3C and silicon has a 
larger covalent radius than carbon, which increases 
the internuclear distance to bound protons. Corre- 
spondingly, the dipolar dephasing times for :9Si/~H 

are expected to be longer than f o r  13C/IH in analo- 
gous structural elements. Therefore, it can be ex- 
cluded that the time c o n s t a n t ,  T2(295i), found for 
porous silicon originates from a structural element in 
which the proton is not directly bound to the silicon 
atom. A high mobility, as in a methyl group, is not 
expected, since the silicon atoms are embedded in 
the surface structure in the lattice, which is at least 
two-dimensional [18]. 

In the second method, a -rr pulse is inserted in the 
dephasing period on both channels [33], resulting in 
the refocusing of chemical shifts and other static 
field inhomogeneities [21]. In combination with 
magic angle spinning, the isotropic part of the chem- 
ical shift refocuses for any dephasing time, ~-, 
whereas the anisotropic part refocuses completely 
only when 2~- is an e v e n  multiple of the rotational 
frequency [25]. If the dipolar interaction changes 
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Fig. 5. Dipolar dephasing experiment with refocusing pulse. The 
line serves as a guide to the eye. Integer multiples of the rotational 
frequency (2.44 kHz) are marked with an asterisk. 

within one rotor period due to chemical exchange, 
molecular motion or spin diffusion, it can no longer 
be refocused, not even at even multiples of a rotor 
period. The inhomogeneous part of the dipolar inter- 
action refocuses completely when 2~- is a multiple of 
Uro t [25]. The weak narrowing effect on the linewidth 
introduced by magic angle spinning under CP condi- 
tions shows that chemical shift anisotropy is not a 
dominant interaction for porous silicon. The result of 
this experiment performed on the porous silicon is 
presented in Fig. 5. Multiples of the rotor period are 
marked with an asterisk. For short dephasing peri- 
ods, an oscillatory behavior is evident with maxima 
at multiples of the rotation frequency. At dephasing 
times, 2~'>3~ro ~, the oscillations are less pro- 
nounced. Within the experimental error, the maxima 
cannot be clearly identified anymore with multiples 
of the rotation frequency. 

shorter relaxation time. The two resonances are at- 
tributed to silicons in the proximity of dangling 
bonds, protons, or oxygen atoms. It should be noted 
that interactions with dangling bonds are long range 
and might also affect silicon atoms which are several 
layers away from the surface in the bulk. The prox- 
imity to protons can be excluded, since the two 
resonances cannot be observed under cross polariza- 
tion conditions. The chemical shifts of the observed 
resonances suggest the assignment of the resonance 
at - 8 0  ppm to Si close to dangling bonds or oxy- 
gen, and the one at - 111 ppm to a Qa silicon atom, 
since it is not visible under cross polarization condi- 
tions. The signal observed under cross polarization at 
- 9 7  ppm is assigned to a Sill or SiH~ structural 
element, which is consistent with an upfield shift 
from the bulk silicon as observed previously in 
Sill 4. 

A quantification of the different species contribut- 
ing to the signals was impossible due to the different 
relaxation times. Attempts to determine the long 
relaxation times failed because of signal to noise 
limitations. Future work will involve investigations 
of samples with different degrees of surface oxida- 
tion. 
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5. Conclusions 

Although the Fourier transformed signals provide 
only little information about the origin of the peaks, 
a detailed analysis of the relaxation behavior in the 
rotating and laboratory frame yields a consistent 
picture which allows the assignments of the reso- 
nances. The two resonances observed in a single 
pulse free induction decay experiment cannot origi- 
nate from the crystalline bulk of the material but 
must be due to silicon atoms which have a much 
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