JOURNAL OF APPLIED PHYSICS 110, 094309 (2011)

Temperature dependent photoluminescence from porous silicon
nanostructures: Quantum confinement and oxide related transitions

Mallar Ray,"*® Nil Ratan Bandyopadhyay,’ Ujjwal Ghanta," Robert F. Klie,2

Ashit Kumar Pramanick,® Samaresh Das,* Samit K. Ray,* and Syed Minhaz Hossain®
ISchool of Materials Science and Engineering, Bengal Engineering and Science University, Shibpur,
Howrah 711103, West Bengal, India

2Department of Physics, University of Illinois at Chicago, Chicago 60607, Illinois, USA

3Materials Science and Technology Division, National Metallurgical Laboratory, Jamshedpur 831007,
Jharkhand, India

“Department of Physics and Meteorology, Indian Institute of Technology, Kharagpur: 721 302,

West Bengal, India

>Department of Physics, Bengal Engineering and Science University, Shibpur, Howrah 711103,

West Bengal, India

(Received 7 July 2011; accepted 21 September 2011; published online 4 November 2011)

Temperature dependent photoluminescence (PL) spectroscopy along with structural investigations
of luminescent porous Si enable us to experimentally distinguish between the relative contributions
of band-to-band and oxide interface mediated electronic transitions responsible for light emission
from these nanostructures. Porous Si samples formed using high current densities (/ > 80 mA/cm?)
have large porosities (P > 85%) and consequently smaller (~1-6 nm) average crystallite sizes. The
PL spectra of these high porosity samples are characterized by multiple peaks. Two dominant
peaks—one in the blue regime and one in the yellow/orange regime, along with a very low intensity
red/NIR peak, are observed for these samples. The high energy peak position is nearly independent
of temperature, whereas the yellow/orange peak red-shifts with increasing temperature. Both the
peaks blue shift with ageing and with increasing porosity. The intensity of the blue peak increases
whereas the yellow/orange peak decreases with increasing temperature, while the intensity and peak
position of the very low intensity red/NIR peak appears to be unaffected by temperature, porosity,
and ageing. The low porosity samples (P < 60%) on the other hand exhibit a single PL. peak whose
intensity decreases and exhibits a very small red spectral shift with increase in temperature.
From the variation of intensity and PL peak positions, it is established that both quantum confinement
of excitons and oxide related interfacial defect states play dominant role in light emission
from porous Si and it is possible to qualitatively distinguish and assign their individual contributions.
© 2011 American Institute of Physics. [doi:10.1063/1.3657771]

I. INTRODUCTION length of the luminescent peak blue shifts but the PL band
width remains unaltered with increase in temperature over this
range. On the other hand, Ookubo and Sawada'” studied the
red-band PL of porous Si for temperatures varying from 15 to
293 K and found that the PL peak red shifts and the width nar-
rows, while the intensity increases until ~70K and then
decreases slightly. Red shift of PL. maxima and decrease of in-
tensity after 100K has also been observed by Finkbeiner and
Weber.'® Gardelis er al.'® observed that PL peak consistently
shifts to higher energies for temperature increasing from 3 to

Light emission form porous Si has been one of the most
well researched areas since the discovery of visible photolu-
minescence (PL) in 1990." Despite two decades of extensive
research on various aspects of this promising material, the
mechanism of light emission has hitherto remained
controversial.>'> Though it is now more-or-less accepted
that both quantum confinement of excitons, as well as local-
ized defect states at the surface/interface of nanocrystalline

Si (nc-Si) and the surrounding oxide layer have combined . 20 .
contributions towards visible PL from porous Si, it has 20K, while Zeng ef al.” " reported that PL peak-energy shift

. . . . o with temperature has no fixed trend and varies from sample to
remained difficult to isolate the relative contributions of sample. and even from sampline point to sampling point for
interfacial defects and size.”'*!>"1° ple, pung p pung p

. . the same layer. Xu et al.?' observed that shift in PL peak
In an attempt to understand the mechanism of lumines- . . .
. energy with temperature is dependent on porosity. A recent
cence from porous Si structures, temperature dependent PL . 20
. study by Xu and Adachia® demonstrated that low temperature
studies have been performed by several groups but completely . . .
. . PL spectra of porous Si are characterized by multiple-peak
contradictory results are reported in literature. Rongchuan L . : .
16 - . . . structure, which is explained by a configurational-coordinate
et al.”” investigated the dependence of PL in porous Si over a

model wherein the origin of multiple-peaks have been stated
temperature range of 85-457K and reported that the wave- to be bulk-related, whereas the strength is associated to the

surface oxide. Thus, a comprehensive and conclusive under-
“Electronic mail: mray@matsc.becs.ac.in. standing of temperature dependence of PL from porous Si
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nanostructures and consequently the mechanism of lumines-
cence is still not clear.

In this work, we show explicitly that primarily two com-
petitive processes involving band-to-band and band-to-inter-
face transitions are responsible for radiative emission from
porous Si which account for the appearance of multiple peaks
in high porosity (samples with smaller average crystallite
size) porous Si, whereas low porosity samples are character-
ized by a single peak. Low temperature PL spectra of these
samples, particularly the ones having high porosity allow us
to clearly distinguish between the contributions of the two
competing processes.

Il. EXPERIMENTAL

Porous Si samples were formed on 2-5 Q-cm resistivity,
p-type (100) orientation crystalline (c-) Si-wafers by anodiza-
tion in 24% (w/v) HF-CH3OH solution in teflon bath with spe-
cial electrode geometry to form porous Si layers having
uniform macromorphology.?® Varying formation-current den-
sity (/) and time produced porous Si structures with different
porosity and consequently different crystallite sizes. Porosity,
defined as the fraction of void within the porous layer, was
determined using the standard gravimetric technique™** and
confirmed by the artificial neural network based model
reported elsewhere.”> Although samples with different poros-
ities were prepared and investigated, for the purpose of the
present study, we concentrate on two sets of samples, one
with porosity ~60% (low-porosity samples) and the other set
with porosities >85% (high porosity samples).

Samples for high resolution transmission electron mi-
croscopy (HRTEM) were prepared by exfoliation of the po-
rous layer by passing a high current pulse (J =2 A/cm?) for a
very short time (~1 s) that caused the porous layer to detach
from the Si substrate due to the enhanced strain generated.*®
The loosely attached layer was then removed by an appropri-
ately cut scotch tape and the crystallites were suspended in
isopropanol. The samples were then drop casted on a carbon
coated copper grid after thorough sonication and the images
were recorded by a JEOL JEM 3010 operating at 300kV.
Atomic force microscopy (AFM) and scanning tunneling mi-
croscopy (STM) was performed using SPA 400, Seiko Japan.
The structures of the exposed porous Si layers were investi-
gated at room temperature, in a constant current-mode
(0.341 nA) with a tip diameter of 50 nm. The porous struc-
tures were visualized by surface roughness across the scan
area. The sensitivity of the tunnel current allowed detection
of pores having diameters ranging from 0.5 to 1 nm. AFM
imaging (non-contact mode) of the colloids formed by exfo-
liation of the porous layers was carried out by depositing the
colloid over freshly cleaved mica surface. Temperature de-
pendent PL spectra were recorded by Triax 310 monochro-
mator and a multichannel photomultiplier detector under UV
excitation with 325 nm line of a 45 mW HeCd laser. A ther-
moelectrically cooled cryostat allowed recording PL at tem-
peratures as low as 10K. To ensure consistency, PL spectra
at room temperature of all the samples were also recorded
using a Horiba Jobin Yvon, Nanolog spectrofluorometer fit-
ted with a xenon source.
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lll. RESULTS AND DISCUSSIONS

Figures 1(a)-1(d) are some of the representative
HRTEM images of the exfoliated porous Si layers. The col-
loidal suspensions of exfoliated layer of Si nanocrystals
(ncs) upon evaporation on a TEM grid forms extended
agglomerates having an appearance of crystalline islands in
amorphous background. Fig. 1(a) is the bright field image
capturing a single crystal of a low porosity sample formed
with /=10 mA/cm? and etched for 5min having porosity
~60%. As expected, the size of the crystallite captured here
is large (>7nm). Since a high current pulse (~2 A/cmz) is
passed after the formation of porous layer to detach the po-
rous film, a portion of the substrate just below the film also
gets detached and that is reflected by the presence of chunk
of c-Si as marked in Fig. 1(a).

The images shown in Figs. 1(b) and 1(c) are for the sam-
ples having porosities ~88% and 91%, respectively. Non-
spherical crystallites with one of its dimensions ~2nm are
clearly detectable. While Fig. 1(b) captures only one Si nc
with aspect ratio ~1.6, randomly distributed Si ncs revealing
the Si (111), (220), and the (311) lattice fringes are all de-
tectable from Fig. 1(c). The selected area electron diffraction
pattern (SADP) shown in Fig. 1(d) corresponds to the sample
shown in Fig. 1(c). The SADP clearly shows rings of Si and
the corresponding planes are (111), (220), and (311). The
(331) plane is also visible (not marked). The nearly continu-
ous rings are suggestive of random orientation of the neigh-
boring nanocrystallites.

FIG. 1. HRTEM images of porous Si layers obtained by depositing the
exfoliated layers on carbon coated copper grids. (a) Bright field image of a
low porosity (~60%) sample formed with J=10 mA/cm?, etching
time = 5 min, and [HF] =24%. A comparatively large crystallite along with
a chunk detached from the substrate is also detected. (b) A non-spherical nc-
Si obtained from a sample prepared with J =80 mA/cm?, = 15min, and
[HF] =24%. (c) Randomly oriented nc-Si with the (111), (220), and (311)
exposed planes with even smaller dimensions obtained from sample pre-
pared with J =100 mA/em?, t=15min, and [HF] =24%. (d) SAD pattern
of the sample shown in (c) reveals the same planes.
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FIG. 2. (Color online) STM and AFM images of porous Si nanostructures.
(a) and (b) are the STM images of as-grown, low (~60%) and high (~91%)
porosity porous Si samples, respectively; (c) depicts the topographic image
and the line profile of the marked particle, for the ncs obtained from the high
porosity samples by exfoliation followed by deposition on cleaved mica;
and (d) phase contrast AFM image of the sample shown in (c) depicting the
formation of thick oxide shell, which manifest as humps in the line profile
shown below the image.

Typical STM images of as-grown porous Si layers on
substrates with porosities ~60% and 91% are shown in Figs.
2(a) and 2(b), respectively. It is clear from these images that,
although both the samples are characterized by “hills and
valleys” type of structure, the sizes of the crystallites and the
surface morphology are strongly dependent on the formation
parameters and consequently on the porosities.”” The sam-
ples formed with larger current density (/= 100 mA/cm?)
have much smaller nc-Si compared to the one formed with
lower value of J (10 mA/cmz).

In an attempt to account for the general structural fea-
tures and sizes of the nc-Si and to distinguish between the
c-Si and the corresponding oxide phase, AFM imaging of the
exfoliated layers deposited on mica were carried out. Figs.
2(c) and 2(d) show the topographic and the phase contrast
AFM images of a high porosity sample (porosity ~91%)
along with the line profiles of the particles marked in figures.
The size segregation indicated in Figs. 2(c) and 2(d) was
achieved through repeated sonication and centrifugation.
Following the method we reported earlier,27 estimation of
the core and shell dimensions of each particle identifiable in
Figs. 2(c) and 2(d) was done from line profile analyses.
Here, it may be noted that the dimension of the individual Si
ncs are obtained much more precisely from the vertical to-
pography data,?® and hence the sizes of the ncs were esti-
mated from the z-height rather than the lateral spread. The
cross-sections of the Si ncs in Fig. 2(c) were found to range
between ~1-6nm. It is clear from the phase image shown in
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Fig. 2(d) that the sample consists of both nanorods and nano-
dots (dominated by non-spherical nanorod-like structures) of
nc-Si surrounded by a thick oxide shell which is also reflected
in the corresponding line profile. The region over which there
is no variation of elastic/viscoelastic property represents c-Si
core and the surrounding brighter region represents Si oxide
with perceptible strain concentrations at the extended and dif-
fused interface.?”*° Further, it is evident from the line profiles
that the slopes on either side of the crystalline core are not
identical, indicating that the amorphous shell is not evenly
spread around the core. These structural observations are im-
portant and corroborates with our later findings, wherein, we
see that the oxide shell as well as the nc-Si core have signifi-
cant roles in determining the mechanism of radiative recombi-
nation in these nanostructures.

Before discussing the temperature dependent PL spectra
of different porous Si samples, it is important to mention that
a blue shift in the S-band PL peak with time was observed for
all the samples (not shown here) after storing them in ambient
air (or DI water) at room temperature for a period of one
month. Similar observations have previously been reported
and explained in terms of both surface passivation phenomena
and carrier confinement.’*>? In addition, room temperature
PL measurements of samples prepared with different forma-
tion parameters revealed that high porosity samples formed
with higher current densities (/ > 80 mA/cm?) exhibit multi-
ple peaks and/or other features in the PL spectra. To illustrate
this point, the room temperature PL characteristics of the sam-
ples prepared with /=80 and 100 mA/cm?, [HF] = 24%, and
etched for 15 min were recorded up to 925 nm and presented
in Fig. 3.

The appearance of a distinct second peak at lower
energy (~775-800nm) along with splitting of the high
energy peaks (at ~450 and 490 nm for J = 100 and at ~425,
468, and 550nm for J =80 mA/cm?, respectively) are evi-
dent from Fig. 3. The observation is indicative of different
mechanisms involved in radiative transitions from porous Si
nanostructures and propelled the temperature dependent
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FIG. 3. (Color online) Room temperature PL spectra of high porosity sam-
ples prepared with /=80 and 100 mA/cm?, r=15min, and [HF]=24%
showing the appearance of multiple peaks.
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study discussed below, in an attempt to gain an insight about
the individual contributions of the different possible transi-
tion processes.

Figures 4(a)-4(d) show the variation of PL spectra of
the samples prepared on 2-5 Q-cm resistivity wafers with
different formation parameters and consequently having dif-
ferent porosities, for temperature varying from 10K to
300K. All the samples were analyzed after thorough rinsing
in DI water, followed by storage in clean ambient atmos-
phere for different time intervals. It may be noted here that
multiple peaks for these samples did not appear under as-
prepared condition. A weak PL signal at around 800 nm at
room temperature was obtained.

It is clear from Fig. 4(a) that the position of the 1st peak
(or more precisely, the high energy edge of the flattened
peak at higher temperatures) is almost invariant under tem-
perature change and remains nearly fixed at ~462nm
(2.68¢eV), whereas the 2nd peak exhibits a red spectral shift
from 612nm (2.03eV) to 668 nm (1.86eV) with increase in
temperature from 10 to 300 K. The intensity of the peaks on
the other hand increases for the high energy peak and
decreases for the low energy peak for the same variation in
temperature. However, the position and intensity of the appa-
rent 3rd peak at 800 nm remains constant. In addition, the
width of the PL curve for the higher energy peak widens
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with increasing temperature and at room temperature the
sharp peak starts flattening.

In an attempt to understand the role of ambient oxidation,
the sample was allowed to age for 1 month in a covered Petri
dish inside a clean fume hood and the temperature dependence
of PL measurements were carried out. The spectra of this
aged sample for the same variation in temperature are given
in Fig. 4(b). Three distinct peaks can be clearly identified: (1)
a high energy peak, henceforth referred as the 1st/blue energy
peak, (2) a peak in the intermediate energy regime of the visi-
ble spectrum, referred as the 2nd/yellow-orange peak, and (3)
a 3rd/red-NIR peak fixed at ~800nm (1.55eV). The 1st peak
appears as a kink at a more-or-less constant energy ~456 nm
(2.72eV) and is distinctly discernable only at low tempera-
tures (below 120K). Similar to the 1 day aged sample, here
too the 2nd peak red shifts with increase in temperature but in
this case at temperatures above 120K, the 1st and the 2nd
peaks tend to merge to form a plateau and become indistin-
guishable at around room temperature as shown in Fig. 4(b).
In addition, comparing the PL spectra of the 1 day and 1
month aged samples [Figs. 4(a) and 4(b)], it is evident that
both the 1st and the 2nd peaks exhibit blue shift with ageing
but the third peak remains fixed at ~800 nm.

All samples prepared with J > 80 mA/cm? exhibited
multiple peaks and exactly similar trends in the variation of
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FIG. 4. (Color online) Temperature dependent PL characteristics of porous Si samples having different porosities for temperatures varying from 10-300 K. (a)
Sample having porosity 88%, prepared with J =80 mA/cm?, = 15min, and [HF] =24% and dried in clean atmosphere for 1 day. Two distinct peaks, one in
the blue region (indicated as Ist peak) and one in the yellow/orange region (depicted as 2nd peak) of the visible spectrum, are clearly visible. A third peak
seems to appear at ~800nm. (b) PL spectra of the same sample after 1 month ageing showing blue shift of the Ist and the 2nd peaks. The inset clearly shows
the formation of a 3rd peak at ~800nm. (c) Sample prepared with J =100 mA/cm?, = 15min, [HF] = 24%, and having porosity ~91%. PL spectra were
recorded after 1 day of preparation. Similar trends as the samples shown in (a) and (b) are clear. However, since this is a higher porosity sample, the 1st and
the 2nd peaks are further blue shifted. The inset is the magnified 3rd peak appearing in the red-NIR regime. (d) Low porosity sample having porosity ~60%
showing a red shift of the PL peak beyond 200 K with increase in temperature and absence of features (like peak splitting, etc. as observed in the high porosity

samples) over the entire temperature range.
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peak position and intensity was observed. However, J had to
be kept <120 mA/cm? (as the samples were electropolished
for J > 120 mA/cm2, 1.e., it exceeded the critical current
density for pore formation). To re-affirm this point, the varia-
tion of PL characteristics with temperature of a sample pre-
pared with J=100 mA/cm?, having porosity ~91%, is
shown in Fig. 4(c).

As mentioned earlier, low temperature PL. measurements
were also carried out for other sets of samples prepared with
different formation parameters but those prepared with lower
J values, and consequently having lower porosities did not
show multiple peaks as shown in Fig. 4(d) for a representative
sample having porosity ~60%, prepared with formation pa-
rameters: J = 10 mA/cm?, 7= 5 min, and [HF] = 24%. It may
be mentioned here that temperature dependent PL spectra of
the 1 day aged sample with porosity 88% and the low porosity
sample (P = 60%) were also recorded for a different power of
the excitation energy by placing a glass slide (which reduced
the incident power on the sample surface from 42 mW to 18
mW) and exactly the same trend in variation of the spectra
was obtained with reduced intensity.

From the findings of temperature dependent PL charac-
teristics, the following general features can be summarized:

(6)) multiple peaks appear in the PL spectrum for high
porosity samples (P > 85%);

(i1) two dominant peaks are observed—one in the blue
regime (Ist peak) and one in the yellow/orange re-
gime (2nd peak), along with a very low intensity
3rd peak in the red/NIR region;

(iii) the high energy peak position is almost independent
of temperature for a given sample;

@iv) the low energy peak red-shifts with increasing
temperature;

) both the 1st and the 2nd peak blue shift with ageing
and with increasing porosity;

(vi) intensity of the high energy peak increases where as
the low energy peak intensity decreases with
increasing temperature;

(vii)  the intensity and peak position of the very low in-
tensity 3rd peak appears to be unaffected by temper-
ature, porosity, and ageing; and

(viii)  for the low porosity samples (P < 80%), multiple

peaks are not observed but the single peak intensity
decreases and exhibits a red spectral shift
[~0.16eV for the sample shown in Fig. 4(d)] with
increase in temperature form 10-300 K.

The above features for the 1st and the 2nd peaks of the
high porosity samples are clearly evident from Figs. 5(a)-5(c).

We first discuss the transition mechanism of the high po-
rosity samples and consider two different possibilities. First,
it is tempting to assign the 1st (high energy) peak centered
around 2.7eV to originate from nearly stoichiometric SiO,
as reported previously by several groups.”*® The 2.7¢eV PL
peak in nc-Si/SiO, system is well studied and is usually
attributed to oxygen vacancies which induces very strong
and anisotropic lattice distortion.>* 38 However, the excita-
tion energy required to obtain visible luminescence from
SiO, is usually much greater than 325 nm, which is the exci-
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FIG. 5. (Color online) Variation of PL peak position and intensity with tem-
perature for (a) the porous Si sample having porosity ~88% prepared with
J=280 mA/cmz, t=15min, and [HF] =24% and dried in clean atmosphere
for 1 day; (b) for the same sample after ageing for 1 month; and (c) for the
sample with porosity 91% prepared with J=100 mA/cm? = 15min,
[HF] =24% and aged for 1 day.

tation energy in our case, and is not enough to create non-
equilibrium carriers across the bandgap of SiO,.*° But, in the
presence of non-stoichiometric suboxides of Si, the bandgap
is much smaller and may produce non-equilibrium carriers
under UV excitation.*” Therefore, the possibility of such
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transitions cannot be ruled out. Furthermore, the absence of
the high energy peak in the low porosity sample [Fig. 4(d)]
extends support to this possibility as we see from the TEM
and the AFM images that the oxide layers surrounding the
nc-Si is visibly thick for high porosity samples [in fact, the
nc-Si appears to be embedded in an oxide matrix in Fig.
1(c)] thereby increasing the possibility of existence of subox-
ides of Si in such samples.

According to this proposition, the 2nd (yellow/orange)
peak (of the high porosity samples) may be assigned to
band-to-band transitions and the red shift of the PL peak
may be explained by temperature dependent change in the
bandgap of nc-Si.*' The mechanism of the temperature
induced bandgap shrinkage is well reported and explained in
terms of change of lattice parameters and electron—phonon
interaction.*? Quantitatively, the variation of the band-edge
energy with temperature for semiconducting materials is
most often accounted by the semi empirical Varshni equation
(which is valid for bulk),43 or with other similar empirical
relations suggested by other authors.***°

In the framework of this possibility, the decrease in PL
intensity of this 2nd peak with increasing temperature may
be qualitatively accounted due to increase of the probability
of the non-radiative recombination channels. In addition, the
observed increase in the 2.7 eV band of the PL intensity with
temperature seems to favor defect induced transitions as
being responsible for this peak. The variation of the inte-
grated PL intensity and the full width at half maxima
(FWHM) of the PL spectra with temperature for the 88% po-
rous sample, aged for 1 day are shown in Fig. 6. This varia-
tion could be apparently related to the enhanced surface
diffusion of carriers towards radiative recombination centers
which is supported by two previously suggested models; a
non-bridging oxygen hole centre (NBOH; = Si-0®)*° and the
triplet to ground state transition of a neutral oxygen vacancy
(NOV; =S8i-Si=).>*

The integrated PL intensity (/;,,) of the localized exciton
transition can be well described by the thermal activation

process, defined by the equation:** In(l;y) = In(lp) — (5) 1,
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FIG. 6. (Color online) Variation of the integrated PL intensity and FWHM
with temperature of the blue peak for the sample with porosity 88% and
aged for 1 day. The plot of In(;,) vs. 1/T is shown in the inset.
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where, E, is the activation energy and k is the Boltzmann
constant. However, the inset shown in Fig. 6 clearly reveals
that the variation of In(/;,) with 1 / T is non-linear thereby
suggesting that the features of the PL band at ~2.7 eV cannot
be completely explained in terms NOV and/or NBOH, in
which case the electrons need to migrate to form self-
trapped-excitons with thermally activated hopping.

In addition to the above, the first possibility also fails to
satisfactorily explain the following observations: (1) the rela-
tively large red spectral shift (~170 and 220 meV for 1-day
aged samples with porosities 88% and 91%, respectively) of
the 2nd peak cannot be accounted for only by temperature
dependent bandgap variation which is reported to be of the
order of 50 meV for bulk and ~60 meV for nc-Si for similar
variation of temperalture41 and (2) the blue shift of the higher
energy edge of the 1st peak (2.68-2.74eV) with ageing and
with increase in porosity.

Therefore, we consider a second possibility. In this case,
for the oxidized samples (as all the samples were water
rinsed and aged in ambient atmosphere), there are two com-
petitive transition processes. Under UV excitation, electron-
hole (e-h) pairs are created in the nc-Si core. First, the photo-
excited e-h pairs relax to the conduction band and valence
band edges, respectively, and then recombine radiatively
emitting higher energy (blue) photon. This accounts for the
origin of the 1st peak. Second, the photo excited electron
relaxes to the conduction band edge and the hole relaxes to
the interface states present near the valence band edge. In
other words, the photo-excited holes are captured by the
interface states and subsequent radiative recombination
emits photon with lower energy (than the band-to-band tran-
sition). This process is responsible for the 2nd peak. How-
ever, just this proposition itself does not explain the
characteristics of the temperature dependent PL spectra. In
an attempt to do so, the effect of temperature on the first two
processes has to be considered.

Focusing on the 2nd mechanism, there is a possibility
that the captured hole will recombine with thermally excited
electron from the valence band edge (and hence creating a
hole in the valence band). Therefore, with increasing temper-
ature, the probability of the 2nd transition process decreases,
while on the other hand the probability of band-to-band tran-
sition increases leading to simultaneous decrease in intensity
of the low energy peak and increase in the high energy peak.

This proposition also explains the red spectral shift of
the 2nd peak with increase in temperature. As temperature
increases, more and more electrons will be thermally excited
from the valence band to the interface states shown and
marked by the shaded region depicting interface states filled
with electrons in Fig. 7. Hence, with increasing temperature,
the width of the shaded region is expected to increase lead-
ing to red spectral shift of the yellow orange peak. This phe-
nomenon obviously couples with the temperature related
bandgap modification which in association affects a shift of
the order of 170-220 meV for temperature varying from 10
to 300 K. Therefore, for these samples, the variation of PL
(or more precisely with the PL excitation) peak energies
with temperature is not expected to fit either with the Var-
shni equation®® or with the other empirical relations.*>*¢
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FIG. 7. (Color online) Schematic band diagram showing the different transi-
tion paths accounting for the different PL peaks in the temperature depend-
ent spectra of porous Si.

However, this mechanism cannot successfully explain
the apparent temperature invariance of the high energy edge
of the 1st PL peak. The non-Gaussian nature of the peak sug-
gests that it is rather unlikely that the origin of this peak is
purely due to band-to-band transition. If we assume that
band-to-band transition is the sole contributor for this peak,
then we would expect a temperature dependent red spectral
shift due to bandgap shrinkage.*>*>*® Although it has been
previously noted that this peak tends to broaden and form a
plateau with increase in temperature, we see on closer
inspection of the peak, as shown in Fig. 8 that the peak
energy is nearly constant up to 120K and after that it does
exhibit a small (~40meV) red shift. However, due to the for-
mation of the plateau with a rather arbitrary shape, it is nei-
ther possible to uniquely identify the peak energy nor
estimate the extent of the shift.

These observations prompt us to believe that the 1st
peak is due to the convoluted contribution of band-to-band
and defect related transitions. This explains why we do not

—10
—25

Normalized PL Intensity

400 425 450 475 500 525 550 575
Wavelength (nm)

FIG. 8. (Color online) Normalized PL spectra (temperature dependent)
showing only the high energy peak for the sample with porosity 88% and
aged for 1 day.
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see either a purely thermally activated hopping like transition
(necessary to justify NOV or NBOH models) or Gaussian
peaks that exhibit a red spectral shift (in keeping with band
transitions). In addition, this explains the blue shift of the Ist
peak with increase in porosity. The band edges of nc-Si are
affected by changes in porosity due to changes in the particle
size of the ncs. Thus, for the higher porosity samples pre-
pared with high current densities, the peak positions of both
the 1st and 2nd peaks exhibit blue shift. This is because of
the quantum confinement contribution which opens up the
bandgap with reduction in particle size. Moreover, ageing of
a given sample also widens up the bandgap thereby affecting
a blue shift of both the peaks at any given temperature.

There is another possible path of radiative recombina-
tion indicated in the band structure (shown in Fig. 7)
described above to explain the red/NIR peak. A hole can be
relaxed at the interface states above the valence band (as in
case of 2nd process), as well as the electron can be captured
(or relaxed) at the interface states near the conduction band
edge. This may lead to even lower energy PL emission in the
red/NIR emission (~800nm). Definitely, the probability of
this process is lesser than that of the 2nd process since the
mobility of hole is less than that of electrons. So, the capture
cross section for holes is higher than that of electrons for
equal density of electron and hole capturing states. Hence,
the relaxation of electrons by the interface states is less prob-
able than that of holes leading to very low intensity of the
peak ~800nm. However, if by some means, the mobilities
of the two types of carriers can be made comparable to each
other then the intensity of this peak may increase. This may
be achieved either by reducing the dimension of the nc, so
that the mobility of the electron is almost frozen, or by modi-
fying the interface in such a manner that the density of elec-
tron capturing states becomes much higher than that of hole
capturing states. The relative increase of intensity of this
peak (compared to the Ist and the 2nd peaks) for aged sam-
ple and for the one with higher porosity supports the proposi-
tion. Both with ageing and with increase in porosity there is
a further reduction in size which effectively increases the
electron capture cross section. The constant position of this
peak for 2 different porosities may be explained by the fact
that the position of the interface states inside the bandgap is
almost independent of particle size.'®*’ The transition mech-
anism proposed is summarized by the different paths
described in Fig. 7.

The argument proposed to explain the transition mecha-
nisms in high porosity samples also explains the characteris-
tics of the low porosity porous Si. Since lower porosity
corresponds to larger crystallite sizes and much less oxide
coverage (as evidenced from TEM images) contribution due
to transitions from oxides and/or suboxides of Si and quan-
tum confined states are much less compared to the oxide
related interface states. Consequently, the PL spectra are
dominated by transitions mediated by the interface states.
The small red spectral shift and the continuous decrease in
intensity with increase in temperature re-affirm the proposed
mechanism. The relatively large crystallite sizes also
accounts for higher relative mobility of the electrons com-
pared to the holes and hence the 3rd peak observed in the
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highly porous samples are understandably absent in the PL
characteristics of the lower porosity samples.

Thus, the present study, on one hand, enables us to
experimentally identify and distinguish between the different
transition mechanisms responsible for radiative emission
from porous Si nanostructures and on the other hand,
resolves the long-standing contradictory reports on the tem-
perature dependent PL characteristics of porous Si.

IV. CONCLUSIONS

In summary, temperature dependent PL characteristics
of porous Si nanostructures reveal that two competitive proc-
esses involving band-to-band and oxide related interface
mediated transitions are responsible for radiative emission
from porous Si. Structural investigations reveal that the po-
rous Si nanostructures consist of nanorods and nanodots of
randomly oriented nc-Si surrounded by oxide shell. The
higher porosity (P >80%) samples formed with larger
current densities have much smaller average nc-Si core
(~1-6nm) and their PL spectra are characterized by the
appearance of multiple peaks which become distinctly distin-
guishable at lower temperatures. The lower porosity samples
evidently consist of comparatively larger nc-Si and have sin-
gle peaks in their emission spectra even at low temperatures
(10K). A systematic investigation of the variation of inten-
sity and PL peak position with temperature (10-300K) of
the differently prepared and aged samples allows us to exper-
imentally distinguish the contribution of quantum confine-
ment induced widened bandgap related transitions and oxide,
interfacial defect states mediated radiative recombination.
The findings also resolves the long-standing conflicting
reports on the temperature dependent PL characteristics of
nanostructured porous Si.
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