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Recent advances in solid-state detector~SSD! technology have demonstrated the detection of ions
and electrons down to 1 keV. However, ions at keV energies lose a substantial amount of energyDN

in a SSD through Coulombic interactions with target nuclei rather than through interactions that
contribute to the SSD output pulse, whose magnitude is a measure of the ion’s incident energy.
BecauseDN depends on the ion species, detector material, and interaction physics, it represents a
fundamental limitation of the output pulse magnitude of the detector. Using 100% quantum
collection efficiency silicon photodiodes with a thin~40–60 Å! SiO2 passivation layer, we
accurately quantifyDN for incident 1–120 keV ions and, therefore, evaluate the detection limits of
keV ions using silicon detectors. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1719272#

Solid-state detectors~SSDs!, in which an incident ion
generates electron-hole pairs that are collected and form an
output pulse whose magnitude is a measure of the incident
ion energy, are used extensively in a broad array of applica-
tions. As an example, hundreds of instruments using SSDs
have been flown in space to characterize the ambient space
environment. However, the utility of SSDs is limited to de-
tection and measurement of ions with energies greater than
several tens of keV due primarily to three effects, collec-
tively known as the pulse height defect. These effects repre-
sent the equivalent energy lost by an incident ion to pro-
cesses that do not contribute to the electron-hole pairs that
form the detector’s output pulse.1 Understanding the pulse
height defect is critical for optimizing the design of SSDs
fabricated for detection of low energy ions, for specifying the
detection electronics based on expected pulse magnitudes,
and for interpreting and understanding the results obtained
from SSDs.

The pulse height defect is the sum of three components:
DPHD5DW1DR1DN . First, an incident ion loses an energy
DW in the entrance window of the detector, which depends
on the material and thickness of the window. Recent ad-
vances in delta-doped, back-thinned CCDs2,3 and EUV
photodiodes,4–6 which have extremely thin entrance win-
dows, have enabled detection of ions and electrons below 2
keV.2,3,7,8 Second, the ion-generated carriers can recombine
in the device before they are collected by an external circuit,
representing an ion energy lossDR . This recombination loss
has been reduced by careful device design and fabrication,
resulting in detectors having no device recombination and,
therefore, 100% quantum detection efficiency.2,4–6Recombi-
nation loss from high density electron-hole pair generation
along the ion track is neglected here since the ion energies

needed for this are much higher than used here.9,10 Third, an
incident ion loses an energyDN to Rutherford-type~Coulom-
bic! collisions with detector nuclei that do not lead to
electron-hole pair formation. This is the nuclear stopping de-
fect and is typically estimated within the framework of LSS
stopping theory.11,12

In contrast toDR and DW losses, both of which can be
minimized by better device engineering, theDN loss is a
direct result of the physics of the interaction kinematics be-
tween the incident ion and the detector material and therefore
cannot be overcome. Furthermore,DN becomes increasingly
important at low ion energies as an ion loses more energy to
target nuclei rather than target electrons. Accurate measure-
ment of DN therefore allows critical insight into the largest
possible output pulse magnitude, and therefore the useful-
ness of SSDs for low energy ion detection. In this study, we
use uniquen-p silicon photodiodes withDR'0 and DW

!DN to measure the nuclear stopping defectDN .
The 1 cm2 active arean-p silicon photodiodes have pre-

viously been used to study the interaction processes and de-
tection limits of low energy electrons in silicon.7 These de-
vices have 100% internal quantum collection efficiency as
determined using EUV measurements4–6 and few, if any,
electron-hole pairs recombine before being measured so that
DR'0. As will be discussed later, the results of this study
also indicate thatDR is negligible relative toDN . Addition-
ally, these devices have an extremely thin SiO2 passivation
layer window, ranging from 40 to 60 Å, so thatDW!DN .
Furthermore,DW can be estimated using theSRIM semi-
empirical Monte Carlo computer code.12 BecauseDN is a
significant fraction ofE0 at low ion energies, use of these
devices yieldsDPHD5DN within experimental uncertainty.

To measure the average numberN of electron-hole pairs
created per incident ion in silicon, a 2.7-mm-diameter, mass-
resolved ion beam of incident energyE0 is first directed into
a Faraday cup for measurement of the beam currentI 0 ,
which is kept low enough so that the photodiode is not dam-
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aged by the irradiation.13 The beam is then directed onto the
photodiode, which is operated with no reverse bias, and the
photodiode’s output currentI PD is measured. The mean num-
berN of electron-hole pairs generated in the active region of
the detector per incident ion is simplyN5I PD/I 0 . The re-
duced transmission of heavy ions at low energies in the SiO2

passivation layer is accounted for by multiplyingI 0 by the
transmission calculated usingSRIM.12 In contrast to a detec-
tor operated in single particle detection mode, in which the
signal from a low energy ion can be comparable to the in-
trinsic detector noise, the photodiode operated in current
mode enables a large signal-to-noise ratio (.1000). The
measurement accuracy is limited by the stability of the ion
beam, which varied by less than 2%.

Figure 1 showsN as a function of incident ion energyE0

for incident H1, He1, C1, N1, O1, Ne1, Ar1, and Kr1.
The line represents the ideal caseDPHD50 in which all of an
ion’s incident energy is lost to processes associated with
electron-hole pair creation, i.e.,NIDEAL5E0 /«, where« is
the electron-hole pair creation energy and equals 3.7 eV for
silicon.14 The error bars to the left of the data points repre-
sent the mean energy lost by an incident ion after transiting
the SiO2 passivation layer~i.e., the window defectDW) as
computed usingSRIM.12

Data for H1 incident on a delta-doped, back-illuminated
CCD3 are also shown in Fig. 1 and exhibit a significantly
smaller response than the H1 data of this study. It can be
shown that the pulse height defectDPHD for the CCD data
increases almost linearly with increasing ion energy, and this
proportionality suggests significant recombination within the
CCD or signal loss within the analytical electronics. This
effect is absent in the present study.

SinceDPHD'DN for the detectors used in this study, we
obtain the nuclear stopping defect usingDN5E0–«N, which
is shown in Fig. 2. The solid line represents the extreme case
in which no electron-hole pairs are generated in the detector,

i.e., DN5E0 , and would correspond to no observed ion-
generated output current from the photodiode.

We note that some error bars, which representDW , ex-
tend beyond the solid line and suggest thatDN is greater than
the net energyE0–DW deposited in the active region of the
device, which is not physically possible. Previous studies
using low energy electrons7 and ultraviolet light4–6 incident
on the same type of devices indicate that electron-hole pairs
can be generated in the SiO2 layer ~although at a lower rate
since «517 eV for SiO2

15!, diffuse to the device’s active
region, and contribute to the output signal. This contribution,
combined with observation of an ion-generated output cur-
rent from the photodiode, indicate that the calculated values
for DW overestimate energy loss in the window that does not
contribute to the output signal.

The magnitude of the energy lost to Coulombic colli-
sions is substantial for ions at the lowest energies and highest
masses, a general result that was theoretically derived and
experimentally demonstrated long before the development of
solid-state detectors16,17 but has not been accurately mea-
sured because of the comparatively large values ofDW and
DR in traditional solid-state detectors. In Fig. 2, approxi-
mately half of the energy lost in the detector by
2.5 keV He1, 8 keV C1, and 55 keV Ne1 is through pro-
cesses that do not lead to electron-hole pair formation. For
22 keV Ar1 and 65 keV Kr1, about 75% of the ion’s inci-
dent energy is lost to processes that do not generate electron-
hole pairs. Importantly, Fig. 2 quantitatively represents the
fundamental limitations of low energy ion detection by sili-
con detectors.

The higher energy H1 and He1 data in Fig. 2 approach
constant values ofDN50.7 keV andDN53.2 keV, respec-
tively. This behavior is expected since the nuclear stopping
powers of these ions, and therefore the energy lost to pro-
cesses that do not generate electron-hole pairs, decreases
substantially at these higher energies. It also demonstrates
that DR , which should increase linearly with incident ion

FIG. 1. Measured number of electron-hole pairs is shown as a function of
the incident energy for several ion species and represents the maximum
pulse magnitude possible from a silicon SSD. The line represents the case in
which all of an ion’s energy is lost to processes that generate electron-hole
pairs. The H1 data shown as~1! are from a back-thinned delta-doped CCD
~Ref. 3!.

FIG. 2. Nuclear stopping defectDN for silicon detectors, which is shown as
a function of incident ion energy, is due to the interaction physics of an ion
in the detector material and fundamentally limits the output pulse magnitude
from SSDs.
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energy~i.e., DR}E0) over the energy range in whichDN is
observed to be constant, is negligible and that the approxi-
mationDN'DPHD is valid.

The only method of increasing detector response is to
select a different detector material having a lower value of«
or having a smaller value ofDN . Germanium possesses both
qualities:«52.9 eV andSRIM calculations12 predict that the
ratio of the electronic to nuclear stopping powers in Ge is
higher than that for Si at incident ion energies less than
;10 keV, indicating thatDN(Ge),DN(Si) at energies less
than several tens of keV. Thus, provided that Ge detectors
can be engineered havingDW'DR'0, and provided that the
additional noise that accompanies a lower value of« can be
suppressed by cooling the detector, Ge should be superior to
Si for detection of low energy ions.

In summary, we have used unique photodiodes to accu-
rately measure the average number of electron-hole pairs per
incident ion in silicon. This is a fundamental property of the
interaction physics of the projectile in the detector material
and represents the largest possible mean charge magnitude
that can be generated by an ion in a silicon SSD.
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