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Study on surface and interface structures of nanocrystalline silicon
by scanning tunneling microscopy
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The scanning tunneling microscope has been employed to study the morphology, atomic surface
structures, and grain interface of hydrogenated nanocrystalline silicon~nc-Si:H! before and after
hydrofluoric acid~HF! etching. It was found:~1! The nc-Si:H films were composed of many
different sizes of grains and these grains were composed of many finer grains.~2! There were line
structures on the surface of the fine grains and loop structures at the grain boundaries without HF
treatment. After etching, two more structures were observed: loop structures on the surface of fine
grains and spider bonding structures besides the interface of fine grains.~3! The loop structures
found at the grain boundaries was larger and more irregular than those on the grain surfaces. Line
structures were similar to crystal silicon, but the distance between lines was enlarged. Considering
the experimental results, a discussion was made about the formation mechanism of these atomic
structures. ©1997 American Vacuum Society.@S0734-211X~97!12904-3#
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I. INTRODUCTION

In the last decade, hydrogenated nanocrystalline sili
~nc-Si:H! films were widely used in microelectronic device
such as thin-film transistors.1 Recently, some researchers r
ported the photoluminescence ofnc-Si:H at room
temperature.2,3 This may bring about some new applicatio
of nc-Si:H. The morphology, grain size, and grain bounda
of nc-Si:H are important characteristics for the applicatio
of nc-Si:H thin films in microelectronics. The properties
nc-Si:H, such as electrical conductivity, are strongly infl
enced by the grain size and grain boundary,4–6 so the re-
search of the microstructures ofnc-Si:H is essential for its
applications. In the past, most research work ofnc-Si:H was
done by transmission electron microscopy, scanning elec
microscopy~SEM!, x-ray diffraction, and Raman spectro
copy. Recently, scanning tunneling microscopy~STM! has
been used in the studies ofnc-Si:H.4,7 The high resolution of
STM made it possible to observe surface structures fr
micron to atomic resolution in real space and vario
environments.8 However, these air-exposed surfaces are
ficult to observe because of a native oxide layer. Such
oxide layer can be removed by chemical etching in hydr
luoric acid ~HF!. Nakagawaet al. have reported the observ
ing of Si~100! and Si~111! atomic images in air after HF
treated.9 Niwa, Iwasaki, and Hasegawa also have repor
the observation of quite clear STM images for HF-dipp
surfaces of Si~100!.10 However, what will happen on the su
face and interface ofnc-Si:H after HF etching has not bee
investigated.

In this article, STM was used to study the morpholog
grain size, and grain boundary before and after HF etch
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especially to observe the atomic structures of the surface
grain boundary.

II. EXPERIMENT

Thenc-Si:H films were deposited on a glass substrate i
capacitance system of a conventional plasma-enhan
chemical vapor deposition with hydrogen (H2) diluted silane
(SiH4) as the reactants activated by rf and dc double po
sources. During the deposition process, the substrate
perature was at 300 °C, the rf power was 0.44 w/cm2, and
the total pressure of the reactive gases was 1.3–1.5 Torr.
details of the experimental parameters have been descr
elsewhere.11

The STM used in the experiment is a home-made CST
9000 operated in air at room temperature. The tip was fro
mechanically sharpened platinum–iridium alloy wire. T
STM images were taken in the constant current mode.
remove the oxidized layer, the samples were dipped i
10% HF solution for about 20 s. With the prolongation
scanning, the STM images degraded, this was due to s
surface reaction caused by the tunneling current.7,9 When the
scanning area was larger than 25 nm325 nm, the bias volt-
age was about 2 V and the constant tunneling current was s
to about 0.5 nA. To study the atomic structure of the surfa
the bias voltage and the constant tunneling current were
to 1.5 V and 1.5 nA, respectively.

III. RESULTS AND DISCUSSION

Figure 1 is a STM image of thenc-Si:H film. The scan-
ning area is 50 nm350 nm. There is a larger grain amon
several grains with different sizes in the image. The gr
sizes measured by STM varied from 10 to 100 nm. There
13135(4)/1313/4/$10.00 ©1997 American Vacuum Society
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lots of fine grains on the surface of the larger grain, and
size of the fine grain is about several nanometers. Figu
shows the fine grains on a larger grain. The scanning are
25 nm325 nm. The existence of fine grains increases
area of interfaces, so the hydrogen content increases du
the existence of a lot of Si–H bonds on the surfaces of
grains. This result can explain the high content of hydrog
in nc-Si:H in our previous study.6 The existence of Si–H
bonds prevented the surface from being oxidized heavily
made it possible to observe the surface and interface with
HF etching.

Figures 3, 4, and 5 show the atomic structures of fi
grains and their interfaces obtained after HF etching. T

FIG. 1. STM image ofnc-Si:H. The scale is 50 nm350 nm.

FIG. 2. STM image of fine grains. The scale is 25 nm325 nm.
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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scanning area of Fig. 3~a! is 4.22 nm33.14 nm. In Fig. 3 we
can find two kinds of loop structures marked A and B, r
spectively~A: loop structure on the interface; B: loop stru
ture on the surface!. A line was drawn to cross these tw
kinds of loop structures and Fig. 3~b! shows the cross sectio
along the line. Considering the morphology and the cr
section, we find that A is larger and more irregular than
Figure 4 shows another kind of atomic structure: a line str
ture ~marked C!. The scanning area was 2.61 nm32.25 nm.
The distance between two lines is about 0.45 nm, which
different from that of the crystal faces of crystal silicon. Fi
ure 5 shows a common and interesting structure: a sp
bonding structure. Also, this structure can be considered
loop structure and many line structures instead of a new o
There is a center in the spider bonding structure, which
made up of an atom, a vacancy, or a cluster. The other at
surrounding the center arrange themselves as a spider w

FIG. 3. ~a! Two kinds of loop structures after HF etching. The scale
4.22 nm33.14 nm. ~b! Cross section of~a!. A: loop structure in the inter-
face, and B: loop structure on the surface of the fine grain.
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Etching may play a very important role in the formatio

of all these atomic structures. Figures 6 and 7 show ST
images without HF treatment. In Fig. 6, we can find the lin
structure~marked D!. Figure 7 shows a loop structure. Con
sidering these different orientations around the loop, we m
draw the conclusion that this loop structure is on the inte
face of the fine grains. Contrasted with the atomic structu
after HF etching, loop structure B and the spider bondi
structure are not found. This result is consistent with o
previous work.6,11 Furthermore, before HF etching, it is dif-

FIG. 4. Line structure ~marked C! after HF etching. The scale is
2.61 nm32.25 nm.

FIG. 5. Spider bonding structure beside the interface of fine grains after
etching, 2.31 nm32.31 nm.
JVST B - Microelectronics and Nanometer Structures
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rficult to tell apart the single atoms from that after the H
treatment, correspondingly, even if they are a similar d
tance between the rows. The degradation of resolution m
be caused by oxidization. On the other hand, the loop st
ture is very similar to loop structure A, which is obtaine
after HF etching.

It is well known that an air-exposednc-Si:H surface al-
ways has a native oxide layer. This layer can restrict
resolution of the images to a nanometer level.9 While remov-
ing the oxide layer on the surface by HF etching, the bond
the silicon and the oxygen was broken. Then, dangling bo
of the silicon were produced. At the same time, many ions
hydrogen exist in the solution. In the process of the com
nation of atoms, the silicon atoms can combine with ea
other or with the hydrogen ion. On the surface of the fi
grains, due to the various distances between rows of the c
tal lattice, two kinds of structures, line structure and lo
structure, can be formed, respectively. When the dista
between the rows is close enough, to reduce the dang
bond, silicon atoms in one row would combine with the ne
est atoms in the same row and those in the nearest rows.
situation would form the loop structures on the grain. To t
contrary, when the distance between the rows is large, sili
atoms between the rows cannot combine. Therefore, t
will combine with the hydrogen ion in the solution. So, w
can find line structures on the surface. If the distance is n
ther too large to form the line structure nor too small to fo
the loop structure independently, then the loop structure
line structure will exist disordered and nonsystematic. T
random collocation can be find elsewhere, i.e., in Fig. 3.

F

FIG. 6. Line structure in the surface without HF treatment. The scale
1.96 nm31.82 nm.
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comparison with the line structure, the spider bonding str
ture is formed near the interface. While the center ato
combine together, the other atoms have combined with
hydrogen ion as a result of the distance being enlarged.
is why the spider bonding structure can be considered
loop and line structures. Yet, we must verify that spid
bonding structures are formed only beside the interface
the fine grains.

At the site of the interface, where several finer gra
meet together, the loop structure on the interface can
formed. This is not because of the HF etching but becaus
the procedure of deposition. At the beginning of the fi
formation, many atoms were located and diffused on the
face of the substrate randomly. When some atoms me
gether, they formed a small cluster. Then the cluster a
whole grew and formed a fine grain in the end. While seve
fine grains met together, the larger loop structures w

FIG. 7. Loop structure in the interface of fine grains before HF etching. T
scale is 2.19 nm32.11 nm.
ww
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formed. These structures are similar to the interface mo
proposed by Gleiter.5 While in etching by HF, this kind of
loop structure may keep its initial form because the ato
will combine with the hydrogen ion only.

IV. CONCLUSION
The surface structures ofnc-Si:H were studied by STM.

It was found that the films were composed of many differe
sized grains and the grains were composed of many
grains. Atomic images of the fine grains and their bounda
were successfully observed before and after HF etch
Three kinds of atomic structures were investigated:~1! Loop
structures: After HF etching, this kind of structure was o
served both on the surface of the grain and at the g
boundaries. The loop structures found at the grain bounda
were larger and more irregular than those on the surfac
the grain. Consistent with Fig. 6 without HF treatment, on
the loop structures on the interface can be found. We thou
that the loop structures on the interface were caused by
congregation of fine grains and the loop structures on
surface were caused by HF etching.~2! Line structures: This
kind of structure was similar to crystal silicon, but the di
tance between the lines was different.~3! Spider bonding
structures: This kind of structure can only be formed bes
the grain boundaries after HF etching. So, we can draw
conclusion that the etching may play a very important role
the formation process of all these atomic structures.
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