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The effects of illumination during anodic etching of porous Si have been studied. For a 
fixed current density and anodization time, it has been observed that below a critical 
irradiance level, increasing the radiant flux density during anodization results in higher 
photoluminescence and a blue shift of the photoluminescence spectra. For irradiance 
above the critical value, the photoluminescence intensity decreases. Transmission Fou- 
rier-transform infrared spectroscopy, x-ray photoelectron spectroscopy and atomic force 
microscopy have been employed to investigate the effects of illumination on the char- 
acteristics of porous Si. 
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INTRODUCTION 

The realization of practical, Si-based light-emit- 
ting devices would have a significant impact on nu- 
merous technologies including optoelectronic inte- 
grated circuits, optical memories and logic, and 
advanced display systems. Previously, however, Si 
has exhibited extremely weak emission owing to its 
indirect bandgap. Recent observations of efficient, 
room-temperature visible emission from porous Si 1- 
3 have stimulated research and extensive debate on 
the physical mechanisms responsible for this lu- 
minescence. To date, the explanations that have been 
proposed can be categorized as (1) two dimensional 
quantum confinement in the microstructure of highly 
porous Si, 1'3-7 or (2) the formation of a wide-band- 
gap material such as a-SiHx, s or siloxene 9 during 
anodization. Recent work 1~ has shown that the 
photoluminescence (PL) intensity of porous Si sig- 
nificantly decreases when the samples are annealed 
in vacuum at temperatures >350 ~ C. Transmission 
Fourier-transform infrared (FTIR) spectroscopy has 
shown that this decrease in PL intensity coincides 
with the desorption of hydrogen from the Sill2 spe- 
cies. Also, it has been observed that predominant 
Sill termination results in weak photolumines- 
cence, whereas the PL intensity is recovered when 
the Sill2 is restored. H The link between the PL in- 
tensity and the Sill2 concentration is corroborated 
in this paper, through a study of the PL spectra of 
porous Si samples formed by irradiance at various 
optical power levels during anodization. Transmis- 
sion FTIR and atomic force microscopy (AFM) were 
used to measure the concentration of the surface Si 
hydride species and to monitor the morphology of 
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these porous Si samples, repsectively. In addition, 
x-ray photoelectron spectroscopy (XPS) has been 
utilized to provide information on Si-Si and Si-O 
binding energies (BE) and the relative atomic con- 
centration of O, Si, F, and C. We conclude that the 
level of irradiance during anodization effects the 
average dimensions of the porous Si microstruc- 
tures, the concentration of Si hydride and Si oxide, 
and the types of chemical bonds that predominate 
near the surface. These effects, in turn, influence 
the PL intensity and the position of the peak of the 
emission spectrum. 

EXPERIMENTAL PROCEDURE AND 
RESULTS 

A. Sample Preparation 

The porous Si samples were prepared on (100) ori- 
ented, boron-doped Si substrates (resistivity ~ 1/~cm) 
using a Teflon sample holder 13 in contact with a 
copper anode. Through a one-inch-diameter circu- 
lasr opening in the fixture, the portion of the wafer 
to be anodized was exposed to an electrolyte, con- 
sisting of 2 parts deionized water, 1 part acetone, 
and 1 part 49% HF. During anodization the wafer 
was illuminated with a tungsten lamp that had its 
peak intensity at 620 nm. The irradiance was mea- 
sured with a Si power meter. During the 15 min 
anodization process, the current was maintained at 
10 mA/cm 2. The anodization procedure was re- 
peated for irradiant flux levels of 2, 3, 4, 6, 8, and 
10 mW. Visually, it appeared that the luminescence 
of as-formed porous Si samples, as monitored with 
excitation from a 365 nm UV lamp, peaked at shorter 
wavelengths with increasing illumination power. 
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Fig. 1 - -  I n t e n s i t y  and  w a v e l e n g t h  of m a x i m u m  l u m i n e s c e n c e  
vs  i l l u m i n a t i o n  level  d u r i n g  anodic e tching .  

B. Photoluminescence Measurements 

After the samples were removed from the anod- 
ization chamber and dried in air, PL spectra were 
obtained with a 1-m scanning spectrometer and a 
photomultiplier with a GaAs photocathode. The op- 
tical pump for the luminescence was an Ar laser 
(power = 10 mW, 1 = 488 nm). The laser beam was 
expanded to a diameter of 1 cm in order to avoid 
photoassisted degradation of the PL intensity. ~e 
Figure 1 shows that  the PL peak intensity and the 
peak wavelength versus the illumination level dur- 
ing anodization. For illumination up to 6 mW, the 
PL intensity increases and the peak wavelength de- 
creases. For irradiance >6 mW the PL intensity 
drops but  the peak wavelength continues to de- 
crease. 

C. Transmission Fourier-transform Spectroscopy 

With the sample under a nitrogen purge, the FTIR 
spectra were collected using a Mattson Cygnus 100 
spectrometer equipped with a Triglycine Sulfate de- 
tector. Figure 2 shows the FTIR spectra for various 
irradiances during anodization. Peaks are seen at 
2225-2050 cm -1, 1250-1000 cm -1, 950-875 cm -1, and 
66 cm -1. In addition, a shoulder at 1060 cm -1 ap- 
pears for the 8 and 10 mW samples. The peaks from 
2135 to 2089 cm -~ are generally at tr ibuted to the 
stretching modes of Sill  and SiHz. The peak at 1105 
cm -1 corresponds to the bulk Si-O-Si asymmetric 
stretching mode and the 907 cm -~ peak is the scis- 
sors mode of Sill2. The Si-O-Si peak is also present 
in nonporous Si. In addition, there is a Si-Si stretch- 
ing mode at 617 cm -~ which is obscured by the de- 
formation modes of the Si hydrides. 14-15 The inten- 
sity of the SiH-SiHz stretch modes and the Sill2 
scissors mode increase with increasing illumination 
level up to 6 mW. However the intensity of these 
modes for 8 and 10 mW decreases to about the same 
strength as that  for the 4 mW sample. The Si-Si 
stretching mode also increases up to 6 mW but above 
6 mW, decreases to a strength lower than that  at 2 
mW. This indicates that  pore surface area increases 
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Fig. 2 -- Transmission FTIR spectra for illumination levels of 2, 
3, 4, 6, 8, and 10 mW. 

with illumination from 2 to 6 mW but  decreases for 
the high porosity 8 and 10 mW samples. On the other 
hand, the Si-O-Si peak continues to increase with 
illumination up to 10 mW, which indicates that more 
Si is oxidized for samples of higher optical powers. 

D. Atomic Force Microscopy 

The AFM used in this study was a commercial 
Nanoscope II (Digital Instrument  Inc, Santa Bar- 
bara, CA). It utilized microfabricated V-shaped Si 
nitride cantilevers (100 /zm long, wide legs) onto 
which sharp tips attached. Two scanners (15/xm and 
1.0 /xm) were able to achieve atomic resolution on 
atomically flat substrates such as newly cleaved py- 
rolytic graphite and mica. However, for rough sam- 
ples such as the porous Si, the smaller scanner pro- 
vided better  resolution. In the present study, the 
larger scanner, which can resolve lateral surface 
feature areas as small as 0.05 nm 2, was used to re- 
veal the typical features of the porous Si samples 
and the higher resolution scanner was employed as 
a check. The vertical resolution depends on the lo- 
cal environment of the tip and the morphology of 
the porous Si samples. The scanner was calibrated 
against a Au ruling and the error was less than 10% 
under low thermal drift. All the AFM images re- 
ported here were obtained by the constant deflec- 
tion mode, i.e. a feedback loop adjusted the piezo 
scanner so that  a constant vertical force was main- 
tained as the probe scanned across the surface. The 
AFM surface tracking ability was also profoundly 
affected by the shape of the probe and several can- 
tilevers were used to assure optimum AFM reso- 
lution. Figure 3 (a), (b) and (c) shows the AFM im- 
ages of the surface of porous Si for the 2, 6 and 10 
mW samples, respectively. The lateral feature size 
at the surface of the samples monotonically de- 
creases with increasing illumination level during 
anodization. We note that characteristic features <10 
nm were not observed. 
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(a) 

(b) 

(c) 
Fig. 3 - -  Images taken  by atomic force microscopy for illumi- 
nat ion levels of (a) 2 mW, (b) 6 mW, and (c) 10 mW. 
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Fig. 4 - -  XPS spectra of Si 2p HV (Si-O) and LV (Si-Si) for po- 
rous Si. 

E. X-ray Photoelectron Spectroscopy 

XPS analysis was performed in a Vacuum Gen- 
erator ESCALAB MARK I (Mg Ka source, 330 W, 
50 eV pass energy). Si 2p photoelectrons in SiO2 with 
a mean free path of approximately 25/~ correspond 
to the maximum escape depth for the elements in- 
vestigated in this Si/SiO2 system. 2~ Correction for 
x-ray induced charging of each sample was accom- 
plished by referencing the aliphatic C ls  binding 
energy to 284.6 eV. 21-22 Binding energy was calcu- 
lated at the centroid of the respective peak and then 
charge corrected. The relative elemental atomic 
concentrations with the XPS sampling volume were 
determined from their respective peak areas and V6 
elemental sensitivity factors. The relative abun- 
dance of high valence silicon (HV), 102.2 - 103.2 
eV, and low valence (LV) silicon, 98.9 - 99.4 eV, 
e.g., Si-O and Si-Si respectively, was measured from 
their respective Si (2p) Gaussian/Lorentzian curve- 
fitted peak areas. The Si 2p spectra in Fig. 4 illus- 
trate the change in the oxidation state of the an- 
odized porous Si as a function of illumination power. 
The peak centroids are marked and labeled with the 
charge corrected binding energy. Figure 5 shows the 
relative atomic concentrations of SiHv, SiLv, O, C, 
and F for the anodized porous Si surfaces as a func- 
tion of illumination powers. 
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Fig. 5 - -  The relative atomic concentration of porous Si for dif- 
ferent illumination levels during anodization. 

D I S C U S S I O N  

It is clear from the AFM measurements  that  one 
effect of illumination is to reduce the lateral feature 
size at the surface relative to the samples anodized 
in the dark. Since AFM is a surface measurement  
technique it does not necessarily follow that  the de- 
creased feature size observed by AFM extends deep 
into the porous layer where optical absorption and 
recombination are strong. On the other hand, we 
observed that  the decrease in lateral feature size co- 
incides with an increase in porosity which would be 
consistent with a strong correlation between the 
AFM results and an "average" feature size. The in- 
crease in porosity and decrease in feature size are 
due to enhanced chemical dissolution and the in- 
creased photogenerated carrier density. It has been 
observed that  the chemical dissolution of porous Si 
in HF  solutions is greatly enhanced in the presence 
of light and that  the PL peak wavelength can be 
shifted from 720 nm to 560 nm for a chemical dis- 
solution time of only 6 min. 16 It has been reported 
that  if the walls between pores are depleted of holes 
(h § they will be protected against anodic dissolu- 
tion. 19 Therefore, we expect illumination during an- 
odization to supply the photogenerated holes to the 
walls, which will result  in a decrease in the feature 
size. On the other hand, if we had used degener- 
ately doped degenerate n- and p-type samples, the 
reduction in the feature size due to illumination 
would not be expected. 

Since the hydrogen surface concentration per unit  
area remains constant for the as-anodized samples, 
the intensity of the Si hydride stretching mode would 
be expected to represent the total surface area. In 
Fig. 2, we observe that  the Si hydride stretching 
mode increases up to 6 mW but  decreases for higher 
levels of illumination, which indicates that  the total 
surface area increases up to 6 mW but  decrease for 
8 and 10 mW. In Fig. 2, it is also shown that  the 
Si-Si stretching mode increases up to 6 mW but  de- 
creases for higher levels of illumination whereas the 
Si-O-Si peak continues to increase with illumina- 
tion up to 10 mW. This means that  some Si is con- 
sumed and oxidizes more at higher il lumination 
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Fig. 6 - -  Integrated area of the Sill2 scissors mode in the FTIR 
spectra and the integrated intensity of phototuminescence vs il- 
lumination level. 

levels. We infer that  as the dimensions of the mi- 
crostructures become very small for 8 and 10 mW, 
the etching in the electrolyte and the oxidation of 
the Si, are sufficient to consume the smaller micro- 
structures and lose the surface area contributed by 
these consumed structures, resulting in a net de- 
crease in their number  and the total surface area. 

The behavior of the PL intensity for different il- 
lumination levels can be explained in terms of Si- 
l l  bonding. It has previously been reported that  the 
porous Si layers have Si hydride-rich surfaces and 
that  the PL intensity is correlated to the Si dihy- 
dride concentration. 1~ Figure 6 shows the PL 
intensity and the dihydride concentration, which has 
been determined from the integrated intensity of the 
Sill2 scissors mode in the FTIR spectra, versus the 
il lumination level during anodization. The increase 
in Sill2 leads to an increase in the PL intensity. 
Above the critical illumination level the consump- 
tion of the smaller microstructures leads to a de- 
crease the Si dihydride species concentration and the 
PL intensity. 

Although XPS probes only the first 25/~ of ma- 
terial at the surface it can still reveal valuable in- 
formation about the porous Si layer. XPS measure- 
ments provide evidence that increasing irradiant flux 
density during anodization results in a decrease in 
the Si relative atomic concentration, an increase in 
the oxidation, and a decrease in the adsorption of 
hydrocarbons on the top surface of porous Si layer. 
These results are demonstrated in Fig. 5. The rel- 
ative atomic concentration of oxygen in the porous 
surface layers increases by more than three folds, 
for a five-fold increase in illumination level, while 
the air exposure time was constant for all the sam- 
ples. This is consistent with the increases in the Si- 
O-Si FTIR peak with increasing illumination and 
corroborates the picture of complete oxidation of the 
smallest Si microstructures. 

The O ls  binding energies, Si 2p chemical shifts, 
and the energy differences between O ls  and Si 2p 
HV core-orbitals, listed in Tables I and II, reveal 
two different compositional regimes. Figures 4 and 
5 graphically illustrate Regimes 1 and 2. For Re- 
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Table I. Si 2p HV, Si 2p LV, O ls,  and F ls  
Binding Energies 

Correction 
Illumination LV Si 2p HV Si 2p O ls F ls for 
Level (mW) BE (eV) BE (eV) BE (eV) BE (eV) Charging 

2 99.15 1 0 3 . 0 5  532.35 687.90 1.0 
3 99.10 1 0 3 . 2 0  532.85 687.40 1.2 
4 99.10 1 0 3 . 1 5  532.85 687.30 1.7 
6 99.40 1 0 2 . 2 0  532.45 687.20 2.7 
8 100.00 1 0 2 . 3 0  532.35 686.90 4.9 

10 99,80 1 0 2 , 2 5  532.45 687,15 5.3 
Unanodized 

(100) c-Si 98.90 1 0 2 . 9 0  532.40 N/A 0,5 

gime 1, represented by the 2, 3, and 4 mW sam- 
ples,the increase in surface oxide is accompanied by 
an increase in O ls binding energies and Si 2p 
chemical shift. The surfaces of Regime 1 exhibit 
surface compositions similar to HF treated (100) 
single-crystal Si. However, the transition from Re- 
gime 1 to Regime 2, is distinct and characterized by 
approximately 0.7 eV increase in binding energy 
differences between O ls and high valence Si 2p, 
approximately 1 eV drop in the Si 2p chemical shifts 
and a doubling of the oxide coverage of the surface 
of the Regime 2 samples. 

Table I shows that the O ls binding energies and 
the binding energy differences between O ls and Sinv 
2p for the oxides of Regime 1 line between 532.35- 
532.85 eV and 429.3-429.7 eV, respectively. Table 
II shows that their Si 2p chemical shifts lie between 
4 and 4.3 eV. These values have been identified with 
SiO2 films with thicknesses in the range from -3/k 
to ~40/~. 24-29 From Fig. 4 we see that for the sam- 
ples represented by Regime 1 the low valence Si 
signal predominates, which is characteristic of a thin 
oxide on a crystalline substrate. 

The low valence Si 2p binding energies (99.4-100 
eV) for the samples of Regime 2 clearly show that 
Si-Si bonding no longer predominates the XPS sam- 
pling volume. The Si 2p chemical shifts (3.3-3.4 eV) 
of Regime 2, shown in Table II, are not consistent 
with the chemical shifts observed in stoichiometric 

Table II. Si 2p Chemical Shift and Binding 
Energy Difference. 

SiO2 films. Grunder et  a l . ,  21 point out that similar 
chemical shifts are associated with oxides of inter- 
mediate compositions and the remaining bonds are 
not only Si-Si but could be units of the type Si-[O3H] 
and Si-[O2H2]. From Table I an approximation of the 
silicon to oxygen stoichiometry (% 0/% SiHv) for 
Regime 2 shows oxide compositions of SIO1.4, SIO1.3, 
and SiO1.1 for samples 6, 8, and 10 mW, respec- 
tively. This shows that higher illumination levels 
causes more internal Si-O-Si bridges and oxygen 
backbonded Si-H groups, and that the SiOL4 is char- 
acteristic of samples with the maximum PL inten- 
sity. The 6 mW sample has the chemical shift char- 
acteristics of Regime 2 but from Figs. 4 and 5 it is 
clear that the Si concentration still dominates the 
XPS sampling volume. XPS and FTIR show that the 
6 mW sample corresponds to an ideal set of anodi- 
zation and illumination conditions so that the de- 
gree of dissolution of the Si lattice maximizes Sill2 
species formation. 

CONCLUSION 

In conclusion, we have observed that illumination 
during anodic etching reduces the size of the mi- 
crostructures in porous Si relative to samples pre- 
pared in the dark. This gives rise to a blue shift in 
the PL spectral peak. It is shown that for a given 
current density and etching time, the pore density 
(based on AFM) and surface area (based on FTIR) 
increases with increasing illumination up to a crit- 
ical level. In this regime, the PL intensity and the 
Si dihydride concentration, as determined by FTIR 
measurements, also increase with illumination level. 
This correlation between PL intensity and the Si 
dihydride concentration is consistent with previous 
studies of the PL characteristics of porous Si. Illu- 
mination above the critical level removes the smaller 
structures through oxidation or complete chemical 
dissolution. In this regime, XPS measurements show 
increases in the Si-O-Si bridges and oxygen back- 
bonded Si-H groups in the sampling volume on the 
top surface of porous Si. The observed increase in 
oxidation and the resulting decrease in surface area 
result in less Sill2 and a concomitant decrease in 
the PL intensity. 

Si 2p Si 2p BELv* 
Illumination Chemical Difference BE** (eV) 
Level (mW) Shift (eV) (eV) O ls-Si 2pHV 

2 4.15 0.25 429.30 
3 4.30 0.20 429.65 
4 4.25 0.20 429.70 
6 3.30 0.50 430.25 
8 3.40 1.10 430.05 

10 3.35 0.90 430.20 
Unanodized 

(100) c-Si 4.00 0.00 429.50 
*The binding energy difference between the respective sam- 

ple's Si 2p low valence peak and the low valence Si 2p peak of 
(100) c-Si 98.9 eV. 

**The binding energy difference between O l s  and the HV peak 
of Si. 
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