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Improved photoresponse of porous silicon photodetectors by embedding
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The paper presents the effect of incorporating colloidal cadmium selenide nanoparticles on the characteristics of porous
silicon Al/porous Si/p-Si photodetectors prepared with 7 mA/cm2 electrochemical etching for 15 min. The spherical
cadmium selenide nanoparticles of size 35-60 nm, synthesized by laser ablation in methanol, had covered the pore walls of
porous silicon matrix. Structural, morphological and optical properties of porous silicon and cadmium selenide nanoparticles
were characterized by X-ray diffraction, photo-luminescence, Fourier transformation infrared spectroscopy, scanning
electron microscopy, transmission electron microscopy, atomic force microscopy and UV-Vis spectrophotometer. Electrical
and photosensitivity of porous silicon photodetectors have been investigated before and after the embedding of cadmium
selenide nanoparticles. The ideality factor of porous silicon has decreased after the incorporation of cadmium selenide
nanoparticles in porous silicon. Photodetector sensitivity has increased from 0.5 to 0.8 A/W at 800 nm after embedding
CdSe NPs in silicon pores.
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1 Introduction
Cadmium selenide (CdSe) has received much
attention due to their photovoltaic, photo-electrochemical (PEC) and electroluminescent properties1-4.
CdSe is a semiconductor having a band gap Eg of
1.7 eV at 300 K and lies in the solar energy spectrum5.
CdSe has been considered in many applications such
as optoelectronic devices6, light sensors7, biological
labels8, chemical libraries9, etc. The CdSe
nanoparticles can provide superior and unique
properties depending upon their shape and size10-13.
Hydrothermal, sol–gel approach, surfactant-assisted
approach, laser ablation in liquid etc. have been
utilized for the synthesis of CdSe nanoparticles14-16.
The fabrication and characterization of porous silicon
photodetector.have been studied by researchers17-19.
The reported data showed low photosensitivity of
porous silicon photodetector as compared to standard
single crystal junction silicon photodetectors.
The photosensitivity of p-type porous silicon
photodetector was improved after doping the pores
with colloidal CdSe/CdS/ZnS quantum dots due to
large surface areas and short diffusion length of
photo-generated carriers20. The doping of CdSe
nanoparticles in porous silicon photodetector to

improve its photosensitivity, has been studied in the
present paper.
2 Experimental Details
Mirror-like single crystal (2-20) ȍ.cm, 508 µm
thick and (100) p-type silicon wafers were cleaned,
cut into (1.5×1.5) cm2 rectangles and then chemically
treated with HF. The aluminium ohmic contacts of
1 µm thickness were deposited on the backsides of the
wafer by using thermal resistive technique, and antiacid wax layer was then applied to protect this
electrode during electrochemical etching. The porous
layer was obtained by electrochemical etching of the
silicon samples in 1:1 mixture of HF (40%)-ethanol
(99.99%) solution using 7 mA/cm2 current density at
room temperature for 15 min. After anodization, the
silicon samples were washed out with deionized water
for 10 min and dried under N2 ambient. Teflon
electrochemical etching cell employing Au grid was
used in the current study and is shown in Fig. 1. The
etched area was adjusted to be around 0.8 cm2.
Cadmium selenide nanoparticles NPS were
produced by laser ablation of high purity CdSe 1 cm2
pellet in 99.99% purity methanol CH4O (provided by
Poch Company) at room temperature. The CdSe

HABUBI et al.: PHOTORESPONSE OF POROUS SILICON PHOTODETECTORS

Fig. 1 — Schematic diagram of the electrochemical etching
experimental set-up
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Fig.3 — TEM image of CdSe colloidal nanoparticles suspended in
methanol. The inset shows the particles size distribution
histogram

100 MHz band width. All the above characteristics
have been investigated at room temperature.
3 Results and Discussion
Fig. 2 — Laser ablation in liquid system. inset is fresh colloidal
CdSe NPs

target was placed in the bottom of quartz vessel and a
colloidal CdSe NPs solution was made to fill this
vessel up to 5 ml above the target. The colloidal
solution was synthesized by irradiating of CdSe pellet
with 7 ns pulsed Nd: YAG laser operating at
Ȝ=1064 nm (type HUAFEI). A positive 20 cm lens
was employed to focus laser beam onto target. The
laser fluence of 1 J/cm2 and ablation time of 5 min
were set to carry out this experiment. The schematic
diagram of laser ablation in liquid system is shown in
Fig. 2.
Structural, morphological and optical properties of
porous silicon and CdSe NPs were investigated by
means of (CuKĮ) XRD-6000, Shimadzu X-ray
diffractometer,
Shimadzu
SL
174
PL
spectrophotometer, Fourier transformation infrared
spectroscopy, JEOL (JSM-5600) scanning electron
microscopy, Philips CM10 pw 6020 transmission
electron microscopy, Angstrom AA 3000 atomic
force microscopy and Cary 100 Conc plus UV-Vis
spectrophotometer. The colloidal CdSe nanoparticles
with concentration of around 10 mg/mL were
embedded in porous silicon by drop casting
technique.
The photosensitivity was measured by utilizing a
monochromator and the power was calibrated using
Sanwa silicon power meter. The photogenerated
minority carrier lifetime of the heterojunction was
measured using stroboscope and oscilloscope of

3.1 Synthesis of cadmium selenide nanoparticles formation

The solution colour has changed to dark brown
after laser ablation of CdSe target; indicating the
formation of CdSe NPs, see inset of Fig. 2.
The micrograph of CdSe nanoparticles TEM
images, shown in Fig. 3, confirms the formation of
nearly spherical, 25-30 nm mono-dispersed CdSe
nanoparticles. The CdSe particle size distribution
histogram was determined using software supported
TEM analysis as shown in the inset of Fig. 3. It is
Gaussian with the full width at half maximum FWHM
of 25 nm. Figure 4 shows SEM images of CdSe
nanoparticles,
revealing
non-uniform
CdSe
nanoparticles morphology; consisting of many small
irregular (35-60 nm) nanoparticles.
Different sizes were produced from different laser
energy fluences. The higher magnification SEM
image (inset of Fig. 4) displaying CdSe NPs
agglomerated in clusters to form larger particles. NPs
agglomeration is affected by the solution type and
laser-nanoparticles interaction21.
Figure 5 shows 3D AFM image of the synthesized
CdSe NPs showing vertically aligned closely packed
ball-shaped grains of CdSe NPs distributed uniformly
within the scanning area 500×500 nm. Using special
software, the estimated root mean square (RMS)
surface roughness was around 0.11 nm.
The XRD diffraction patterns of synthesized CdSe
nanoparticles films ablated in methanol is shown in
Fig. 6. It reveals the main peaks at diffraction angle of
23.67°, 25.35°, 27.08°, and 35.19o correspond to
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Fig. 6 — XRD pattern of CdSe nanoparticles

Fig. 4 — SEM image of CdSe NPs. The inset is CdSe particles
agglomerated from many nanoparticles

Fig. 7 — Absorption spectrum of colloidal CdSe NPs. Inset is
(ĮhȞ)2 versus photon energy

Fig. 5 — 3D AFM image of the synthesized CdSe NPs

(100), (200), (101), and (102) planes, respectively. All
the diffraction peaks are indexed to the hexagonal
structure with no traces of cubic face. These peaks
match well the standard peaks22 (JCPDS No. 772307). The average crystallite size of CdSe
nanoparticles was calculated by using Scherrer
formula23 and found to be 63 nm, which is in
agreement with those determined from TEM and
SEM investigations.
The absorption characteristics can be a valuable
tool for analyzing nanomaterials. Figure 7 shows the
absorption spectrum of laser-ablated CdSe NPs in

suspension. The data are corrected for solution
absorption in UV region. The absorption is sharply
decreasing below ~ 400 nm because of the wide
distribution of particle sizes24. The presence of a wide
absorption peak around 600 nm arises from the
quantum size effect; ascribed to the formation of
CdSe nanoparticles.
The energy band gap of CdSe NPs was estimated
by plotting (Įhȣ)2 versus (hȣ). The extrapolation of
the straight line to (Įhȣ)2 =0 points gives optical
energy gap as shown in inset of Fig. 8. The direct type
transition is also shown with CdSe NPs band gap of
2.3 eV; which is larger than that for bulk25 CdSe
1.7 eV. This is 0.6 eV blue shift originated from the
quantum size effect indicating that the CdSe
nanoparticles were successfully prepared in the
present study.
3.2 Morphological and Structural Properties of Porous Silicon
(PSi)

The silicon microstructure of the samples prepared
with 7 mA/cm2 current density and 15 min etching
time was investigated using AFM, XRD, FT-IR, and

HABUBI et al.: PHOTORESPONSE OF POROUS SILICON PHOTODETECTORS

SEM techniques. The surface morphology of the
PSi/p-Si layer, investigated by the AFM, showed
porous structure consisting of a matrix of random
distrusted nanocrystallite pillar silicon having the
same direction as shown in Fig. 8. The root mean
square RMS surface roughness was estimated from
AFM investigations after using special software and
found to be 0.7 nm. Figure 9 is an X-ray diffraction
spectra showing distinct variation between fresh
[Fig. 9(a)] and porous [Fig. 9(b)] silicon PSi surfaces.
A strong peak at 2ș = 69.7°, corresponds to (400)
plane is observed confirming the mono-crystalline
structure of the PSi layer which belongs to the (400)
reflecting plane of Si of cubic structure. The
broadening in the diffracted peaks is due to the
formation of nanostructured silicon layer. The upward
shift may be ascribed to relaxation of strain in the
porous structure26.
The FT-IR spectrum of PSi is shown in Fig. 10.
The peak at 1080 cm−1 indicates the presence of
Si-O-Si wagging and the small peak at 624 cm−1 is
assigned to the Si-H Waggener mode, while, the peak at
2854 cm−1 suggests a C-H stretching. A strong broad
band seen at about 1080 cm−1 is due to the Si-O-Si
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asymmetrical stretching vibration of porous silicon.
The weak absorption bands centered at about 624 cm−1
are attributed to the wagging modes of the SiHx
species. Absorption peaks at 2854 cm−1 and 2924 cm−1
are due to the plane C–H angle deformation. The
latter can easily replace a silicon atom to allow the
presence of carbon in the porous structure since
carbon is located in the same column of the periodic
table as silicon27. Upon anodization in air, new
chemical bonds appear on the surface as a wide
transmission band due to different Si-H and Si-O
chemical bond configurations in the IR spectra.
3.3 CdSe/PSi/Si Heterojunction Photodetector Properties

Figure 11 shows CdSe NPs deposited on a porous
silicon surface specified by 250-400 nm semi-circular
pores (inset of Fig. 11). Bigger CdSe particles are
agglomerated as multi – armed or cubic shape on the
porous surface. Particles smaller than the pore size are
embedded inside the silicon matrix. The porosity was
estimated and found to be around 75%.

Fig. 10 — FT-IR spectrum of the porous silicon

Fig. 8 — 3D AFM image of porous silicon

Fig. 9 — XRD spectra of (a) mono-crystalline silicon surface and
(b) porous silicon surface

Fig. 11 — SEM images of CdSe nanoparticles within the pores of
porous silicon matrix. Inset is porous silicon surface
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Figure 12 shows the dark I-V characteristics in
forward and reverse directions of Al/CdSe/PSi/pSi/Al
and
Al/PSi/p-Si
photodetectors.
I-V
characteristics exhibited rectification properties. The
forward current of porous photodetector has increased
after embedding CdSe NPs. This indicates some
improvement in the charge transfer between porous
and electrode after CdSe doping..
To calculate the ideality factor, a semi-logarithmic
relationship of forward current versus bias voltage is
plotted as shown in Fig. 13. The values of ideality
factor of heterojunction are found to be 3.6 before
doping and 1.4 after CdSe NPs doping. The decrease
in ideality factor values indicates a significant
enhancement
of
the
porous
heterojunction
performance after the CdSe NPs doping. This may
well be resulted from the increase of porous layer

shunt conductivity after diffusing CdSe NPs in the
silicon matrix.
Figure 14 shows I-V characteristics of porous
silicon photodetectors before and after embedding
CdSe under 10 mW/cm2 white light illumination,
indicating an increasing photocurrent after CdSe
doping. This increase could be due to the increase of
absorption coefficient and carriers’ diffusion length
and/or the photo-induced carriers transfer from CdSe
NPs to porous silicon caused by band alignment
between CdSe and porous silicon. These results agree
well with data reported in Ref. (20). Figure 15 shows
a liner relationship between inverse of square of
capacitance C-2 reverse bias voltage for doped and undoped heterojunction, indicating abrupt junctions. The
built-in potential Vbi values were obtained after
extrapolating the C-2 points to voltage axis. Vbi has
decreased from 1.05 to 0.5V after doping. This result
agrees with the results of dark I-V. The dark I-V
characteristics revealed a decreased turn-on voltage
after doping with CdSe NPs.
Figure 16 shows the photosensitivity of
CdSe/PSi/p-Si and PSi/p-Si photodetectors at 1V bias
voltage. Before doping, the photosensitivity has two
peaks located at 600 nm (due to the absorption edge
of porous layer) and 800 nm (related to the absorption
of light in the bulk silicon substrate). Adding CdSe,

Fig. 12 — Dark I-V characteristics of Al/CdSe/PSi/p-Si/Al and
Al/PSi/p-Si heterojunctions

Fig. 14 — Illuminated I-V characteristics of CdSe/ PSi/p-Si and
PSi/p-Si photodetectors

Fig. 13 — Semi-logarithmic of forward current versus bias
voltage plot

Fig. 15 — Effect of CdSe doping on the characteristics of C-2
versus reverse voltage
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Hor. 0.2 ms/div
Ver. 50 mV/div

Fig. 16 — Doping effect of CdSe NPs on the photodetector
photosensitivity

Hor. 0.2 ms/div
Ver. 50 mV/div

Fig. 18 — Optical response pulse for heterojunctions before
doping (top) and after doping of CdSe NPs into silicon matrix
(bottom)
Fig. 17 — Detectivity as function of wavelength of photodetectors
before and after doping

NPs has significantly enhanced the photosensitivity
reaching maximum of 0.8 A/W at 800 nm. Another
response peak, located at 560 nm can be ascribed to
the absorption edge of CdSe nanoparticles. The
obtained value of photosensitivity is higher than
that for other porous and heterojunctions based silicon
photodetectors28-30. Figure 17 shows the specific
detectivity (D*) as a function of wavelength
before and after doping, with a maximum value of
2.3×1012 W−1.cm.Hz1/2 found at 750 nm for
CdSe/PSi/p-Si photodetector. These data reported
here have shown repeatability over several runs and
over several samples.
Open circuit voltage decay OCVD method was
used to measure the photo-generated minority carrier
life time Ĳ of the photodetectors. Figure 18 shows an
optical response of 20 mW/cm2 light pulse. The
lifetime31 was calculated by using Eq. (1):

§ 2kT
ι=¨
© q

º
·ª
1
¸«
»
¹ ¬ dVOC / dt ¼

…(1)

The estimated lifetime of heterojunction
photodetector increased from 124 ȝs to 320 µs after
doping
indicating
improved
heterojunction
photovoltaic characteristics after doping because of
the structural and surface states defects decrease at the
PSi-p-Si interface.
4 Conclusions
A simple and efficient approach to improve the
photo-response and photovoltaic properties of silicon
matrix photodetectors prepared by anodization
technique via doping with colloidal CdSe
nanoparticles, synthesized by laser ablation in
methanol, is presented. The enhancement in photoresponse and photovoltaic properties was explained
by the increasing the absorption coefficient and
carrier diffusion length as well as by the carrier
transfer from CdSe NPs to porous silicon. Larger
direct 2.3 eV bandgap transition than that for bulk
CdSe 1.7 eV was obtained, indicating a successful
CdSe NP preparation. The results showed a monocrystalline porous structure of random distrusted
nanocrystallite pillar silicon having same direction.
I-V characteristics indicated an improved charge
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transfer between porous and electrode and an
increased photocurrent after CdSe doping. The
decrease in ideality factor from 3.6 to 1.4, enhanced
photosensitivity to 0.8 A/W, high specific detectivity
of 2.3×1012 W−1.cm.Hz1/2 at 750 nm and increased
heterojunction life time from 124 µs to 320 µs point
out a significant enhancement of the porous
heterojunction performance after the CdSe NPs
doping. The high photosensitivity at visible and
near-IR regions suggests using this route to fabricate
silicon photodetectors to detect weak optical signals.
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