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Positron annihilation investigation of porous silicon heat treated to 1000°C
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Positron lifetime and Doppler broadening spectroscopies were applied to investigate a porous
silicon film subjected to heat treatment in an argon atmosphere. Heating between 300 and 500 °C
increased the mass of the film by 17% due to oxygen uptake and the concentration of open volume
defects associated with the formation of an oxide layer on the silicon nanocrystallites increased by
a factor of 3. Between 600 and 1000 °C their concentration decreased gradually to 1/2 the original
concentration. Doppler broadening results indicate two distinct electron momentum distributions,
one arising from open volume defects and one from pickoff annihilation of positronium at the pore
walls caused by electrons with an unexpectedly narrow momentum distributiod998 American
Institute of Physicg.S0021-897@8)00624-(

I. INTRODUCTION like defects and depends mainly on the open volume of the
defects. Additionally, the momentum distribution of the an-
Nanocrystalline semiconductors are presently investinihilating positron electron pair, which is reflected in the
gated extensively, in part because of their novel physicaboppler broadening of the annihilation gamma-ray line
properties, but also because nanosized devices are becomisigape, normally becomes narrower as a consequences of the
of technological interest. For such small structures one careduced likelihood of annihilation with high momentum core
only expect surface properties to play an important role. Poelectrons. Those positrons forming positronium produce ei-
rous silicon is a convenient example of a nanocrystallingher parapositronium, which undergoes rafl@5 ps self-
form of silicon with a surface area per unit volume in the annihilation with very small center of mass momentum, or
order of 100 ri/cm?®. It can be formed by anodic etching of orthopositronium from which annihilation dominantly occurs
crystalline silicon and has the capability of emitting visible by the so-called pickoff process, which is strongly dependent
light,* which is a potentially important technological feature. on the surface condition of the pores. In this process the
For extensive reviews of porous silicon, see Refs. 2, 3 and 4ositron does not annihilate with the electron in the positro-
The photoluminescent properties depend on a host afium but rather with a “foreign” electron, hence the term
conditions such as crystallite size, substrate type, electrolytpickoff.
composition and temperature, drying conditions, aging, irra-
diation, and heat treatment which, taken together, suggest a
significant influence from surfaces. Among these many pa”- EXPERIMENT

rameters we have selected in this work one of importance,  petajls of the positron lifetime spectrometer, data acqui-
namely heat treatment, and extend thus our former\?\loyk sition, and analysis procedure were as reported in Ref. 5.
investigating effects arising from heat treatment to high temDoppIer broadening measurements were performed using a
peratures. o Ge detector having an energy resolution of 1.2 keV at 0.511
_ Porous silicon is produced by the anodization of crystaly e\ The widths of the Doppler broadened line shapes were
line silicon in a hydrofluoric acid solution, following which - caracterized by the parameter defined as the ratio of the
infrared spectroscopyindicates an abundance of Si—H number of counts in the range 5t0.7 keV to the number
bonds on the internal surfacése., the pore walls these of counts in the range 5114.8 keV.

measur_ements_ also show that the hyd_rogen is completely '€ The porous silicon layer was formed prtype silicon by
moved in a brief annealing at400 °C in vacuum. Simple 54 gization in a mixture of 50% hydrofluoric acid and etha-
aging in air inevitably results in the formation of an oxide (4:1) with a current density of 57 mA/cfrfor 22 min.

layer on the surfaces. _ .. The resulting porous layer had a thickness of.94.
The positron annihilation technique offers the possibility Heat treatments were done in a quartz tube which, prior

of investigating some important aspects of porous silicong, 5 heat treatment, was evacuation to A orr and then
since positrons may be trapped by open volume defects agneq with flowing high-purity Ar. The sample was then
sociated with the formation of the oxide layer or they maypaceq in the preheated tube for 1/2 h after which it was
escape from the crystallites and form positronium in the.gnidiy cooled to room temperature in the argon atmosphere.
pores or on the pore walls, thus acting as a surface probg ghoyid be noted that this procedure dawe remove the

The lifetime of those positrons which are trapped becomesr present in the pores nor that adsorbed on the surfaces, so
longer due to the reduced electron density in the vacancysyigation is still possible despite the Ar ambient. Following
cooling, the sample was exposed to air for the duration of the
dElectronic mail: don.kerr@uwinnipeg.ca positron experiments, which lasted between 2 and 6 days
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FIG. 2. Intensity of the crystaline Si backing lifetime compon€éixed at
217 ps as a function of annealing temperature.

. 0
Annealing Temperature ('C) off of the film from the substrate was evident and the sub-

FIG. 1. Lifetime components associated with the film as a function of an-Strate visibly bent away from the film, indicating shear

nealing temperature. Measurements were done at room temperature, The Stresses between the film and substrate.

and , lifetime components were fixed at 125 and 217 ps, respectively. Figure 2 shows the intensiMN arising from 7, when
fixed at 217 psl(»;7is the percentage of positrons penetrat-

I ing into the substraje The intensities of they, 7,, and7g
gﬁer each heat treatment. All lifetime and Doppler broader"c:omponents associated with the film are shown in Fig. 3 as
ing measurements were performed at room temperature.

normalized to the fraction of positrons annihilating in the
film. The balance to 100% cﬁiszg,li constitutes the intensity
. RESULTS I, of the 7, component arising from parapositroniym cal-

The thickness of the film is not sufficient to stop all culating these intensities care was taken to account for the
positrons within the film, so a sizable fracti¢s60%) pen-  unobserved 3y annihilation of thers component, discussed
etrates into the crystalline Si substrate where the positron& Ref. 5. The ratio {4+15)/1, is 3.4+0.3 based on mea-
annihilate with a lifetime of 21Z2 ps. Although the sub- Surements up to 1000 °C. Associatihgand|s with ortho-
strate contribution constitutes a numerical disadvantage iROSitronium and; with parapositronium, a ratio of 3 is pre-
the fitting procedure aimed at extracting the porous film condicted from the formation kinetics of positronium.
tribution, an important advantage is that the mass of the po-
rous film can be monitoredecauseof the penetration. Five

lifetimes, 7;— 15, were necessary to adequately describe the gof = '__'_ ST ]
lifetime spectra, with associated intensitigs-15. Accord- [ o T 1
ing to our earlier interpretations; (13015 p9 arises from 80 [ __.' . ]
annihilation of parapositronium, (217+2 p9 from annihi- -~ 70} =13 . " i
lation of positrons in the substrate, (2—5 ng from ortho- < I " .
positronium trapped on pore surfaces, agd>40 n9 from § 60 - 7
orthopositronium located inside the poreBhe intermediate @ 50 i
componentr; has a valug400—450 pswhich is typical of £
positrons trapped in small open volume defects and was s 40 - 7
earlieP attributed to positrons annihilating in vacancy clus- 8 30l i
ters in the silicon oxide layer covering the silicon nanocrys- g ,%o
tallites. As will be discussed in the following section, this 5 20F oTs . .
lifetime could arise from defects elsewhere, such as at the Z 0L o 500 i
interface between the silicon and the silicon dioxide layer. L I 7000 ce®
Figure 1 shows the positron lifetimes associated with the 0+ N ¢ .W ** ’: T

porous film as a function of temperature of the heat treat-
ment. These lifetimes were obtained with and 7, fixed at
125 and 217 ps, respectively, the first lifetime arising from

para_\posnronlum_a_md_ the seco_nd from the substrate. Note, lG. 3. Intensities of the film-associated lifetime components normalized to
particular, the initial increase ins and subsequent decrease the fim contribution (106-1,7). The balance to 100% constitutes the in-
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around 600 °C. Above 1000 °C cracking and partial flakingtensity of thel;, component arising from parapositronium.
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TABLE I. Lifetime and S parameter data for a porous silicon sample in air or in vacuum{ T@rr). Data
pertain to the porous layer only. 45% of the positrons are annihilated in the layer independent of the ambient.
7, and 7, were fixed at 125 and 217 ps, respectively, in the analyses.

73 T4 75 I3 l4 Is
Ambient (ng) (ng (ns) (%) (%) (%) S
Air 0.407 2.7 41.8 54 0.8 31.1 0.580
+0.005 +0.2 +0.4 *1 +0.1 +0.2 +0.003
Vacuum 0.418 3.3 64.9 55 0.7 32,5 0.541
+0.006 +0.3 +0.4 +1 +0.1 +0.2 +0.003

In order to evaluate the effects of air in the pores, meaiV. DISCUSSION

surements in air and in vacuum were made on a separate, but . . L .
similar, porous silicon sample with the results shown in e discuss first the implications of the change in the

Table I. Here it is seen that air in the pore increases the valyfaction of positrons penetrating the film as shown in Fig. 2.

of Ssignificantly and decreases relative to vacuum while | 1is fraction is given by
the totallpositron?um contripgtionl(+l4fr!5) stays con- 1= exp —ta), 1)
stant. This showsi) that S arising from air is larger tha®
arising from positronium annihilating at the pore surfaceswheret is the thickness of the film and is given (empiri-
and(ii) that air and pore surfaces compete in the annihilatiorgally) by?
gifu;:;])sitronium without influencing the total yield of positro- a=17.6/EM (cmY), 2
Doppler results are shown in Fig. 4. These are for thevherep is the density of the film in g/cfy andE the maxi-
film alone, i.e., the backingnd air contributions have been mum kinetic energy of the positrons in MeV. Therefore, if
corrected for. the mass(per unit area of the film changes due either to
As mentioned in the introduction, as-grown porous sili- desorption of gases or gas uptakg,; would change, thus
con shows effects arising from aging and such could als@roviding the basis for an assessment of mass changes of the
occur after each of the heat treatments. Hence, lifetime angorous film.
Doppler spectra were measured following several of the heat Heat treatment of the film produces changes as indicated
treatments as a function of time up to 6 days, but in no casby the behavior of ,;7 in Fig. 2, and Table Il lists the cal-
was any time dependency discernible. If aging indeed takesulated relative changes in mass of the film at selected tem-
place, it is then either too fast to be detectable during a singlperatures. The decrease in mass between 20 and 200 °C we
measuremen h) or too slow to be observed within 6 days. suggest arises from removal of adsorbed gases. The increase
in mass between 300 and 550 °C can be understood in terms
of oxygen uptake when oxygen replaces effusing H atoms, a
process which is in accordance with several infrared spec-
— T T T T troscopy measurements which show that the disappearance
I ﬁ ] of Si—H bonds is accompanied by the appearance of Si—-O
: } ) bonds®~1?
i v i { ] The increase in mass between 300 and 550 °C amounts
Q,i * ] to (17+2)% which corresponds to an oxygen uptake of 17
Xmg;/(Mg—my)=(32=4)% of the silicon atoms in the
0.50 - % 1 film. If only SiO, were formed that would mean that 16% of
? é 1 the available silicon atoms became part of Si@nd in the
0.48 | i case of a suboxide an even larger percentage of Si would be
l’iivv “? required. Since H bonds are replaced by oxygen bonds this
ﬁ v 1 implies that the H uptake during the formation of the porous
0.46 | H i silicon is (at least 32% of the silicon atoms.
Ly Above we have argued that the mass increase is due to
0 200 400 600 800 1000 oxygen uptake, which may seem surprising since the heat
treatments were done in argon. However, othEre/ho used
Annealing Temperature (°C) similar heat-treatment procedures observed infrared absorp-
tion from Si—O bonds, so the oxygen most likely comes from

FIG. 4. Sparameter for the film as a function of annealing temperature. Thegjr adsorbed on the pore walls, being replenished at each
circles show the results of measurements originally done in air but therénnea"ng step

corrected for the air contribution and the silicon backing. The triangles are ) . . e L.
values calculated as described in the text. Measurements were done at room YV€ NOW turn to a discussion of the lifetimeg and 75
temperature. associated with the porous layer. The less energetic posi-

0.54 T

0.52

S Parameter
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TABLE Il. Relative change in layer mass as a function of heat-treatment temperature.

Temp.(°C) 20 200 250 300 400 450 500 550
Am/my(%) 0 -5.8 -5.8 -5.8 2.0 7.7 11.3 11.3

trons, which do not penetrate through to the silicon backingin oxide layergwhich are amorphougrown on Si wafers to
are reduced to thermal or near-thermal energies in the nante only ~10 nm(Ref. 14 while, in contrast, measurements
crystallites comprising the porous layer. Since the positrorin fused quartz yield a value 6£30 nm?° The smaller value
diffusion length in defect-free silicon is large-200 nm) in the amorphous layer is likely a result of a higher defect
compared to the size of the crystallites10 nm), most of  concentration: a positron lifetime study of a very thi@0
the positrons, unless trapped at defects, will diffuse to theum) amorhpous Si@film showed a high concentration of
surface region without annihilating. There, they may bevacancy clusters and voidBased on these comments, we
trapped at open volume defects associated with the formatioassume that the oxide layer thickness is less than the diffu-
of the oxide layer, or they may form positronium, which sion length in defect-free oxide and that is essentially
either remains attached to the surface or is deposited into thadependent of heat-treatment temperature. Denoting by
pores. Positronium in the pores will then undergo pickoffthe value ofk; before heat treatment and lag(T) that for
annihilation with gas atoms in the pores or the pore walls. any heating temperature, the rafe= K3(T)/Kg can be cal-

As noted earlier, we attribute thsy, component with a  culated when assuminf, constant. Figure 5 shows that dur-
value of 400—450 ps to positrons trapped at small open voling oxygen uptake the defect concentration increases by a
ume defects. This lifetime could, in principle, be due to or-factor of 3, but these defects are not materially different from
thopositronium, but the absence of a corresponding contributhose initially present because of the near-constant value of
tion from parapositronium argues against this possibility.7;. Above 600 °C, where oxygen uptake has stopped, the
Further, a similar lifetime was found in amorphous siliton decrease irR suggests thermally induced relaxation not in-
in amorphous silicon dioxid® and was in both cases attrib- volving defect migration £3 is nearly constant which at
uted to vacancy clusters. We have also found a similar life800 °C has returned the film to its original defect concentra-
time in crystalline« quartz. In our earlier work,the 73 tion. Above this temperaturR decreases rather slowly and
component was assigned to vacancy clusters in the oxidéne value ofr; increaseqFig. 1), suggesting defect migra-
layer but, in view of the complexity of the oxidized porous tion with the formation of larger open volume defects.
silicon system, there are other possibilities. Slow positron  The increase in the value @f with increasing annealing
beam studies of SigSi systems!® have indicated the temperaturdct. Fig. 1) indicates a decrease in pickoff anni-
presence of positron traps at the interface between the twhilation of orthopositronium. Pickoff annihilation arises from
materials. The precise nature of the traps has not been firmiyvo sources, the pore surface as well as the air contained in
established; candidates have included open volume defecthie pores. To establish the contribution of air to the pickoff
dangling Si bondsRy, center$, and, in the case of thin oxide process, we use the data in Table |. The pickoff rate associ-
layers, divacancies in Si domains at interfaties. ated with the pore surface alone isrdivacuum=0.0154

Figure 3 shows that the intensity of the 75 component ns ™%, while the rate for the combination of the pore surface
(due to orthopositronium in the poneshanges oppositely to and air is 1#5(air)=0.0239 ns'. Thus, the pickoff rate as-
|3 throughout the entire temperature range of heat treatsociated with air alone is 0.0085 s Generally then, the
ments. This lends support to the general notion implied
above, i.e., that positron traps, whose concentration varies as

heat treatment and oxygen uptake proceed, determine the T
amount of positrons available for positronium formation in 3.0 e =
the pores. To quantify this, we write - g 1
la= 3l (x5 +T,), @ i Y
wherek, is the positron trapping rate afq is the transmis- 20 s
sion rate through the silicon, the interface, and the oxide - 4
layer into the pores in the absence of trapping. R15¢ .
The oxide layer in our porous silicon sample is likely - ) t
very thin (~1 nm) prior to the heat treatment due to the 1.0 ¢ e .
hydrogen passivation of the surface. Although we cannot I t +++
measure the oxide layer thickness resulting from the heat 0.5 .
treatments, it is still likely to be quite thin because of the I T
very low oxygen concentration. By way of comparison, 0ot L L

0 200 400 600 800 1000

high-temperature oxidation of porous silicon in an atmo- . .
Annealing Temperature (°C)

sphere containing only a small percentage of oxygen results

in an oxide layer only a few monomyers_thi&s_low _pOSi- FIG. 5. RatioR of the trapping rate at temperatuFeelative to that before
tron beam measurements show the positron diffusion lengtheat treatment.
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surface pickoff rate is related to the measurgdhrough FWHM of Momentum Distribution (keV)
5ol 1/75—0.0085-1/142 (ns ), (4) 00 0.5 10 15 2.0 25 30 35
1.0 ————— T
where 142 ns is the vacuum lifetime forydannihilation of I « J
orthopositronium. For the initial value of 45:®.5 ns ofrs, 09 L 4
N5ioais 0.0067-0.0002 ns?, while for the(average peak i )
value of 49-1 ns, )\S“rfaCels 0. 0049t0 0004 ns®. This cor- 0sl ' .

responds to #19— 35% decrease ms“rfacebetween 20 and

] 3 1
500 °C but the physical origin for th|s is unclear because _§ 07 L 4
many different sources can be envisaged. A main contribu- g | |
tion might be that gas adsorption in air passivates potential 2 a6l 4
pickoff annihilation sites so decreasmgurface a mechanism « I

which also explains why)\S“rface increasesupon vacuum 05 L i
annealing since, in this case, little passivation would be pos- I

sible. The small pickoff rates show that orthopositronium in 110 IR U TP TV RPN TP T

the pores interacts rather weakly with the pore walls. 0 2 4 6 8 10 12 14

The decrease ims close to 600 °C might have a unique FWHM of Momentum Distribution (mrad)

origin because none of the other positron parameters showed
changes around this temperatuiecluding S, see Fig. 4  FIG. 6. Calculated change @relative to that ofSesguion@s @ function of
This temperature is significant in that crystalline Sider- éﬁscifg'n"r‘c]‘itgea;t;a'f maximum(FWHM) of a Gaussiandistribution of
goes the reversible«— B phase transition at a temperature of '
573°C and it is also at this temperature that Afitmund a
noticeable change in the oxidation activation energy, which
was attributed to a change from grain-boundary oxidation tovalue of 0.98 Sg; (=0.497. Both values are substantially
oxidation of crystallites. We suggest, therefore, that the dehigher than that for single-crystaline SiOn a crystalline
crease inrs is caused by a structural change of the siliconsample containing vacancies causing0% trapping® S
oxide surface, which in turn exposes more pickoff annihila-was found to be 0.45240.0018 from which the bulk Si©
tion sites for orthopositronium situated in the pores. value may be estimated to be about 0.438suming that
The interpretation of thé& parameter rests on the life- vacancies contribute by a 5% high8rvalue than for the
time data sinces is a composite of several contributions as bulk). Thus, Doppler measurements are consistent with a
indicated by the lifetime analyses. The value ®tan be component associated either with the interface or with
written vacancy-like defects in oxide layésince S; is larger than
the bulk SiQ value.
The value ofS; is surprisingly large(0.64+0.02 and
S=115+ 1383+ 1454+ 15Ss, (5 suggests that pickoff annihilation of orthopositronium in-
volves electrons with exceptionally small momenta. To ob-
which pertains to the film in vacuum. THes are the frac- tain a measure of their momenta we performed calculations
tions of positrons annihilating with electron momentum dis-of S for variousGaussiandistributions of electron momenta
tributions giving rise to the respectiv&parameters, and are convoluted with a Gaussian approximation to the resolution
the intensities ofr,, 73, 74,andrg lifetime componentsS, , function of our detector. Figure 6 shows the results from
which is associated with the self-annihilation of thermalizedthese calculations. On the vertical axis is plotted the ratio
parapositronium, is approximated by tBevalue associated S/Siesoution Which, for a full width at half maximum
with the intrinsic resolution of the system because of the(FWHM) of zero for the electron momentum distribution,
negligible center-of-mass momentum of parapositroniumhas the value of 1. As the FWHM increases, the ratio de-
This value was obtained from a measurement of fH€s  creases according to the curve shown from which one can
614 keV line and scaling to the 511 keV annihilation line obtain FWHM values of the electron momentum distribution
yielding S;=0.890+0.001. In the analysis o8, the S;I,  in reasonable agreement with angular correlation measure-
term can be disregarded due to the small valug,of ments which have at least five times better resolution. As
Least-squares fitting o® using experimental values of examples, for Si,S/Sesouion IS (for out detector system
the intensities from the lifetime measurements g&se  0.507/0.89, thus predicting a FWHM of 9.5 mrad, whereas
=0.454+0.005 andS;=0.64+0.02 and the triangular points angular correlation yields-10 mrad. For Si@ (« quartz,S
in Fig. 4 are based on these values. The valu€is sig- =0.430) we find a FWHM of 11.7 mrad, whereas angular
nificantly lower than for silicon ;=0.5070+ 0.0008) and, correlation gives 12 mrad. It should be noted, however, that
since an open volume defect in silicon would normally resultin the case of diamond this procedure yields a FWHM of 14
in an increased® parameter, this value is not likely associ- mrad, whereas 19 mrad is found by angular correlatfon
ated with the silicon nanocrystallite but rather with the oxidethe [100] direction. In this extreme case the Gaussian ap-
layer or its interface with silicon. Slow positron beam proximation to the electron momentum distribution is clearly
measurement result in an interfac& value of about 0.93 inadequate, as shown by the angular correlation data of Liu,
X Sg; (=0.472 based on our silicon valuand an oxide layer Berko, and Mills?®
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