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lon-channeling analysis of boron clusters in silicon
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We have measured axially channeled Rutherford backscattering spectra. g&&i nanofilms in
silicon(001). A step in the yield of the host crystal was found for off-normal axes at the depth of the
nanofilm. The step was measured as a function of the angle between the incoming beam and the
[011] axis and shows two maxima. It is found that Monte Carlo simulations assuming tetragonal
distortion reproduce the experimental results. A universal curve was derived which enables
determination of the tetragonal distortion from ion-channeling experiments, for a given film
thickness. The results are compared with XRD measurements20@ American Institute of
Physics. [DOI: 10.1063/1.1405838

I. INTRODUCTION in the epitaxial film, for which a film thickness of at least 20
nm is required. When the epitaxial films are situated at the
In modern semiconductor technology, films with a thick- gyrface and are extremely thirc@O nm, this can only be
ness in the nanometer reginteanofilmg are of increasing  yyrsued by lowering the incident energy as demonstrated by

importance. Particularly interesting are single-crystallingy,q highly specialized medium-energy ion-scatteliMgIS)
strained films, which are applied to semiconductor deVice?echniqueé.‘f’

such as hlgh-ele_ctron—moblll_ty transistors, solld_—stat_e lasers, lon beams with higher energi€g MeV) are commonly
heterojunction bipolar transistors, and tunnel junctions. In

. . : L . available for standard Rutherford backscattering spectrom-
strained films the lattice deformation is an important factor

determining the band gap and the density of stéd¥3S), et_ry (RB.S) anaIysi;, which alloyvs us to_ measure samples
and thus the device properties. Characterization of the Iattic\é\”th pur|ed nanofilms. When ”? a b_uned_ commensurate
deformation is, therefore, of vital importance and becomeg'ar?omm the Iength. of the atormc strings is far below the
an increasing challenge when the layer thickness decreaselPical lengths required to obtain an angular scar2Q nm

X-ray diffraction (XRD) is a well-known technique to for ion energies~2 MeV), the value of the strain can no
investigate strain in thin film&:3 With high-resolution XRD  longer be determined from the shift of the angular scan. In
it is possible to characterize depositions of less than 1 MLSuUch a case, the shape of an angular scan and the angular
when they are grown in a superlattice structure; i.e., to anaPosition at which the minimum in the yield occurs are not
lyze a sub-ML-thickness film, 60 periods are neefietbw-  representative for the nanofilm, and are primarily determined
ever, the semiconductor devices mentioned above containy the flux distribution(channeled or nonchanne)eeimerg-
only one nanofilm. ing from the capping crystal reaching the nanofilm. Along

Another well-known technique to investigate strain in the off-normal axes of the host crystal, the presence of such
thin films is MeV ion Channeling. The tetragonal distortion a film has the same effect as a Stacking fault. Consequenﬂy,
can be measured by the shift of a so-called angular scan ¢§; channeling along off-normal axes, a sudden increase of
the strained film with respect to the angular scan of the Unge scattering yield can be measured. The strain in the thin
derlying host crystal along off-normal axes. Usually, thisjim ang its thickness determine the increase of the scattering
method is restricted to the anaIyS|s_ of thin films with a th'c_k_'yield. The magnitude of this step depends on the translation
ness typically larger than 20 nm, since a necessary COﬂdItIOBIf the atomic strings with respect to the flux distribution

for this procedure is a decrease of the scattering prObab”i%merging from the capping layer. Thus, this method basically

provides a possibility to investigate nanofilms without look-
dAuthor to whom correspondence should be addressed; present addreq;ﬁ'g at the atoms. With Monte Carlo simulations the increase

Cyclotron Laboratory, Department of Applied Physics, Eindhoven Univer-. . . . .
sity of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands;N Scaftering yield can be related to the strain and thickness

electronic mail: L.J.van.lJzendoorn@tue.nl of the tetragonally deformed film.
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[011] tilt angle , [001] de\_/iations of the _Iattice constants from t_he virtual crystal
""" ion beam sample lattice constant. Since the critical layer thickness for Ge on
normal Si is about 6 ML 1.7 nm),* no dislocations are assumed
¢" to be present in the samples under investigation. This was
capping layer verified with ion-channeling measurements along [ib@1]
Si 280 nm axis near the sample normal. The measurements pointed to

the absence of dislocations near the nanofilm, which implies
that the Sj_,Ge, nanofilms are tetragonally deformed and

o o - I . strained nano-film that the Sj_,Ge, unit cells are not relaxed to a cubic crystal
X = . 22+02nm lattice. The tetragonal distortion in the film amountsetp
il =0.033 and 0.046 for the 45% and 63% samples, respec-
| L [5.0 nm buffer layer tively. For a thickness of 2.2. nm, thislleads to translations
Si +wafer I'rans Of the substrat€011) strings relative to those of the
4 capping layer of 0.051 and 0.072 nm for the 45% and 63%
A translation £, samples, respectivelisee Fig. 1

The ion-channeling experiments have been performed
F}G. 1 Schematic drawing of the sample. The main crystal directipns, thgyith 2—3.5 MeV Hé ion beams from the PhilipS AVF Cy-
ggﬁgfgfotfhtgeSianW%l]f:rasr?ir:]sdig:;gft'ce constants, and the translation of they .,y 4t Eindhoven University of Technology. The beam
currents were between 5 and 30 nA. A rotating vane with a
88-nm-thick gold film is employed to measure the ion dose.
Nowadays, single-crystalline layers with a thickness inThe energy of He ions scattered from the rotating vane is
the nm range can be accurately grown by atmosphericn€asured with a 25 m%nCanbgrra-passwated implanted
pressure-chemical-vapor depositiédAPCVD). Preliminary planar silicon (PIPS detector with an energy resolution
measurements on 2.2-nm-thick, SjGe, films in Si grown ~ Of 15 keV. . _
280 nm below the surface demonstrated a relation between FOr the ion-channeling experiments the samples were
the translation of the host crystal and the magnitude of th&laced na three-axes goniometer with an angular resolution
increase of the scattering yieldhis article will describe the ~<0-005°:" With two sets of slits the beam divergence was

correlation between the translation of the host crystal causedft 10 0-07° full width at half maximum. Backscattered ions
by a strained nanofilm and the observed magnitude of th¥ere detected with a 100 nfnCanberra PIPS detector with

increase in the scattering yield for Héons in the energy & resolution of approximately 17 keV, positioned at a back-
range of 2—3.5 MeV. Furthermore, XRD measurements angcattering angle of 130°. For axial channeling measurements

simulations on the same samples will be presented. a series of channeling spectra was obtained by varying the
tilt angle ¢ between the incoming beam and {l#4.1] axis of

the samplgsee Fig. L
Il. EXPERIMENT XRD measurements were performed with a Bede model
Buried Si_,Ge, nanofiims in Si have been grown by ZQO high-resolutior(0.5 arc $_research diffra_ctometer setup
APCVD on a 6 in. (001 oriented Si wafer at Philips Re- with a Bede channel cut collimator with a &i11) reference
search Laboratories Eindhoven. At first the wafer wascrystal atthe Eindhoven University of Technology. The.K
cleaned with H at a temperature of 1100 °C, and then a 5.0 "&Y$ from a 2.2 kW Cu long fine focus source are detected

nm Si buffer layer was grown at 625°C. Subsequently, avith a Nal scintillation crystal and photomultiplier, which
2.2-nm-thick Sj_,Ge, film was grown by deposition of gives a dynamical range of 0.1-250000 counts. |4,2¢

GeH, and SiC} at 625°C. Finally, a 280 nm Si capping _me.asurement the samples were invest.igated. in grazing-

layer was deposited at 700°C. Two different samples werdcidence geometry on thgl13 planes, with an incoming

prepared: the first and second samples contain®(@.8) ~ angle of 2.8% the Bragg angle at 28.1° and the detector

X 105 and (6.4 0.3)x 10° Ge/cn?, respectively, as deter- &t 96°-

mined by 2 MeV Rutherford backscattering spectrometry

analys_is. The thi(_:kness of thgls_;Ge;( films was mgasured Ill. CHANNELING

by high-resolution transmission electron microscopy

(HRTEM) to be (2.2:0.2) nm for both samples. The Ge Figure 2 shows a typical RBS spectrum of the 63%

concentration of the samples amounts to £85% and sample with a step in the yield at the depth of the strained

(63+6)%, respectively. In the remainder of this article thesenanofilm. The spectrum is one of the spectra obtained in an

samples will be referred to as the 45% and 63% samples. Angular scan through tH®11] axis in the{001} plane. The

schematic drawing of the samples is shown in Fig. 1. sample was rotated over 0.16° from th@ll] axis of the
The tetragonal distortion is a quantity for the strain de-capping layer towards th@®01] surface normal in thé100

fined aser=¢, —g|=(a, —q))/ay, wherea, is the perpen- plane. The step in the spectrum due to the presence of the

dicular lattice constanty the in-plane lattice constant, and strained nanofilm is magnified in Fig(i8. Since the stop-

ay the Vegard crystal lattice constant for a bulk crystal with ping power for channeled ions depends on the detailed tra-

composition of the commensurate film. The in-plane steain  jectories in the channeléthe exact depth in nm at which the

and the perpendicular strai, are defined as the relative nanofilm is situated cannot be determined easily from spectra
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FIG. 2. RBS spectrum of the 63% sample tilted 0.16° away fron{@id] axis of the Si capping layer using 3.5 MeV Héons.

in channeling experiments. Monte Carlo simulations showflux distribution does not change as a function of depth,
that the stopping power experienced by the scattered ionshich is expected at the depth of the nanofilms in the
giving rise to the step is within 10% of the value of the samples investigated.

random stopping power. Under the assumption that the nanofilm does not influ-
The height of the step in the yield depends on the posi- 2 e

tion of the atomic strings of the Si wafer relative to those of L (a) y {45% sample}

the capping layer. In Fig. 3 the height of the step in the 1ok - v, =0.44 degrees 4 |

spectrum is plotted as a function of the anglefor both

samples. The experimentally found data points in Fig. 3 are E, o8k i

taken from the channeled spectra after they have been nor- £

malized to the counts in the Au peak of the rotating vane and .§ osbL _

the step heights are normalized to the highest step in the 3

angular scans. Figure 3 shows that for both the 45% and 63% £ ,,| i

samples, two maxima appear in the curve of the step height g I

as a function of the anglg. It is remarkable that the angular Z ok .-

separation between the two maximg,.,, which is esti- ] v

mated with the guiding lines, is larger for the 45% sample, in 00— A& . . . 4

which the atomic strings of the substrate are translated less. 08 02 01 60 01 02 03 04

Furthermore, the curves are not completely symmetrical Tilt angle to the [011] axis (degrees)

In (//. 1.2 T M 1 M T M ] M T M ¥ v L] v 1
Similar experiments were performed with 2 MeV He L (b) |+ »| ©63% sample,

ions? and also the angular separatigp., was larger for the 10} Vnei=0-39 degrees .

45% sample and the curves were not completely symmetrical .

in . Table | shows the values af,,,, for both samples and 208 .

both energies. The values ¢f,,, are larger for the measure- =

ments at 2 MeV. Note that the characteristic anglg®® 2 os} .

which is a measure of the maximum incidence angle forions @

to be captured in a channel and scales with the energy as E 04} .

E~ 12 is larger at 2 than at 3.5 MeV. The ratios #f,,, and 3

Y, are given in the fourth and fifth column of Table I, and 02} .

within the uncertainty the measureg,,, scales withi; . In

the next section, an analytical flux distribution model is used 00 0f4

to explain qualitatively the observed channeling behavior. Tift angle to the [011] axis (degrees)

IV. ANALYTICAL MODELING FIG. 3. Experimental normalized step height in the Si yigduaresand

calculated normalized step in the nuclear encounter probalitigngles
Feldman and co-workers presented an analyt|ca| modépr 3.5 MeV He'" ions for the 45%(a) and 63%(b) samples, as a function

; : _ .af the angley between th¢011] crystalline axis of the capping layer and the
which describes the dependence of the steady-state flux dl%coming beam. The guiding lines through the meastiserid line) and

FribUtion within a channel on the angiebetween the iIncOM-  simylated data pointédotted ling are used to estimate the angular separa-
ing beam and the crystal axis. Steady state means that thien between the appearing maxinjg,., .
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TABLE I. Values of ¢,,,, from ion-channeling experiments with 2 and 3.5 MeV Hens, and these values
scaled to the characteristic angle.

YUmax (2 MeV) Umax (3.5 MeV) madiby (2 MeV) Ymad 1 (3.5 MeV)

45% sample (0.55+0.02° (0.44+0.02° 0.94+0.03 0.99-0.03
63% sample (0.49+0.02° (0.39+0.02° 0.83+0.03 0.88-0.03
i 0.587° 0.444°

ence the flux distribution emerging from the capping layer,zed to that of an equal number of randomly oriented trajec-
the strings of the wafer will probe this flux distribution for tories through an equal distance within the lattice.
off-normal axes at a certain distancg,,s from the atom The FLUX7 simulation package is used to perform MC
rows of the capping layer. According to Lindhard’s theory, calculations of the NEP as a function of depth for the 45%
ions with a certain transverse energy are distributed ho- and 63% samples. The strain in thg SiGe, film leads to a
mogeneously within an equipotential contour given by  kink in the[011] channel, which can be simulated by rotating
=E, . The model is derived for a circular symmetric flux the velocity vector of the ions at the beginning and end of the
distribution around an atomic string, and for each angle Si, ,Ge, film. Simulations were done for different transla-
the distance between the atomic row and the border of thgons (r,,,) of the atomic strings of the substrate. Since in
equipotential contour with the highest flux is denoted'by  FLux7 the thickness of a layer can only be varied in discrete

Accordingly, the flux density takes its maximum at the steps of 1 ML, a 8-ML-thick2.3 nm Si;_,Ge, film is used
positionr . Of the shifted strings ifyon="r1, and the cor- in the calculations.
responding anglé:= |4 yields the angular separatiahax Figure 4 shows an example of the NEP as a function of
according to the Feldman model, wherejreq  depth. An increase in the NEP is found at the depth of the
=1VIn(ro/ry) with r the circular radius corresponding to nanofilm, which corresponds to the step in scattering yield in
the average area per channel. The valueggfyare given in  the measured spectra. The step height in the NEP is calcu-
Table 1l for both the samples and incoming Héns at 2 |ated from the simulations and is plotted as a function of the
and 3.5 MeV. In the last columieeq is compared to the  angley in Fig. 3. The angular separation of the two maxima
experimentally found values @fnay, and apparently, a scal- i the simulated step height now agrees with the experimen-
ing factor is needed. S ~ tally determined ¢,y for values of ryu,s of (5.3+0.5)

The angular dependence of the step height is explained 15-2 gng (7.5:0.6)x 1072 nm for the 45% and 63%
qualitatively with this model, but for a steady-state flux dis- samples, respectively. This corresponds to an 8-ML-thick
tribution these are expected to be symmetrigrinthe asym- - 1film with (46-4)% Ge for the 45% sample and (65
metry and the structure in between the maxima show that th%S)% Ge for the 63% sample, resulting in a tetragonal dis-
flu?< distribution is npt steady state. A more Qetaileq interpre-.[ortiOn of 0.034-0.003 and 0.048 0.004, respectively. Note
tation qf the gxpenments can only be obtained with Montethat contrary to the calculations with the Feldman model, no
Carlo simulations. scaling factor is needed to explain the angular separation

between the maxima.
V. MONTE CARLO SIMULATIONS OF THE ANGULAR The simulations show many detailed similarities with the
DEPENDENCE OF THE STEP HEIGHT experimental results: the separations between the appearing

Monte Carlo (MC) channeling simulations have been maxima in the step height are well within the error and the
performed with the programLux7, which is an improved overall trends look very much alike. Furthermore, the angu-
and extended version @iux.!* The calculations are based lar dependence is not symmetric and this asymmetry agrees
on binary collisions of the incoming ion and the target nu-very well with that of the measurements. The asymmetry is
clei. In addition, the effect of distant rows of target atoms isattributed to the fact that the flux distribution does not reach
accounted for by a continuum string potential. The thermabteady state at the depth of the nanofilm. In addition, the Ge
vibrations of the target atoms and the stopping of the projeceoncentrations retrieved from the simulations are in good
tile ions by target electrons in the solid are also incorporatedagreement with the values found from the combined RBS
One of the output parametersmfux7 is the nuclear encoun- and HRTEM measurements.
ter probability(NEP) with a target atom to cause an event Now, with FLUX7, we examine the assumption which
such as large-angle scatterifig RBS), a high-energy recoil was made before in Sec. I; i.e., the presence of the nanofilm
of the target atom, or a nuclear reaction. The NEP is normalean be considered as a stacking faeltux7 allows us to

TABLE Il. Values of ¢4 for 2 and 3.5 MeV Hé ions and these values scaled to the experimentally found
values.

Yreid (2 MeV) reid (3.5 MeV) reid Ymax (2 MeV) Preid Ymax (3.5 MeV)

45% sample 1.36° 1.03° 2.40.07 2.34-0.08
63% sample 1.19° 0.90° 2.43.07 2.310.09
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FIG. 4. Nuclear encounter probabiliff]NEP) as a function of deptli@) and a magnification of the step in the NB}. The simulation is performed for the
63% sample tilted 0.21° away from tfi@11] axis using 3.5 MeV Hé ions. The total NEP is plotted and, thus, for the nanofilm the NEP of Ge is added to
the NEP of Si.

simulate a sample consisting of two silicon layers translatedinear function of the tetragonal distortion for these combi-
with respect to each other without the presence of thenations of thickness and tetragonal distortion, although the
Si; _,Ge, film. Simulations show that if for such a sample potential in the channel is not a linear function of the dis-
the translation is taken equal to the translatigg,, which  tance to the atomic rows.
would be caused by the strained; SiGe, nanofilms, the The error in the determination of the tetragonal distor-
curves of the step height as a functionygpfare identical for  tion, resulting from the errors in the measured and the simu-
both samples within the statistical errer.ux7 simulations lated 4, IS On average8%. In addition, the error of the
thus support this assumption. thickness in the HRTEM measurement, which+40% de-

To investigate for which maximum thickness of the pending on the thickness of the film, must be taken into
nanofilm this assumption, that the nanofilm does not influ-account.
ence the flux distribution, is still valid, simulations with com-
binations of tetragonal distortion and thickness were carrie/Il. XRD

out. T?e c??mbinatiol:n N \l/vere Ct};qslfn tsru;% th%s;[rils t(;]]? The samples have also been investigated with a Bede
same 1or all cases. -or layers thicker tano nm, the dit- high-resolution XRD(HRXRD) facility at the Eindhoven

ference betweerf, 5, Of theseFLuUX7 simulations and that of ; ; ; 4 : -
. : University of Technology in order to investigate the consis-
the experiments become larger than the er(0r82°). This y 9y 9

suggests that our method can be applied to strained films
smaller than 6 nm.

1.2 T d T T T T T T T v T T T
VI. TETRAGONAL DISTORTION [

11 F > g

In the previous section, we compared the ion-channeling I \i\ )

measurements on the 45% and 63% samples witlritbz7? 1ol TS i
simulations. More simulations are performed to relate the ] \}\
measured angular separatigh, ., t0 'yans Caused by the s ook RN i
nanofilm. In these simulations the thickness of the nanofilm™, | I\
is kept constant at 2.3 nm, whitg,,sis varied. This is done & | ‘I\ 1
by varying the concentration of Ge in the SjGg, nanofilm ’ \}\ i
between 30% and 80%, which covers a wide range of physi- | AN ]
cally interesting tetragonal distortion®.022—-0.052 To o7 i‘\'
give the results a more universal characigy,,, has been
normalized toy;, which is 0.587° in this case. Figure 5 %8 o™ 50r 005 006 007 008 o068 oo
shows the relation between the normalizég,, and the r(nm)
translationr ane- frans

The graph in Fig. 5 is a universal curve that can be used

: - : P . _FIG. 5. Normalized anglé,./#, as a function of the translatian,s. The
to retrieve the tetragonal distortion from RBS ion channellngpoints in the graph have been calculated withx7 for 2 MeV' He" ions

measurements, when the thickness of the nanofilm has begRy a silicon sample with a 2.3-nm-thick SiGe, layer (0.3<x=<0.8). The
determined with HRTEM. Notice thap,,, Seems to be a line is only to guide the eye.
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XRD is the lattice spacing in the nanofilm. For the 45%
sample, the best-fit through the measured curve is obtained
for a thickness 0f2.8+0.1) nm and a Ge concentration of
(43+=2)%. For the 63% sample, the best-fit parameters are a
thickness of(2.7+-0.1) nm and a Ge concentration ¢56
+2)%. The areal Ge density derived from the XRD measure-
ments is(5.60.5x10'"° and (6.9-0.5)x 10*> Ge/cnt for

the 45% and 63% samples, respectively. Since the areal Ge
density determined by RBS is considered to be more correct,
we can conclude that the simulation of the XRD measure-
ment on the 45% sample is not satisfactory. Furthermore, in
both cases the thickness found in the XRD simulations is
much larger than the value determined by HRTEM, (2.2
+0.2) nm.

A possible explanation might be tailing caused by Ge
segregation during growth of the Si capping layer. Tailing
caused by segregation is a phenomenon that is frequently
encountered during nanofilm growt.}’” In the HRXRD
simulations tailing can be incorporated by adding an extra
layer of Sj_,Ge, between the nanofilm and the capping
layer, where the Ge concentration follows expll) with t
the distance to the capping layer/nanofilm interface and a
constantL=0.8 nm as the decay length for the Ge concen-
tration. Simulations have been performed incorporating the
tailing, and the best-fit parameters of the areal Ge density,

\ ] tetragonal distortion in the nanofilm, ahdre given in Table

] Ill. It is interesting to note that now for both samples the
total Ge areal density is in agreement with the values from
the RBS measurements. For the 45% sample the value of the
tetragonal distortion in the nanofilm derived from XRD
agrees with that from ion channeling, but it does not for the
63% sample. However, the translatiop,,s of the strings
FIG. 6. Results of the grazing-incidenee26 scans of th§113 planes of ~ (Which depends on both the tetragonal distortion and thick-
the 45%(a) and 63%(b) samples, and the curves of the best fits from the nes$ deduced from the XRD measurements on the 45% and
RADS Mercury simulation program. 63% samples amounts 1%.6+0.5x10"2 and (7.3:0.6)
X102 nm, respectively, which agrees well with the ion-

. channeling results 0f(5.3+0.5 X102 and (7.5-0.6
tency of the channeling results. A2¢ scan of the{113 X102 nn?, respectively. The XRD measurem(ents thu)s re-

planes is made with a range of 2000 arcs for the INCOMING, o tailing of Ge in the samples, which was not taken into

angle 4, and the grazing-incidence configuration is used, . . . . . .

. L S92 account in the previous sections on ion channeling. The ion-
since it gives the best results. The resolution is 1 arc s and th&]annelin technidue. however. onlv measures the transla-
measuring time per step is 2.5 s. The Bedes Mercury 9 que, ’ y

package, which is based on dynamical theory simulations, i'gon " wans for which tailing is not relevant.

used to analyze the XRD measurements.

Figure 6 shows the results of the measurements and th\(/a”l' CONCLUSIONS
best fit from the simulations witRADS Mercury for the 45% We have applied the ion-channeling technique to
and the 63% samples. The difference between the two meaamples with a2.2+0.2)-nm-thick buried tetragonally de-
sured curves is very small, but it can be seen that the patteformed Sj_,Ge, nanofilm in Si. The spectra show a step in
in the measured curves is translated a little to the left for thehe yield of the host crystal. The angular dependence of the
63% sample, which can be expected when a higher comprestep height reveals two maxima indicative for the tetragonal
sive strain is present. Note that the parameter measured laystortion in the nanofilms. It appears that these experiments

N 1 L L 1 LI
-1000 -750 -500 -250 0 250 500 750 1000

Angle 6to the {113} planes (arcseconds)

TABLE llI. Best-fit parameters from theaps mercury simulations with an extra layer added to account for
tailing of Ge atoms into the capping layer. Also, the resulting areal Ge density is given.

Thickness Ge concentration €T Thicknesst Total areal density
nanofilm (nm) nanofilm (%) nanofilm tailing layer(nm) (10'° Gelcnt)
45% sample 220.1 44+2 0.032-0.002 0.8:0.2 5.1+0.5
63% sample 2.60.1 51+2 0.038+0.002 0.7-0.2 6.5-0.4
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