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The incident angle dependence of secondary electron emission induced by a swift H;’ ion impinging on carbon is

studied using the Monte Carlo method combined with the semiempirical theory. The relationships both between the

electron emission yield and the project angle and between the statistics and the projectile angle are investigated. The

results show that the backward electron emission yield deviates from the inverse cosine law, due to the effect of the

valence electrons of Hg_ The ratio of the forward electron emission yield to the backward electron emission yield at

the inclining incidence is different from that at the normal incidence. The statistical distribution of electron emission

is independent of the incident angle. The value of b, the deviation parameter from the Poisson distribution, increases

with projectile energy.
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1. Introduction

Ton induced secondary electron emission is an im-
portant result of interactions between ion and the sur-
face of a solid, which could be utilized for the design of
particle detectors. The extensive attention has been
drawn to its theoretical and experimental studies. In
general, the projectile is normally incident on the solid
surfaces at the incident angle 6 = 0. With the in-
crease of 0, the geometrical pathlength of the projec-
tile within the escape zone of secondary electron is
prolonged by a factor of cos™' . If we assume that
the path of ion in the solid is straight and the energy
deposition over the pathlength within the escape zone

is constant, the expected total electron yield is
Y () =Y (0)cos™* 6. (1)

For heavy ion impact, deviations from formula (1)
have been found.['=!1] These authors found that the
experimental result for § < 60° could be fitted by an
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empirical formula:
Y (0) = Y (0) cos™7 6, (2)

where f is a parameter in the range 0.5 < f < 1.5.
In these references, except Ref.[10], the velocity
of ions rather than protons is generally lower than
the Bohr velocity, and the projectiles are atomic ions.
When a swift H;‘ molecular ion with energy Fjy im-
pinges on a solid, only a few collisions are required to
strip a valence electron from the projectile. Then H;‘
becomes an Ht-ion -pair and e~. The residual ionic
fragments recede from one another under the influence
of the interionic Coulomb force. Due to the interfer-
ence in electronic excitation of the target induced by
the atomic ions contained in the projectile molecular
ion, the action of H;‘ is far more complex than that
of a simple H* ion in the solid. The stopping power
of H; is significantly different from that of separated
H atomic ions. This is usually called the “vicinage ef-
fect”. Accordingly, secondary electron emission yield
induced by H;’ also differs from that induced by the
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monatomic Ht. In this work, a Monte Carlo simula-
tion code for the kinetic electron emission from carbon
is developed. The incident angle dependence of sec-
ondary electron emission induced by swift H; ion is
studied.

2.Backward electron emission in-
duced by Hj

The yield of backward electrons for a given inci-
dent angle and pathlength of z can be described as

follows:
Y}, = Yy (00,0)(1 — e =c0s0/2s), (3)

where Y}, (00, 0) represents the backward yield for the
pathlength  — oo, and A is the characteristic diffu-
sion length for low energy electrons. So the differential
form of Eq.(3) is

Yb(oo,O)

dy;, =
b A

efwcos(i/)\sdx, (4)
which represents the number of backward secondary
electrons coming from a depth between x and z + dz.

The main processes for Hj ions incident on the
solids are H2+ ions with the effective charge Z.g; trav-
elling in solids (here Z.g; can be calculated according
to Ref.[12]), and H ions splitting into HT-ion-pairs
(Ht+H™') and e~ at a depth greater than A\g(Ep).
Ao(Ep) is the electron loss mean free path of HJ , and
can be obtained from the fitting of results in Ref.[13].
We assume that the electron is stripped from H°. So
the electron emission yield for H;‘ impact is explained
by considering three contributions: the yield Y7 in-
duced by an Hj ion, the yield Y2 by an (Ht+H*)-
ion-pair and the yield Y, by a stripped electron with
the same velocity. The yield for H;‘ is given by

dYy, = p(z)dY1 + (1 = p(2))(dYz +dYe),  (5)

which was originally used to calculate the electron
yield induced by neutral hydrogen atoms in Ref.[14],
where p(z) = exp(—z/Ao). By integrating Eq.(4) over
the whole target thickness, we obtain

_ Agcost
" Aocosf + A

Ao cos 6
+ {1 ———
Agcos B + Ag

Yb Yl

o) @

For swift light ions, such as HT and He™, Eq.(1) holds
strictly.[%%9 According to the theory in Ref.[15], the

electron yield is proportional to the electronic stop-

ping power S of ion near the surface at normal inci-
dence, Y3(0)=AS. So Y7 and Y5 can be written as

Si

cosf’

Yi(0) =4

1=1,2, (7)
where A depends on the target material. while
5= ZeQHSp (8)

is the stopping power of ions with the effective charge
Zes, and S, is the stopping power of protons with the
same velocity and can be calculated with TRIM96./16!
So the stopping power of H;‘ is S1 = Z2%,S,. Due
to the “vicinage effect”, the Ht-ion-pair should be
treated as a point-charge-pair. The stopping power

of (HT+H™) can be written as
S = ZZ12Sp- 9)

Here, Zego = (272 4+ Z32 + 225 Z59(r))' /2,07 Z¥ and
Z5 are the effective charges of the atomic ions. g(r)
is the vicinage function and r is the internuclear dis-
tance. For (HY+H™) ion-pairs,

Zi = Z3 =[(1 — exp(=T5Eq))
x exp(—0.835exp(—7.25EF))]*/?, (10)

where FEj is in units of MeV. A detailed explanation
of g(r) can be found in Ref.[17]. According to this

reference,
r = (14 0.235857(x/Dq)) 4™, (11)

where = is the depth of ion cluster in the solid,
ro=0.129nm['8] is the initial internuclear distance of
Hi, and Dy = wo(urd/2Z; Z3e?)'/?, in which p =
MM, /(My + Ms) is the reduced mass, v is the pro-
jectile velocity, and My, M5 are the mass of the com-
ponent ions of (HT+H™). The stripped electron can
be viewed as a primary projectile electron, so Y, is
the sum of secondary electron emission yield v and
backscatter coefficient 7. v can be taken from Ref.[19]

as follows:
v = 2722V (E/Ew)exp[—2(E/Exn)'?],  (12)

where E is the energy of electron, Y, = 0.9 is the
maximum yield and F,,=350eV is the corresponding
incident energy.l?°l We choose the backscatter coeffi-
cient n = 0.15.1"% According to the Refs.[21] and [22],
the relationship between the electron yield and inci-
dent angle is Y.(0) = Y.(0)cos~/ @, where f=0.6 is

taken.
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3. Monte Carlo Simulation

The Monte Carlo method is widely used to simu-
late the electron emission induced by ions!?3~25] and
the transport of electrons in a solid.[26:27] Recently, a
Monte Carlo simulation code for calculating the elec-
tron emission from carbon induced by H;‘ ions has
been developed in our laboratory. The basic concept
of the Monte Carlo model of the kinetic electron emis-
sion is to simulate the trajectories of the projectile par-
ticles penetrating into the solid and those of excited
kinetic electrons travelling towards the surface with
a given cross section for active scattering processes.
Particle travelling trajectories in solids are assumed to
be straight lines between the sites of interactions. For
the transport of incident ions in the target, the elastic
collisions are treated with the formula in Ref.[28]. The
main processes for H; incident on the solids are H2+
ions with the effective charge Z.g; travelling in solids,
and Hy splitting into HT ion-pair (HT+H") and e~
at a depth greater than Ag(Ey).

In general, according to the free electron gas
model, the electronic structure of the solid is com-
posed of inner shell electrons at discrete energy lev-
els and electrons in a single conduction band. The
charged projectile can excite electrons from the con-
duction band or from the inner shell of the target
atoms. The electrons excited by projectiles undergo
elastic and inelastic collisions in the target, and then
generate cascade electrons. The moving electrons are
traced until they possibly leave the target or until their
energies drop below a certain energy level, and then
they stay in the target. The detailed description of
the simulation code can be seen in Ref.[29]. In partic-
ular, The elastic cross-sections of the electrons with
momentum p and speed v are calculated using the
screened Rutherford formula with a correction factor
adopted in Ref.[30] based on cross-section calculations
from a partial wave analysis. Cross-section values at
the energies not tabulated in Ref.[30] can be obtained
by interpolating and extrapolating the values from the
table. In the Monte Carlo calculations conducted here
10000 projectile H; ions are traced. The density pa-
rameter rg of the electron gas of carbon used here is
1.65. The target thickness for inclining incidence is

50nm.
4. Dependance of electron emis-

sion yield on incident angle 6

Due to lack of the experimental results about inci-

dent angle dependence of secondary electron emission
from carbon induced by swift H;‘ , the calculated re-
sults can be compared only with the measurements at
normal incidence.l3! The ratio of the forward electron
yield to the backward one, Y;/Y}, as a function of tar-
get thickness is shown in Fig.1. A reduced ratio R of
the emission yield for molecular ions Y (HJ) to that
for protons Y/(H*) is defined as R = Y/(HJ)/2 Y (H™).
The relationship between R(Y;) and target thickness is
shown in Fig.2. The experimental results are well re-
produced by our theoretical calculation. In Figs.1 and
2, the calculations are slightly larger than measure-
ments. The reason may be that the actually increas-
ing rate of internuclear distance r with the depth of
H*+H™ ion clusters in the solid is faster than that ob-
tained from Eq.(11). Therefore, we overestimate the
effective charge of (HT+H™)-ion-pairs. Nevertheless,
the simulation results prove that the basic theoreti-
cal assumption made in the present work has already

provided a description for the most relevant process

involved.
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Fig.1. Ratio of the forward electron yield to the back-
ward one, Y;/Y}, as a function of target thickness at

the projectile energy Eg=2.4MeV.
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Fig.2. Ratio R(Y};) as a function of target thickness
for the projectile energy Fg=2.4MeV.
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The relationship between the backward electron
emission yield Y;(0) and incident angle 0 is Y3,(0) =
Y},(0) cos™f 8. The calculated results of f are shown in
Fig.3. f is about 0.85 except for f approximating to
1 near the Ey = 500keV. Results shows f # 1, which
means that Eq.(1) does not hold for Hj bombard-
ment. The calculated electron yield Y3, as a function
of energy at § = 0 is shown in Fig.4. If 4 = 0.135
and A\;=8nm are chosen, the result from Eq.(6) is in
good agreement with that of simulation in the en-
ergy range considered. In Fig.5, we show the back-
ward electron yield Y}, as a function of 6 at the en-
ergies of Fy=500keV and E,=3000keV, respectively.
The results of simulation and those from Eq.(6) are
also in good agreement with each other. According
to these facts, it is readily to understand the reason
why Eq.(1) does not hold for H bombardment. In
Eq.(6), we assume that Eq.(1) holds for the electron
yield induced by Hj and (H*+H")-proton-pairs, but
actually it is not true for the stripped electron. The
simulation results also prove the assumption. The cal-
culated f of electron yield induced by Hy, (HT+H™)
and e~ is shown in Fig.6. We can see f ~ 1 for Y; and
Y5, and this is consistent with assumption in Eq.(6).
But for Y., f ~ 0.35, it is much smaller than 1. The
gained energy of the stripped electron is no more than
1 keV in the projectile energy range investigated. The
trajectory of low energy electron is in a zigzag form
duo to multiple collisions with target atoms. It causes
the probability of the backscattered electrons escap-
ing without generating secondary electrons to increase
with the incident angle 6. So the total backward elec-

tron yield deviates from the inverse cosine law.
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Fig.3. Calculated parameter f.
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Fig.4. Backward electron emission yield Y}, as a func-

tion of projectile energy Ejy.
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Fig.5. Backward electron emission yield Y}, as a func-

tion of incident angle 6.
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Fig.6. Parameter f of electron yield induced by H;r,

(Ht+Ht) and e, respectively.

Due to the increasing rate of Y3, (6) being smaller
than that of Y3,(0) cos™! 6, the ratio of forward elec-
tron emission yield to backward one, Y;/Y}, at the in-
clining incidence is different from that at the normal
incidence for an effective target thickness. The calcu-

lated result is given in Fig.7 at an energy of 3000keV.
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The ratio decreases with the thickness at the normal
incidence. For the thickness D >50nm, the backward
electron yield is hardly changed with the thickness.
The thicker the target is, the longer the dwell time
of (H"+H™") in the solid will be. The internuclear
distance r increases near the exit interface of the tar-
get as the thickness increases for a given projectile
velocity. But, accordingly, the effective charge Z.go
decreases. The contribution of the stripped electrons
to the forward emission yield is negligible for the thick-
ness considered. So the ratio decreases with thickness.
The similar results have been discussed above. We as-
sume that the inverse cosine law holds true for the for-
ward electron yield. Although the Z.g2 near the exit
interface decreases with 6, the increasing rate of for-
ward electron yield Y:(0) will be somewhat lower than
that of Y;(0) cos™! 6. But little change of internuclear
distance 7 of (HT+H™) takes place for the thickness
increasing from 50 to 100nm. Correspondingly, Z.gs
has the same trend as r. The increasing rate of Y;(6)
with € is faster than that of ¥3,(6). So the ratio of the
forward electron emission yield to the backward one

at inclining incidence will increase with 6.
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Fig.7. Ratio of the forward electron yield to the back-
ward one, Y;/Y}, vs effective target thickness at the

inclining and normal incidence.

5. Backward electron emission

statistics

The distribution of the number of secondary elec-
trons induced by per projectile ion is called electron
Many authors have studied the
topics theoretically and experimentally. The results
show that the statistics does not fulfil the Poisson dis-

tribution

emission statistics.

Po(Y) = —eY. (13)

Here, Y is the mean value of the distribution which is
equivalent to electron emission yield Y3 (6), and n is
the number of secondary electrons induced by per pro-
jectile ion. For projectiles with low velocities (vg < vg,
vp is the Bohr velocity), the deviation from Poisson
distribution mainly results from the large angle scat-
tering of projectile ions and the recoiling of target
atoms.[32=36] For ions with high velocities (vy > vg),
the deviation is mainly due to electron cascade in the
solid, and the distribution can be reproduced fairly
well by the Pélya distribution37—40]

n n

Po(Y,b) = %(1 +0Y) T+ (= 1)B], (14)

i=1

where b is the deviation parameter from Poisson dis-

tribution.

In Refs.[37-40], the projectile is atomic ion and
the incident angle is invariable. So we also calculate
electron emission statistics induced by swift H;L One
of the results for the distribution is shown in Fig.8.
According to the results, we find that the statistics
can be described by Eq.(14). The value of b is inde-
pendent of the incident angle and only increases with
projectile energy. The calculated b as a function of Ej
is given in Fig.9. It is obvious that the cascade process
of the excited electrons by projectile is almost inde-
pendent of incident angle when 6 is not large enough
(6 < 60°).

trons increases with FEjy, and their cascade becomes

The gained energy of some excited elec-

more important, so the deviation parameter b from

the Poisson distribution increases with Ej.

0.30
v calculated result
0.25} —— Polya distribution
""" Possion distribution
0.20
#=10° b=0.05
E,=1000keV

Probability
=
-
ot

0 2 4 6 8 10 12

Electron number

Fig.8. Electron emission statistics of projectile en-
ergy, when Ep=1000keV at § = 10°.
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Fig.9. Parameter b as a function of projectile energy Eg.

6. Conclusion

The incident angle dependence of secondary elec-
tron emission induced by a swift H;‘ ion incident on
C is studied using the Monte Carlo method combined
with the semiempirical theory. The results show that
backward electron emission yield deviates from the in-
verse cosine law due to the effect of the valence elec-
trons of Hf . The ratio of the forward electron emis-
sion yield to the backward one at the inclining inci-
dence is different from that at the normal incidence.
The electron emission statistical distribution is inde-
The value of b, the

deviation parameter from the Poisson distribution, in-

pendent of the incident angle.

creases with projectile energy.

References

[1] Benazeth N 1987 J. Microsc. Spectrosc. Electron 12 235

[2] Svensson B and Holmén G 1981 J. Appl. Phys. 52 6928

[3] Veje E 1981 Radiat. Eff. Lett. 58 35

[4] Svensson B, Holmén G and Burén A 1981 Phys. Rev. B
24 3749

[5] Ferron J, Alonso A V, Baragiola R A and Oliva-Florio A
1981 Phys. Rev. B 24 4412

[6] Veje E 1984 Nucl. Instrum. Meth. B 2 536

[7] Ohya K and Kawata J 1994 Nucl. Instrum. Moth B 90

552
[8] Kawata J and Ohya K 1994 Radiat. Eff. and Defect S.
130-131 552

[9] Kawata J, Ohya K and Mori I 1992 Jpn. J. Appl. Phys.

part 1 31 2560

[10] Chauhan R S, Mittal V K, Naudi T K and Avasthi D K
1997 Vacuum 48 1031

[11] Hesselkamp D in 1992 Particle Induced Electron Emission
II ed Hohler G (Berlin: Springer) pl

[12] Ziegler J F and Manoyan J M 1988 Nucl. Instrum. Meth.
B 35 25

[13] Ogawa H, Sakamoto N and Tsuchida H 2000 Nucl. In-
strum. Meth. B 164-165 279

[14] Billebaud A, Fallavier M, Kirsch R, Poizat J C, Remillieux
J and Vidovi¢ Z 1997 Phys. Rev. A 55 1124

[15] Sternglass E J 1957 Phys. Rev. 108 1

[16] Ziegler J F, Biersack J P and Littmark U 1985 The Stop-
ping and Range of Ion in Solids (New York: Pergamon)

[17] Wang Y N and Ma T C 1993 Phys. Lett. A 178 209

[18] Brandt W and Ratkowski A 1974 Phys. Rev. Lett 33 1325

[19] Ohya K, Harada A, Kawata J and Nishimura K 1996 Jpn.
J. Appl. Phys. 35 6226

[20] Ono S and Kanaya K 1979 J. Phys. D: Appl. Phys. 12
619

[21] Kawata J, Ohya K and Mori I 1992 Jpn. J. Appl. Phys.
part 1 31 1453

[22] Ohya K, Kawata J and Mori I 1990 Jpn. J. Appl. Phys.
29 1316

[23] Caron M et al 1998 Nucl. Instrum. Meth. B 135 436

[24] Steinbauer E, Schinner A and Benka O 2000 Nucl. In-
strum. Methods B 171 291

[25] Lu Q L, Zhao G Q and Zhou Z Y 2003 Acta Phys. Sin.
52 1278 (in Chinese)

[26] Zhang L Zh et al 2001 Chin. Phys. 10 639

[27] Tan Z Y and Xia Y Y 2002 Acta Phys. Sin. 51 1506 (in
Chinese)

[28] Biersack J P and Haggmark L G 1980 Nucl. Instrum.
Methods 174 257

[29] Lu Q L, Zhao G Q and Zhou Zh Y 2002 Nucl. Instrum.
Methods B 192 267

[30] Liljequist D 1989 J. Appl. Phys. 65 2431

[31] Kroneberger K, Clouvas A, Schlissler G, Koschar P,
Kemmler J, Rothard H, Biedermann C, Heil O, Burkhard
M and Groeneveld K O 1988 Nucl. Instrum. Methods B

29 621

[32] Ohya K and Mori I 1992 Nucl. Instrum. Methods B 67
628

[33] Ohya K and Kawata J 1994 Radiat. Eff. Defect S. 130-
131 628

[34] Ohya K and Kawata J 1993 Jpn. J. Appl. Phys. part 1 32
1803

[35] Ohya K, Aumayr F and Winfer H 1992 Phys Rev. B 46
3101

[36] Lakits G, Aumayr F and Winter H 1989 Phys. Lett. A
139 395

[37] Steinbauer E, Schinner A and Benka O 2000 Nucl. In-
strum. Methods B 171 291

[38] Benka O, Fink T, Schinnner A and Steinbauer E 1997
Nucl. Instrum. Methods B 125 41

[39] Benka O, Schinner A and Fink T 1995 Phys. Rev. A 51
2281

[40] Azuma T, Yamazaki Y, Komaki K, Sekiguchi M,
Hasegawa T, Hattori T and Kuroki K 1992 Nucl. Instrum.
Methods B 67 636



