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Fabrication and Field Emission of Silicon Nano- Crystalline Film'
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Abstract: The silicon nano erystalline ( ne-Si) film is fabricated on (100} orientation, 0. 01 @+ em resistivity, and prtype bororr

doped silicon wafer by the anodic etching. The microstructure and the orientation of neSi are examined by the scanning electron

microscopy, transmission electron microscopy, and X-ray diffraction spectroscopy, respectively. The average size of particle is esti

mated by Raman spectroscopy. The results show that the particle size of ne-Si film is scattered from 10nm to 20nm, the alignment is

compact, the orientation is uniform, the expansion of lattice constant is negligible, and mechanical robustness and stability are good.
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The correlations between film structure and the experiment parameters such as etching time, HF concentration, and etching current

density are discussed. As a potential application, efficient field emission is observed from the neSi film, and the turron field is

about 3V/ Um at 0. 14A/ em® of current density, which is close to carbon nanotube film’ s.
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1 Introduction

Although crystal silicon is an indirect band gap ma
terial, the efficient roonrtemperature photoluminescence
(PL) from nano-structure silicon has been observed' ",
which has motivated a great number of studies on this ma
terial. In particular, the strong PL from porous silicon has
caused much research interest. However, poor mechanical
robustness and stability of porous silicon shade its appli
cation potentially'” . On the other hand, there are many
different methods to form nano-structure silicon with me-
chanical robustness and stability, such as magnetron sput-
tering[ 31 laser induced chemical vapour deposition' ¥, Si*

ion implantation in thermally silica >, and plasma en-
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hanced chemical vapour deposition'”®. These methods
present a poor control on the orientation of nono-structure
silicon.

[n this paper, we report a process based on anodic
etching for the fabrication of silicon nano erystalline film
with 10~ 20nm sized particles, compact alignment, uni
form orientation, mechanical robustness and stability, neg-

ligible lattice constant expansion. This film exhibits effi-

cient property of field emission.

2 Experiment

In the first experiment, the silicon samples used in
our experiments were (100} orientation, 0. 01 Q* em resis-

tivity, 500Mm thickness, ptype boron-doped silicon
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walers. The anodizing solution consists of mixtures of hy-
drofluoric acid ( 40wt% ), aleohol ( 99.7wt% ), and the
deionized water with 1: 2: 1 of volume ratio. The HF con-
centration is about 10wt% . The silicon sample was an-
odized in the solution for 60min at a constant current den-
sity of 1mA/ em®. Then, the etched wafer was dipped into
hydrogen peroxide ( 3wt%) for 10min. The morphology
and microstructure of the as prepared sample were exanr
ined by scanning electron microscopy ( SEM, JEOL- JSM-
6700F) and transmission electron microscopy ( TEM,
JEM200CX) . The crystal structure of neSi film was char
acterized by X-ray diffraction ( Philips X' PERT-MRD
four crystal XRD) . The average size of neSi particle was
estimated by Raman spectroscopy ( Jobin Yvon INFINITY
micro) . In order to understand the correlations between
the experiment parameters and the film characteristics,
three groups of experiments were performed with scanning
etching time, current density, and HF concentration sys-
temically. The results are shown in Figs. 5, 6, and 7, re
spectively.

The neSi film with 1em x lem in size as a cathode
is separated by two Teflon spacers with 200Mm from a
phosphors/ ITO/ glass anode. The field light points on fluo-
rescent anode can be recorded, and I-V curves are mea

sured, and shown in Fig. 8.

3 Results and discussion

SEM images of the surface and the cross section of
the neSi film are show in Figs. 1(a) and (b), respective-
ly. In the low-magnification SEM image of Fig. 1( a), the
film presents a homogeneous surface structure; moreover,
after the film was dried by rotating and baking, no ecracks
appear, which indicate that the mechanical robustness and
stability of the neSi film are good. In the highr magnifica-
tion SEM images of Fig. 1( a) , the ncSi film is composed
of particles with 10~ 20nm in size and highly compact
alignment. In the low-magnification SEM image of Fig. 1
(b), it is found the thickness of the neSi film on silicon

substrate is about 1. 8#m. And the high-magnification inr
ball shape of ne Si.

age of Fig. 1(b) confirms the
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Fig. 1 SEM images of ncSi film on p type, 0.01 Q+cm
resisitivity, {001 orientation waler ( a) Surface image;

(b) Cross section image

The crystallinity of Si nanoparticles, which were
stripped off from the neSi film, was evidenced by TEM as
shown in Fig. 2. It presents that a Si nanocrystallite has

about a 10nm crystalline core and a 2nm oxide outer- lay-

Fig. 2 Higlr magnification TEM image and the SAED pat-

tern of a nc-Si particle from Fig. 1

Figure 3(a) shows XRD spectroscopy of the porous
silicon film about 1. 8Hm of thickness on p type, 0. 01 Q*
em resisitivity, (001 orientation wafer. The peak S comes
from the substrate and the peak P from the lattice constant
expansion of porous layer. A broad hump D with low in-
tensity is due to the diffuse scattering from the small sili-
con crystallites'”). In Fig. 3(b) , the XRD of the nc-Si film
also about 1. 8#m is plotted. Peak S and hump D are the
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same as in Fig. 3( a) . However, the peak P cannot be ob-
served, which indicates that the expansion of neSi” s lat-
tice constant is negligible!'”! . Furthermore, it is reasonable
that the orientation of the ne-Si film is uniform since every
particle of the film is etched from the single crystalline

silicon substrate.
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Fig.3 (a) XRD pattern of the porous silicon film on p
type, 0. 01Q« em resisitivity, (001} orientation wafer with
etching current 4mA/ em® for 60min; (b) XRD pattern of

the neSi film

The Raman spectroscopies of Si substrate and neSi
film are illustrated in Figs. 4(a) and (b), respectively.
The Raman shift indicates that Si nanocrystalline regions
cause phonon confinement effects. We estimated the aver-
age size of phonon confinement regions based on the theo
ry presented by Campbell and Fauchet! ", As a result, the

average size of particle is about 13nm.
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Fig. 4 Raman shifts pattern of Si substrate ( a) and the ne
Si film (b)

The results above show that the neSi film with 10~
20nm particle size, compact alignment, uniform orienta
tion, mechanical robustness and stability, and negligible
lattice constant expansion is manifestly different from
those of porous silicon film though these films are both
formed by anodic etching method.

The dependence of film thickness on etching time is
plotted in Fig. 5. The parameters except etching time are
the same as those of the first experiment. It is found there
is linear relationship between the etching time and the
film thickness in the period of first 60min. It can be esti-

mated the etching rate is about 30nm/min.

16f
g 12}
i 3
s I
g 08r
-
.U r
£ oaf
00162030 20 50 60
Time/min

Fig.5 neSi film thickness dependence on etching time

The dependence of film structure on HF concentra
tion is shown in Fig. 6. The parameters except HF concen-
tration are the same as those in the first experiment. The
anodizing solution consists of mixtures of hydrofluoric acid
(40wt% ) and alcohol ( 99.7wt% ). HF concentrations
are 6. Twt% , 13.4wt% , and 26.8wt% in Figs. 6(a),
(b), and (c), respectively. Figures 6(a) and (b) show a
typical porous silicon layer. Figure 6( ¢) presents a pol

2 All of them are apparently different from

ished surface!
the neSi film in Fig. 1, which is formed in 10wt% HF
concentration. It can be concluded that there is a small
parameter window for neSi filnr fabrication respect to HF
concentration around 10wt% .

The dependence of film structure on etching current
density is presented in Fig. 7. The parameters except cur-
rent density are the same as those in the first experiment.
The current density is 1, 2, and 8mA/ em’ in Figs. 7(a),

(b), and ( ¢), respectively. Obviously, more and more
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Fig. 6 SEM images of surface structure from p type, 0. 01 Q+ em resisitivity, (001} orientation wafer with ImA/ em? current
density for 60min  HF concentration: ( a) 6. Twt% : ( b) 13. 4wt% : ( ¢) 26. 8w %

100 nm

Fig. 7 SEM images of surface structure from p type, 0. 01 @+ em resisitivity, (001} orientation wafer with 10wt% HF

concentration for 60min  Current density: (a) ImA/ em’; (b) 2mA/ em?; ( ¢) 8mA/ an®

pores are formed with increase of current density. The film
structure is very sensitive to the etching current density. In
this group experiments, ImA/ em” is a typical current val
ue. Results show that it is difficult to form the compact
alignment neSi film by a large current density.

The curve of electron emission current density versus
electric field from neSi film is shown in Fig. 8. The inset
shows the corresponding Fowler-Nordheim plots. First
electrons are injected from the silicon substrate into neSi
film without scattering due to the small size of the dots.
The electric field is applied mainly within SiO» regions
covering the ncSi. Thus the electrons from neSi are ac
celerated into the vacuum by the electric field, allowing
ballistic transport through subsequent nc-Si layers. When
the grain size decreases, the turmron field of the samples
decreases. However, the threshold field of the samples in-
creases with decreasing of the grain size, presumably due

to the field screening effect caused by high density of the
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Fig. 8 Emission current density versus electric field curves
of the ne-Si film from Fig. 1 The inset shows Fowler Nord-

heim plots correspondingly.

grain' ). The impact of boron dope concentration on the
turnron field has been studied systematically. It is obvious
that the FN plots for the samples follow the linear behav-
ior. These measurements suggest that a field- induced tun-
nel process occurs during the electron emission. It can be

found that the turn-on field is about 3V/Hm at 0. 1HA/
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2 . .
em® of current density and 1mA/ em?® of current density,

which is required for application to flat panel display.

4 Conclusions

In summary, a neSi film having 10~ 20nm of parti-
cle size, compact alignment, uniform orientation, negligible
lattice constant expansion, and mechanical robustness is
fabricated by anodic etching in HF and ethanol mixture
solution with a small current density. The neSi film thick-
ness is linear to etching time with a 30nm/ min forming
rate in first 60min. There is a small parameter window of
HF concentration around 10wt% in fabrication of the ne
Si film. The film structure is very sensitive to current den-
sity. ImA/ em” is a typical value adopted in our experi-
ments. It is a simple method to form the compact align-
ment and uniform orientation silicon nano- crystalline film,
which can be used for nano-sized efficient field emission

devices.
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