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Observation of planar oscillations of MeV protons in silicon using ion channeling patterns
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This paper describes the observatioq 0, planar oscillations of 3 MeV protons transmitted through a 0.5
um thick[001] silicon crystal using ion channeling patterns produced on a fluorescent viewing screen. Gradual
variations in the crystal thickness allowed the exit angular distribution of the protons to be sampled at different
depths into the crystal, revealing effects due to the coherent planar oscillations. This work necessitated the use
of a focused MeV proton beam from a nuclear microprobe to generate channeling patterns from selected,
micron-size regions and the necessary ion optics are developed here. The recorded channeling patterns are
interpreted with the help of Monte Carlo computer simulations.

[. INTRODUCTION silicon crystal, which had a gradual thickness variation
across it. This work is motivated by the wish to characterize

MeV ions which are incident along a major crystal axis or planar oscillations using ion channeling patterns, to develop
plane have a channeled trajectory, in which they oscillatéhe understanding of how a focused, convergent ion beam
back and forth in regions of lower electron density betweerfan influence channeling alignment, and to produce and ex-
the channel walls. This results in a lower rate of energy los®!ain previously unobserved effects of planar oscillations in
and a lower nuclear encounter probability than for jonschanneling patterns. _ _ _
which have a nonchanneled trajectdry. The maximum Sectlon.ll develops the ion optical basis necessary to pro-
angle of an ion’s path to the channel walls for which chan-du9e and interpret selected area and converggnt beam chan-
neling will take place when the ion is incident in the center"€ling patterns generated using a nuclear microprobe, and
of a channel is called the channeling critical anglgl'z"" how the channe_llng alignment can be altered by varying the
The measurement of the backscattered ion, x-ray, or nucledit angle of the incident beam. The effects of planar oscilla-
reaction yields in channeled and nonchanneled alignmerj{ons observed in channeling patterns recorded at different
gives information on the crystalline quality, layer epitaxy, P8am convergence and tilt angles to thQ planes of a thin
impurity atom lattice location, amount of lattice strain, etc. Silicon crystal are described in Sec. Ill. Section IV gives
Comprehensive accounts of many aspects of the theory afdonte Carlo computer simulations which verify the ob-
applications of MeV ion channeling using unfocused beam§€rved behavior.
are given in Refs. 1 and 2.

There are many ion channeling phenomena which rely on
an understanding of planar oscillation amplitudes, wave-
lengths, and depth of coherency for a proper interpretation, One of the first confirmations of the effect of crystal struc-
such as impurity lattice site locatibmnd various forms of ture on ion trajectories through matter was the production of
strain measurementsThe recent development of spatially “blocking” or “star” patterns using collimated, unfocused
resolved channeling images of dislocations and stacking/leV ion beams. The angular intensity distribution of ions
fault"=% using a nuclear microprobe has further increasedscattered in forward or backward directions out of a crystal
the need for a better understanding of planar oscillation phezan be observed on a fluorescent viewing scrééhcap-
nomena. This is because it is essential for an accurate intetured using photographic film or cellulose nitrate fdftsr
pretation of the observed channeling image contrast as @corded using position-sensitive or scanned particle
function of tilt angle, particularly with the present develop- detectors**°
ment of nuclear microprobes capable of spot sizes less than If the recording medium is placed at a backward scatter-
100 nm. There has, however, been no previous studies on tlieg angle for the beam, blocking patterns are prodd€ed.
visual observation of planar oscillations through thin crystalsBlocking!’ refers to the process by which ions emitted from
as a function of tilt angle away from channeling alignment. lattice sitessuch as those scattered through large angles ow-

This paper describes the production and interpretation oihng to close nuclear collisionshave a decreased probability
high angular resolution “selected area” and “convergentof being emitted along channeling directions. The ion paths
beam” channeling patterns to observe coherent oscillationare steered away from the channeling directions by the same
of 3 MeV protons through th§l10} planes of a 0.5um thick  correlated series of small-angle scatterings which produces

A. Previous work using ion channeling patterns
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channeling. The angular locations of crystal planes and axes 0
thus appear as regions of reduced intensity in the angular
distribution.

For patterns recorded in transmission using thin crystals,
an increased intensity of transmitted ions is produced where
the incident beam is aligned with a channeling directfon.
Channels away from the beam direction again show a re-
duced intensity owing to blocking.

There has been considerable development of the use of
channeling patterns to identify different types of crystal
structures, as described in Ref. 16 and Chap. 11 of Ref. 1.
Other work on measuring and interpreting channeling pat- | | 1 | t T

. . . 0 0.2 04 0.6 0.8
terns includes Gemmell and HollaHd® who investigated amplitude of planar oscillation (nm)
blocking effects and measured the relationship between the
observed planar channel linewidth and the incident beam en- FIG. 1. Half-wavelength for 3 MeV protons oscillating in the
ergy. Dearnaleyet al!® used channeling patterns to charac-{110 planes of silicon, as a function of amplitude of the motion.
terize the potential barrier which exists between axial and
planar channeling. Feldman and Applet@tudied multiple
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.the channel center at a depth of/8. This behavior contin-
tEjes, but owing to the spread in wavelengths and the effects
Yof multiple scattering as the ions pass through the crystal, the

b f t size 2 1o study the t i f coherency breaks down with increasing depth. Statistical
eam of spot size 2xm to study the transverse motion o equilibrium is reached when the flux distribution becomes

axially channeled ions. This facilitated the generation Oindependent of deptfassuming no dechanneling

channeling patterns where the angle subtended by t_he_ beam Figure 1 shows the half-wavelength for 3 MeV protons

n36scillating in the{110; planes of silicon, as a function of the
| blished patt eVﬁmplitude of the motion. These results were obtained by a
ously pu 2'3 ed patterns. - . . ... numerical integration of the equations of motion that follow
Rosnef? used a two-dimensional position-sensitive

. ; : from the ZBL (Ziegler-Biersack-Littmark and the Moliee
charged-particle detector to generate images showing the "B'otentials. In both cases, thermally modified planar con-

tensity distribution of MeV protons transmitted through sili- tinuum potentials were us&##5in which the atomic planes
con crystals Ie;s th.an Am thick. The “doughnut dlstnbu—. re approximated by a uniform density distribution, convo-
tion of transmitted ions produced when the beam was tilte lted in the direction perpendicular to the plane with a
sllghtly_ away from a major axis was measured and INter G aussian distribution to account for thermal vibrations. In
preted in terms of variations in the transverse proton momery, .. potential models, the results were summed over a num-

tum..tKralés? atnd i\tBkO\éIC use?ht\/\‘/‘o—(_jlrtr;enflof?altposglon er of adjacent planes. From Fig. 1, the ZBL and Mdie
sensitive detectors 1o observe the “rainbow” elect produceq, o niig|g give respectively a wavelength for very low am-

by the passage ofl10 and (100 axially channeled MeV . I .
ions through crystals less than Qu thick 2522 plitude oscillations of approximately 320 and 280 nm.

, ; . Axial channeling is not considered in this paper because
This paper presents a comprehensive set of channeli 9 pap

; -~ e more complicated oscillations of the ions are in two di-
patterns produced from a 0&m thick [001] silicon crystal mensions, and the effects of coherency are lost rapidly with

froT selljected ar;az .?ff It_ass Fha%cm ?Eross, using a focused cfjepth into the crystd®2
proton beam wi ering Incident beéam convergence an Experimentally, the effects of planar oscillations have

tilt angles_, so that proton oscillations as a function of beambeen observed in the transmitted energy spectra of ions pass-
crystal alignment angle can be observed. ing through thin crystals when a highly collimated detector
was used to select ions with certain oscillation wavelengths,
as described in Chap. 6 of Ref. 1. Small variations in crystal

Planar channeled MeV ions undergo an oscillatory motiorthickness and mosaic spread were recognized as limiting the
in which they move back and forth in regions of lower elec-ability to measure oscillations in such work using an unfo-
tron density between the channel walls. The oscillationcused ion bearf?’ Oscillations can also be observed in
wavelength for each ion\, is dependent on the ion’s initial backscattering spectra of MeV He ions, as the variation in
impact parameter with the channel walls when it enters thdélux distribution across a channel with depth leads to a
crystal; those ions with the smallest resultant oscillation amehanging probability of close nuclear collisioffsThis has
plitudes have the longest wavelengths. However, the varianot been observed for backscattering MeV protons owing to
tion in wavelengths is small enough for coherency betweernsufficient detector energy resolution. Plots of the nuclear
the individual channeled ion paths to be maintained for somencounter probabilitysee Sec. 1Y as a function of depth
depth into the crystal, typically several oscillation wave-produced using computer simulations of planar channeling
lengths. lons incident with the beam aligned with a planamlso enable the effects of oscillations to be obsefléthe
channel are initially focused into the center of the channel bytransition from coherent oscillations to statistical equilibrium
their collisions with the first few atom layers. They cross thehas been studietf,and coherent oscillations have been used
channel center at a depth ®f4 along their trajectory, travel to characterize the strain in superlattice structures using a
to the opposite channel wall and are then focused back intprocess called “catastrophic dechannelirf§.”

ted through thin silicon and germanium wafers. Armstron
and co-worker®?! used a “supercollimated” MeV proton

observed structure, which had been a feature of many pr

B. Previous work on planar oscillations
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© P S T T T T R o FIG. 3. Angular representations of the beam convergence and
© 16 20 30 40 50 60 70 tilt angle on the surface of @01] crystal, for which only the110}

beam axis (m) planes are shown. The ion beam axis through the lenses is located at

) . . 0=¢=0 mrad. The angular extent of the beam convergence in the
FIG. 2. Schematic of the focusing action of the Oxford nucleary,qi-qntal beam direction is 6 to —4 ; similarly in the vertical

microprobe, which uses a triplet of quadrupole lenses. The 3 MeVjiraction the extent is- & 10 — ¢, . (8) Beam channeled in the 10)
proton bt_aam dive_rges from _the object aperture at the qrigin on th%lanes but not thé110) planes. A low beam convergence in the
beam axis. The divergence into the quadrupole lenses is collimateghizontal and vertical directions, and centered on the beam axis is
by the slits locaté 5 m from the object. The proton trajectory gpown by the solid square. Other examples of similar ranges of
(x1.y2) with §,=0.003° the horizontal (x) direction, and  peam convergence which make beam tilt angles; ef+0.06° and
¢o=—0.003° in the verticaly) direction is shown. The location of 5 190 1 the(li)) planes are shown as the hollow squares to the
the viewing screen used to observe the channeling patterns is inqjl-ght of the solid square. Ifb) the crystal has been rotated clock-
cated but its size is not to scale. wise by 8° about the axis, and tilted so that the beam axis is aligned

) . ] with the (110 planes. The beam has a convergence angular range of
There have been no previous systematic observations @f=+0.5° andg=+0.02°, as shown by the solid rectangle.

planar oscillations using channeling patterns. This is because

of the stringent conditions this necessitates, which are a crysbject aperture, with a convergence half-angl&efD, 6, in

tal approximately 0.5um thick, the ability to position a very the x direction and¢ =Dy¢, in the y direction, where
small beam spot at well located areas and the need to alt&,,D, are the demagnifications in theandy directions,

the proton path length by at least4, corresponding to a respectively. The Oxford nuclear microprobe, shown in Fig.
thickness change of about 75 nm for 3 MeV protons in the2, uses a triplet configuration of quadruple lefi3egth de-
{110 planes of silicon. A method whereby planar oscillationsmagnifications oD, ~80 andD,~23, so for the same beam
might be observed in channeling patterns is to tilt adivergence angleg,,d¢,, the beam convergence angles in the
uniformly-thin crystal within a plane so that the path lengthvertical and horizontal directions on the crystal surface are
of the channeled protons is increased. This, however, imdifferent. The channeling patterns shown in Figs. 5 and 6 in
poses very stringent conditions for maintaining the sameSec. Ill have been generated using typical values of
channeling alignment over the required tilt range, which mayg,,¢,~5x10"* to 3x10* deg, giving beam convergence
be tens of degrees. A different method is used in this papetalf-angles which can be varied betweén ¢,~0.01° to
whereby a focused MeV proton beam is stopped at differend.10°. The channeling patterns in Fig. 7 were generated using
points across a 0.mm thick silicon crystal which has a a considerably larger convergence half-angledef0.5°, as
thickness variation of approximatehyz(N\/2) across its sur- described below. The focused beam spot size on the crystal
face, owing to the preparation method. surface was less than @m and contained a proton beam
current of approximately 100 pA.

The crystal studied in this work was mounted on a goni-
ometer which allows translation and rotation about horizon-
The effects of the focusing action of a nuclear microprobetal and vertical axes in the sample pldrihis enables planar
on channeling alignment is considered in this section in ordeand axial channeling directions to be located with an accu-

to combine ion channeling and ion optics into a cohesivaacy of =0.03°. Figure 8) shows angular representations of
framework. the focused proton beam convergence and tilt angle on the
A nuclear microprobe uses 2—-4 magnetic quadrupol¢001] crystal surface. The location of the crystal planes and
lenses to focus a low-divergence MeV light ion beam passingxes on this angular coordinate system depends on the ori-
through an object aperture into a small spot with a higheentation of thg/001] axis with respect to the beam axis. In
convergence angle on the crystal surface, as shown in Fig. Eig. 3(a) the crystal110 planes are parallel to the horizontal
The beam divergence half-angle from the object aperture idirection and the crystdlL10) planes are parallel to the ver-
6, in the horizontal(x) direction and¢y, in the vertical(y) tical direction. The crystdl001] axis is rotated in the vertical
direction; on the Oxford microprobe, they can be separatelglirection away from alignment with the beam axis, which is
adjusted using four independent slit jaws mounted on mithus aligned with thg110) but not the(110 planes. The
crometers. The ion optics of nuclear microprobes are fullyspacings between the lines of the crystal planes and axes in
described in Refs. 31 and 32. It suffices to say here that thEig. 3 correspond to twice the planar or axial channeling
focusing action of the quadrupole multiplet results in theangles. For 3 MeV protons channeled in the siliddi0
beam on the crystal surface being a demagnified image of thglanes, the measured half width at half maximum of the

II. ION OPTICAL CONSIDERATIONS
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transmitted energy curve as a function of tilt angle is

Y1,=0.10°, whereas the channeling critical angles are focused MeV proton beam

,=0.15° using the Moliee interatomic potential, and (a) (v)
#.=0.14° using the ZBL potential.

Different ion optical conditions associated with the effect thin [001]
of the incident beam convergence and tilt angle on the inter- WJMMMLM crystal

pretation of the resultant channeling pattern are now de-
zglri'ge&ngeCZﬁ?eTegogxet;]geeEZZ;hg)\?iIQ Ign?@ias) ::)r)T/'lettIkI]ecom— FIG. 4. Schematic of a focused proton beam incident at two
. . -, ! oints on the surface of the thin crystal where the thickness gradu-
pared W.Ith the p'a”f"‘r channeling critical angle. Th(? reswt.anggly changes with lateral positiofthis is idealized and greatly ex-
channeling pattern is .produced from a selected, micron-size geratefl The incident beam tilt angle can be altered with respect
area of the crystal. Since a focused proton beam is used thg ihe crystal orientation, such as the three tilt angles shown at

angular resolution of the channeling pattern is not degradefints (a) ‘and (b). The crystal is shifted laterally to observe chan-
by the lateral extent of the beam spot at the viewing screerheling patterns at a slightly different crystal thickness.

Virtually all previous ion channeling analyses have in-

volved tilting the prystal Sa”?p'e with respect to an incidgnta blank silicon wafer at about 1000 °C to act as an etch stop,
unfocu?egsz:V lon beam |nkorder to tmlegs]tjret (.:rySt"?‘”methen a masked area was selectively etched to produce a
properties.” HOWever, In work on crystal detect Imaging ;o cation-free thin layer. There was no detectable variation

using spat_|ally reso'Ygd 1on c_:hannelmg in conjunction with asf the crystallographic orientation across the crystal using
nuclear microprob&;'° a major problem has been that the this procedure

feature of interest gradually shifted across the analyzed area A feature of this preparation method is that the crystal

g&tge':ti:g?s'g? tﬂf“;':;ggg?;?’x\:'?rﬁ tgr:gﬁtlfsk gif%ﬁﬁ;thickness varies slightly. For the best prepared crystals the
y 9 : P P ‘measured thickness typically varies ip%. On other simi-

measured channeling patterns showing planar oscillations i ; o
. . . rly prepared crystals the thickness variation can be much
the{110 planes described in Sec. lll, is the approach used t?argeﬁ F%r the c¥ystal used here, an average thickness of

e e S i onseot o torgp S0 s determined by measurng he vansmited
- 6 . . . .
tation. Consider the hollow squares shown in Fig) 3o the energy loss of 7.5 MeV°0 ions. The thickness variation of

. . . ..about 100 nm thus corresponds approximately-tor/2)
right of t_he solid square. These show different beam tlltfor 3 MeV protons in the{llg} planegpof silicon,yallowing
anglzsﬁwnh trebspectt_tltt) thelbearT:hams an?tco(rllisa%?uently aISoq1e complete period of oscillation to be studied. Figure 4
give ditterent beam Uit angies with respect to 1. CIYS-  shows a schematic of the focused MeV proton beam incident
tal planes. This approach is achieved in practice by shlftlngat two points on the surface of this crystal. In order to gen-
the location of the horizontal collimator slits, shown in Fig. '

; : _erate channeling patterns from different thicknesses, the
2. The resultant channeling patterns produced with these d”grystal was shifted laterally, such as from poidsto (b) in

ferent beam tilt angles are all from the same micron—sizq:ig 4
region of the crystal surface. e
In Fig. 3(b) the crystal has been tilted and rotated abou
the [001] axis so that thg110 and (110) planes are not
aligned with the horizontal and vertical beam directions. Th
beam convergence angular range shown by the solid re

In Sec. Il B, the absolute crystal thickness at which each
tchanneling pattern was recorded was not known since it was
not possible to measure nanometer thicknesses using 3 MeV

rotons, owing to insufficient detector energy resolution.
"herefore the approach used in comparing the observed

angle has¢ > but ¢<y, so all the incident beam is channeling patterns with Monte Carlo computer simulations

aligned within a tilt angle of less thap, to the(110) planes in Sec. IV is to compare the measured and simulated results

and all hits the same micron-size region on the crystal SUrSver a complete period of the observed behavior.

face. The incid_ent beam_ makes_ different tilt angles 1o the The channeling patterns were produced on a fluorescent
(11.0) planes with changing horizontal convergence angle iewing screen consisting of willemit&nSiO,:Mn), located
which influences the contrast observed within the resultan 80 mm downstream of the crystal, as shéwn iﬁ Fig. 2. The
channeling pattern. Such a ‘convergent bgam channelln% tterns were each photographed using 25 ASA technical pan
pattern may thus be defined as one in which the observe, ack and white film with a 30 second exposure. Twd

intensity distribution is affected by a large incident beam . o jenses were used to enlarge the patterns on the cam-
convergence, in one or both directions. Such channeling pa ra film

terns are shown below in Fig. 7, where they allow the effect
of a gradually changing beam tilt angle to the cry4tdlG
planes to be observed. B. Measured ion channeling patterns

Figure 5 shows channeling patterns recorded from eight
lll. EXPERIMENTAL RESULTS sequential, micron-size regions across this crystal surface,
labeled(a) to (h). First, consider the set of channeling pat-
terns measured a=0.0°, which correspond to the beam-

The crystal which was used to observe coherent planagrystal alignment shown in Fig(8& by the solid square. The

oscillations was a thin, self-supportif@01] silicon crystal, location on the crystal from which each sequential channel-
prepared at the University of Florida according to the methodng pattern was produced was chosen arbitrarily to give a
developed by Cheuritf.Boron was diffused into one side of different transmitted angular distribution; these same loca-

A. Experimental procedure
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FIG. 6. Channeling patterns as a function of tilt angle of the
incident beam through alignment with tti210) planes from two
slightly different crystal thicknesse&) and(b). The beam conver-
gence angles are&0.02° in both directions.
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initially coherent, so that there are depths when the majority
of the protons are at the centers of id0) channels, and
intermediate depths when they are at the walls of ()
channels. When the protons are bunched at the channel cen-
ter, they have a maximum emergent angle, such as pattern
(c), and when they are close to the channel walls they have a
minimum emergent angle, such as patt@an

The sets of channeling patterns in Fig. 5 which were mea-
sured at the beam tilt angles 6f=+0.06°, +0.12° corre-
spond to the alignments shown by the hollow squares in Fig.
3(a). In these patterns in Figs(® and 3b) the transmitted
beam has a positive emergent an@le., to right of the chan-
nel centey;, for 6=+0.12°, the beam has a larger positive
angle than fom =+0.06°. In(c) and(d) the beam is starting
to emerge with a smaller positive angle. (e) the beam
again has a positive emergent angle. Howeve(finsome
beam emerges with a negative angle., to the left of the
channel center This also occurs irig), (h) before the beam
again moved back to the same positions show(ajpagain
not shown.

In Fig. 5, two complete periods of similar oscillatory be-
havior are observed fat =0.0°; one period from patterrig)
to (e), and the other period from patter(f$ back through to
(a). However, for the patterns recordedéat +0.06°+0.12°
there is only one period of behavior observed over the full
thickness variation represented in these patterns.

FIG. 5. Channeling patterns measured from eight sequentiald.f_fFlgurteb5 Sh(?[yl\;s th? effe_c;:]s of planar osc_lcl)latllons aﬁg three
micron-size regions across the Qu thick silicon crystal surface, Iterent beam Ut angles witn respect to t.ﬁﬂ ) planes for
labeled (8 to (b). The three beam tilt angles used are gradually changing crystal thicknesses. Figure 6 shows chan-

6:=0.0°+0.06°0.12° to the(110) planes. The beam convergence neling patterns at two different crystal thicknesses for differ-
alngles are+0.02° in both directions. ent beam tilt angles to th@ 10) planes. Both locations were

chosen to give a small spot in the channel centat-a0.0°.

tions were then used for the patterns measured at other bedmFig. 6(a) the beam emerges with an angle to the right of
tilt angles. At the first crystal thicknes®), most of the beam center of thg(110) planes forg,=—0.12°, and emerges with
transmitted through the crystal has a very low emergenan angle increasingly towards the left of center with further
angle, with two side-lobes containing smaller fractions ofpositive tilt angle. In Fig. &) the beam emerges with an
beam with a larger emergent angle. At a different crystalangle to the left of center of th@10) planes at a beam tilt
thickness(b), the observed central bright spot enlarges untilangle of¢ =—0.12°, and emerges with an angle increasingly
it merges with the two sidelobes to form a continuous brightowards the right of center with further positive tilt angle.
band,(c). With a further change in crystal thicknegd), the Figure 7 shows convergent beam channeling patterns
bright band decreases in size, and becomes similar to the fifsbm sequential, micron-size areas across the b thick
pattern in(e) and (f). With further changes in crystal thick- crystal surface, which demonstrate the effect of smaller in-
ness, a similar sequence of increasing size of the bright sparemental changes in the beam tilt angle to the channeling
is repeated in patterng) and(h) until the bright spot again planes. For these patterns the horizontal collimator slits were
becomes a minimum, similar to that shown in pattéay = opened to£550 um to give a beam convergence angular
and is not shown here. range of==+0.5° on the crystal surface. TH&10 planes

The observed contrast in these channeling patterns is dweere aligned with the beam axis and the crystal was rotated
to the oscillations of the proton beam. These oscillations arelockwise by 8° about its surface normid01] axis. The

1.0
o
[e]
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FIG. 8. (a) Simulated trajectories of a hundred 3 MeV protons,
with the beam aligned with thé€l10) planes. The plot axes are
labeled in units of th€110 and(110) interplanar distances, and the
plot projection is described in the text. The approximate lateral
distance reached by the protons transmitted through the crystal is
650 nmxtan 1.73°/0.192 nm 102 (110 plane units. On the vertical
scale, all the protons enter the crystal between the bounding planes
at locations 0.0 and 1.@b) NEP versus depth for 3 MeV protons
(110) planar channeled. The plot is shown only for NEP values less
than 0.6 so that the small oscillations for depths greater than 400
nm can be seen. Poins—F in these two plots correspond to the
sample thicknesses used for the distributions shown in Fig. 9.

IV. COMPUTER SIMULATION OF ION CHANNELING
PATTERNS

Computer simulation was used to verify the origin of the
behavior of the channeling patterns in Sec. Ill. The Monte
Carlo coderLux3,3~3" which uses the ZBL potential, was
used to simulate the angular distribution of protons transmit-
ted through a thin silicon crystal. The incident proton beam
FIG. 7. Convergent beam channeling patterns from sequentialvas aligned with or close to th@10) planes, and 1.73° away

micron-sized areas of the crystal. The beam convergence angles df@m the[001] crystal normal direction. In order to produce
6=+0.5°, ¢ ==+0.02°. The(110) crystal planes are rotated clock- plots of the angular distribution of the transmitted protons,
wise by 8° from the beam horizontal and vertical directions, as inan angular region centered on tfEl0) channeling planes
Fig. 3(b). (@) shows the measured extent of the beam convergenceas subdivided into 130100 bins. A bin was incremented
on the crystal surface. Two small marks can be seen on the viewinfpr each transmitted proton according to the proton’s exit
screen in the middle left region ifb) to (e), so the shift in the velocity vector. The code also allowed the trajectories of
emergent angle of the transmitted beam can be judged from thigdividual protons to be followed through the crystal by pe-
reference. riodical output of the proton's andy coordinates. A coor-
dinate system with the axis along the crystdl001] direc-
horizontal beam convergence progressively made a differeriton. and thex andy axes along the crystal00] and[110]
tilt angle of up to=0.07° to the(110 planes, as shown in directions, respectively, was used. Trajectories were pro-
Fig. 3b). dgced by_plottlng a proton’s coqrdlnate versus itg coor-
Figure 74 just shows the measured extent and orienta—d'”ate; this was therefore effectively a plot of the projection

; N : f the protons’ paths on to thé01) plane normal to the
tion of the incident beam convergence on the cry@talich ~ © . . . :
was removed for this photogra}?hln Fig. 7(b) thye beam channeling planes. The tilt angle of 1.73° to {@®1] axis

. X meant that a proton at a depthhad anx coordinate given
transmitted through the crystal emerges with the same anglé'pproximatelypbydxtan 1.73'?‘1 A givenx coordinategdoes

lar distribution as it went in, i.e., the same alignment as in L .

F a0 g T e bea wansmiea rough e oy oy SoTesbend 0  spefc deth it crystal o cach
tal has been rotated clockwise compared with Fig);7Fig.  emain at an anéle of exactly 1.73° to the axes. Xrandy

7(c) shows an in-between situation occurring at an intermeggordinates were converted infalG planar distances by
diate crystal thickness. In Fig.(§ the beam transmitted gjyision by 0.192 nm; thex coordinate is therefore given in
through the crystal emerges with the same angular distribugrms 0f(110) interplanar distances, and tyecoordinate in
tion as in Fig. Th), representing one complete period of terms of(110) channeling plane distances.

observed behavior. The origin of this behavior is described in - Figure 8a) shows the trajectories of 100 protons aligned
Sec. IV, where the different oscillation wavelengths of chan-with the (110) planes through the first 650 nm of a silicon
neled protons making different tilt angles to the channelingerystal. Close to the crystal surface, the strong focusing ef-
planes is considered. fect of the channeling planes can be seen, with most of the
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FIG. 10. (a) Simulated trajectories of a hundred 3 MeV protons
incident até =+0.12° to the(110) planes.(b) NEP plot for 3 MeV
protons incident at, =+0.12° to the(110) planes.

FIG. 9. Simulated three-dimensional angular distributions of 3
MeV protons transmitted through a thin silicon crystal for various
crystal thicknesses corresponding to the pofud- in Fig. 8. Each
plot encompasses an angular range of 8&5°. The(110) planes
run parallel to the vertical¢) beam direction. Each plot was pro-
duced using 50 000 protons and has been smoothed to show t
distribution more clearly.

would move the beam in angle through tfElO) planes.
Figure 9a) shows the distribution corresponding to a mini-
mum in the NEP plot. This occurs when the majority of
channeled protons are crossing the channel center where they
e at the steepest angle with respect to the channel walls.
e distribution therefore fills quite uniformly the whole of
the angular width of the channel, and has a full width at half
protons being steered into the channel center at eoordi- ~ maximum (FWHM) of 0.15°. This corresponds to the mea-
nate of about 1Qequivalent to them having traveled one sured pattern shown in Fig.(§ where a broad, uniform
quarter of their oscillation wavelengthThe protons are distribution across the channel is also observed.
close to the channel walls at=20 and are brought back to Figure 9c¢) shows the distribution corresponding to a
the channel center at=30. For largerx values, the coher- crystal thickness at the next maximum of the NEP plot. In
ency between the proton trajectories begins to break downhis case, there is a peak observed in the distribution in the
primarily because of the variation in proton oscillation wave-channel center with FWHM of 0.06°. At this thickness, most
lengths, with those protons with lowest amplitude having theof the channeled protons are close to the bounding planes, so
longest wavelengths. This loss of coherency is overemphahat their trajectories are making only small angles with the
sized in Fig. 8a) as a giverx coordinate does not correspond planes. It should be noticed, however, that some protons
to a specific depth for each proton, as stated above. were transmitted within two sidelobes which peak at 0.08°
Figure 8b) shows the average nuclear encounter probfrom the channel center. The base of the distribution is wider
ability (NEP) of thirty thousand protons with the incident than that shown in Fig.(@). This corresponds to the mea-
beam channeled in th€l10) planes, again plotted over a sured patterns shown in Figs(ab and 5e) where there are
sample thickness range of 650 nm. The Niefs. 25 and also two sidelobes about narrow distribution in the channel
38) is the probability for nuclear encounters, as a function ofcenter. Figure @) shows a distribution for a crystal with
depth, relative to the probability in a “random system,” as thickness intermediate between those(@f (c), and corre-
defined by Eqs(8) and(9) of Ref. 38. The NEP plot will be sponds to the measured channeling pattern shown in Fig.
dominated by the ions with the largest oscillation amplitudes5(b).
as these come closest to the channel walls. It starts at 1.0 at The plots of Figs. @)—9(f) are from thicker regions of
the crystal surface, and falls rapidly to a low value after athe crystal and were performed for thicknesses correspond-
depth of 50 nm. This depth corresponds to the protons beinmng again to roughly minima, intermediate and maxima of
focused into the channel center. The NEP oscillates witthe NEP plot. They show a similar set of three distributions
depth, with the minima occurring where the proton trajecto-as in Figs. @)—9c), demonstrating that coherent oscilla-
ries cross the channel center and the maxima being where thi@ens continue out to beyond crystal thicknesses of 580 nm.
protons are close to the channel walls. The amplitude of thélowever, the correspondence between the NEP plot and the
NEP oscillations dies away with depth, owing to the loss intrajectory plot is less obvious owing to the decrease in co-
coherency between the proton trajectories. Oscillations arkerency with increasing penetration depth. This is because
still clearly visible to depths of over 600 nm, demonstratingthe NEP is not a good indicator for determining the behavior
that some coherency is retained throughout this thickness aff the remaining channeled, coherent beam fraction, since it
crystal. is dominated by those ions with a large oscillation amplitude
Figure 9 shows three-dimensional renditions of computeas described above. The change from a broad distribution to
simulations of the angular distributions of 3 MeV protons one that is highly peaked at the channel center occurs twice
transmitted through crystals of six different thicknesses, foiover the thickness range used in Fig. 9 #+0.0°, just as
6=0.0°. Each thicknesA—F is marked on the plots of Fig. there are two complete periods of change observed in Fig. 5
8. The thickness range encompassed in Fig. 9 corresponds planar alignment.
approximately to that used to produce the measured channel- Figure 10 shows proton trajectories and an NEP plot simi-
ing patterns shown in Figs. 5-7. In these plots, th#0) lar to those of Fig. 8, but for a beam tilt angle & +0.12°
planar channel is running parallel to the verti¢e) beam to the(110) channeling planes. The NEP rises to a value well
direction so that changing the horizon{@ beam direction above 1.0 at a depth of 70 nm, corresponding to the protons
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FIG. 11. Simulated three-dimensional angular distributions of 3
MeV protons transmitted through silicon crystals with thicknesses
as given by pointsA—F in Fig. 10. Each plot encompasses an

angular range 0.520.5°. The(110) planes run parallel to the ver- FIG. 12. Contour plot of the simulated distribution shown in
tical (¢) beam direction. The proton beam is incidentiat +0.12° Fig. 11(c). The box size is 0.80.5° and the proton beam is incident
to the (110) planes. at 6,=+0.12° to the(110) planes.

meeting the channel walls for the first time. At this point, bution within the(110) planes becomes much broader in Fig.
may protons pass through the walls; most of these do nd(d) for 6=0.0°, while for §=+0.12° the beam still
channel but some are still channeled and describe stable osmerges to the left of center within tfi&10) planes in Fig.
cillations at a higher-positioned channel. A similar effect canl1(d). This is also observed in Fig.(§. With further in-
be seen when the protons approach the bottom wall. Of thosgrease in crystal thickness the simulated patterngfet0.0°
which are reflected from the channel wall, it can be seen thagxhibits a maximum distribution across the channel in Fig.
their trajectories remain coherent to depths beyond 600 nr(e), while for 6 =+0.12° the beam begins to emerge to the
again. The NEP plot at this tilt angle shows minima everyright of center within the€110) planes in Fig. 1(e), as is also
time the protons cross the channel center. However, unlikeeen in Fig. th). Finally, in Fig. 9f) there is again a narrow
the case for exact planar alignment of the incident beam, angular distribution forg,=0.0° and in Fig. 1¢f) the beam
these points most of the protons are all traveling in similathas flipped emerging to the right of center within ttid0)
directions toward one side of the channel. planes for6,=0.12°, as can be seen in Figah

Simulated angular distribution plots for the same crystal Now consider the agreement between the simulated pat-
thicknesses as used in Fig. 9 but with a beam tilt angle oferns in Figs. 9 and 11 and the measured patterns in Fig. 6. At
6 =+0.12° to the(110) planes, are given in Fig. 11. Figure crystal thicknesses where there is a very narrow emergent
11(a) shows a peak in the distribution with the majority of angular range fo,=0.0° in Figs. 9c) and 9f), the beam
the protons emerging at an angle of 0.13° to the right ofemerges to the left of center within thi#&10) planes in Fig.
center of thg110) planes. The corresponding position on the 11(c) and to the right of center in Fig. {f} for =+0.12° in
trajectory plot in Fig. 10s) shows the majority of channeled the simulated plots. Similar behavior is also observed in the
protons travelling in the same direction towards the lowemeasured patterns in Fig. 6.
plane. As the crystal thickness is increased, the distribution The three-dimensional plots in Figs. 9 and 11 have been
changes to show the protons emerging to the left of center ddhown to exhibit similar behavior as the measured channel-
the (110) planes in Fig. 1(c). The transition of the protons ing patterns in Figs. 5 and 6. Further agreement can be
from emerging on one side of channeling alignment toshown by displaying the simulated data in Fig(dlas a
emerging on the other occurs at a maximum in the NEP plotontour plot in Fig. 12. This can be compared with the chan-
for this beam angle, shown in Fig. . At this point, the neling patterns shown in Fig(% or 5g) for 6 =+0.12°. In
protons are closest to the channel walls, and begin their jouboth cases, the intensity distribution is peaked at an angle of
neys back to the other side of the channel. Figurdsl)3l 0.10° to the left of center of th€l10) planes, and forms an
11(f) show the transition of the beam back to emerging to thé'arrowhead” shape, pointing into the channel center. The
right of center of thé€110) planes, for crystal thicknesses out simplest explanation for this arrowhead intensity distribution
to 580 nm. At this beam tilt angle, the change in the distri-is that those protons remaining in the channel center spend
bution from emerging on one side of the channeling directiorthe most time in regions of low atomic electron density.
to the other side occurs only once, as also observed in Fig. These well-channeled protons consequently make fewest

Consider further the agreement between the simulatedollisions with the atomic electror{and also with the nuclei
patterns in Figs. 9 and 11, and the measured patterns in Figomprising the channel wajlsso undergo the least scatter-
5. At a crystal thickness where there is a very narrow emering, thus acquiring the least transverse momentum parallel to
gent angular range fofi =0.0° in Fig. 9c), for a beam tilt the channeling planes. Conversely, those protons which
angle of 6 =+0.12° the beam emerges to the left of centertravel close to the channel walls acquire the highest trans-
within the (110) planes in Fig. 1dc) in the simulated pattern. verse momentum and so have the widest intensity distribu-
Similar behavior is observed in the measured patterns in Figion parallel to the channeling planes. This results in those
5(f). At a slightly greater crystal thickness the angular distri-well-channeled protons emerging with a low transverse exit



53 OBSERVATION OF PLANAR OSCILLATIONS OF M¥ . .. 8275

rily responsible for oscillation effects seen in the measured
and simulated channeling patterns. It is thus possible to draw
on Fig. 1@a) a line which represents the “average” trajec-
tory of this coherent group, so that the average distribution as
a function of depth could be determined. This average trajec-
tory has been plotted in Fig. 1§ for beam tilt angles of
0.04° to 0.12°. Trajectory plots for tilt angles less than 0.04°
[such as Fig. &)] tended not to show a single, average tra-
jectory and so were not included in Fig. (€8 As may be
expected, the wavelength of the average trajectory plots de-
creases as the beam tilt angle to the channeling direction
increases in Fig. 18).

Marked on the plot of Fig. 18) are two solid, dark lines
at depths corresponding to the two crystal thicknesses used
to produce the angular distribution plots of Figs(da3and

FIG. 13. (a), (b) Simulated three-dimensional angular distribu- 13(b). Consider the thickness given by the line at a depth of
tions over an angular range of 1:51.5° for two crystal thicknesses seventy (110 plane distances, which corresponds to Fig.
corresponding to point&) and(d) in Fig. 10. The proton beam has 13(b). The trajectories for beam tilt angles of 0.04° and 0.06°
a uniform convergence angular range betwegs =0.5° (with are heading towards the lower channel wall at this depth. For
¢ =0.0°) and the crystal has been rotated about its normal directiora tilt angle of 0.08°, the average trajectory is at a turning
by 11.0°, similar to the orientation shown in FiglbB (c) shows  point close to where the protons meet the channel walls. For
average trajectories of channeled protons with a coherent patheam tilt angles of 0.10° and 0.12°, the average trajectory is
through 600 nm of a silicon crystal for beam angles between 0.04moving towards the upper channel wall. It can therefore be
and 0.12° to alignment. The two heavy vertical lines mark the crysseen that protons incident at angles of 0.06° or less to chan-
tal thicknesses used for the two simulated angular distributions i’heling alignment would be transmitted on one side of the
@, (b). channeling direction and that a transition would occur at a

tilt angle of about 0.08° to protons being emitted on the other
angle, and those less well channeled protons emerging withgde of the channeling direction. This is what is seen to be
higher transverse exit angle, giving the observed distributionihe case in Fig. 1®). The solid line at a depth of 88.10)

The simulated angular distributions in Flg 13 investigatep|ane distances Corresponds to F|g(a)_3The average tra-
the origin of the behavior observed in the convergent beanectories at this depth show a similar pattern to those at the
channeling patterns in Fig. 7. Figures(@3and 13b) show first solid line. However, the directions of the average trajec-
the effect of a large horizontal beam convergence into thory plots have changed on going from the first thickness to
(110 planes, which are slightly misaligned with the horizon- the second; the angular distributions therefore show a flip
tal beam direction, similar to the conditions used to producgorm one side of channeling alignment to the other, as ob-
the measured convergent beam patterns shown in Fig. derved in Fig. 7.

Plots are shown for two CryStal thicknesses of 444 nm in Flg This rather crude method of d|sp|ay|ng the coherent pro-
13(b), and 562 nm in Fig. 1@). ton oscillations for different beam tilt angles adequately ex-

As with the measured patterns, the angular distribution opjains the observed convergent beam channeling patterns. It

the protons is flipped in the simulated patterns from one sidgs, however, not intended to accurately convey differences in

of the channel center to the other as the crystal thicknesge proton oscillation amplitude since this was difficult to
changes. This is due to the different depth at which the cogccurately determine from the trajectory plots.

herent proton oscillations were sampled, as described above.

In Fig. 134a), for small beam tilt angles to the channeling

planes there is a fairly linear relationship between exit and V. CONCLUSIONS

incident angles. This occurs for beam angles to alignment of

up to 0.06°, where the pattern becomes slightly “S” shaped, We have described the observation{vt0 planar oscil-

whilst some of the beam begins to appear on the other side ddtions of 3 MeV protons transmitted through a thin silicon

the channeling direction. A similar situation occurs in Fig. crystal, using selected area and convergent beam channeling

13(b), with the switch to the other side of the channeling patterns. The origin of these patterns has been characterized

direction occurring at a tilt angle of about 0.08°. No evidenceusing Monte Carlo computer simulations.

is seen of this in Fig. 7, because the beam tilt angle to the The use of a focused MeV proton beam from a nuclear

channeling planes is not larger than 0.07°. microprobe to generate channeling patterns from selected ar-
In order to better understand these plots, simulations oéas with different beam convergence and tilt angles has been

proton trajectories similar to those shown in Figs. 8 and 1@lescribed and the ion optics needed to understand the focus-

were performed for beam tilt angles to t{#10) planes up to  ing effects of a nuclear microprobe on the resultant pattern

0.12°, in 0.02° steps. In the trajectory plot of Fig.(dQ have been outlined. It should be noted, however, that our

which was performed for an incident beam angle ofusage of the term “convergent beam” pattern is different to

#,=0.12°, there is a set of channeled trajectories which rethat underlying the production of convergent beam electron

main reasonably coherent over the depth range of the plot. Hiffraction patterns, whereby the crystal is placed in between

has been assumed that this strongly coherent group is prim#éhe image and focal planes.

20 40 60 80 100 120
(110) planes
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