
FU
LL

 P
A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6016 wileyonlinelibrary.com

advantages of solution-phase processing. [ 4 ]  
Quantum size effects enable tuning of 
both the absorption onset and emis-
sion wavelength of NCs over a wide 
range, while solution-phase printing and 
coating processes enable large device 
area, use of low-cost and fl exible sub-
strates, and reduced costs in device fabri-
cation compared to conventional vacuum 
processing. [ 5 ]  However, to date, the most 
promising NC devices have incorporated 
toxic heavy metals, such as cadmium, lead, 
and mercury. Concerns have been raised 
about the risks that these materials pose 
to human health and to the environment. 
Such concerns are avoided in devices 
made from silicon (Si) NCs. Silicon is 
abundant and non-toxic, and is the domi-
nant material used throughout the micro-
electronics and PV industries. Building 
upon recent advances in the synthesis of 
high quality silicon NCs with controlled 
size, shape, and surface chemistry, [ 6 ]  sil-
icon is now poised to play an important 
role in a new generation of low-cost, high-
performance optoelectronic devices. [ 1c , 3c , 7 ]  

 The band-gaps of colloidal silicon NCs are determined by 
both size-dependent quantum confi nement effects and by the 
nature of the silicon surface. Silicon NCs are typically capped 
with long organic ligands that prevent aggregation of particles, 
stabilize them against oxidation, and allow formation of stable 
high-concentration dispersions (inks) in organic solvents. These 
properties allow the NCs to be used in solution-based device 
fabrication. Unfortunately, ligands with long hydrocarbon 
chains, such as octadecene or ethyl undecylenate, may block 
interparticle charge carrier transport, which results in exceed-
ingly low charge mobility in solid fi lms of the particles. [ 1d , 8 ]  
However, direct synthesis of NCs passivated by short ligands 
is often ineffective in preventing NC aggregation, resulting in 
formation of rough, cracked, porous, or otherwise defective NC 
fi lms fabricated from colloidal NC inks. The solid-state ligand-
exchange strategies that are commonly applied to improve 
charge mobility in II–VI [ 9 ]  and IV–VI [ 2f , 10 ]  NC thin fi lms 
cannot generally be used with silicon NC fi lms, because the 
ligands on silicon NCs are typically attached by strong covalent 
bonds. These strong covalent bonds are desirable for providing 
robust protection against oxidation, but have the disadvantage 
of precluding ligand exchange in cast fi lms. Kortshagen’s group 
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  1.     Introduction 

 Colloidal nanocrystals (NCs) are promising materials for next 
generation optoelectronic devices including light-emitting 
diodes (LEDs), [ 1 ]  photovoltaic devices (PV), [ 2 ]  and photodetec-
tors. [ 3 ]  The promise of these materials arises from both the 
potential benefi ts of quantum size effects and the practical 
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found that chlorine-terminated plasma-synthesized silicon 
nanoparticles can disperse well in ketones and nitriles. They 
attribute this to hypervalent interactions of these molecules 
with the chlorine-terminated silicon surface. [ 11 ]  Our group simi-
larly showed that hydrogen-terminated silicon-germanium alloy 
NCs formed stable colloids in benzonitrile after sonication for 
an extended time. [ 12 ]  These advances suggested an alternative 
strategy for producing colloidally stable Si NC inks suitable for 
device applications. However, a drawback of this approach was 
the high sensitivity to oxidation of fi lms cast from these bare 
(Cl- or H- terminated) Si NC inks. Here, we present a method 
for formation of a Si NC ink with high air stability that can 
directly produce Si NC fi lms with high conductivity. We then 
demonstrate a solution-processed UV-sensitive photodiode pre-
pared using this Si NC ink.  

  2.     Results and Discussion 

  2.1.     Preparation and Functionalization of Colloidal Si NCs 

 A schematic diagram of the process for preparing the Si NC ink 
is shown in  Figure    1  . Bare silicon NCs were produced by laser-
induced pyrolysis of silane, as described in detail previously. [ 6b ]  
The resulting NCs were etched with a mixture of hydrofl uoric 
acid (HF) and nitric acid (HNO 3 ) to reduce the particle size 
and provide an oxygen-free hydrogen-terminated surface. The 

particle size, and therefore the band gap, can be controlled by 
varying the etching time. The next step, and the key challenge 
in producing solution-processed Si NC devices, is to function-
alize the Si NCs with appropriate ligands that allow formation 
of stable Si NC dispersions without overly diminishing the 
conductivity of Si NC solid fi lms cast from those dispersions. 
We have used several short ligands, including acrylic acid, 
allyl alcohol and 3-buten-1-ol to functionalize Si NCs, because 
appreciable charge mobility in solution-processed thin fi lms of 
NC passivated by such short ligands [ 2f , 10a ]  has been reported for 
other materials. However, these have not proven effective for 
creating stable inks from our Si NCs. Compared to the ligands 
usually used in stabilizing silicon NCs, allyl disulfi de has a rela-
tively short hydrocarbon chain. Its two terminal alkene groups 
provide the possibility of passivating the Si NC surfaces by 
hydrosilylation. They also provide the possibility of forming 
cross-links between Si NPs (reaction mode 2 in Figure  1 ), 
either in solution or after fi lm deposition. Both ends of an 
allyl disulfi de molecule could also bind to the same NC (reac-
tion mode 3 in Figure  1 ), though this does not seem to be the 
dominant binding motif, vide infra .  The lone pairs of electrons 
in disulfi de (S-S) bonds may improve the charge transport 
among the Si NCs relative to purely aliphatic linkages. More-
over, allyl disulfi de has relatively high viscosity compared to 
the organic solvents most often used for solution-processing in 
optoelectronics, e.g., hexane, toluene, and dichlorobenzene. As 
a result, casting fi lms from allyl disulfi de as solvent improves 
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 Figure 1.    Schematic of the synthesis and functionalization of Si NCs.
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fi lm smoothness and reduces crack formation. The moderate 
vapor pressure (slightly over 1 kPa at ambient conditions) of 
allyl disulfi de also favors fi lm formation and densifi cation via 
slow evaporation. In addition, allyl disulfi de occurs naturally in 
plants of the genus  Allium  (e.g., garlic) that are commonly used 
in cooking. Thus, its low toxicity and environmental compat-
ibility are well established.  

 Transmission electron microscopy (TEM) showed the quasi 
spherical morphology and 15–20 nm size of Si NCs synthesized 
by laser-driven pyrolysis ( Figure    2  ). An HF/HNO 3  mixture was 
used to etch the Si NCs to reduce their size. The etched Si NCs 
with a hydrogen-terminated surface could be directly dispersed 
in allyl disulfi de at concentrations up to ≈30 mg/mL to form 
a Si NC ink after sonication for ≈1 min ( Figure    3  ). Such a col-
loidal dispersion was not achieved in previous investigations of 
surface passivation of hydrogen-terminated Si NCs using octa-
decene, ethyl undecylenate, and other terminal alkenes, without 
UV-induced hydrosilylation. Fourier transform infrared spec-
troscopy (FTIR) was employed to characterize the surface state 
of the silicon NCs before and after reaction with allyl disulfi de. 
The fresh silicon NC sample was removed from the nitrogen-
fi lled glove box for FTIR measurement just after etching. This 
sample showed Si-H bond stretching near 2100 cm −1  and a 
small amount of Si-O and Si-O-Si bending that might arise 
from oxidation during the measurement ( Figure    4  , top spec-
trum). This demonstrates that the Si NCs have clean Si-H sur-
faces after etching using HF/HNO 3 . To study the change in the 
Si NC surface upon dispersion in allyl disulfi de, the Si NCs 
were separated from the allyl disulfi de by addition of methanol 

and centrifugation and were then washed with methanol sev-
eral times to remove free allyl disulfi de. FTIR showed little 
change of the characteristic peaks between the fresh Si NCs 
and the Si NCs that had been dispersed in allyl disulfi de then 
recovered and washed (Figure  4 ). This indicates the absence of 
covalent chemical binding between Si NCs and allyl disulfi de 
when the NCs are simply dispersed in allyl disulfi de. Aggrega-
tion and precipitation of the Si NC dispersion in allyl disulfi de 
were observed after exposure to air for several minutes, which 
we attribute to oxidation of the Si NC surfaces. Although these 
Si NC dispersions could potentially be used for making devices 
by coating and printing in an inert environment, they are not 
suitable for use in air, which is more practical for low-cost fabri-
cation of large-area devices.    

 Figure  3  shows a photograph of dispersions of the Si NCs in 
several solvents, including acetone and acetonitrile, which have 
recently been shown to form stable dispersions of chlorine-ter-
minated silicon nanocrystals. [ 11 ]  Hydrogen-terminated silicon 
nanocrystals rapidly aggregate in, and precipitate from, these 
solvents. This is consistent with the fact that hypervalent inter-
actions of silicon with ketones and nitriles requires the pres-
ence of strongly electron-withdrawing chlorine atoms on the Si 
NC surface. However, the H-terminated silicon nanoparticles 
disperse reasonably well not only in allyl disulfi de, but also 
in thiols, such as 1-octanethiol (Figure  3 ). This suggests that 
sulfur may be interacting with the H-terminated Si NC surface. 
The technical grade allyl disulfi de used here is of 80% purity, 
so interaction of the Si NC with thiol or sulfi de groups, rather 
than the disulfi de groups of allyl disulfi de, cannot be ruled out 
as contributing to the dispersion of Si NCs in allyl disulfi de. 
Unfortunately, interactions of thiol, sulfi de, and disulfi de 
groups with H-terminated silicon are relatively unexplored in 
the literature. A detailed study of the mechanism of stabiliza-
tion of H-terminated Si NC colloids in allyl disulfi de is beyond 
the scope of the present paper. Nonetheless, the observation is 
of considerable practical importance because it greatly simpli-
fi es the production of stable Si NC inks in allyl disulfi de. 

 UV-induced hydrosilylation was used to covalently attach 
allyl disulfi de to the NC surfaces and thereby stabilize the NCs 
against oxidation in air. The Si NC dispersion in allyl disulfi de 
was exposed to UV light for 2 hrs. The Si NCs were then col-
lected by adding methanol and centrifuging. They were sub-
sequently washed with methanol to remove any residual free 
allyl disulfi de. After UV exposure, several additional peaks 
were observed in the FTIR spectrum of the washed particles 
(Figure  4 ). The Si-CH 2 -peak demonstrates the presence of a 
covalent bond between Si NC surface and allyl disulfi de, con-
fi rming the occurrence of hydrosilylation under UV illumina-
tion. Moreover, the signifi cant reduction of the Si-O-Si peak 
demonstrates that Si NC surface was effectively passivated by 
allyl disulfi de and was thus resistant to oxidation in air. Ligands 
typically used to passivate Si NCs contain only one terminal 
alkene group, while allyl disulfi de has two terminal alkene 
groups. Thus, hydrosilylation can occur between the hydrogen-
terminated Si NC surface and one terminal alkene in allyl 
disulfi de (Figure  1  reaction mode 1), but can also occur at both 
ends of the allyl disulfi de molecule (Figure  1  reaction mode 
2 and reaction mode 3). FTIR shows a strong characteristic 
peak at 1630 cm −1  corresponding to a stretching mode of the 
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 Figure 2.    TEM of Si NCs synthesized by laser-driven pyrolysis, prior to 
HF-HNO 3  etching.

 Figure 3.    Bare etched (H-terminated) Si NCs dispersed in several sol-
vents, as indicated by labels.
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C=C bond, suggesting that much of the attachment occurs by 
reaction mode 1, leaving a terminal C=C bond free after hydro-
silylation. The fact that the colloidal dispersion remained clear 
also shows that extensive cross-linking of Si NCs, via bonding 
by reaction mode 2, did not occur. The presence of both 
residual Si-H and of C=C bonds after hydrosilylation implies 
that further cross-linking between particles (Figure  1 , reaction 
mode 3) may be possible after fi lm formation, during heating 
and solvent evaporation. 

 TEM imaging showed that the etched Si NCs passivated by 
allyl disulfi de through UV-induced hydrosilylation had a mean 
diameter of ≈4.5 nm ( Figure    5  A). High-resolution TEM showed 
lattice fringes with 0.31 nm spacing, corresponding to the (111) 
crystal planes of Si (Figure  5 B). Powder X-ray diffraction (XRD) 
shows that the etched particles after disulfi de passivation retain 
the crystal structure of the Si NCs before etching ( Figure    6  A). 
Moreover, the XRD peaks are slightly broadened after etching, 
refl ecting the reduced mean size of the particles. Figure   6 B 
shows the optical absorbance of Si NCs with a mean size of 
4.5 nm. The absorbance intensity dramatically decayed in the 

NIR, refl ecting quantum confi nement in the NCs. This is con-
sistent with previous investigations of the shift of the indirect 
band gap of Si NC with decreasing size. [ 13 ]     

  2.2.     Solution-Processed UV Photodiode Fabricated from Si NC 
Ink 

 Solution-processing approaches for making semiconductor 
devices, including coating and printing, could dramatically 
lower cost and energy consumption of device fabrication. An 
important factor impacting the fabrication and performance 
of solution-processed devices, whether NC-based or purely 
organic, is the quality and stability of the solution used for fab-
rication. Ideally, this solution should be stable in air, so that 
an inert environment is not required for device fabrication. 
Dispersions of “bare” or H-terminated Si NCs are relatively 
unstable in air due to the absence of robust surface passiva-
tion. Thus, they are subject to rapid surface oxidation, and 
fabrication of devices from such inks must be executed under 
an inert environment. Moreover, protective, encapsulating 
layers must be deposited before the Si NC fi lms are exposed 
to air. In contrast, the dispersions of Si NCs passivated by allyl 
disulfi de as described above exhibit high chemical and colloidal 
stability in air, allowing fabrication of optoelectronic devices 
from them in air. For device fabrication we prepared Si NC ink 
at a Si concentration of ≈30 mg ml –1 , using allyl disulfi de as 
both ligand and solvent. To investigate the viability of Si NC-
based photodetectors prepared from this new Si NC ink, we 
fi rst studied the performance of a simple ITO-Si NC-Al struc-
ture. Unfortunately, such devices showed poor photoresponse 
to simulated solar illumination, even at a relatively high bias 
of 10 V (Figure S2, Supporting Information). We attribute this 
to poor charge separation, although a Schottky junction bar-
rier is expected to form at the interface between the Si NC fi lm 
and Al back electrode. In addition, the weak absorbance of Si 
NCs, due to the indirect nature of their band gap transitions, 
leads to the need for a thicker absorber layer compared to direct 
band gap materials such as lead and cadmium chalcogenides. 
This negatively impacts the trade-off between absorbance and 
charge transport distance, which is a key factor determining 
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 Figure 4.    FTIR of fresh Si NCs (black curve), Si NCs dispersed in allyl disulfi de then recovered and washed (blue curve), and Si NCs after exposure to 
UV illumination in allyl disulfi de (red curve).

 Figure 5.    TEM of etched Si NCs passivated by allyl disulfi de. A) Overview 
of several Si NCs, B) higher magnifi cation view of a single SiNC, and 
C) selected area electron diffraction pattern from an area containing a 
large number of Si NCs. A TEM image with lower resolution is available 
in Figure S1 in the Supporting Information.
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performance of nanocrystalline devices. In contrast to conven-
tional monocrystalline Si or polycrystalline Si with relatively 
large grain size, the fi lm composed of ≈4.5 nm Si NCs pos-
sesses a high concentration of interfaces that reduce carrier 
mobility and promote recombination. The thickness of the NC 
fi lm signifi cantly impacts the short-circuit current in the device. 
Device performance can thus be improved by introducing a 
charge separating layer to improve electron-hole separation. 
 Figure    7  A shows a schematic of the device structure in which 
such a layer of poly(3,4-ethylenedioxy-thiophene):poly(styrene 
sulfonate) (PEDOT:PSS) was added. Scanning electron micros-
copy (SEM) shows the thickness of the Si NC and PEDOT:PSS 
layers. The Si NC fi lm has a mean thickness of ≈200 nm while 
the PEDOT:PSS polymer fi lm was 25 to 30 nm thick. Due to 
the wide band gap of PEDOT:PSS, and corresponding high 

conduction band edge, conduction band electrons generated by 
light absorption in Si NC are blocked by this layer, while holes 
can be transported to the transparent conductive electrode 
(Figure  7 C). The electron-hole separation is enhanced by the 
built-in electric fi eld across the interface between Si and Al that 
drives the electrons toward the Al electrode.  

 The current-voltage ( J - V ) curves for the device were measured 
in the dark and under illumination by a standard 100 mW cm –2  
A.M. 1.5 solar simulator ( Figure    8  A). The open circuit voltage of 
≈0.25 V demonstrates photovoltaic behavior and confi rms for-
mation of a Schottky barrier at the junction between Si and Al. 
To test the transient photoresponse, the current density in the 
device was measured as the light was switched on and off. Note 
that all of the measurements were carried out in air without 
any device packaging. Figure  8 B shows a high ratio of photo-

current under solar illumination to the dark 
current (≈700:1) and fast response to light. 
Moreover, the device performance changed 
only slightly after tens of cycles, demon-
strating the stability of the unpackaged 
device operating in air. However, the Si NC 
device has low short-circuit current, which 
we attribute to the low optical absorption of 
the silicon NCs. The thickness of the Si NC 
fi lm (≈200 nm) is not appropriate for use in 
photovoltaic devices. Crystalline Si solar cells 
with high power conversion effi ciency gener-
ally have absorber layers that are several or 
even several tens of µm thick. [ 14 ]  Nonethe-
less, the presence of built-in electric fi eld and 
photoresponse in the device demonstrated 
here provide the possibility of making high-
performance Si NC-based photodiodes. The 
spectral responsivity of the device was meas-
ured by monitoring the current as the wave-
length of incident light was varied ( Figure    9  ). 
No photoresponse was observed for wave-
lengths longer than 610 nm, consistent with 
a quantum-confi nement induced blue-shift 
of the indirect band gap energy. The band 
gap of Si NCs ≈4.5 nm in diameter was esti-
mated using the Tauc method based on the 
spectral responsivity. The estimated band gap 
of ≈1.9 eV corresponds well to the results of 
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 Figure 6.    A) Powder XRD of unetched Si NCs, etched Si NCs, and standard XRD pattern of crystalline Si. B) Optical absorbance of Si NCs with 4.5 nm 
mean size.

 Figure 7.    A) Schematic of device structure, B) SEM of the Si NC device, and C) energy band 
diagram of the materials in this device.
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previous studies of the dependence of the band gap of Si QDs 
on their size. [ 13 ]  The photoreponsivity from 950 nm to 600 nm 
ranged from 10 −5  to 10 −4  A W −1  (Figure S3, Supporting Infor-
mation) and the photoresponsivity from 600 nm to 395 nm 
ranged from 10 −4  to 10 −3  AW −1 , while the photoresponsivity 
in the UV spectral region was substantially higher. It reached 
a maximum value of ≈0.02 AW −1  at 310 nm (4 eV) which is 
two orders of magnitude higher than the responsivity obtained 
using excitation light near the band-gap energy (≈1.9 eV). Bulk 
crystalline Si has a direct transition at ≈3.4 eV. Thus, the direct 
band gap blue-shifted slightly. The wavelength of peak respon-
sivity could potentially be further blue-shifted by reducing the 
Si NC size. Most commercial UV photodiodes, which are based 
upon epitaxial fi lms of gallium nitride, silicon carbide, or gal-
lium phosphide, show peak photoresponsivity of 0.1 A W −1  
or less. Thus, this non-optimized solution-processed device 
already has comparable sensitivity to conventional UV photo-
diodes, with the potential to be fabricated over large areas on 
low-cost, fl exible substrates. To test the stability of our devices, 
we stored them at ambient laboratory conditions and measured 
the spectral responsivity after 3 weeks. The peak responsivity 
was ≈0.011 AW −1 , within a factor of 2 of the initial responsivity. 

This demonstrates exceptionally promising air stability for an 
unpackaged device created from high surface area nanocrystals.     

  3.     Conclusions 

 In summary, a high-quality Si NC ink was prepared by func-
tionalizing hydrogen-terminated Si NCs using a new type of 
ligand, namely allyl disulfi de. The colloidal Si NCs exhibited 
high colloidal and chemical stability in air. A Si NC-based 
photo diode was fabricated from the Si NC ink by spin-coating. 
A built-in potential was observed in the device, indicating for-
mation of a Schottky-junction barrier that drives charge sepa-
ration. Moreover, the introduction of an electron-blocking 
PEDOT:PSS layer signifi cantly enhanced charge separation in 
the Si device. The maximum responsivity of this device reached 
≈0.02 AW −1  at 310 nm which is comparable to the responsivity 
of commercially-available UV photodiodes. In addition, the 
relatively high deep UV responsivity demonstrates the potential 
for applications in deep UV detection. This high performance 
of the photodiode also bodes well for use of allyl disulfi de-pas-
sivated silicon NCs in more complex devices, such as LEDs or 
photovoltaics.  

  4.     Experimental Section 
  Synthesis of Silicon Nanocrystals : The bare silicon NCs were prepared 

by laser induced pyrolysis of silane (Figure  1 , part I), as described in 
detail in our previous work. [ 6b ]  A continuous IR laser beam (Parallax 
Technology, emitting up to 106 W with wavelength of 10.6 µm) was 
focused on the center of a six-way cross reactor, above the central 
reactant inlet within the reactor. The reactant inlet consists of concentric 
tubes. Silane (at a fl ow rate of 40 sccm) and hydrogen (at a fl ow rate of 
140 sccm) enter through the inner tube, while pure hydrogen (at a fl ow 
rate of 600 sccm) enters through the annular space between the tubes. 
Silane absorbs the laser energy and is thereby heated. The reaction zone 
is confi ned to a small region at the intersection of the laser beam and 
the silane/hydrogen stream (≈2 mm in diameter). Si NCs grow following 
the laser induced dissociation of silane molecules in this zone, and stop 
growing when they leave this zone and rapidly mix with the surrounding 
unheated gas. Here hydrogen serves to control the growth rate of the 
crystals. Helium enters the reactor near the end of the four horizontal 
arms of the six-way cross, confi ning the reactants and nanocrystals to 
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 Figure 8.    A) Current-voltage scanning and B) transient photoresponse of Si NC device under AM 1.5 simulated solar light.

 Figure 9.    Spectral responsivity of a Si NC device (red curve) and respon-
sivity of the device after storage in air for 3 weeks (blue curve). The inset 
fi gure shows the band gap estimated by the Tauc method. The inset 
photo graph shows the Si NC device.
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a region near the axis of the reactor and preventing the accumulation 
of particles in the arms of the cross. The aerosol of crystals formed in 
the reactor fl ows through a cellulose nitrate membrane fi lter, where the 
crystals are collected. This method can produce silicon crystals with a 
mean size around 15 nm at a rate of 300 mg h –1 . The NCs are transferred 
from the sealed fi lters to airtight vials in a glove box under nitrogen. 

  Etching and Surface Modifi cation of Silicon Nanocrystals : In a typical 
experiment, laser-synthesized silicon NC powder (300 mg) was dispersed 
in methanol (50 mL) and sonicated (30 min). Then hydrofl uoric acid 
(HF, 100 mL, 48 wt%) and nitric acid (HNO 3 , 10 mL, 69 wt%) were 
added into the mixture. After stirring for 2 min, the cloudy suspension 
was poured into methanol (400 mL) to slow down the reaction. The 
etched NCs were collected on a poly(vinylidene fl uoride) (PVDF) 
membrane fi lter (Durapore from EMD-Millipore, 142 mm in diameter) 
by pressure fi ltration. After rinsing with excess methanol, etched NCs 
(60 mg) were dispersed in allyl disulfi de (Aldrich, 2 mL), and sealed in 
an airtight vial under a nitrogen atmosphere. Then the liquid sample was 
irradiated in an ultraviolet (UV) reactor with vigorous stirring. 

  Characterization of Silicon Nanocrystals : TEM images were obtained 
using a JEOL model JEM 2010 microscope (at an acceleration voltage 
of 200 kV). A Rigaku Ultima IV X-ray diffractometer was used for X-ray 
diffraction (XRD) studies. FTIR spectra were measured on a Bruker Vertex 
70 spectrometer in attenuated total refl ectance mode. UV-Vis absorption 
spectra were acquired using a Shimadzu UV-3600 spectrophotometer. 

  Fabrication of Si NC Photodiodes : The indium tin oxide (ITO) coated 
glass substrates were pre-cleaned using deionized water and acetone, 
followed by UV-ozone treatment (30 min). Then one layer of PEDOT: 
PSS (25 to 30 nm in thickness) was fabricated by spin coating. The Si 
NC thin fi lm was fabricated by spin coating the silicon NC dispersion in 
allyl disulfi de (≈30 mg mL –1 ) on the PEDOT:PSS layer (spinning rate of 
2000 rpm for 38 s). This procedure of depositing Si NC was repeated 
10 times to achieve a ≈200 nm thick Si NC fi lm. The Si NC fi lm was 
annealed at 185 °C for 15 min in an inert atmosphere glove box to remove 
the residual solvent. An Al layer (70 nm in thickness) was deposited 
through a mask using an electron beam evaporator, at a deposition rate 
of 0.6 Å s –1  under a background pressure of 5 × 10 −7  Torr. The mask used 
for the back contact produced devices with an active area of 4.25 mm 2 . 

  Photoresponse Measurement of the Photodiode : In order to obtain the 
full spectral response of the Si NC photodetector, we used a light source 
(Newport model 5253, 150 Watt Xenon UV Enhanced Arc Lamp) coupled 
to a wavelength calibrated monochromator (Princeton Instruments 
Acton Spectropro 2300i, full-width at half-maximum (FWHM) of 
approximately 0.2 nm). A computerized Keithley 2400 source meter 
was used for current-voltage measurements. The optical power at 
each wavelength was measured using a calibrated UV photodetector 
(DET10A – Si Detector, 200–1100 nm) and pico-ammeter. (KEITHLEY 
model 6485). All equipment and data acquisition were controlled by 
Labview. To test the photoresponse to simulated solar light, an A.M. 
1.5 solar simulator was used directly.  J – V  scanning and transient 
photoresponsivity were carried out and measured using a Keithley 2400 
source meter.  
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