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We have investigated the impact-parameter dependence of stopping powers for axially channeled and
semichanneled MeV He ions in Er-sheet-doped GaAs epitaxial layers grown by molecular-beam epitaxy.
Ion channeling analysis using 2.0 MeV He* coupled with the observation by transmission-electron mi-
croscope has revealed the formation of fine ErAs clusters, whose lattice constant shrinks and coincides
exactly with that of the GaAs host. Thus the Er atoms take the position corresponding to the
tetrahedral interstitial site of the GaAs lattice. The Er peak energies in the backscattering spectra
strongly depend on the impact-parameter dependent stopping powers, in particular for the incidence
along [110] and the directions slightly tilted from [110] and [100]. We divide the stopping power into
two parts—contributions from outer electrons and from inner electrons of GaAs. The former is calcu-
lated from the dielectric response theory. For the latter, we consider four types of stopping powers
dependent upon impact parameter; (1) Dettmann-Robinson theory, (2) the binary-encounter model, (3)
the binary encounter combined with the local-density approximation, and (4) the extended-local-
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electron-density model. The Er peak energies observed are well reproduced employing model (3).

I. INTRODUCTION

Ion channeling is a powerful technique to determine
surface and interface structures together with lattice lo-
cation of dopant atoms. Notable achievements have been
made for phase transitions of surface structures, initial
growth processes of heteroexpitaxial films, and site loca-
tion of adsorbed atoms.!~3 Computer simulation of ion
trajectories makes it possible to analyze the channeling
spectra precisely and determine the positions of adsorbed
and impurity atoms with the accuracy of about 0.1 A.
Within the penetrating depth less than a few thousand A,
any analytic treatments cannot give an accurate ion flux
distribution because it is not equilibrated. Thus we
should perform Monte Carlo simulation of ion trajec-
tories to obtain accurate atomic structures of near surface
regions from the ion channeling spectra. In this case, the
precise data of ion-solid interactions are needed such as
interatomic potentials and channeling stopping powers in
particular their impact-parameter dependence.

In the present work, we have measured the ion chan-
neling spectra from Er-sheet-doped GaAs epitaxial layers
grown by molecular beam epitaxy (MBE). First the loca-
tion of Er is determined exactly from the backscattering
yields from Er for [100], [110], and [111] incidences. In
the case of channeling and semi-channeling incidences,
the peak energy for Er is different from that for the corre-
sponding random incidence. Such Er peak shifts provide
the most suitable chance to test the validity of theoretical
predictions on electronic stopping powers dependent
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upon impact parameter.

In order to extract the quantitative information from
the channeling spectra, Monte Carlo simulation of ion
trajectories is indispensable. We first discuss the simula-
tion method in the context of the accuracy and comput-
ing time. The most suitable method should be adopted
for the aim of the structure analysis. The simulation is
performed to calculate the average energy of He™ ions
and the close encounter probabilities for both lattice and
dopant atoms at each atom layer. Then the random and
channeling backscattering spectra are easily generated
with the above average energies and close encounter
probabilities together with the energy spread of backscat-
tered ions calculated from Bohr energy straggling. Thus
we can determine precisely the lattice location of Er and
also test the models concerning the impact-parameter
dependence of the stopping powers for 1.9-2.0 MeV He
ions.

Up to now, several experimental works* ¢ have report-
ed upon impact-parameter dependent stopping powers.
Dygo and Turos’ applied the binary collision model
based on Lindhard’s description® to the stopping powers
for 2 MeV He™ ions passing through Si-[100] (Ref. 6) and
obtained a satisfactory result. We should note that this
stopping powers correspond to the values averaged over
impact parameter with respect to Si-[100] string. Bul-
gakov, Nikolaev, and Shulga* and Alkemade, Turken-
berg, and Vrijmoeth® employed the phenomenological
formula given by Oen and Robinson’ and obtained rela-
tively good agreement with the experimental data for the
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100 keV H" —NiSi,/Si(111) system. However, this for-
mula includes fitting parameters with physical ambiguity.
Dettmann and Robinson!® calculated the impact-
parameter dependent stopping powers for a H* projectile
based on the time-dependent perturbation theory with
first Born approximation. This expression was employed
for simulating channeled-ion trajectories,''~!3 although
its validity has not been checked experimentally. Recent-
ly, Kitagawa'* derived a simple dielectric function for a
nonuniform many-electron gas using the high-frequency
approximation. This asymptotic form (local plasmon en-
ergy <<mwv? m is the electron mass, v is the ion velocity)
leads to coincidence with the local-density approxima-
tion.!>!® This formula for a one-dimensional change of
electron densities was successfully applied to the
position-dependent stopping powers of the (100) surfaces
of NaCl-type crystals.!” However, it is considerably
difficult to extend this theory to III-V compound semi-
conductors with covalent bonds.

In this work, we divided the stopping power into two
parts, contributions (1) from nonlocalized outer electrons
and (2) localized inner electrons. The outer part is calcu-
lated from the dielectric response theory assuming a uni-
form electron density.!® As the inner part is dependent
upon the impact parameter, we consider the following
four models: (1) Dettmann-Robinson theory!®, (2) the
Lindhard’s binary encounter model® (BE), (3) the binary
encounter combined with the local-density approxima-
tion'® (LB), and (4) the modified-local-electron-density
model'>?° (LEDM). We multiply the inner part by a
correction factor to make the sum of the outer part and
the inner part averaged over the impact parameter coin-
cide with Ziegler’s random stopping power. Their validi-
ty is checked by comparing the experimental energy spec-
tra from Er with those calculated using the above
theoretical stopping powers.

II. EXPERIMENTAL

The Er-sheet-doped GaAs samples were grown on un-
doped semi-insulating GaAs (100) substrates by MBE at
500°C. The detail of sample preparation was described
elsewhere.u’g22 The thickness of the epitaxial layers is
about 2000 A. The Er depth profile was determined from
a random backscattering spectrum by best fitting the
simulated spectrum to the corresponding observed one
and is shown in Fig. 1. Here, we assumed joined asym-
metric Gaussian shapes as the Er profile.

The samples were mounted on a three-axes goniometer
and a well-collimated 2.0 MeV He™' beam impinged upon
the sample with the angular spread of 0.03°. In order to
estimate roughly the charge changing cross sections for
the channeled He ions, we also utilized a 2.0 MeV He?™
beam. The backscattered He ions were detected with a
surface barrier detector fixed on a rotatable table in a
scattering chamber. The scattering angle was always set
at 170°. We determined precisely the detection angle
with respect to the incident beam axis by rotating the
detector. The beam current on the sample is reduced to
zero because of the blocking by the detector holder with
a symmetric shape between some rotation angles. The
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FIG. 1. Er depth profile determined from random back-

scattering spectrum assuming it to be joined two asymmetric
Gaussian shapes.

midpoint of the above rotation angles corresponds to the
detection angle of 180 ° with respect to the incident beam
axis. The incident ion energies were calibrated using the
narrow resonant reactions of 2’Al( ,y)zssi and
YAl(p,p'y)*’Al at the proton energies of 991.8 and
1800.0 keV, respectively.”> The calibration of the energy
versus channel number was made by measuring the front
edges from Si for 1.0, 1.5, 2.0, and 2.5 MeV He" in-
cidence. We estimated the system energy resolution (full
width at half maximum) to be 9 keV from the slopes of
the front edges of GaAs for random incidence and also
from the clearly separated Ga and As surface peaks for
channeling incidence (refer to the figures shown in Sec.
IV). This means an excellent peak resolution better than
4 keV. Such a low noise level of the detector was realized
by making the preamplifier covered thoroughly with Al
foils and touched directly with the scattering chamber.

We set up the perfect channeling ([100], [110], and
[111]) and semichanneling (slightly tilted from the major
crystal axis) incidences together with the corresponding
random incidence by making up the stereo projection dia-
grams. In order to measure accurate random spectra, a
pileup rejection circuit was employed and the beam
current was set enough low typically 0.3-0.4 nA. Fur-
thermore, we subtracted the background yields measured
with an undoped GaAs crystal from the random spec-
trum for GaAs:Er. Each energy spectrum was normal-
ized by the integrated beam current of 6.4 uC. We ap-
plied a voltage of +200 V onto the sample holder with
respect to the scattering chamber to suppress the secon-
dary electron emission. The irradiated area was slightly
shifted to avoid contamination buildup and radiation
damage on the sample surface. Thus the experimental
reproducibility of the backscattering spectra was im-
proved remarkably within several %.

III. SIMULATION OF ION TRAJECTORIES
In this section, we first consider three types of models

to simulate ion trajectories: (1) the binary-encounter ap-
proximation (BE),>?42° (2) the binary encounter coupled
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with multistring model (BE+MS),>!'"13 and (3) the
binary encounter combined with many body potentials
(BE+MB). Model (1) is suitable to calculate the flux dis-
tributions at the regions not so far from a string and its
merit is short computing time. In order to calculate the
flux distributions near the channel center accurately, we
must take into account the contribution from many
neighboring atoms or strings. A continuum string poten-
tial is obtained by integrating each atomic potential along
the string (z-axis) and, therefore, it has z independence.
Thus this continuum potential is a good approximation
for calculating the flux distributions at the positions far
from the string and those for the ions having traversed
long paths. In the present model, the number of strings
contributing to the multistring potentials are 16, 12, and
14 for [100], [110], and [111] axes, respectively. In model
(3), we consider neighboring lattice atoms interacting
with the ion more than ten. Thus this model is the most
realistic expression of the potential which a penetrating
ion feels. It, however, consumes long computing time.
For describing the atomic configuration of lattices, ex-
act and simplified structures are available. Figure 2
shows the above two models for the zinc-blende-type lat-

(a) (@)

Zinc-Blende [110]

FIG. 2. Unit channels along [100] and [110] axes drawn
schematically for zinc-blende-type lattices. (a) and (b) illustrate
the exact location of lattice atoms, whereas (a’) and (b’) show
the corresponding simplified configurations.
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tice along [100] and [110] axes. If we consider the struc-
ture of atoms located far from the top surface, typically
more than 100 atom layer, the simplified model is avail-
able. It simplifies the simulation program and reduces
the computing time. To analyze a near surface structure
accurately, the exact description is indispensable. In the
present spectrum simulation, the difference between the
above two models is negligibly small.

Next we consider the effect of thermal lattice vibration.
Figures 3(a) and 3(b) show the close encounter probabili-
ties for 2.0 MeV He ions traversing along GaAs[100] and
[110] strings in which the lattice atoms are static and
thermally vibrating. They were calculated with respect
to the channel centers and midpoints shown in the insets.
Here, we used the BE+MB model and assumed room
temperature. The numbers of interacting atoms con-
sidered are 16 and 12, for [100] and [110] incidence, re-
spectively. As clearly seen, the effect of thermal vibration
is small. This effect becomes significant for calculating
flux distributions near a string at higher temperatures.

(a) » 2 MeV He* -> GaAs[100]
N
5 7 +B
r O:’ hN — Th. Vib.
--- Non Th. Vib.

Close Encounter Probabilities
w
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FIG. 3. Close encounter probabilities for 2 MeV He ions in-
cident along GaAs [100] and [110]. It is assumed that dopant
atoms locate the lattice positions, 4 and B shown in each inset.
The solid and dashed curves are obtained for thermally vibrat-
ing lattice atoms and for static lattice atoms, respectively.
Monte Carlo simulation was performed using the BE+MB
model considering the interaction potential from neighboring 12
lattice atoms.
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Until presently, the Doyle-Turner?*?’ and modified mul-

tistring potentials”!'~!® have been frequently utilized. In
the present BE and BE+MS models, however, we con-
sider this effect by generating the position of a collision
partner at each atom layer using the normal random
number with the standard deviation of two-dimensional
thermal vibration amplitude derived from the bulk Debye
temperature.

We used the universal potential to express the binary
scattering event and to calculate the static multistring po-
tential. This potential has been successfully utilized for
H and He ions in a wide energy region,?®? Figures 4(a)
and 4(b) show the close encounter probabilities for 2.0
MeV He ions passing along GaAS[100] and [110] using
the BE, BE+MB, and BE+MS models with respect to
the two different lattice positions. Here, we used the ex-
act expression of the lattice structure for the BE and
BE+MB models, whereas for the BE+MS model the
simplified lattice structure was assumed. In the [100]
case, the three models give overall good agreement except
for the case using the Lindhard’s standard potential to
calculate the multistring potential. In the [110] case, the
three models give consistent results up to the depth about
200 atom layer but in a deeper region the BE model leads
to large deviations from the results obtained using the
BE-MS and BE+MB models. We must carefully employ
the BE model to calculate the flux distributions for ions
having traversed a long path along a major crystal axis
with a large area of unit channel. Hereafter, we use the
BE+MS model assuming the exact or simplified lattice
configuration.

We calculate the normalized close encounter probabili-
ty, Py (j) and the average energy, E ,v(j) for penetrating
particles arriving at jth atom layer with respect to the
dopant atom locating the lattice position (X5, Y,p,) in
the unit channel (or section). They are defined by

N

P
PcL(j)z(A/Np)Ef(X[jaY[j)’ (1)
i=1

where

F(X;, Y)=(1/2mu}) /exp[ { X gop —X;;)?

+(Yd0p_Yij)2}/2u%] ,

and

Ny Np
Ew(j)= 3 E[jf(X[j’ Yij) > f(ij,Y,'j) , (2)

i=1 i=1

where A is the area of the unit channel (or unit section),
u, is the standard deviation for the distribution of the
dopant location, and (X;;, Y;;) is the arrival position at jth
atom layer for each channeled or semichanneled particle
with an energy E;;. Np is the number of incident parti-
cles, typically 50000. In the calculation of P (j) and
E ov(j) with respect to the host lattice atoms, (X 45, Y gop )
and u, are replaced with an equilibrium position in the
string and with one-dimensional thermal vibration ampli-
tude, respectively. For random incidence, all Py ()
values are equal to 1.0.
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We easily generate both random and channeling back-
scattering spectra by convoluting each energy spectrum
from jth atom layer. It is assumed to be a Gaussian dis-
tribution at the modal energy, E,y(k,j) with its area,
P (k,j)XY(k,j) and with the standard deviation of
Q(k,j). Here, k denotes a constituent target element and
Y (k,j) and Q(k,j) are the random scattering yield calcu-
lated from Rutherford scattering cross sections and the
energy spread for the particles backscattered from atom,
k at the jth atom layer, respectively. For the Er depth
profile, we approximated it as joined two asymmetric
Gaussian shapes, as mentioned in Sec. II.

IV. IMPACT-PARAMETER DEPENDENCE OF
STOPPING POWER

The Er peak shifts provide quantitative information
concerning the impact-parameter dependent stopping
powers. The LEDM with a solid picture!®>?° has succeed-
ed in calculating random stopping powers of solid media
for H and He ions in a wide energy range. Considering
the success of this model, we divide the stopping power

6 S
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7/
s +Bx
5 r G: + o — BE
<A, --- BE + MB
N A —— BE + MS(Univ)
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(b) 2 MeV He* -> GaAs[110]
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é'k A i e \\_\\ ——- BE + MS
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FIG. 4. Close encounter probabilities for 2 MeV He ions in-
cident along GaAs [100] and [110]. Dopant atoms are assumed
to locate the lattice positions, 4 and B shown in each inset. The
solid, dashed, and dot-dashed curves are obtained employing
the BE, BE+MB, and BE+MS models, respectively. The dot-
ted curve drawn in (a) denotes the result obtained using the mul-
tistring potential calculated from the Lindhard’s standard po-
tential.
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into two parts contributed from nonlocalized outer elec-
trons and from localized inner electrons. The former,
Sou(E) is expressed by the dielectric response theory
which regards a solid as a free-electron gas. It depends
only on ion energy E and electron density. Here, the
numbers of the outer electrons per atom are three and
five for a Ga and As atom, respectively. Thus the homo-
geneous electron density from outer electrons of GaAs is
4XN electrons/cm® (N being the atomic density of
GaAs=4.428 X 10 atoms/cm’). S, (E) is proportional
to the square of the effective charge (Zgg) of the projec-
tile ions in solids. The effective charge of ions penetrat-
ing a solid medium, which cannot be measured directly,
has been discussed in the context of stopping powers.
Experimental data indicate that the effective charge de-
pends primarily upon the ion velocity and very weakly
upon the target atomic number.?'?® Ziegler, Biersack,
and Littmark? and Luntz and Bartram®® proposed the
semiempirical formulas for the effective charge of light
and heavy ions passing through solid media. The
effective charge of ions penetrating a solid medium is
different from the mean charge of ions after passing
through the medium, because there occurs an electron
capture at the exit surface and subsequent rearrangement
of the electronic states including Auger electron emis-
sion.’"32 At enough high energies, they become close to
the completely stripped charge state. For He energies
from 1 to 2 MeV, the formula proposed by Ziegler, Bier-
sack, and Littmark gives significantly higher values than
those calculated from the Luntz and Bartram’s. As will
be shown later, the former gives a too high effective
charge to reproduce the experimental [110]-aligned spec-
tra. In the present analysis, we employ the latter expres-
sion®®?? given by

Zpr=2Z,[1.0—exp{—137.0v/(cZ}")}] , 3

where Z, is the atomic number of the projectile and v
and c are the velocities of the projectile and light, respec-
tively.

Now, we consider the contribution from inner elec-
trons, S;,(E,s) which is dependent upon impact parame-
ter s. The total electronic stopping power is expressed by

S (Eys)=8,,(E)+ ¢, S (E,s) 4)

where c; is a correction factor determined by making the
averaged total stopping power value coincide with the
Ziegler’s random stopping power S(E).>* The total
stopping power is averaged over s, as follows:

(S (E,5)), =S (E)+c; /(r2) fOrCZwsSin(E,s)ds

Here, we consider a cylinder with radius », =(7Nd )~172

(d being the atomic spacing in a string) and with length d
along a major crystal axis. The target atom in a string is
located at the center of the cylinder.

The first candidate for the inner part is the DR stop-
ping power!? based on the Born approximation and de-
rived from the time-dependent perturbation theory. In
this case, the ¢, value is about 0.8 for 2.0 MeV He ions

14 391

incident along GaAs[110]. In the present calculation of
DR stopping, the projectile charge of +2 was assumed.
Thus the above c¢; value means the effective charge of
+ 1.8, which is consistent with that derived from Eq. (3).

The second candidate is a binary encounter model pro-
posed by Lindhard.® The inner part is further divided
into two contributions from close encounter part,
ScL(E,s) and distant resonance part, Sgg(E). The form-
er (eV/atom) is expressed by

ScL(Es)=[S5(E)/2] [ Tp,(V5sTHZhdz,  (6)

where p,(r) is the electron density in a target atom at a
distance r from the nucleus and Sz (E) corresponds to the
Bethe-Bloch formula given by

Sp(E)=4wZ}ge*/(mv*)In(2mv*/I) . @)

Here, m is the electron mass, e is the electron charge, and
I is the mean excitation energy given by 10Z, (Z, is the
target atomic number). Lindhard regarded the distant
resonance part as Sp(E)/2 from an equipartion rule,
which is valid at enough high energies. We modify the
Lindhard model as follows:

SEE(E,S)=(SB(E)/Zd)f_+dd/;2pe(\/s2+z2)dz )

Here, the Hartree-Fock-Slater atomic model®’® is used to
calculate the above integral. Furthermore, instead of the
equipartition rule, we calculate the resonant part for
inner electrons, Sgq(E) accurately by LEDM, which will
be represented later [Eq. (11)].

As the third model, we extend the above close en-
counter part of the Lindhard’s model using the phenome-
nological local-density approximation!® as follows (LB-
stopping):

SEB(E,s)=(2nZ%pe*/m+?)(1/d)
+d/2 —~
Vili,2
Xf_d/zpe( s*+z?%)
Xln[2mv2/ha)p( V s2+22)]dz s
9)

where 7 is the Planck constant and the local plasma fre-
quency w,(r) is defined by

w,(r)=[4me’p,(r)/m]'* . (10)

Apparently, for the inner electrons with large binding en-
ergies (> 1 keV) the term in the logarithm becomes lower
than unity and produces a negative contribution. In or-
der to avoid such a nonrealistic description, we set an
upper limit of 600 eV to w,(r)%, which corresponds to the
orbital velocity of a bound electron 2.0 times larger than
2 MeV He-ion velocity. For 2.0 MeV He ions traversing
along GaAs[110], the ¢, values are 1.23 and 1.18 for Ga
and As atoms, respectively.

As the fourth candidate for the impact-parameter
dependent stopping power of inner electrons, we consider
the LEDM, which takes a form,

SLD(E)=(41rZéFe4/mv2)f0wpe(r)L p.(r),El4mridr ,
an
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where L[p,(r),E] is the dimensionless stopping number
given in an analytic form.'®*!® The stopping number is di-
vided into two parts, close collision term, L [p,(r),E]
and distant resonant term, Lyg[p.(r),E]. We calculate
each term as follows:

LD(E,s)=(4wZkge*/m+?)

[ VST (L lp. (), E Jemrdr |
(12)

Srs(E)=(47Z}pe* /m+?)
Xfowpe(r)LRs[pe(r),E]41Tr2dr . (13)

Apparently the above {SEP(E,s)+Sgs(E)} is consider-
ably lower than S;p(E). In fact, the above formula
(MD-LEDM) gives nonrealistic ¢, values of 4-5 for Ga
and As atoms. It should be noted that in LEDM all the
electrons in an atom contribute to the stopping power
through both close and distant resonant collisions not in
the form averaged over the impact parameter. From a
viewpoint of impact-parameter dependence, the simple
summation over all electron shells in Eq. (11) seems quite
inadequate. Thus, hereafter we omit to apply this model
to the simulation of ion trajectories.

Figures 5(a) and 5(b) show the impact-parameter
dependent stopping powers of inner electrons calculated
from the above four models for Ga and As, respectively.
the calculations were made for 2.0 MeV He* ions in-
cident along GaAs [110]. In thlS case, the critical radius
r. of the unit cylinder is 1.34 A. Each stopping power
drawn here is that multiplied by the correction factor, c; .
The DR stopping power decreases relatively slowly with
an increase in impact parameter. On the other hand, the
BE and LB models give an abrupt decrease with an in-
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FIG. 5. Impact-parameter dependent stopping powers of

inner shell electrons of Ga (a) and As (b) atoms for 2.0 MeV He
ions incident along GaAs [110]. The number of inner electrons
considered here is 28.

TABLE 1. Energy losses of 2.0 MeV He ions incident along GaAs [110] for the lattice positions, 4,
B, and C at depths 200th and 400th atom layers evaluated from Monte Carlo simulation of ion trajec-
tories. These values are averaged by multiplying the close encounter probabilities with respect to the
above three lattice positions. Each value in the parentheses is the ratio of the stopping power for chan-

neling to random incidence (Ziegler’s stopping).

Lattice site

Stop. power (eV/ A)

A (channel center)

B (tetrahedral) C (crystal row)

200th atom layer

LB-stop 14.01 14.64 55.48
(0.44) (0.46) (1.76)

BE-stop 14.49 14.95 60.97
(0.46) (0.47) (1.93)

DR-stop 16.40 17.54 59.68
(0.52) (0.56) (1.89)

400th atom layer

LB-stop 12.91 13.65 45.38
(0.41) (0.43) (1.44)

BE-stop 13.64 14.76 52.06
(0.43) (0.47) (1.65)

DR-stop 14.63 16.67 45.62
(0.46) (0.53) (1.44)
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crease in impact parameter with two steps. The plateau
curves in the above two models indicate that the distant
resonant part is dominant in the region far from the
string, typically more than 1 A.

Now we apply the DR, BE, and LB models to simulate
the ion trajectories and to generate the ion backscattering
spectra. Table I shows the calculated energy losses of 2.0
MeV He™ ions incident along GaAs[110] for the lattice
positions, A4 (channel center), B (corresponding to the
tetrahedral interstitial site), and C (string) at the depths,
200th atom layer and 400th atom layer. Each value in
the parentheses denotes the ratio of the stopping power
for channeled ions to that for random incidence (Ziegler’s
stopping). With respect to the position C, the channeling
stopping powers are much larger than random ones,
whereas for the positions 4 and B the channeling stop-
ping powers are considerably reduced down to 40% of
the random ones. The calculated average energy losses of
2.0 MeV He™ ions incident along GaAs[111] are listed in
Table II for the lattice positions A4 (channel center), B
(midpoint between the center and the string on the short
diagonal of the unit channel (thombus). The area of the
[111] unit channel is considerably smaller than that of
[110] (hexagon). Therefore, the reduction of the
channeled-ion stopping powers is not so large as that in
the [110] case.

For the sheet-doped GaAs:Er samples grown by MBE,
ion-channeling analysis coupled with TEM observation
revealed the formation of fine ErAs (NaCl-type structure)
clusters with a spheroidal sﬁhape.22 The cluster size ob-
served by TEM is about 15 A for the growth temperature
of 500 °C. It should be noted that the Er atoms behind
the top two atom layers of a cluster are shadowed from
the projectile incident along [110]. The lattice constant
of the embedded ErAs clusters coincides with that of
bulk GaAs, although the lattice constant of the bulk
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ErAs is about 1.5% larger than that of the bulk GaAs.
Thus the location of Er corresponds to the tetrahedral in-
terstitial site of the host lattice. The detailed structure
analysis was described elsewhere.?

Figure 6(a) shows the random and [110]-aligned back-
scattering spectra from GaAs:Er. The solid curves are
the simulated ones using the LB stopping powers. In or-
der to obtain complete fitting to the observed spectra
([100], [110], and [111]), we assumed the randomly distri-
buted Er fraction of 7% and the existence of surface dis-
order (oxides) with thickness of about 15 A. The dechan-
neling fractions behind the disordered layers were rough-
ly estimated from the following relation:

fa=2mulNA(Az/cos0)/ A , (14)

where Az and 0 are the disordered layer thickness and in-
cident angle with respect to surface normal, respectively.
The slight deviation at the tail of the second peak is due
to the inaccuracy of the Er depth distribution approxi-
mated by asymmetric Gaussian shapes. The magnified Er
spectra are shown in Fig. 6(b). Both Be and LB stopping
powers give good fitting to the experimental aligned spec-
tra, whereas the DR stopping results in Er peak energies
about 6 and 8 keV lower than experimental ones for the
first and second peaks, respectively. With respect to the
tetrahedral interstitial site, the ion flux around 1 A apart
from the nucleus primarly contributes to the close en-
counter probabilities. Around this region, the primary
contribution to the stopping power originates from the
outer part and the resonant part from inner electrons
with the BE and LB models. Therefore, distinct
difference between the BE and LB models is not seen for
the [110] incidence [see Figs. 5(a) and 5(b)]. Further-
more, we note that the formula upon the effective charge
proposed by Ziegler et al. leads to lower Er peak ener-

TABLE II. Energy losses of 2.0 MeV He ions incident along GaAs [111] for the lattice positions 4,
B, and C at depths 200th and 400th atom layers evaluated from Monte Carlo simulation of ion trajec-
tories. These values are averaged by multiplying the close encounter probabilities with respect to the
above three lattice positions. Each value in the parentheses is the ratio of the stopping power for chan-

neling to random incidence (Ziegler’s stopping).

Lattice site

Stop. power (eV/. A)

A (channel center)

B (midpoint) C (crystal row)

200th atom layer

LB-stop 17.47 31.01 51.27
(0.55) (0.98) (1.62)

BE-stop 16.79 26.09 65.99
(0.53) (0.83) (2.09)

DR-stop 21.19 34.35 49.71
0.67) (1.09) (1.57)

400th atom layer

LB-stop 17.49 24.03 49.52
(0.55) (0.76) (1.57)

BE-stop 16.87 21.02 41.17
(0.53) 0.67) (1.31)

DR-stop 20.46 28.74 46.33
(0.65) (0.91) (1.47)
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gies than the experimental ones, because this formula
gives significantly higher effective charges than those cal-
culated from the Luntz and Bartram’s formula.

We can expect a significant difference between the BE
and LB models if the region from 0.4 to 0.8 A from the
nucleus contributes dominantly to the close encounter
probabilities. Thus we made the ion incidence slightly
tilted from the major crystal axes. Figures 7(a) and 7(b)
show the semialigned-[100] spectra which was measured
for the incidence 0.5° off from the [100] axis in the (010)
plane. The LB stopping well reproduces the experimen-
tal semialgined spectrum. Concerning the second Er
peak, the BE model gives the Er peak energy 4-6 keV
higher than the experimental one. The DR stopping gen-
erates slightly lower Er peak energies than the observed
ones. Figures 8(a) and 8(b) show the semialigned-[110]
spectra which was measured for the incidence 0.4° off
from the [110] axis in the (110) plane. In this case, the

100000 £ (@) 2 MeV He* -> GaAs:Er [110] Experiment
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- r Random o Aligned
3 10000 E — Simulated
> E
2 [ [110]-Aligned
£ 1000 E gnec,
o B d
“"'
3 g
% 100 E
©
o C
10 E
1 " I
380 390 400
600
(b)
500
% Experiment
e 400 e Random
> o Aligned
c SlihanuS|ated
= i — LB-Stop
% 300 ---- BE-Stop
3 —-- DR-Stop
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3]
o
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R e
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FIG. 6. Observed random (full circles) and [110]-aligned
(open squares) spectra from GaAs:Er samples grown at 500°C.
Slmulatlon was performed assuming the standard deviation of
0.3 A for the Er lattice location. The aligned spectra were made
up under the assumption that randomly distributed Er fraction
is 7% and the visible Er fractions are 100 and 59% for first (sur-
face side) and second peaks, respectively. The magnified Er
spectra are shown in (b). Different spectra were obtained em-
ploying LB-stopping (solid curve), BE-stopping (dashed curve),
and DR-stopping (dot-dashed curve).
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primary contribution is made from the region around 0.8
A from the nucleus [see Figs. 5(a) and 5(b)]. The LB
stopping gives good fitting to the experimental spectrum,
whereas the BE stopping generates slightly higher Er
peak energies. The DR stopping results in large devia-
tion from the observed Er peak energies toward the low-
energy side.

Channeled ions traverse the region with low electron
densities. Thus the initial charge state would be con-
served until they experience enough large number of elec-
tronic collisions. We measured the [110]-aligned spectra
using singly and doubly ionized He beams, which are
shown in Fig. 9. Here, the best-fitted curve is obtained
assuming the LB stopping. No significant difference is
seen between the He™ and He?" incidences. The elec-
tron loss cross sections for 2-MeV He ions are estimated
to be about 5X 10~ '8cm? from the experimental work re-
ported so far.’**’ Then the mean free path for electron
loss is calculated to be about 200 A, if the ion trajectories
are limited to the region 1 A far from the crystal strings,
where the electron densities are less than 2X10%
electrons/cm>. Such a short mean free path does not
give a distinct Er peak shift. The present result shows
that the charge exchange cross section is the same as the
above estimate or higher than it.
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O
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1k . .
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I=3
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300

(b) 2 MeV He* -> GaAs:Er [100]

Experiment
® Random
o 0.5° off
Simulated
— LB-Stop
--- BE-Stop
—-— DR-Stop

100

Backscattering Yield

Channel Number

FIG. 7. Observed random (full circles) and semialigned-[100]
(open squares) spectra from GaAs:Er. Incident beam axis was
tilted by 0.5° from [100] in (010) plane. The magnified Er spec-
tra are shown in (b). Notation is the same as that in Figs. 6.
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FIG. 8. Observed random (full circles) and semialigned-[100]
(open squares) spectra from GaAs:Er. Incident beam axis was
tilted by 0.4° from [100] in (110) plane. Notation is the same as
that in Figs. 6.

SUMMARY

We have measured random and aligned (semialigned)
backscattering spectra from the Er-sheet-doped GaAs ep-
itaxial layers grown by MBE at 500°C. Ion channeling

600
2 MeV He* -> GaAs:Er [110]
500 Incidence:
Er o 2 MeV He'
400 + 2 MeV He*

GaAs:Er [500°C]

300 [ (Sheet Doped)

200 O+ Experiment

—— Simulated

Backscattering Yield

410 420 430 440 450 460 470
Channel Number

FIG. 9. [110]-aligned spectra from Er of GaAs:Er with He ™"
(open squares) and He?" (crosses) beams. Solid curves are the
simulated spectra under the same assumption described in the
caption of Figs. 6.
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coupled with TEM observation has revealed the forma-
tion of fine ErAs clusters. Almost all Er atoms take the
position corresponding to the tetrahedral interstitial site
of the GaAs host lattice.

We have made up three types of Monte Carlo simula-
tion programs to follow ion trajectories; (1) binary-
encounter approximation (BE), (2) binary encounter com-
bined with multistring potential (BE+MS), and (3)
binary encounter taking account of many-body potentials
(BE+MB). The BE+MB model is the most realistic ex-
pression of the interaction between the projectile ion and
the lattice atoms, although it consumes a long computing
time. In the present ion channeling analysis, the
BE+MS model was utilized to reduce the computing
time without lowering the accuracies.

The Er peak shifts provide the quantitative informa-
tion upon impact-parameter dependent stopping powers.
We divided the electronic stopping power into two parts,
contribution from nonlocalized outer electrons and that
from localized inner electrons. The former is calculated
from the dielectric response theory proposed by Lindhard
and Winther.!"® Concerning the effective charge of the
projectile in solids, we have checked the validity of two
formulas given by Ziegler, Biersack, and Littmark® and
by Luntz and Bartram.’° The present experiment and
analysis have showed that the former formula gives too
high an effective charge to reproduce the experimental Er
spectra. For inner electrons, we have proposed four
types of stopping powers dependent on impact parame-
ter; (1) Dettmann-Robinson theory (DR), (2) the
Lindhard’s binary-encounter model (BE), (3) the extended
binary-encounter model using the local-density approxi-
mation (LB), (4) the modified local density model
(LEDM). They are all multiplied by a correction factor
to make the total stopping power averaged over the im-
pact coincide with the Ziegler’s random stopping power.
The present aligned and semialigned Er spectra are well
reproduced by employing the LB model coupled with the
Luntz and Bartram’s formula concerning the effective
charge. We have also checked the effect of charge ex-
change for the channeled-ion stopping powers using sin-
gly and doubly ionized He beams. No significant
difference in the Er energy spectra was seen between He*
and He?" beams incident along GaAs[110]. This indi-
cates that the cross sections of charge exchange are larger
than 5X 107 !® cm? and is consistent with the experimen-
tal data reported by Haruyama et al.’® and by Kimura,
Ohtsuki, and Mannami.’
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