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Abstract

4

Silicon quantum dots (Si-QDs) are excellent luminescent material due toits unique
optoelectronic properties and have huge application potentialin the field of photodetection.
Recently, there has been much research interests in developinglow-cost; facile and
environmentally friendly methods to prepare the nanomaterials.in addition to yielding
excellent performances. In this article, we developed a novel preparation method of
producing Si-QDs film based on carbon-silicon composite. The film was synthesized by co-
sputtering using magnetron sputtering techniquerand studied at different annealing
temperatures. Upon annealing, the film was transformed from an amorphous state to a
crystalline state leading to Si-QDs precipitation, which can be observed at a low temperature
of 600 °C. A Si-QDs thin film/n-Si photodete%tgr was then prepared and characterized. The

device exhibited a high specific detection rate

%) 0f1.246x10*2 cmHzY2W-t under 940 nm

(1.1 mWcem-?) infrared radiation at 5 V. bias{It also demonstrated good responsiveness and

stability.

Keywords: Si-QDs, photodetector

1. Introduction

Nanomaterialsthave attracted much research interests and
activities due to its quantum size effect[1], surface effect[2],
small size effect[3] and/ macroscopic quantum tunneling
effect[4] etC., which-have demonstrated many applications in
different scientific fields. Quantum dots (QDs) are one of the
popular low-dimensional materials that have been researched
extensively for-applications in photovoltaics, biomedicine,
and catalysis.etc. Methods used to prepare these QDs include
chemical precipitation[5], microemulsion[6], solvent-

XXXX-XXXX/ XX/ XXXXXX

thermal[7], electrochemical etching[8], ion implantation[9],
sputtering deposition[10] and so on.

Silicon is an environmentally friendly and low-cost
narrow band gap semiconductor material. Interestingly,
silicon quantum dots (Si-QDs) exhibit high luminous
efficiency[11]. Furthermore, Si-QDs film demonstrates better
uniformity and adhesion than solution and colloidal Si-QDs,
therefore the Si-QDs film is considered as an excellent
luminescent material that has led to application in
photodetection[12]. At present, magnetron sputtering[10] and
plasma-enhanced chemical vapor deposition (PECVD) [13]

© xxxx IOP Publishing Ltd
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techniques are two widely used methods to produce Si-QDs
film. Magnetron sputtering is a simple physical deposition
method that allows film formation at relatively low cost[14-
16]. For example, Seifarth et al.[17] performed RF
magnetron sputtering on Si single crystal to deposit SiOy
films at different substrate temperatures in Ar/O;
environment, and then annealed the films at 1000 °C under
N2 environment, which resulted in the precipitation of QDs at
the surface of the film after high temperature annealing for
one hour. However, the high annealing temperature presents
a great challenge in the preparation of Si-QDs films. These
Si-QDs in the films are usually embedded in three commonly
used substrates, such as SiO,, SiN, and SiC, and different
substrates would give rise to different optoelectronic
properties of the Si-QDs films[18].

In this paper, a novel method of preparing Si-QDs films
at low temperature is reported. The formation of QDs on
quartz substrate at an annealing temperature of 600 °C was
observed. The change mechanism of the film from
amorphous state to precipitated QDs as the annealing
temperature changes was systematically studied. A prototype
photodetector based on the Si-QDs film was prepared and
characterized. The film exhibited exceptional photoelectric
properties that are suitable for high performance
photodetection.

2. Experimental

Quartz substrate was first cleaned for film deposition by
immersing it in a mixed solution of hydrogen peroxide,
ammonia water and deionized water (1:1:3) at 80 °C for 30
mins, and then rinsed with deionized water®and dried.
Subsequently, a thin film was deposited onto the substrate at
room temperature by co-sputtering C and n<Sintargets,using
the magnetron sputtering technique. C as the barrier. layer is
beneficial to the preparation of Si-QDs: The RF jand DC
magnetron sputtering power for € and n-Si targetsswere 120
and 60 W, respectively. Film deposition, was performed at a
sputtering pressure of 0.68 Pa and argon gasiflow of 50 sccm
for 20 mins. The atomic concentration of C is listed as 37.7%,
and the atomic concentration of »Si is 52.6% (see
Supplementary Figure S1).

3. Results and discussion
~

Crystal structure [of .the synthesized Si-QDs film is
illustrated in Fig.»(1)a. The deposited carbon-silicon
composite film was annealed in a furnace at a pressure of 1.8
Pa at 600 °C for,1h. Upon annealing, the film changed from
amorphous.to,crystalline‘and precipitated a large number of
Si-QDs as well'asia small number of structures consisting of
crystalline Si and B-SiC (see Supplementary Figure S2), and
the ratio, 0f»Si-QDs to B-SiC is approximately 6:1 (see
Supplementary Eigure S3). Si atom forms a covalent bond
with its four ‘adjacent atoms, which represent a diamond
structure. B-SIC has a zinc blende structure, where one C and
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Figure 1. (a) Schematic dlagram on crystal structure of the synthesized Si-QDs film. (b) and (c) TEM images of as-grown
and annealed«films;.respectively. (d) HRTEM image showing lattice fringes from the selected area of (c). (¢) Schematic
diagram on crystal structure of Si-QDs. (f) and (g) AFM images of the Si-QDs film before and after annealing, respectively.
(h) UV-Visabsorption spectra of the as-grown and annealed film. (Inset: optical images of as-grown (left) and annealed (right)
films) (i) Optical.band gap of the as-grown (top) and annealed (bottom) films.
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four Si form a regular tetrahedral structure. The effect of
annealing on the crystallinity of the film was studied by
transmission electron microscope (TEM). Fig. 1(b) and 1(c)
show high-resolution TEM (HRTEM) images of as-grown
and annealed films, respectively. The as-grown film prepared
by magnetron sputtering exhibited amorphous characteristics,
while the annealed film revealed a large number of QDs
having a grain size between 5 and 7 nm. The annealing
temperature has a great effect on the formation of Si-QDs
(see Supplementary Figure S4). Fig. 1(d) shows the lattice
fringes of a quantum dot from the selected area of Fig. 1(c).
The spacing of the lattice fringes were 0.19 and 0.31 nm,
which correspond to the (220) and (111) crystal plane of Si,
respectively, the result is consistent with the previous work
reported in the literature[19]. Schematic diagram on the
crystal structure of Si-QDs is depicted in Fig. 1(e). Fig. 1(f)
and 1(g) are AFM images of the film before and after
annealing, respectively. The surface of as-grown film has a
relatively uniform root-mean-square (RMS) roughness of 1.8
nm. After annealing, the film experienced phase separation
with nanocrystalline growth that resulted in an increased
RMS roughness of 2.6 nm. UV-Vis absorption spectra of the
film before and after annealing are shown in Fig. 1(h). The
spectra showed absorption between visible light and infrared
band. After annealing, the adsorption peak experienced red
shift. Moreover, a significant reduction in the absorption
peak at the visible light band was observed. The optical band
gap (Eg) of the film can be calculated using the following
formula:

AUTHOR SUBMITTED MANUSCRIPT - NANO-129269.R2

a(hv)=A(hv-Eg)*? @)
where o is molar absorption coefficient, h is Planck constant,
v is frequency of incident photon, and A is a constant. As
shown in Fig. 1(i), the optical band gaps of the as-grown and
annealed films were calculated to be 2.3 eV and 2.0 eV,
respectively, which suggests narrowing of theband gap.due
to the formation of Si-QDs after annealing/of the film.

Fig. 2(a) and 2(e) show the AFM images of step edge
between the deposited film and substrate ‘before<and after
annealing with thickness of the film measured as,121 and
134 nm, respectively. The deposition rate of,C and Si for the
prepared film was approximately 6 nm per minute. X-ray
photoelectron spectroscopy «XPS) ‘was. used to study the
elemental composition and the effect of annealing on the
carbon-silicon compositefilms. Fig. 2(b)-(d) and 2(f)-(h)
show the XPS spectra0f full sean;C 1s and Si 2p core level
peaks before and after annealing, respectively. Comparing
the full scan spectravin Fig. 2(b)‘and 2(f) show an increase in
the Si 2p peak and @,decrease in the C 1s peak after
annealing. Mast, of the oxygen element was originated from
the quartz substrate; however the sputtered film might also
experience somendegree of oxidation. The C 1s core level
peak was deconvoluted into three Gaussian peaks situated at
282.4,284.2and 286.2 eV, which can be attributed to C-Si,
C-C and C-O bq]ds, respectively[20]. The peak at 282.4 eV
can  bel associated with the formation of SiC. The three
deconvoluted Gaussian peaks of Si 2p at 98.88, 100.14
and102.31°eV can be attributed to Si-Si, C-Si and Si-O bonds,
respectively[21]. The peak at 100.14 eV can be associated to
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Figure/2. (a) and«(e) AFM images on step edge between the deposited film and substrate of as-grown and annealed films,
respectively. (b)-(d) XPS spectra showing full scan, C 1s and Si 2p core level peaks of as-grown film, respectively. (f)-(h)
XPS spectra showing full scan, C 1s and Si 2p core level peaks of annealed film, respectively.
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SiC formation, which is consistent with the deconvoluted
peak in C 1s. After the sputtering of the film, under
annealing Si atoms combine with each other to form Si
crystal nuclei, then growing and forming of Si-QDs. The
effect of increasing the annealing temperature to 900 °C on
the precipitation of Si-QDs was investigated. HRTEM image
oflin 900 °C (Supplementary Figure S4). Higher annealing
temperature can cause Si atoms to react with C atoms and
residual oxygen in the furnace, hence inhibiting the
formation of Si-QDs, since A Go.c>AGsi> A Gsic, the SiC

phase is the most stable phase. As the annealing temperature
increases, the size of Si-QDs decreases until it disappears,
and finally a SiC film is formed.

A photodetector was prepared in order to investigate the
photoelectric response characteristics of the Si-QDs film. Fig.
3(a) illustrates the fabrication process of the device. A
carbon-silicon composite film was deposited onto a masked
n-Si (100) substrate via co-sputtering of C and n-Si targets.
After 600 °C annealing, Al electrode was vapor-deposited on
the Si-QDs film and n-Si substrate. A window of 2 mm x 2
mm was developed on the electrode to expose the
photosensitive surface to improve charge collection. Finally,
gold wires were attached to the Al electrodes using silver
paste. Schematic diagram and optical image of the device is
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shown in the inset of Fig. 3(f) and 3(g), respectively. The
effect of optical wavelength on the device performance
(under 5 V bias) was studied by irradiating the photodetector
with 740, 850 and 940 nm light. The measured log J against
V curve is shown in Fig. 3(b). An increase in the device
current was evident under light irradiation-asscomparedto
dark condition, hence demonstrating good photoelectric
response and ohmic contact. However, @ better performance
was noticeable when the device‘was irradiated,with 940 nm
light. Fig. 3(c) shows the log J ‘against V curve of the
photodetector irradiated using 940 nm “infrared light with
optical power density of 1.1 and 4.3 mWcm™. From the
graph, an increase in the photon energy and bias voltage
resulted in the increase of/the device photocurrent density.
The photoelectric conversion efficiency of the detector to the
optical signal is represented_hywspectral responsivity (R),
which can be calculated using the following equation:
R=JplPopt (2

where Jpn is photocurrent, density and Pqp is incident optical
power densitysFig. 3(f) shows a plot of calculated R against
V. From the_plot, it.can be seen that R reached a maximum
value of 7.43 AW.! when Pgy was 1.1 mWem2 at 940 nm
light under bias veoltage of 5 V. The detection rate (D*)
describes the.ability of the device to detect signals, and R is
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Figure 3. (a) Schematic diagrams illustrating the fabrication

process of the photodetector based on Si-QDs film. (b) Plot of

log J-V curve of the photadetector in the dark and irradiated under different wavelength of light. (c) Plot of log J-V curve of
the photodetectoriin the dark and irradiated under 940 nm light at different optical power densities. (f) and (g) Plots of
Responsivity (R) and Detectivity (D*) against V, respectively. (Inset: schematic diagram and optical image of the device,
respectively). (d) Transient response of the photodetector under 940 nm light illumination. (e) Rise and fall times of

photogenerated carriers.
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the main performance parameter of the detector. D* can be

calculated using the following equation:
« R

D" = Faamst ®
where q is absolute value of electron charge and Jgark is dark
current density. A plot of calculated D* against V is shown in
Fig. 3(g), which indicates D* reached a maximum value of
1.246x10%2 cmHzY2W-t (1 cmHzY?W-! = 1 Jones) when the
photodetector was biased at 5 V and irradiated with 940 nm
light having a Pox of 1.1 mWcm=2Therefore, the device
exhibited excellent response and detection rates. Furthermore,
the device demonstrated good responsiveness and stability
under dirrerent light power densities as shown in Fig. 3(d),
which displays the transient response of the device under 940
nm light. Fig. 3(e) shows the rise and fall times of 55.9 and

AUTHOR SUBMITTED MANUSCRIPT - NANO-129269.R2

27.8 ms of the photogenerated carriers, respectively.Table 1
compares the performances, such as response spectral range,
carrier rise and fall times, responsivity and detectivity, of the
device in this work with previously reportedsphotodetectors
based on Si-QDs. The values of R and D* reported in this
work were larger than previously reportedsSi-QDs»based
photodetectors. In this study, Si-QDs was prepared, in situ,
and the annealing temperature is relatively. low, sothat the
Si-QDs film has fewer defects,” and the photo-generated
carrier separation efficiency is “high, so “the_ device
performance is better. At the same time, the passivation of
Si-QDs also leads to reducing the dark current of the device,
which results in improving the'performance of the device.

Table 1. Comparison of the performances of Si-QDs based photodetet%rs

Materials Wavelength (nm) t, (ms) tr (ms) R(A/W) D*(Jones) Ref.
Si-QDs/n-Si 940 55.9 27.8 7.43 1.25 x 10%? This Work
Graphene/Si-QDs 500-900 2x10° 2x10° 0.32-0,65 4.5x1012 [22]
n-Si
MLG/Si-QDs 400-1000 ~7x10 ~7x 104 0.351 9.42 x 101 [23]
Graphene/Si-QDs 400-1000 - 0.413 1.09 x 10% [24]
Si-QDs/Graphene 400-1000 ~25x10°% ~25x10% 0.495 7.4 x10° [25]

4. Conclusion

In conclusion, carbon-silicon composite film was prepared
by magnetron sputtering. After annealing at 600 °C for 1 h,
the film transformed from an amorphoussstate to crystalline
state, and Si-QDs were precipitated at the surface of the film.
However, the Si-QDs disappeared |when the film was
annealed at higher temperature/of 900,.°C« This work
demonstrated the preparation of Si=QDs film using lower
annealing temperature than previously reported. In order to
study the photoelectric properties of\the Si-QDs film, a
photodetector based on Si-QDs film/n-Si was fabricated and
characterized. Under abias voltage-of 5 V and irradiation of
940 nm light, R and /D~ of/the device, reached a maximum
value of 7.43 AW and 1:246x10% cmHz*2W, respectively.
The transient response of the'device irradiated at 940 nm also
exhibited good stability. Hence, the Si-QDs film
demonstrated.great, potential in the development of high-
performance infrared photodetectors.

See Supplementary Materials for EDS spectrum of the as-
grown film (Supplementary Figure S1),TEM image of the
600 °C annealed film (Supplementary Figure S2), XPS
spectrum of the film after annealing at 600 °C
(Supplementary Figure S3), TEM images of the film before
and after annealing (Supplementary Figure S4) and
performance of the device after one month without device
package (Supplementary Figure S5).
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