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Energy Loss by keV Ions in Silicon
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Using silicon photodiodes with an ultrathin passivation layer, the average total energy lost to silicon
target electrons (electronic stopping) by incident low energy ions and the recoil target atoms they
generate is directly measured. We find that the total electronic energy deposition and the ratio of the
total nuclear to electronic stopping powers for the incident ions and their recoils each follow a simple,
universal representation, thus enabling systematic prediction of ion-induced effects in silicon. We also
observe a velocity threshold at 0.05 a.u. for the onset of electronic stopping.
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The processes by which an energetic ion loses energy as
it traverses a solid have been the focus of considerable
study for nearly a century [1-6] with the goal of system-
atically understanding and predicting the response of
materials to ion irradiation. The energy loss is typically
separated into electronic and nuclear processes [1,2].
That is, an incident ion transfers energy to target elec-
trons, resulting in excitations and ionizations in the target
material, and to target nuclei by repulsive (Rutherford-
type) interactions. Because the latter process generates
recoil atoms that also lose energy by electronic and nu-
clear stopping, the separation of total energy loss into
electronic and nuclear components to predict the com-
bined effects of ion irradiation of solids is quite complex.

Although nuclear and electronic energy loss govern
important effects such as scattering [7], damage [8],
sputtering [9], ion range [3], secondary electron emission
[10], and fullerene fragmentation [11], direct measure-
ments of the partitioning of the energy loss between
nuclear and electronic processes at velocities less than
the Bohr velocity (vg = 2.19 X 10% cm/s = 1 a.u.) have
been exceedingly sparse. Further, theoretical and semi-
empirical methods are inconsistent [5,12]. For example,
while the Lindhard-Scharff-Schiott (LSS) theory [2—
4,13] yields a reasonable approximation to the total en-
ergy lost to electronic and nuclear stopping processes by
an ion (atomic number Z;) incident on a target material
(atomic number Z,) when Z, = Z,, the case for Z, # Z,
is considerably more complicated and has quite limited
applicability [2]. In this study, we directly and accurately
measure the total energy lost to nuclear and electronic
processes in the energy region for which nuclear stopping
is significant.

Since an average of one electron-hole pair is generated
in silicon for every E, = 3.7 eV lost to electronic energy
loss processes by an incident ion or a recoil [14], mea-
surement of the charge generated by an ion in a solid state
detector (SSD) operated in a single particle detection
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mode has been used to evaluate the total energy lost to
electronic stopping processes at high incident energies.
However, this technique is difficult to use for low ion
energies for two reasons. First, SSDs typically have a
thick dead layer (e.g., 400 A [15]), which causes substan-
tial energy loss or complete stopping of low energy ions
before they reach the active region of the detector.
Second, when the SSDs are operated in single particle
detection mode, the energy measurement of a low energy
ion is limited by the small magnitude of the pulse it
generates in the device, which can approach the intrinsic
noise level of the SSD and its electronics.

In this study we use silicon photodiodes having an SiO,
passivation layer ranging in thickness from 40 to 60 A
[16] to accurately measure ion-induced charge generation
and, therefore, the total electronic energy loss in silicon
by low energy ions and their recoils. An additional benefit
of these devices is a 100% quantum collection efficiency
that eliminates any ambiguity introduced by unknown
device recombination processes. Ion beams of H, He*,
C*, N, O*, Ne*, Ar*, and Kr" incident at energy E|,
were directed first into a Faraday cup for measurement of
the beam current /;, and then onto a photodiode [17,18].
The output photodiode current Ipp was subsequently
measured. The photodiode was operated in current
mode without external bias. Increasing I, likewise in-
creases Ipp relative to the photodiode dark current Ip,
enabling accurate measurement of Ipp even for low ion
energies at which the SSD method fails.

The mean energy 7 lost to electronic processes by an
incident ion and the recoils it generates over the entire ion
range is

7= (Ipp IID)Eeh , )

oT
where 7 is the fraction of incident ions transmitted
through the SiO, passivation layer. The correction for
ion transmission was small even for slow, heavy ions
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(e.g., 14% for 50 keV Kr*)and was estimated using TRIM
[6]. From Egq. (1), the average fraction of energy lost to
electronic stopping processes is fr = 7/E,, and the aver-
age energy lost through nuclear stopping processes per
incident ion is simply # = Ey — 7.

We have found a simple dependence of f on the ion’s
atomic number Z; and incident velocity v for those
velocities at which the nuclear stopping power is a sig-
nificant component of the total stopping power. Since fx
should increase with increasing velocity and decreasing
mass of the incident ion, we tried to fit the data to
numerous functional forms including the reduced pa-
rametrization of the LSS theory [3,4]. A good empirical
fit of the experimental values of fr follows the simple

form
A v

fE Z{ hl(BvB > v<uy. 2)
The velocity v, above which this simple dependence is
no longer valid roughly corresponds to velocities in which
the nuclear stopping power becomes small relative to the
electronic stopping power and is derived below. The fit of
the data to Eq. (2) (excluding H* and He™" data for which
v > vy) resulted in A = 0.432 = 0.014, B = 0.0493 =
0.0029, and ¢ = 0.202 = 0.009. The correlation coeffi-
cient of the fit was R> = 0.976, implying a remarkably
good fit, which is shown as the black line in Fig. 1. The
error bars to the left of the data points represent the mean
energy lost by an incident ion after transiting the passi-
vation layer as computed using TRIM [6]. We note that
charge generated by energy loss in the passivation layer
can diffuse to the active region and contribute to Ipp [17],
so the influence of energy lost in the passivation layer is
less than the error bars imply. Over the entire velocity
range, the different H and He isotopes have the same
value of f; at the same incident velocity, indicating the
absence of an isotope effect.

Figure 2 shows data from this study as well as higher
energy results from earlier studies: Ne [19], Si [20], Ar
[19], Br [21], Ni [22], Ag [22], Au [22], and U [22]. Over a
broad range of ion species and energies (1 keV H* to
26 MeV U") the experimental values of f fall close to
the line representing Eq. (2). Therefore, Eq. (2) can be
used to predict the average fotal energy lost to electronic
and nuclear stopping processes by low energy ions in
silicon. The red line in Fig. 2 is the estimate for incident
Si using the least complex (Z; = Z,) solution to the
integral equations of the LSS theory governing total
nuclear and electronic energy loss in a target [2].
This LSS result agrees well with the Si data when the
value of k, which is the friction coefficient for velocity-
proportional electronic stopping, is chosen to be 0.13.
This value agrees well with the LSS theory prediction
of k = 0.146 [2].

At high velocity the nuclear stopping power decreases
rapidly and becomes small compared to the electronic
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FIG. 1 (color). The quantity Z}?fg, in which Z; is the
incident ion atomic number and f is the fraction of the average
total energy # lost to electronic stopping processes by an
incident ion and its silicon recoils, is plotted as a function of
incident ion velocity. The black line is the fit of Eq. (2) to the
data for v < vy, and the red line represents H* in the high
velocity case [Eq. (3)]. The extent of the error bars to the left of
the data points corresponds to the calculated energy loss of the
incident ion in the SiO, passivation layer.

stopping power, and the total energy lost to nuclear stop-
ping processes approaches a constant value 7,,,.(Z;) [3].
Therefore,

ﬁ 1— Ijmax(zl)

f =~ =
F 77+ Vmax(Zl) EO

s v>uvy B

which approaches unity in the high energy limit. This
behavior is clearly observed in Fig. 1 for incident H" and
D*, for which we obtain 7, = 0.61 keV for H* (red
line in Fig. 1) and #,,, = 1.1 keV for D*. Furthermore,
since isotopes with the same incident velocity have the
same value of fr, Eq. (3) yields P,y (i)/ Piax () = m;/m;,
where i and j refer to the different isotopes. For H* and
DY, the data yield 7y, (H")/7,,(D") = 0.55, in good
agreement with their mass ratio of 0.5.

As shown in Fig. 1, extrapolation of f to lower veloc-
ities using Eq. (2) indicates that fr =0 at v = Bvg =
0.05 a.u. and, therefore, an ion loses all of its energy to
nuclear stopping processes when v < 0.05 a.u. This sug-
gests the presence of a velocity threshold for electronic
stopping processes, as has been shown for gaseous targets
[23,24], nearly free electron metals [25], and a high band
gap insulator [26]. For semiconductors, this threshold
corresponds to the minimum energy required to excite a
valence electron into the conduction band. A related
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FIG. 2 (color). Similar to Fig. 1, this figure includes data
(colored symbols) from earlier studies [19-22] for heavy ions
at high energies derived using silicon solid state detectors
operated in a single particle counting mode. The open circles
represent the data of Fig. 1 for v < vy,. All data show surpris-
ingly good agreement with Eq. (2) (black line), spanning 1 keV
H to 26 MeV U. The red line is based on LSS theory [2] for
incident Si ions (i.e., Z; = Z,).

threshold exists for kinetic secondary electron emission
from free-electron metals, for which a simple expression
for the velocity threshold has been derived [10] based on
the maximum energy transfer from an incident ion to a
target electron for promotion of the electron across an
energy gap. Applying this expression to silicon for ex-
citation of a valence electron across a minimum band gap
energy E, of 1.1 eV (at 300 K) and using a maximum
valence electron energy of 12.3 €V [27] yields a threshold
velocity for the onset of electronic stopping of 0.02 a.u.
This estimate is expected to be lower than the observed
threshold of 0.05 a.u. due to the small number of valence
electrons having an energy near 12 eV and the low proba-
bility of scattering a valence electron in momentum space
directly into the conduction band minimum. If the aver-
age energy required to generate an electron-hole pair Eg,
is used instead of E,, this estimate yields a threshold
velocity 0.07 a.u., in reasonably good agreement with
the results presented here. Note that an explicit assump-
tion of the LSS theory is that such a threshold does not
exist, i.e., fr — 0 as v — 0. Therefore, the LSS theory
overestimates f for silicon for v < 0.5vp.

The nuclear, Sy, and electronic, S, stopping powers
describe the average energy lost per unit path length by an
incident ion to the target material. However, Eq. (2) al-
lows us to extract the relative amount of nuclear and
electronic energy actually deposited per unit path length
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by the incident ion and its recoils, which we write as the
total stopping powers Sy and S%. The prime on these
quantities indicates the combined energy deposition by
the incident ion and its silicon recoils: S\(E) =
[do,(T)»(T) and Si(E) = Sg + [do,(T)7(T), where
do,(T) is the nuclear elastic cross section for producing
a recoil of energy 7. Noting that S} + S, = Sy + S and
using the continuous slowing down approximation in
which, on average, T < E, it is straightforward to show
that the integral equations for »(E;) and 7(E,) yield

E, S
n= [ ' —L _—dE. 4)
o Sg+ Sy
The derivative of Eq. (4) then gives the ratio of the total
stopping powers
SyE _ 1
w(E)  dn/dE

(&)

Using ) = fyE and the general form in Eq. (2) for fg
yields
SV(E) _ 1 _
SE(E)  fe(E) + A/(2Z)

1, v << Uy (6)

This ratio is evaluated using the parameters derived from
the fit of Eq. (2) to the data.

Equation (6) can be used to study processes such as
secondary electron emission and sputtering that arise
from the combined effects of an incident ion and its
recoils. Since this ratio contains the effects of the recoils,
which convert a fraction of the nuclear stopping of the
incident ion into electronic stopping, Eq. (6) represents a
lower bound for the stopping power ratio Sy/Sg of the
incident ion alone.

The velocity v,, below which Eq. (2) is valid can be
estimated using Eq. (6). Since the nuclear stopping power
rapidly decreases with increasing velocity near v,,, we
define vy, as the velocity at which S} /Sy — 0. This is
approximately the same velocity at which Sy/Sp— 0
because only a very small fraction of the energy is lost
to recoils at vy,. The results for Eq. (6) for S}, /Sy — 0 are
illustrated in Fig. 3, and we note that v,, can be roughly
approximated by v, = 0.3Zf/ Sup. Equation (6) yields
vy = 0.30au. for HY and vy = 0.43 au. for “He™,
which are consistent with velocities at which H* and
He™ are seen in Fig. 1 to begin deviating from the black
line (0.3vp and 0.5vp, respectively). In Fig. 2, all of the
data not from this study are for v < v,,; except for the Ni
data, which lie in the vicinity of vy,.

Also from Eq. (6) we can derive the velocity v§ at
which the total nuclear and electronic stopping powers
are equal, i.e., S = S%. This is depicted in Fig. 3, which
shows v§ as a function of Z;. Also shown is the velocity
vy = 0.1Zf/3v3 for which Sy = Sg as approximated
by the LSS theory [4]. Our results for H" are close to
those from the LSS approximation since few energetic
recoils are produced by H*. At higher values of Z;, the
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FIG. 3. The velocity vy, (upper dashed line) derived using
Eq. (6) and S)/S% — 0 is shown as a function of Z;. Also
shown are the velocity v at which S) = S% derived using
Eq. (6) and the velocity vg at which Sy = Sg using the LSS
approximation vg =~ O.IZ%BUB [4].

difference between v and vg increases because of the
corresponding increase in the production of fast recoils.
Note that S},/S%, which includes the electronic energy
lost by recoils, is a lower limit to Sy /Sg, so v is therefore
a lower limit to vy.

Using new detectors having ultrathin dead layers and
100% quantum detection efficiency, we have measured for
the first time the average total energy n deposited by
electronic energy loss processes in silicon by low velocity
ions and their recoils. In contrast to the complexity and
limited applicability of the LSS theory for derivation of
the total nuclear and electronic energy loss at low veloci-
ties, we find that these quantities and the ratio of the total
nuclear and electronic stopping powers, which are the
most relevant parameters governing ion-induced effects
in materials, can be simply and usefully expressed as a
function of incident ion velocity and atomic number. This
dependence is valid above the apparent threshold velocity
of ~0.05 a.u. for electronic stopping processes and below
the velocity at which the nuclear stopping power becomes
insignificant relative to the electronic stopping power.
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