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Nondegrading photoluminescence in porous silicon by deuterium plasma treatment
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Porous silicon(PS with nondegrading photoluminescen@®lL) was obtained by deuterium plasma treat-
ment. We demonstrate that the structural stability of deuterated PS is much better than that of normal PS. The
secondary-ion-mass spectrometry and infrared-absorption spectra reveal the formation of Si-D bonds on the
surface of PS. The Raman spectra show the evidence of the coupling between the Si-D wagging mode and
transverse Si-Si optical phonon. This coupling leads to the relaxation of the accumulated energy and hence the
reduction of the bond breaking. All our results indicate that the possible mechanism of the PL stability in
deuterated PS can be attributed to the existence of Si-D bonds on the surface of PS.
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[. INTRODUCTION 8-110cm and(1,0,0 orientation, which were immerged in
a solution of HF: ethanet1:1 at a current density of 10
Since porous siliconPS shows strong photolumines- mA/cn? for 20—60 min. The diameter of the macropore is
cence(PL) in the visible range at room temperature, it hasabout 1 um and a depth of 100um. We obtain the
been investigated intensively over the past ten y&drRe-  macroporous layers with a porosity of about 80%. To im-
cently, most of the research has been directed to clarify thprove the surface stability, the porous silicon films were
luminescence mechanidir®and fabricate a PS-based light treated by D plasma. The condition for the Dplasma treat-
emitter'°~2 However, the problem of the degradatidnt® ment were as follows: substrate temperature, 250 °C, where
and the relatively low efficiendy of PL remain unresolved. the substrate is heated by a slot heater embedded in a piece
The PL degradation with a blueshift or redshift of the peakof copper; chamber pressure, 6 torr; and thegls flow rate,
position of the freshly made samples is believed to originate SCCM (SCCM denotes cubic centimeter per minute at
from the chemical instability of the porous silicon STP. The power and duration of the,[plasma treatment
surface"*1517-9pye to the activity of oxygen, the Si-H are about 9 W and 90 min, respectively. The condition ¢f D

bonds on the surfaces of the Si nanocrystallite will be brokefPlasma treatment has been optimized. In order to find the
and the number of the Si dangling bonds will increase. Be2Ptimized condition, many parameters must be considered,

cause the dangling bond is a very efficient nonradiativetsr%%g ZS ggﬁ flo;’gr;atgr’a(t:h%m:ﬁ(; ?rnﬁzsgfc’ 'Rggér%(?r‘l’ve:b etlﬁg'
recombination center, this process will ultimately lead to pacing, peratu ime, ' ng

. . ; : o . optimized condition, the surface of the sample will not be
the degradation of the PL intensity. It is quite interesting toetched by deuterium plasma. We named the treated sample as

. M3Seuterated PS. The room-temperature PL spectra were re-
also been observed in hydrogenated amorphous-silicop,geq by a SPEX 0.85-m double spectrometer, and a pho-
alloy (a-Si:H).”™” Recently, hot-electron degradation in sili- 1o itiple tube. A He-Cd laser working at 325 nm was used
con metal-oxide-semiconductor  field-effect  transistorsys the excitation source and the power density is about 0.4
(MOSFET'9 has been found to be greatly reduced by passiyy/cn?. The infrared spectra were measured using a Nicolet
Vating the silicon-silicon dioxide interface USing deuterium Magna IR model 550 Fourier transform infrared Spectrom_
instead of hydrogefi: And several reports~**also showed eter at room temperature. The Raman signal was measured
that the incorporation of deuterium instead of hydrogen inby a DILOR XY800 triple-grating Raman spectrometer. The
amorphous silicon tends to slow the decay of its photoconRaman spectra of the samples were measured at room tem-
ductivity under illumination. This suggests that the incorpo-perature in vacuum using an Ar laser with a 514.5-nm wave-
ration of deuterium may be used to solve the degradatiofength and the power density is about 3 WfciBecondary-
problem in porous silicon. Indeed, in this paper, we demonion-mass spectroscog$IMS) was also used to measure the
strated that the stability of porous silicon can be greatly im-deuterium contents of deuterated PS. For the SIMS measure-
proved after deuterium treatment. We showed that the undements, C$ ions were used to bombard the sample and the
lying mechanism of the improved stability could be secondary ions were accelerated to a mass spectrometry for
attributed to the coupling between the Si-D wagging modeseparating atoms or molecules with different masses. The
and transverse Si-Si optical phonon mode. Our result shoulddvantage of using Csion is to enhance the secondary-ion
be beneficial for the application of porous silicon. yield and increase the sensitivity.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSION

Porous silicon samples were prepared by anodizing Si wa- Figure 1 shows the PL spectra of deuterated PS and nor-
fers. The silicon wafers argtype B doped with resistance of mal PS. The PL spectra of normal PS exhibit a broad peak

0163-1829/2002/68.9)/1953075)/$20.00 65 195307-1 ©2002 The American Physical Society



C. H. CHEN, Y. F. CHEN, AN SHIH, AND S. C. LEE PHYSICAL REVIEW B5 195307

fresh (@) Deuterated PS fresh
2 weeks
[03
[
c
©
2
[=3
8
< A
>
= T T T T T T T T A T T
2 400 600 800 1000 1200 ] 2000 2200 2400
] Wave Number (cm™)
£
-
o ] (b) e ormal PS
deuterated PS
b Si-D stretching
Q
Q
C
©
2
Q
[
Ke)
<
! 1 ! I ! I ' I ! I ' 1 ! I
1.5 1.6 1.7 1.8 1.9 2.0 2.1 22
Photon Energy (eV)
T T T T T T T T T T T M T T
. . 1460 1480 1500 1520 1540 1560 1580 1600
FIG. 1. The time evolution of the PL spectra f@ the deuter- Wave Number (cm™)
ated PS sample arnth) normal PS exposed to ambient air at room
temperature. FIG. 2. (a) Fourier transform infrared-absorption spectra of deu-

terated porous silicon. It shows that the intensity of the Si-O-Si

centered at about 1.9 eV. This is a typical result for the po_\/ibrational mgde does_ not increase_ when the deutgrated sample is
rous silicon prepared by the similar conditib®27 After exposed to air(b) Fourier transform infrared-absorption spectra of
deuterium plasma treatment, the PL spectra of deuterated p§uterated and normal porous silicon.
are very similar to that of normal PS. It indicates that the
1.9-eV PL spectrum of porous silicon does not change whedeuterated PS. Unlike that of normal PS, the intensity of the
the surface complexes are altered. The detailed studies of tiwibrational mode at 1100 cnt for deuterated PS does not
surface complexes will be shown below. With time evolutionchange. This result also supports the fact that the stability of
for the samples exposed to ambient air at room temperaturegeuterated PS is better than that of normal PS.
the PL intensity of normal PS degrades quickly and the peak It is known that due to its unstable structure, the structure
position blueshifts as shown in Fig(d. Many previous of porous silicon under illumination is subject to significant
report$*1>17also obtained the same result for as-grown PSevolution with time, which directly affects its luminescent
It is worth noting that under different preparation conditionsproperties->~>262"This behavior is quite true for normal
and environment, a redshift has also been repdftétiNev-  porous silicon as shown in Fig. 3. We can see that the PL
ertheless, the PL intensity of deuterated porous silicon deintensity of normal PS suffers a significant degradation under
cays with time extremely slowly and the peak energy nearlyillumination. Nevertheless, under the same condition, the PL
remains at the same position as shown in Figa).1This intensity of deuterated porous silicon decays much slower
result provides evidence showing that the structural stabilitthan that of normal PS as shown in Fig. 3. This result implies
of deuterated PS is better than that of normal PS. that the structure of deuterated PS is more resistant to exter-
In many report$2~3the PL degradation with a blueshift nal illumination. A further test of the stability of deuterated
of the peak position subsequent to the normal preparation iBS was conducted under an external bias. In Fig. 4, we can
believed to originate from the chemical instability of the PSclearly see that under the same condition, the PL intensity of
surface. Under the attack of oxygen, the Si-H bonds on théhe normal PS sample is reduced by about 65% when bias is
surfaces of the Si macrocrystallites will be broken and theabout 40 v, while that of deuterated PS decreases only by
guantity of the Si dangling bonds will increase. The variationabout 15%. Together with the above experiment of the expo-
will finally result in the degradation of PL intensity. The sure to ambient air at room temperature, we therefore con-
oxidation of PS in the degraded sample was confirmed by thelude that the structural stability of deuterated PS is much
growth of the Si-O-Si vibrational mode at 1100 ¢hin Fig.  better than that of normal PS. In order to confirm that the
2(a), we show the time evolution of the infrared spectra ofimproved stability described above is due to the effect of
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FIG. 3. The normalized PL decay intensity as a function of FIG. 4. The drop of the PL peak intensity versus applied lateral
illumination time for deuterated and normal porous silicon. voltage for deuterated and normal porous silicon.

deuteration. The hydrogen plasma treatment has also be@gnated amorphous  silicdh. According to the recent
performed for the freshly made PS as well as amorphoukeports®~>*of hydrogenated and deuterated amorphous sili-
silicon. We found that the stability for both materials doescon (&-Si:H anda-Si:D), the incorporation of deuterium in-
not have any improvement. stead of hydrogen in amorphous silicon tends to slow the

To explore the origin of the different stability of PL spec- decay of its photoconductivity under illumination. The
tra between deuterated PS and normal PS, we measurégthors®**°suggested that the improvement of the degra-
secondary-ion-mass spectrometry and infrared-absorptiofiation results from the coupling between the Si-Si lattice
spectra as shown in Figs. 5 an¢bR respectively. In the transverse-opticalTO) mode and the Si-D wagging mode,
SIMS profile, we clearly observed the existence of deuteriunPecause the Si-D wagging mode is very close to the Si-Si TO
atoms in PS after deuterium plasma treatment. Comparingiode, and the accumulated energy on Si-D sites can be eas-
with deuterated and normal SIMS profiles, the deuterium

plasma treatment is to produce deuterium radicals which en- S o pr——
ter the voids of the film to passivate the dangling bonds, and
to break and passivate weak bonds. In Figp) 2the deuter- 3 T K

ated PS film clearly displays the 1530-ctnpeak for Si-D
stretching, while normal porous silicon film does not contain
any Si-D related absorbance peak. Evidently, our resultsg .}
clearly show that deuterium can be successfully incorporatecs  #
into PS after deuterium plasma treatment. It is generally be-
lieved that the degradation of normal PS is due to the chemi-
cal instability of the PS surface. Under external perturbation,® 4
the weak bonds on the PS surface, such as Si-H and,Si-O
complexes, will be broken and the number of Si dangling *3 '3
bonds is enhanced. Because the dangling bond is a very et
ficient nonradiative recombination center, the optical prop- “% i
erty of the films therefore degrades. This phenomenon is

similar to the well-known Staebler-Wronski effect in hydro- FIG. 5. SIMS profile for deuterated and normal PS.
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close to the Si-Si TO phonon of PS, our measurement thus
~~~~~~~~~ deuterated PS K . . .
normal PS provides a firm evidence to show the coupling between the
A Si-Si TO phonon and Si-D wagging mode. It is worth noting
f\ that the evidence of the coupling between the Si-D wagging

ok mode and the Si-Si TO phonon mode shown here is much
TO +8i-DW); | | clearer than in previous reports®

IV. CONCLUSION

Normalized Raman Intensity
1

In conclusion, we report that porous silicon with stable
T and strong red emission can be obtained by deuterium
plasma treatment. We demonstrated that the structural stabil-
ity of deuterated PS is much better than that of normal PS.
Spectroscopic studies for the deuterated porous silicon ex-
FIG. 6. Raman spectra of normal PS and deuterated PS.  Posed to ambient air show that the room-temperature PL in-
tensity does not degrade and the peak position remains un-
ily released. Therefore the probability of breaking the nearby¢hanged. The secondary-ion-mass spectrometry and Fourier
weak bonds is significantly reduced. Based on the same reffansform infrared-absorption spectra clearly indicate that the
son, the existence of Si-D bonds on the porous silicon Surdeuterated PS contains Si-D bonds. Similar to the studies on
face can also lead to the improvement of the structural ste@morphous silicon, the improved stability can be attributed to
bility of porous silicon. the coupling between the Si-Si TO mode and the Si-D wag-
In order to verify the above argument, i.e., the couplingding mode. Because of the coupling, the accumulated energy
between the Si-Si TO mode and the Si-D wagging mode, wéan be easily relaxed and the prok_Jablllty_ of bo_nd breaking is
perform the Raman spectra of normal PS and deuterated Fgduced. Our Raman spectra provide a firm evidence to show
as shown in Fig. 6. It is well knowti that the Raman spec- the coupling between the Si-Si TO phonon and the Si-D
trum of the Si-Si longitudinal-opticalLO) mode locates at Wagging mode. We therefore offer a convenient method to
522 cm. In Fig. 6, we can clearly see that the Ramanobtain porous silicon with stable and strong luminescence,
spectrum of normal PS has a peak at 519 twith a full  and provide the underlying mechanism for the improved sta-
width at half maximum of 5 le' The reason for the red- b|||ty We believe that our result is very useful for the appll-
shift of the Raman peak of normal PS can be easily undercation of porous silicon.
stood by the effect of the quantum confinement of the optical
phonon®*34 As shown in Fig. 6, in addition to the peak at
518 cm 1, the Raman spectrum of deuterated PS has a shoul-
der around 509 cimt, which is due to the existence of the  This work was partly supported by the National Science
Si-D wagging mode. Since the Si-D wagging mode is veryCouncil of the Republic of China.
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