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Nanoholes on Silicon Surface Created by Electron Irradiation
under Ultrahigh Vacuum Environment
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We have found that a novel structure is formed in a thin silicon crystal. Uniform-intensity electron
irradiation in an ultrahigh vacuum environmeit0 X 107 Pg introduces an array of holes 2 to 3 nm
in diameter and several nanometers deep at the electron exit surfaces. The holes are distributed in
average 6 nm apart. The irradiation temperature is needed to be beldd.30the formation of the
holes occurs regardless of the surfaces, {l.]} and{110}. It is suggested that the phenomenon is
attributed to the spinodal instability involving the surface vacancies accumulated by electron irradiation.
[S0031-9007(97)04242-7]

PACS numbers: 61.72.Ff, 61.80.Fe, 68.55.Ln, 81.05.Cy

Silicon is the most important crystalline material from mally etched flat terraces on both sides of the disk
both fundamental and technological points of view. Theand consequently a number of parallel-sided thin slabs
recent interests focus on fabricating the structurally anddf 10 to several 100 nm thickness were created. The
or chemically heterogeneous silicon-related materials itase pressure in the UHV-TEM was estimated to be
nanometer dimension such as porous silicon, silicon wires,.0 X 1077 Pa. The electron energy for intense irra-
and artificial superlattices, which may exhibit novel physi-diation, E,, was 141, 160, and 200 keV. The irradi-
cal properties such as quantum confinement. Transmissiation directions were nearly parallel to tRé11) and
electron microscopy (TEM) is a useful means of characteré110) zone axes, respectively, for tHg11} and {110}
izing the materials in nanometer dimension. This imaginglisks. The electron flux in irradiation was equal to
technique has two other aspects; implicitly, an observatiod.5 X 10*'e cm 2s~!. The specimen temperature dur-
by TEM and related techniques itself leads to a discoveryng irradiation, T, was set at 200, 300, and 480.
of a new structure as recently shown [1,2] and the materiThe specimen temperature was estimated by measuring
als under observation are heavily irradiated by acceleratetthe heating current, based on the calibrating data which
electrons. In this Letter, we report that the entirely novelwas determined prior to the observations by pyrome-
phenomenon in Si crystal is induced by electron irradiatioriry. While O, flowed in the specimen chamber in order
during TEM observation. An array of holes a few nanome-+o modify surfaces of a specimen, the estimated pressure
ters in diameter and several nanometers deep is createdvaas kept at5.0 X 107> Pa. The thicknesses of the ob-
the electron exit surface in an ultrahigh vacuum environserved slabs were measured by a convergent beam elec-
ment. Unlike the previous attempts to fabricate nanostructron diffraction (CBED) technique using a conventional
tures by a focused electron beam [3], the phenomenomEM (Jeol JEM2010) after the UHV-TEM observations.
is caused by the uniform-intensity electron irradiation.The thicknesses in the following observations ranged from
We attribute the formation of the array of holes to the30 to 50 nm, and no change was found in experimental re-
spinodal instability involving surface vacancies which aresults depending on the thickness.
accumulated by electron irradiation. The phenomenon has Figures 1(a) to 1(c) depict the formation process of
potential applications in the formation of nanometer-scalenanoholes revealed b situ UHV-TEM observation.
structures in Si and other semiconductors for future microburing irradiation, the electron beam of uniform inten-
electronic works. sity covers the central area of about 100 nm in diameter

The specimens are nondoped floating zone-meltingn Fig. 1(a). After irradiation for 300 s [Fig. 1(b)], the
(FZ) {111} and Czochralski (CZ){110} Si. Disks of fuzzy bright spots appear in the irradiated area. The con-
3 mm in diameter were mechanically prepared using atrast of the spots is gradually enhanced with the increase
ultrasonic drill. The center of a disk was dimpled andof irradiation time [Fig. 1(c)]. The spots are linked by the
then etched in the mixed solution of HN@nd HF until  fainter bandlike contrasts. The locations and sizes of these
the center of the disk was transparent for visible light.contrasts are kept unchanged under irradiation [Figs. 1(b)
The disk was heated in a pretreatment chamber of ato 1(c)]. The contrast of the spots changes with the defo-
ultrahigh vacuum (UHV)-TEM [4] (Jeol JEM2000FXYV) cus setting of the objective lens [Figs. 1(d) and 1(e)]. The
by illumination of infrared light at about 120C for  change arises from the Fresnel diffraction effect [5] and
several minutes. The heating process provides the theaccordingly we conclude that hollow spaces are created
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FIG. 1. Formation of the nanohole array on a Si surface
[E, = 141 keV, T, = 200°C, CZ Si (110)]. Irradiation times
were 0, 300, and 900 s in (a), (b), and (c), respectively. The
enlarged images in (d) and (e) were taken after the irradiation
with the under-focused (about300 nm) and over-focused
(about+300 nm) conditions, respectively.

either inside the thin foil or at the surfaces. A simple =il
three-dimensional TEM observation (so called stereo mi-
croscopy) using the conventional TEM shows that the spot
contrasts locate near the electron exit surface, which isIG > Naroho - 200 keV
slightly concave due to homogeneous sputtering of atoms ™ = Czasnio(lolg)?”?g)ofoi‘v e; f#;;rﬁégimag: ’Tﬁ'e nset
in the electron irradiated area as has been described [§)nows the Fourier transform of the image in (a). The central
The irradiated areas are observed in several directions @art is enlarged by 3 times so that the diffuse ring can be
well as the irradiation direction, and the spot contrasts areeen. The peaks appear in the ring as indicated by the arrows
slightly elongated along the irradiation direction. ThesePut their positions are not related to the crystal lattice. (b) A
geometrical analyses have led to a conclusion that the hol&gher magnified image.
of 2 to 3 nm diameter and 5 to 10 nm depth are created on
the electron exit surfaces. energy to create the pairs is about 150 keV [7]. When
Figure 2(a) depicts an UHV high-resolution (HR)-TEM the specimens undergo the irradiation of electrons whose
image of an area after electron irradiation in an UHVenergy exceeds the threshold energy, the nanoholes and
environment. The holes are separated by 6 nm in averagenogrooves at the surface were created as well as the
and, in the Fourier transform of the image in (a), thenumeroug113} planar interstitial defects inside the crystal,
corresponding diffuse rings appear around the origin angvhich are definitely due to the Frenkel pair formation
the fundamental diffraction spots. In an enlarged UHV-inside the crystal [8—10].
HRTEM image in Fig. 2(b), the holes exhibit the facets For observing the phenomenon, the irradiation tempera-
of {111} and {100} which are parallel to the irradiation ture needs to be below 30Q. Figure 3 summarizes the
direction. We attribute the fainter bandlike contrasts tosize distribution of the holes depending on various experi-
shallow grooves on the surface. mental conditions. As shown in Figs. 3(a) and 3(b), the
The same phenomenon is induced by irradiation ohole formation is almost suppressed at 300 Actually,
electrons whose energy ranges from 141 to 200 ke\We have never observed the hole formation above®@0
Because of the restriction on the accelerating voltages ofhe Si surface at the lower temperature range is not well
electrons in the UHV-TEM, the threshold electron energymaintained thermally [11] and far away from the equilib-
has not yet been determined. The formation of holes andum, to which therefore less attention has been paid.
grooves is irrelevant to Frenkel pairs created inside the Figure 4 shows the UHV-TEM images taken from
crystal by electron irradiation, since the threshold electrorthe 3 sequences of experiments with different vacuum
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w0 2 " b' I of O, was comparablg to _tha_lt in a conventional TEM.

£ 70 fa00CinUBY  cz(110) ] € 70 F 300CinUHV CZ(110) In the last series, the irradiation commenced on another
£ % s area in the same specimen, 1800 s after the interruption
LE? gg 15? ‘3‘8 of the flow of O;; the pressure was restored to better than
2 20 2 20 5 X 1077 Pa. The holes and grooves were created again
g 0L em .1 [Fig.4(c). The size distribution of holes in the 3 series

® " Diameterof hoie (nm)4 Diameter of holes (nm) of experiments is summarized in Figs. 3(c), 3(d), and 3(e).
80w d From the experimental evidence, we conclude that the for-
5 0 pmuRv Fz(iy - § g 70 plntheflowof O, FZ(111) mation of holes and grooves is a surface-related phenome-
S g% non under electron irradiation. The holes and grooves are
E B e 3 generated regardless of the surfaces, {ld.1} and{110}
s 10 s 10 and the content of oxygen, i.e., FZ and CZ [Figs. 3(a)
R s S S S R S R B and 3(c)].

w Diameter of holes (am) Diameter of holes (nm) Nucleation of the somewhat similar but more compli-
8 70 FURV after O flow  FZ(111) cated structures has been reported iAl,0; [12] and Au
8 [6,13]. Inthe observations, the materials with uncontrolled
ig bt surfaces were irradiated by electrons under conventional
g 20 vacuum environme_nt, and the_ role played by the surfgce
E oo e BREL could not be described experimentally. Our observation
Diameter of holes (nm) has clarified the effect of the surfaces on the phenomenon.

FIG. 3. The size distribution of nanoholes depending on vari-'vIore importantly, it has been shown that the generation

ous experimental conditiong, = 200 keV). The specimens ©f holes in a thin foil occurs generally in semiconductors
received the same dose, i.8.] X 10% cm 2. as well as metals and oxides regardless of the nature of

cohesion.

) o Let us discuss briefly the mechanism of the novel self-
environments. After we observed the hole formation intheyrganized phenomenon. The momentum transfer from

UHV cond_ltlon [Fig. 4(a)], theD, gas was !HJ?Cted inthe glectrons to a thin foil induces sputtering of atoms from
UHV specimen chamber. Then the irradiation proceedeghe electron exit surface [6], and a large number of vacan-
on another area in the same specimen under the fl@ of ¢jes are accumulated near and at the surface at the steady
gas. Clearly, the generation of holes was very suppressedate. Surface vacancies likely agglomerate whenever they
[Fig. 4(b)]. The pressure at the specimen during the flowgre movable, reducing the kinks and steps of higher en-
ergy. Itis known that under ion bombardment in the UHV
environment, surface vacancies are movable at the lower
temperature [14,15]. Furthermore, under electron irradia-
tion, more sluggish vacancies inside the crystal are mov-
able far below the room temperature [16] presumably due
to ionization. Hence, it is suggested that surface vacan-
cies are responsible to the phenomenon. Considering the
distribution of movable vacancies and atoms on a surface,
a two-dimensional Ising model is naturally connected to
the system. According to the picture, surface vacancies
tend to agglomerate at lower temperatures, while at higher
temperatures the random distribution of surface vacancies
is expected, which may lead to the homogeneous surface
structure [Fig. 3(b)]. Below the critical temperature, we
expect a spinodal instability in the system [17], with which
a morphology of vacancy agglomerates evolves in time.
The spinodal decomposition can be definable under elec-
tron irradiation [18], and the microstructures driven by the
instability [19] and the related one [20,21] are observable
in several metallic alloys. It is suggested that the steady
_ state under irradiation has the similar configuration as a
FIG. 4. The effect of theO, flush on the hole generation angjent state evolved from the quenched system [22].
[E, =200 keV, T, = 200°C, Fz Si (111)]. (a)_ In UHV, Theref fer t | kb Monte Carl
(b) in the flow of O,, and (c) in UHV after the interruption " erelore, we reter (o an early work by a Monte L.ario
of the flow of O,. The irradiation time is 900 s. The three Simulation [23] which described the time evolution in a
crossed lines in (a) indicate tK&10) directions. gquenched two-dimensional system. Small islands of the
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