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Structural change in  p-type porous silicon by thermal annealing
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The morphological change gi-type porous silicon during annealing has been investigated. The
x-ray diffraction (XRD) pattern was composed of a sharp Bragg reflection peak and a diffuse
scattering. The diffuse scattering is not related to the presence of the amorphous phase. The shape
of the XRD pattern started to change at an annealing temperature as low as 400 °C, ahalijle 2

of the sharp peak varied at a temperature as low as 350 °C. These changes at low temperatures seem
to be closely related to the desorption of hydrogen and the resultant change of the dangling bond
density in porous silicon. The molecular orbital calculations also support the participation of
dangling bonds in the structural reorganization in the surface regior20@1 American Institute of
Physics. [DOI: 10.1063/1.1416862

I. INTRODUCTION The present study investigates XRD of PS prepared from
ap-type Si wafer with relatively high resistivity and also the
TEM image. The structural change by sample annealing is
{gvestigated. We then discuss the crystallinity in PS. We also
present the change and investigate the cause focusing on the
reorganization of bonding states and structure that are
brought by thermal annealing.

Porous silicon(PS is usually prepared by anodizing a Si
wafer in hydrofluoriqHF) solution. A variety of morphology
can be produced depending upon the type of silicon substra
and the preparation conditiohs®> Among these, the mor-
phology of PS prepared from nondegenegatgpe Si wafers
(p-PS in HF solution indicates a labyrinthine structure with
nanometer-sized porésind a complete understanding of the
structure has not been attained yet. The image that is ob-
served by a transmission electron microsc6peM) some- !l EXPERIMENT

tlm?s |mpll<|es ttr?e presence off amorphoushphassrhg:js. In PS was prepared from a boron-dopedype (100 Si
early works, he presence ol an amorphous wafer (10-20Qcm) in 48 wt. % HF solution at an anodic

polycrystaf in the layer had been proposed. However, sub-

sequent studies using x-ray multicrystal diffractometry re current density of 10 mMACAT? for 7 h. The PS layer was
q g x-ray cry . Y " emoved from the substrate by applying a high current den-
vealed the monocrystallinity resulting from selective disso-

lution at the bottom of pores leaving the original crystal sity greater than 1 Acfi?. The ohmic contact was made by
strL(J)cture7‘10TEM %bservgtions show gs an z(i)m%r hougllikeAI deposition at the back side and subsequent annealing,
. .' - P except for the samples for infrared spectroscopy. The poros-
image in porous silicon prepared from a nondegenerat

ft b 9 i i
. 112 . . y was about 70%. The PS was dried by blowing Ar gas for
p-type silicon wafer."-**On the other hand, x-ray diffraction 5 min immediately after preparation, followed by storing in a

(XRD) mea_sgrements pfese”F a noticeable f.eature related Eoesiccator containing silica gel for longer than 12 h. Thermal
the crystallinity. Each diffraction peak consists of a sharp

peak and broad diffraction around the pdaK® The latter annealing was performed at different temperatures ranging

from 200 to 800 °C in a vacuum furnace, the base pressure of

becomes significant as the resistivity of the substrate NS hich was 8<10-6 Pa. The PS sample was kept at a desired

creases. I ha_s been cor_13|dered that th? broad Scatte”ngt'esmperature for 30 min. The specimens were fully pulverized
attributed to microcrystallites and the strained structiites, .
randomly distributed pore'$ Inan agate mortar. - . o
If a specimen is obse.rved using XRD and TEM. the The samples were fixed with paraffin liquid on a reflec-
P . . 9 . ' tionless glass plate and analyzed using an x-ray diffracto-
results should not give contradictory information. However,

: eter(Rigaku, RAD with CuKea under the conditions of 40
the structure of the TEM image has not been well understoo . . : . : i
in connection with the XRD pattern. We occasionally find V. 25 mA, and using a stepping width of 0.05°. The diffrac

reports describing the amorphous phase in PS. This is pro tion was compared with those of crystalline silico#®i, and

ably because the origin of the amorphous-like image in the morphous silicor-Si, which was prepared from sputtering
TEM observation has not yet been understood. We havand did not contain hydrogen. The thermal behavior was

) ) ! fhvestigated with differential thermal anal Si$DTA)
found that the shape of the diffuse x-ray diffraction Change?Rigakg TG811Q where the temperature Wag scanned at
when porous silicon is annealed, and the behavior can pr !

vide a clue to understanding the complicated structure [0 “Cmin *. Transmission Fourier transform infrar@elrIR)
9 P ' spectra were measured using a Nicolet Avatar 360 spectrom-

eter. We used the mixture of the pulverized PS and KBr
dAuthor to whom correspondence should be addressed; electronic maiF?OW(_jer as the sample, of which the ratio was 1:100. _The data
y-ogata@iae.kyoto-u.ac.jp obtained by 64 scans were collected and the resolution was 1
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FIG. 1. XRD profiles of PS annealed at various temperatuigsas pre-  FIG. 2. Peak shift of111) diffraction for the samples after annealing &
pared,(b) 350 °C,(c) 450 °C, andd) 700 °C. The samples were kept at the @S prepared(b) 350 °C,(c) 400 °C, and(d) 450 °C.

temperatures for 30 min. The profiles(@j ground silicon wafec-Si and(f)

a-Si prepared by sputtering are shown as reference.

pearance of the sharp diffraction occurred without the peak

. _ shift. The variation of the relative lattice spacing, which is
cm™ . The electron spin resonant®&SR spectroscopy was  estimated from thé111) diffraction using the Bragg law with
performed to measure the dangling bond density using agnnealing temperature, is shown in Fig. 3. It should be noted
ESR spectrometeldEOL, JES-TE200 that the values at temperatures higher than 450 °C were taken

The morphology op-PS was observed by TEMEOL,  from the peaks that were developed from the diffuse scatter-
JEMA4000EX. The PS layer was scraped off from the sub-jng.
strate, then ground in a mortar. Thus prepared small flakes  Figure 4 shows the variation of the FTIR spectrum of PS
were fixed on a supporting grid as specimens for observagfter annealing at different temperatures. Si—H species ex-
tion. It is known that the Sample preparation must be Ver}bept for the monohydrides are almost desorbed by 35]@ °C,
careful because it causes the sample to be amorphous duriggd all the hydrogen species were removed by 500 °C. The
the preparation, especially during thinning by ion as-prepared sample already shows an absorption peak around
milling.*"** This was true in the present samples, and henc&100 cn®, which can be assigned to-SD—Sistretching. It
the specimen was prepared from a flake without mechanica trye that porous silicon is oxidized in air to a certain de-

and physical thinning. gree. However, the rate is not very fast because of the stabi-
lization effects due to the hydrogen termination. For ex-
Ill. RESULTS ample, a sample kept in dry air at 60 °C is oxidized but not

. ) 3 . severely. This is proved by the FTIR spectrum as shown in
Figure 1 shows XRD profiles qi-PS treated at different our previous work(Fig. 1 in Ref. 20. Therefore, at room

temperatures. Each diffraction line is composed of two char- L ) .
temperature it is hard to imagine that our samples were com-

ottt Shap e e paters. e stepe of & LS T s contmes b i et
P b P y P P 9, Fig. 1 in Ref. 21, and others. The absorption did not

3-16 P
observed** The broad pattern became prominent as HI:develop after annealing and we did not observe appreciable

peak was hard to observe in thePS sample prepared in 15 g<1;1(’E):~‘,orptlon due to the backbond oxidation in the wave num-

wt. % HF solution. In contrastp*-PS prepared from a
p*-type silicon wafer(0.01-0.02Q cm) showed the domi-
nance of the sharp diffraction. The shape changed with heat
treatment.

The sharp peak disappeared after annealing at a tempera-
ture over 450 °C, giving a relatively broad peak. When the
temperature was increased to 700 °C, the sharpness recov-
ered. At temperatures lower than 450 °C, the peak position of
the sharp peak shifted toward the high angle direction when
the sample was annealé@gig. 2). The 29 angle for the sharp
peak of the as-prepared sample was a little smaller than that R P S T
of crystalline Si prepared from a Si wafer. The angle became 200 400 600 800
large as the temperature was increased. The sharp peak dis- Annealing temperature / °C
appeared at temperatures between 400 and 450 °C. Mean-

while, it seems that there was no change in the peak positioflC: 3: Lattice spacing change calculated from the peak anglel
diffraction with varying annealing temperature. Solid circles show the re-

of the diffuse sca_ttering with \_/arying annegling temperatl’_’ressults from the originally existed diffraction, and open circles are from the
and the sharpening of the diffuse scattering after the disapdiffraction developed from the diffuse scattering.
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2250 2000 1000 500 FIG. 6. Differential thermal analysis ofa) PS and(b) a-Si. a-Si was pre-
Wavenumber /cm'l pared by sputtering and hence did not contain hydrogen. Scan rate was

10°C min' L.
FIG. 4. FTIR spectra of annealed PS @&} as prepared(b) 200 °C, (c)

350 °C, (d) 450 °C, and(e) 700 °C.
density of dangling bonds started increasing at 350 °C,

reached a maximum at 500 °C, and then decreased. The be-
bers from 2160 to 2250 ciit;*° therefore we can conclude hayior is similar to that reported for the PS prepared from
that no appreciable oxidation of PS proceeded on the sampl@:*-type Si?2 The coincidence between temperatures exhib-
The samples used in the present work were prepared as Wghg the maximum dangling bonds and the minimum lattice
did in the previous works’~?* The only difference in the spacing has been observed in the PS. However, we could
FTIR sample preparation between the present work and thgot confirm the coincidence since the sharp peak disappeared
previous studies was the dilution of the sample volume by &t temperatures between 400 and 450 °C. The DTA results
KBr powder.(The use of a KBr powder is quite common in also showed the desorption of hydrogen related spéEigs
FTIR investigation. Heat treatment at high temperatures g(a)]. The desorption temperature is closely related to the
causes separation of the porous layer from the substrate fsults of the FTIR shown in Fig. 4.
the form of flakes. Therefore, we used the above-mentioned The morpho|ogica| observation was conducted using
powder instead of a porous layer on the substrate. The preg£M (Fig. 7). No characteristic morphological structures
ence of KBr caused the appearance of absorption at 110§,ch as pores were observedpiPS. Lattice patterns could
cm~* even by using carefully dried KBr. It seems, however, he observed only in a small part of the high-resolution TEM
that the mechanism which causes the 1100blpeak does image and the electron diffractiaD) showed a halo pat-
not Substantia”y affect the oxidation of porous silicon. Thetern with faint spots and rings_ Heat treatment at tempera_
Si—-O-Sivibration has a large absorption coefficient. Thetyres higher than 400 °C developed the lattice patterns. When
intensity in Flg 4 indicates that the oxidation was not Severgye observed an as_preparpd_PS Samp|e1 we could find a
if at all. Thus, the peak is not from the oxidation of porouspranched columnar structure of several nanometers in the PS
silicon. Even if there were a Sllght OXidation, it would not as reporteﬂ and the dominance of lattice patterns in the
affect our discussion to a large extent. Furthermore, a comhjigh-resolution image.
plete oxidation to the extent of being amorphous should in-
dicate a diffuse pattern peaking at aroun#=20° (CuKa);
however, there is no indication of this scattering peak in the
diffraction pattern(Fig. 1). The desorption causes the forma-
tion of dangling bonds in PS. The density was measured by
ESR. The variation with temperature is shown in Fig. 5. The

%’ @ 5nm ®)

&

<

o

=

Q

=]

an

g

a0

g

[a]
200 400 600 800 © 5T () 5 nm
Annealing temperature

FIG. 7. High-resolution TEM images @-PS prepared from 48% HF solu-
FIG. 5. Dangling bond density measured by ESR as a function of annealingon. Annealing temperatures ai@) as prepared and its EM), (c) 400 °C,
temperature. and (d) 800 °C.
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On the other hand, the random pore model proposed by
© J Bensaidet all* seems appropriate for explaining the dual
(b) JL structures. The sharp peak and the lattice pattern may be
: attributed to the original crystalline, and the diffuse scatter-
ing and the amorphous-like phase are to the random pores.
The latter does not disturb the long-range order because dis-
: solution proceeds selectively or the silicon substrate holds its
(@) original crystallinity. We tried to verify this random pore
e model. We considered that visible photoluminescent behav-
30 40 50 60 70 80 90 ior should vary if thermal annealing would cause PS struc-
20 / degree ture change from that producing the quantum effects to the
_ _ inactive structure. The as-prepared sample showed the typi-
FIG. 8. XRD profiles of free-standing PS sampl&s:as prepared, annealed

at (b) 400 °C, and a{C) 600 °C. The sample was set on an antireflection cal spectrum with the pee}k inte.nSity ab50 nm. Annea"ng.
glass plate. at 300 °C decreased the intensity greatly, and no appreciable

photoluminescence could be detected for the sample treated

at 350 °C. The change takes place at too low temperatures to
IV. DISCUSSION be attributed to the morphological change. It is more prob-

able that the change is caused by the change in the state of
hydrogen rather than the morphological change judging from
The properties of a specimen measured with differenthe change of the FTIR spectrum shown in Fig. 4, where
techniques must not give contradictory results. We used thgnly the monohydrides remain after the treatment at 350 °C.
same sample for the XRD and TEM measurements. It it seems that hydrogen desorption influences the photolumi-
necessary to eXpIain the relation between the Characteristh‘escent behavior more than the morpho|0gica| Changes do’ if
features obtained by the two techniques, that is, diffuse SCafny. As for the random micropores, we do not have the nega-

tering in the XRD patterns, and the presence of disorderegye results, nor do we have the supporting results, at present.
structures in the TEM images and the subsequent halo in the  The disordered structure in the TEM image reminds us

ED pattern. X-ray multidiffractometry has revealed that PSy¢ e presence of the amorphous phase. Although many re-
has a monocrystalline character and the lattice expan

; . ) _ NN T dSearchers have reached a negative conclusidrsome re-
slightly in comparison with bulk silicoA-'° The dual struc-

t th y t 2 sh K _fsearchers still consider its presence. Here, we consider the
ture of the X.RD pattern consisting 0 Ga sharp peak and di ‘possibility in p-PS again. Figure 1 shows the comparison of
fuse scattering has been observed® Some researchers

the XRD patterns among differently prepared silicon

consider that the diffuse structure is attributed to the minUtesamplesx:-Si p-PS, anda-Si. The sharp peak of PS almost
size and the lattice distortion of crystallites introduced during ' ’ '

ioh? ; . 14 coincides with the diffraction from the crystalline phase that
porous layer formation? Meanwhile, Bensaickt al.** con- o
. : . can be observed in-Si. The feature of the broad peak was
sidered that the diffuse scattering was caused by the presen&eﬁerent from that ofa-Si. A broad peak for-Si extended
of randomly distributed pores with nanometer size in PS. between diffraction fron(éZO) to (311) faces ofc-Si, while

Assuming that microcrystallites and strain are respon-

sible for the diffuse diffraction, the size and the strain for PS'[he broad peak was located exactly at each sharp peak in

prepared in 48wt.% HF in the present experiments can b -PS, where no enhancement of d|ffract!0n betwé@@())“
estimated to be about 3 nm and 0.025, respectively, from th@nd(sl_l_) faces could be observed. Pulverlzeq porous silicon
analysis of the XRD diffraction using the Hall—Williamson as utilized for the XRD measurements, while the XRD of
plot2 The size corresponds roughly to the size of islands of"€ free-standing film was also measufgty. 8. Monocrys-
lattice patterns in the TEM image; that is 3—6 nm. However talline silicon (100 shows only.a dlﬁractlop _peak from the
there is no answer of which part in the TEM image cause$400 face, and the free-standing PS exhibited one peak as
the sharp Bragg reflection in the XRD pattern if the islandswell. If the amorphous phase existed with such an amount
are assigned to microcrystallites causing the diffuse scatte@iving the disordered region in the TEM imaggig. 7) or

ing. We also conducted the XRD measurements using a fredbe diffuse scattering in the XRD patte(Rig. 1), the phase
standing PS sample instead of the pulverized powder. Figur&ould be predominant. Consequently, we would not observe
8 shows the result. Only the diffraction from tk400) face  an appreciable diffraction at an angle of (#@0) face in the
was observed, in which we used the uséal26 method. result of p-PS. DTA measurements also revealed different
This is because the ratio of incident angle artisatisfying ~ behaviors betweep-PS anda-Si. Thea-Si was subjected to
the Bragg condition is held at 1:2 only at tt00) face. The  transition from amorphous to crystalline at a temperature of
results suggest that PS is uniquely oriented even after poro@bout 720 °CFig. 6b)]; however, such a transition was not
layer formation as reported previoublgnd after subsequent detected imp-PS. The amorphous—crystalline transition tem-
annealing. If randomly distributed crystallites were formed,perature has been reported to be 665 °C for hydrogen con-
we would have observed some diffraction peaks other thataining amorphous silicon prepared by thermal decomposi-
that from the(400) face of free-standing PS. Furthermore, tion of silane* The XRD and DTA results support the
the microcrystallites and strain model cannot explain theabsence of the amorphous phase piiPS. Our previous
dual structures in the XRD and TEM results. nuclear magnetic resonance measuremiératso support

Intensity

A. Crystallinity of porous silicon
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this, where the spectrum @tPS was much different from TABLE I. Optimized geometric parameters for SiH
that of a-Si.

Surface species Model cluster Si—Si spadifg
B. Structural change of porous silicon with heat =SiH (H3Si),—HSI-SiH«{SiH;), 2.386(HSi-SiH)
treatment HSi~(SiHz)3 2.361

=SiH, H3Si—SiH,—SiH, 2.356

The XRD and DTA results suggest the absence of amor-siH, H4Si—SiH; 2.352

phous phase ip-PS, and other models so far have not beeri-Si(crysta) _ - 2.352
able to explain satisfactorily the dual structures observed irS" (H3Si),—+Si—SiH{SiH;), 2.378(-Si—SiH)
the XRD patterns and the TEM images. The structural y ;:g;“?;ﬂ 222(2)
change imp-PS with thermal annealing may give some infor- —-SiHye 3-SiH2—SiI-|3 2347

mation as to the dual structures. The change occurs at &
temperature as low as 400 °C, as can be seen in the XRD and
TEM image. The temperature is very low compared to the
transition temperature from amorphous to crystalline, whichneasured by ESR also starts increasing at this temperature
can be seen in the DTA result efSi (F|g 6) There is a (F|g 5) The temperature coincides with the temperature at
significant increase in the area that exhibits lattice patterns i¥hich most dihydrides and trihydrides are removed from PS,
the TEM image, and sharpening of the diffuse scattering irf'S can be seen in Fig. 4. The desorption reorganizes the state
the XRD pattern starts when annealing temperature increas€§ hydride and the dominant hydrogen species become
further. The results again confirm the absence of the amomonohydrides, especially (Siki)dimers!® Further desorp-
phous phase. The amorphous—crystalline transition takeion of hydrogen produces dangling bonds, since monohy-
place when the temperature is higher than 700 °C, but thdrides cannot reorganize their structures without partial dan-
transition could not be expected at 400 °C, although the trangling bond formation, whereas reorganization with the
sition temperature falls to some extent with increasing hyformation of monohydride dimers is possible in the case of
drogen content in Péd; on the other hand, the morpho|ogica| desorption from dlhyd”des or t”hyd”des The effect of the
change seems consecutive between these temperatures. Presence of dangling bonds on the Si-Si bond length was

Figures 1 and 3 tell us that the diffuse part does nogstimated by molecular orbital calculations using the
change its position after annealing at different temperature$$AUSSIAN 94 program’® where the basis set of 6-3tGvas
the sharp peak disappears by 450°C, and the subsequé;ﬁed. The results are given in Table I. The introduction of
sharpening at the higher temperatures grows from the broa@ngling bonds makes the Si-Si bond length shorter. This
peak, of which the position does not shift with increasingcorresponds to the decrease of lattice spacing with increasing
annealing temperature. This is the case figPS. On the annealing temperature as shown in Fig. 3. At temperatures
other handp*-PS behaved differently. The XRD peak was higher than 500 °C, the FTIR spectra show no appreciable
composed of a sharp peak accompanied by indistinct diffusdmount of hydrogen remaining in PS, and dangling bond
scattering although the diffuse scattering became appreciab#ensity decreases because of the reorganization of Si atoms.
when PS formation was performed in dilute HF solution. TheThe reorganization produces quite a well organized structure.
disappearance of the peak was not observed. The pedihe ideal(100 surface leaves some dangling bond derfSity.
shifted its position to a high angle at 400 °C. Around theThis is reflected in the sharpening of the diffraction peak and
temperature, the intensity decreased and the width becamedso the nonzero dangling bond density at high temperatures.
bit large. After higher temperature treatment, the peak reThere remain some questions for this model. For example, it
turned its position to the original value, and the intensity andS unclear whether such a surface change can dominate the
the width recovered. The observations may imply the possibulk properties obtained by XRD, namely the peak shift,
bility that the sharp peak fqu-PS after annealing would not €ven though PS has a large surface area. However, this
disappear completely but would be concealed by the diffusé&odel can explain our experimental results and it is valuable
pattern. It is probable that the behavior is basically similat0 consider the mysterious dual structure further.
betweenp-PS andp ™ -PS. If so, the recovery of lattice spac-
ing at high temperature annealing is expected. TEM obseiY. CONCLUSIONS

. " : .
\é?t'rg';gf 2&2{55?;26Prﬁgih?ggg;g;&?:gaenﬂgﬁgt? 'tl'maetse We investigated the possibility and the origin of the dual

. Structure of XRD patterns and of the two types of morphol-

observations suggest that the structure-®fS approaches an ogy in TEM images forp-PS. The possible cause for the
ideal single crystalline structure and the diffuse pattern inamorphous-like image and tHe diffuse diffraction in ED and
XRD and the amorphous-like image in TEM is closely re-

lated to each other. XRD may be attributed to oxidation of PS, microcrystallites

) ; and strain'® distortion of crystallites/ or randomly distrib-
Since desorption of hydrogen from the PS layer proceeds ) 4 S .
o : tted micropored? The clarification has yet to be attained.
at 400 °C, it is expected that the change should be assisted . S . . .
: . . owever, the present investigations including the compari-

hydrogen desorption. Desorption of hydrogen species, €SP€on of other types of silicon and the structural changes b
cially SiH; and SiH, starts at temperatures of 260 °C or yp 9 y

lower® The increase in the®angle or the decrease in lat- annealing revealed some important aspectspfeiS as fol-

tice spacing for the sharp peak in the XRD starts at tempera{PWS:

tures as low as 350 °QFig. 3. The dangling bond density (1) There is no amorphous phasep+PS.
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