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Abstract 

Anodically etched porous silicon samples have been irradiated with 85 MeV Ni ions. The ion irradiation results in a complete suppression 
of the major photolumincscence peak at 697 nm and the shoulder peak at 6.7 nm. In die ion-irradiated sample, the weak P! peak, appears at 
588 nm. Elastic recoil detection analysis has been used to study the changes in the hydrogen concentration profiles during ion irradiation. 
Infrared spectroscopy has been employed to investigate the effect of ion irradiation on the chemical species present in the porous silicon. The 
changes in the phntolumiuescence spectra have been correlated with the resulting changes in the concentration of hydrogen and chemical 
complexes containing St, H and O in the porous silicon sample on irradiation. 
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1. Introduction 

The recent observation of room-temperature, visible 
photo- and electroluminescence in porous silicon (PS) layers 
have initiated an enormous interdisciplinary researchactivity. 
The possibility of the applications of PS in optoelectronic 
applications have induced many studies related to the stability 
,:.f luminescence characteristics. Chemical [ 1 ], electrochem- 
ical [2], thermal annealing [3] treatments in an oxygen 
atmosphere and under illuminated conditions have been tried 
out to study the effect of chemical changes on the properties 
of porous silicon layers. The degradation of the photolumi- 
nescence (PL) characteristics due to electron beam irradia- 
tion has also been studied [4]. The analysis of the results of 
these post-preparation treatments have highlighted many 
important features of the mechanisms of photoluminescence 
in porous Si layers. 

This paper reports the results of the investigations carried 
out to study the effect of high energy heavy ion irradiation 
on the PL and microstructural properties of PS samples. It is 
well known that high energy heavy ions impart their energy 
to the target lattice through electronic excitations and elastic 
nuclear collisions [5]. The elastic nuclear collisions are 
responsible for the displacement of the target atoms creating 
interstitial and lattice defects observed is low energy ion 
bombardment and ion implantation. In electroaic excitations, 
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most of the energy of the incident ions is lost by the excitation 
of the electron cloud. In case of high energy heavy ions, the 
electronic excitations are the dominant energy loss mecha- 
nism in the top thickness of the target materials. After the 
thickness corresponding to the range of the incident ions, the 
elastic nuclear collisions become dominant. The ratio of the 
electronic to nuclear losses depends upon the incident ion 
energy and the atomic mass of the ion and target materials. 
In the present study, the porous silicon layers have been 
irradiated with 85 Mev Ni ions. The ratio of energy loss in 
electronic excitations and nuclear elastic collision processes 
has been obtained (using TRIM calculations) to he 450:0.9 
for Ni. It may he pointed out here that the penetration depth 
of 85 MeV Ni ions is calculated to be 27 p,m and thus high 
energy ions lose most of its energy in electronic excitations 
(450 eV A -  t) in the top layer of PS network. The dominant 
ion-induced electronic excitations are expected to modify the 
bonding configuration in the porous silicon matrix. 

2. Experimental 

Porous silicon samples were prepared by anodic etching 
of B-doped (100) p-st ( 10 f l  cm) substrates. The samples 
were anodized in 50% HF:H20:C2HsOH electrolyte (2: ! :i ) 
at 20 mA cm -2 current density for 15 min. After anodic 
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etching, the samples were air dried. The PS samples were 
then irradiated with 85 Mev Ni ions (dose=2×  10 ]3 ions 
cm -2) from a 15 UD NSC Pelletron accelerator. The cham- 
ber was in a vacuum of 10 -4 Pa. A beam current of about 
0.5 pnA (the number of particles in one nano ampere per 
second) is used. The experimental details of the ERDA set- 
up are described elsewhere [6]. Infrared (IR) spectra for the 
PS samples were taken usiDg a Perkin-Elmer IR spectropho- 
tometer in the reflection mode. PL spectra were excited using 
514.5 nm line of an argon ion laser at room temperature and 
detected by a photon counting system. 

3. Results and discussion 

Fig. I shows the PL spectra of the PS samples before and 
after irradiation with high energy Ni ions. The as-prepared 
sample shows an intense PL peak at 697 nm and a weak 
shoulder peak at 607 nm. PL spectra of the same sample after 
ion irradiation shows changes in both these peaks. Whereas 
the major peak at 697 nm is completely suppressed, the broad 
shoulder peak now appears at 588 nm. In order to check 
whether the shoulder peak at 607 nm is due to any interference 
oftbe main peak (6g~7 nm) in the PS layer, PL spectra were 
obtained at different !~"o ,1~  in the sample and no apprecia- 
ble change in the peak posi:;ons was observed. As porous Si 
layers are known to be non-uniform in thickness, the position 
of the interference peak, if any, is expected to be significantly 
different at different points in the sample. It may be men- 
tioned here that the spectra shown in Fig. I has been corrected 
for the system response. Although the origin of visible PL is 
still not very clear, the main PL peak in the range 690-750 
nm is auributed to the nanometre size features in the PS 
network or to chemical complexes of Si, H and O [7]. The 
presence of the high energy weak shoulder peak is generally 
related to the presence of silicates on the PS surface [8,9]. 

Fig. 2 shows the results of elastic recoil detection analysis 
carried out on PS sample during ion irradiation. Curves ( a ) -  
(d) in the figure show the changes in the hydrogen cone, en- 
tration profile as a function of the ion dose. The area under 
these curves is proportional to the amount of hydrogen pres- 
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Fig. I. PL spectra of as-prepared and ion-irradiated PS samples. 

ent in the PS after the sample has been irradiated with a 
particular ion dose. The energy of hydrogen recoil (plotted 
as channel number) is related to the depth at which the inci- 
dent high energy ions interact with the PS mauix resulting in 
the recoil process. The depth scale shown at the top in the 
figure has been calculated as described by Avasthi et al. [6] 
assuming that the PS layer has 45% voids. The reduction in 
the area of the curves from (a) to (d) with the increase in 
the ion dose indicates an ion-induced removal of hydrogen 
uniformly fro m the complete thickness of the PS layer. At 
higher ion dose (3.6 × 10 t 2 ion cm-  2), there is an indication 
of a small hydrogen build up at the surface. By comparing 
the area of curves (a) and (d), it is estimated that an ion dose 
of 3.6 × 10 ]2 ions cm-2 has removed approximately 75% of 
the hydrogen present in the virgin PS sample. High energy 
ion irradiation in Si is known to result in increased disorder 
and dangling bond density [5 ]. Hydrogen removed from the 
bulk of the PS layer may get recaptured into the PS network 
at the dangling bond sites at the surface which explains the 
observed tendency of hydrogen build up. It should be noted 
that in spite of the hydrogen build up, the concentration of 
hydrogen at the PS -~.',rface decrease with increase in the ion 
dose. 

IR spectra of as-prepared and ion-irradiated samples are 
shown in Fig. 3 and the results are summarized in Table 1. A 
reduction in the intensity of various stretch, rocking and 
deformation modes associated with Si-H [7,11] at 2100, 
1450, 800 and 630 cm-  i is observed in ion-irradiated sam- 
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Fig. 2. Hydrogen concentration profiles of the PS sample at different ion 
doses (a) 4 ×  10" ion cm -2, (b) 8× 10" ion cm -2, (c) 1.6× 1012 ion 
cm -2 and (d) 3.6× 10 ~2 ion cm -2. 
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Fig. 3. IR reflection spectra of as-prepared and ion-irradiated PS samples. 

pies. These observations are consistent with ERDA results 
which show ion-induced hydrogen removal from the PS net- 
work. The absorption peak at 1260 c m - '  observed in as- 
prepared and ion-irradiated samples is assigned to SiCH 3 
species [ 12]. On irradiation, a decrease in the intensity and 
broadening of this peak is observed. This may be associated 
with the increased disorder in the ion-irradiated PS sample. 
The absorption peak observed at 580 c m - i  which may be 
due to Si-Si stretch mode [7] remains unaffected on ion 
irradiation. The IR peak at 2900 cm-  i has been assigned to 
the CH2 asymmetric stretch mode and may be due to the 
residual ethyl alcohol. Several studies [8,14,15] involving 
composition analysis of porous sihcon have shown the pres- 
ence of large quantities of carbon (23-40%) in PS network, 
but the exact influence of the carbon presence of the PL 
characteristic is not very clear. The IR absorption peak 
observed at 1170 cm-  ' in the as-prepared sample has been 
assigned to the Si-O-Si complex. This peak is absent in the 
IR spectra of an ion-irradiated sample. In addition to these 
changes, there is another interesting change in the IR spectra 
of as-prepared and irradiated samples in the range 3300-3700 
cm-  i. The broad and weak peak observed at 3360 cm-  i (due 
to O--H stretch mode in H-Si-OH) in the as-prepared sample 
completely disappears and a new broad feature at 3650 cm-  
appears in the ion-irradiated sample. The broadpeakobserved 
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IR absorption peaks observed in the IR spectra of PS samples 

at 3650 cm-I  resembles exactly a weak featureless peak 
observed in a-SiO2 and is assigned to O-H stretch mode in 
Si--OH [ 11 ]. 

The suppression of the major PL peak at 697 nm on ion 
irradiation may be related to the intensity reduction observed 
for the Si-H absorption bands. This is consistent with the 
reported increase in the PL intensity upon aging or oxidation 
in sulphuric acid which is accompanied by an increase in the 
intensity of the Si-H IR bands [7]. The effect of ion irradi- 
ation on the PS matrix is thus the reverse of the oxidation or 
aging process. Our results of IR spectroscopy and ERDA 
indicate that suppression of major PL peak at 697 nm is 
related to the decrease in the H concentration in the PS layer 
and reduced intensity of the Si-H absorption peaks. These 
results are also consistent with the observed photo-degrada- 
tion of PL peak which is accompanied by hydrogen desorp- 
tion and increase in the dangling bond density [ 13]. 
Evolution of hydrogen from the PS sample upon heafilig up 
to 390 °C accompanied by a red shift and a general disap- 
pearance of PL has also been reported [ 16]. From the value 
of ion energy and ion current, it is estimated that the complete 
dissipation of incident energy in the ion range cannot cause 
a significant temperature rise. Belykh et al. [5] have pointed 
out that in ion irradiation, changes in the chemical bonds take 
place uniformly in the thickness of the target material. In the 
case of thermal annealing, it is difficult to obtain a uniform 
change along the thickness of the sample, even for a very 
long annealing time. The uniform changes in the hydrogen 
concentration profiles observed during ion irradiation cou- 
firms that the microstrnctural changes observed in the PS 
sample in the present study are caused by ion irradiation and 
not by any temperature rise. 

As shown in Fig. 1, the weak shoulder peak at 607 nm in 
the PL spectra of the as-prepared PS layer disappears on ion 
irradiation and a new peak at 588 nm appears in iou-irradiated 
samples. As already mentioned, the formation ofsilicatecomo 
pounds on the PS surface has been observed to be related to 
the high energy PL shoulder peak [ 8,9]. The role of cbemical 
termination of silicate compounds on the PS surface in decid- 
ing the exact properties of the PS structure has been observed 

Sample No. t,=¢ignment Ref. From literature As-prepared sample lon-in'adiated sample 

1 OH stretch in Si.--OH [ I l ] 3650 - 3650 
2 O-H stretch in H-Si-OH [ I I ] 3350 3360 _ 
3 CH 2 asymmetric stretch [ I 1 ] 2920 2900 2940 
4 Si-H stretch in Sill= [7] 2110 2100 2100 
5 Si-H stretch in (Sill=), [7] 2089 2000 2000 
6 B -amorphous clusters [ 9 ] 1200-2000 1750 17 i 0 
7 Si-H stretch in (a-Si:H) [ 10] 1460 1450 - 
8 SiCH3 [ 12] 1270 1260 1260 
9 Si--O-Si [7] 1070-1150 1170 - 

10 Si-H deformation in Sill 3 [7] 910-850 800 820 
11 Si-H rocking [7l 630 630 630 
12 Si-Si stretch [7] 615 58Q 580 
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in X-ray photo emission spectroscopy (XPS) studies [8].  
The XPS results show that there is a hydride termination in 
siloxane present at the surface o f  a PS sample showing a 
strong PL peak. On chemical treatment and room-tempera- 
ture annealing, changes in the bond termination to S i -OH 
accompanied by appearance of  a weak PL peak at high enctgy 
(580-620 nm) has been observed. The IR band at 3350 c m -  
in as-prepared sample indicates the presence of  a H-termi- 
nated silicon complex ( H - S i - O H )  on the surface. The 
appearance of  an IR absorption feature at 3650 c m -  l which 
is related to the OH stretch in Si -OH shows that high energy 
ion irradiation changes the chemical termination of  PS struc- 
ture by removing H atoms from H - S i - O H  complex present 
in the virgin PS sample. This observation is in agreement 
with XPS results mentioned earlier. Thus the position of  the 
shoulder peak is related to the nature of  the chemical termi- 
nation of  the silicon complex (whether H or OH) on the PS 
surface in the as-prepared and ion-irradiated samples. 

4. Conclusions 

In summary, our results show that the high energy ion 
irradiation changes the chemical configuration of  PS network 
by removing large amounts of  hydrogen. In the as-prepared 
PS samples, H is bonded to Si and C atoms as indicated by 
IR results. On ion irradiation, a reduction in the intensity of  
S i -H and C - H  absorption bands is observed. Our results 
support the arguments that the mechanisms responsible for 
697 nm and 607 nm PL peaks have different origins. Chem- 
ical changes induced by hydrogen removal from PS network 
seems to be responsible for the suppression of  PL at 697 nm. 
The change in the chemical termination in Silicon complexes 

on ion irradiation shifts the weak PL shoulder peak to high 
energy. 
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