
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 48, NO. 6, DECEMBER 2001 1785

Response of 100% Internal Carrier Collection
Efficiency Silicon Photodiodes to Low-Energy Ions
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Abstract—We measure the response of silicon photodiodes to
irradiation by H +, He+, C+, N+, O+, Ne+, and Ar+ ions with
energies up to 60 keV. The unique properties of these photodi-
odes, including an ultrathin SiO2 dead layer and 100% internal
carrier collection efficiency, allow direct measurement of the total
energy lost to nuclear (nonionizing) and electronic (ionizing) en-
ergy loss processes, which are important for quantifying effects
such as damage and charge deposition. When plotted as a function
of 1 2, where and are the incident ion energy,
mass, and atomic number, respectively, the responsivity is found
to follow a single curve that represents all ion species and ener-
gies used in this study. This enables rapid, accurate estimation of
damage and charge deposition by an ion as a function of penetra-
tion depth in silicon. A comparison of the measurements with the
stopping and range of ions in matter (SRIM) Monte Carlo simu-
lation code shows that SRIM significantly overestimates the frac-
tion of the incident energy lost to electronic stopping processes for

1 2
2 keV/amu.

Index Terms—Electronic energy loss, ion radiation, ionizing ra-
diation, nuclear energy loss, photodiodes, radiation effects, silicon
detectors.

I. INTRODUCTION

SILICON p-n junction photodiodes with 100% internal car-
rier collection efficiency are used as absolute and transfer

standards for measurement of extreme ultraviolet (EUV) pho-
tons [1], [2]. These photodiodes can be employed, for example,
to measure EUV in fusion, space, and laboratory plasma re-
search. Due to the thin (60 SiO ) passivation layer of the
detectors, ions with a minimum energy of several hundred eV
can transit this thin dead region and induce a signal in the pho-
todiode. This signal can be an unwanted background in an EUV
measurement, or it could be used to detect the ions themselves.
To quantify the signal induced by these ions, we characterize the
photovoltaic response of the photodiodes to irradiation by ions
at incident energies less than 60 keV.

In addition to measurement of the response of these photodi-
odes for their use in plasma environments, the unique character-
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istics (thin dead layer and 100% internal carrier collection effi-
ciency) of these photodiodes have allowed the fortuitous, quan-
titative measurement of the energy lost by an incident ion to
electronic stopping processes (electronic excitation and ioniza-
tion) and to nuclear stopping processes (Coulombic collisions
with target nuclei) for slow ions. A systematic understanding of
these energy loss processes for different ion-energy combina-
tions is important for assessing and predicting a variety of ef-
fects in silicon such as the magnitude of the charge pulse gener-
ated by an ion, radiation-enhanced diffusion [3], [4], and device
damage, which is strongly correlated with nuclear stopping pro-
cesses [5]–[10].

Solid-state detectors offer a direct method for studying the en-
ergy lost to electronic stopping processes since this energy loss
is proportional to the measured output pulse magnitude. How-
ever, these measurements at best provide only a lower bound
of the energy lost to electronic stopping processes. Quantitative
measurements by solid-state detectors operated in single par-
ticle detection mode are particularly onerous at low energies for
two primary reasons. First, the small pulse magnitude results
in a low signal-to-noise ratio that makes quantification of the
mean pulse magnitude per incident ion difficult. Second, the
pulse-height defect renders the measurement ambiguous. The
pulse-height defect is the deviation of the measured responsivity
from the ideal responsivity of 0.27 A/W (for Si) that would be
observed if all of the ion energy went into electron-hole pair
creation and all of the electron-hole pairs were measured. The
three components of the pulse-height defect are [11]–[14] 1) en-
ergy loss by the ion in the dead layer that does not contribute to
the output signal, 2) recombination of electron-hole pairs either
along the ion track (negligible for slow ions due to the low den-
sity of the plasma along the ion track [15], [16]) or at defect
sites within the device, and 3) energy lost through nuclear (non-
ionizing) stopping processes that do not generate electron-hole
pairs.

The energy lost in the dead layer of a conventional solid-state
detector can be modeled with reasonable accuracy at high en-
ergies; however, at low energies, the dead layer energy loss can
become a substantial fraction of the total energy lost by the ion
in the device, so an error in the model will significantly impact
the accuracy of the measurement. Furthermore, the energy lost
to electronic and nuclear stopping in the active region and the
apparent energy lost due to recombination at defects within the
device are extremely difficult to separate.

The unique properties of the devices used in this study enable
accurate measurement of the energy lost to nuclear stopping pro-
cesses for three reasons. First, the devices have no intrinsic re-
combination of electron-hole pairs [17]. Second, the 60SiO
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dead layer is extremely thin (approximately ten times less than
conventional solid-state detectors), so errors in modeling the en-
ergy lost in this layer are correspondingly smaller. Third, the
devices are operated in photocurrent mode, so the large signal
induced in the device by the ion beam is much larger than the
dark current, enabling accurate signal-to-noise measurements.
We exploit these unique properties to quantify the total energy
lost to nuclear and electronic stopping, and we compare these
measurements to the Monte Carlo simulation code “Stopping
and Range of Ions in Matter” (SRIM) [18].

II. EXPERIMENT

The experiment, similar to that used to characterize the re-
sponse of the same detectors to electrons [19] and the damage
induced by slow ions [20], involved exposing a 6-mm-diameter
spot on the photodiodes to ion beams of H, He , C , N , O ,
Ne , and Ar at energies less than or equal to 60 keV (see
top panel of Fig. 1). The ion beam current was measured
before and after irradiation of the photodiode to ensure that the
beam current did not drift. Additionally, the mean dark current

was measured before and after each irradiation. The pho-
todiode current generated by the ion beam was measured
during irradiation. Typically, was nA, which was much
greater than the typical dark current of pA. The photodiode
responsivity is

(1)

where is the transmission probability of the incident ions
through the 60 SiO dead layer of the photodiode as calcu-
lated using SRIM [18]. The SRIM calculations were performed
by tracking both the number of ions transmitted through a 60

SiO foil and the mean energy of the transmitted ions. Inclu-
sion of the transmission probabilityaccounts for ions that are
completely stopped in the foil, or dead layer. This is a signifi-
cant correction for heavy, slow ions (e.g.,equals 11% for 1
keV He , 5% for 5 keV C, 12% for 5 keV Ne, and 5% for 10
keV Ar ). Equation (1) does not correct for energy loss in the
SiO dead layer; instead, this energy loss is treated as an error in
the initial energy , and the magnitude of this error equals the
mean energy loss through the SiOfoil calculated by SRIM.

The unbiased n-p silicon photodiodes used in this experiment
had a 60 SiO dead layer. These diodes are known to have
100% carrier collection efficiency for 650-nm photons [2], [17].
Since the penetration depth of these photons in silicon is ap-
proximately 20 m, we reasonably assume that these diodes
will have complete electron-hole pair collection up to this depth
when the carriers are generated by any particles, including ions.
The top panel of Fig. 1 shows the projected ranges of the dif-
ferent ions in the photodiode at the energies used in this study
(the minimum and maximum incident energy are labeled for
each ion species). The projected ranges, which were calculated
using SRIM with a Si target having a 60SiO entrance layer,
are less than 1m, so the device should have 100% carrier col-
lection efficiency for this study.

Fig. 1 shows the computed potential diagram of the device
using SGFramework [21] based on the doping profile. Elec-
trons generated in the active region of the device drift toward

Fig. 1. The top panel shows the mean projected range of the ions in the
photodiodes based on SRIM calculations [18] for the energies of the incident
ion species used in this study (diamond symbols). The bottom panel is the
electron potential of the devices computed using the doping profile and
SGFramework [21]. Electrons generated in the active layer of the device drift
toward the surface due to the intrinsic electric field, and the charge subsequently
diffuses toward the perimeter contacts within a narrow planar channel located
near the Si-SiO interface.

a narrow channel adjacent to the Si-SiOinterface and are dif-
fusively transported to the contacts on the device perimeter.

III. RESULTS

Fig. 2 shows the measured photodiode responsivityas a
function of the ion beam energy for the ions used in this
study. The error bars to the left of the data points represent the
mean energy lost by the incident ions in the SiOdead layer
calculated using SRIM. The length of an error bar corresponds
to the energy deposited in the SiOlayer. However, there are
two ways in which this energy deposited in the dead layers can
still contribute to the measured signal. First, the incident ion can
generate Si or O recoils in the dead layer. From first principles,
the initial recoil is forward-scattered toward the active region;
furthermore, the net velocity of a collision cascade will also be
directed toward the active region [22]. Therefore, the recoil (or
collision cascade) generated in the dead layer can deposit en-
ergy in the active region through electronic stopping processes
that result in electron-hole pair creation.

Second, electron-hole pairs are generated in the SiO, al-
though at a lower rate than for silicon due to the large SiO
electron-hole pair creation energy of17 eV [23], [24]. These
electron-hole pairs can diffuse to the active region, where they
are collected and measured. This effect was observed in experi-
ments in which low-energy incident electrons, which should not
penetrate the SiOlayer, generated a significant response in the
photodiodes [19]. A similar effect was observed in photodiodes
exposed to photons that are strongly absorbed in the SiO[17].

The cumulative fraction of an ion’s incident energy
lost to electronic stopping processes is , where
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Fig. 2. The measured responsivityR is shown as a function of incident
ion energy for different ion species. The dashed line corresponds to the ideal
responsivity equal to 0.27 A/W for Si that would be observed if all of the
incident ion energy was deposited into electron-hole pair creation in the active
region of the device. Deviation from this ideal value is the result of energy lost
to nuclear stopping processes by both the primary ion and silicon recoils. The
error bars to the left of the data points represent the mean energy lost in the
60�A SiO dead layer by ions transmitted through this layer calculated using
SRIM [18].

is the mean energy required for electron-hole pair forma-
tion ( eV in silicon [25]). If all of the initial energy
lost by the ions went into formation of electron-hole pairs in the
active region, then the responsivity would equal 0.27 A/W and

. This “ideal” case is shown as the dashed line in Fig. 2.
For most of the measurements, the measured responsivity lies
significantly below the ideal responsivity, and this difference

increases with increasing ion mass and decreasing ion en-
ergy.

Before proceeding further, we must clarify the complex na-
ture of the physical processes that are being measured. An inci-
dent ion loses a fraction of its energy directly to nuclear
and electronic stopping processes, where of course

(the superscript denotes the primary ion). Kinetic
energy is transferred to silicon nuclei through nuclear stopping,
and these recoiling Si atoms lose their energy to both nuclear
and electronic processes. Therefore, energy lost by the incident
ion to nuclear stopping processes can subsequently be converted
to energy lost by electronic stopping processes by Si recoils.
By additionally considering the energy loss processes of Si re-
coils, the fraction of energy lost by the incident ion to nuclear
stopping processes overestimates the total energy lost to nuclear
stopping processes.

Using a simplistic representation, we average the energy loss
processes of the entire distribution of Si recoils and define
and as the fractions of energy lost by these recoils to nuclear
and electronic stopping processes, respectively, and
. We note that includes the displacement energy of the Si

recoils.

Fig. 3. When plotted as a function ofE=mZ , the measured responsivity
R of the various ions and energies fall approximately on a single curve. The
solid line is an empirical fit to the data [see (2)]. This systematic variation of
the responsivity enables simple estimation of the total energy lost to electronic
and nuclear stopping processes. The error bars represent the mean energy loss
in the SiO dead layer, similar to Fig. 2.

The total energy deposited by the incident ion is partitioned
into nuclear and electronic energy loss processes according to

(2)

where, as before, is the incident ion energy. The cumulative
fractions of the incident ion energy lost to electronic and nuclear
stopping processes are

(3)

(4)

The measured responsivity is and the differ-
ence between the ideal responsivity of 0.27 A/W andis

. These measurements therefore provide a
quantitative evaluation of the total energy lost to nuclear stop-
ping processes relative to the total energy lost to electronic stop-
ping processes.

A. Universal Representation of the Responsivity

Fig. 3 shows the measured responsivity as a function of
, where and are the incident ion mass and atomic

number, respectively. We have used the isotopic incident ion
species He and He to establish the dependence. By
defining , we find that the data generally fall
along a single universal curve that can be empirically fitted to

(5)

where and are expressed in units of keV/amu and A/W,
respectively. From we obtain a universal representation
of the fraction of the total energy lost to electronic stopping

and the fraction of the total energy lost to
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nuclear stopping . The total energy lost to
electronic stopping processes is equal to the total energy lost
to nuclear stopping processes (i.e., ) at

keV/amu.
Note in particular the significant overlap of the responsivity

of He , a light ion, with that of Ar , a heavy ion, showing an
important systematic trend in the data that spans a large differ-
ence in atomic number. In addition to using these data to quan-
tify the response of these photodiodes to ion irradiation, we can
use this curve to predict important ion-induced processes in sil-
icon: electron-hole pair creation rate and total damage due to
nuclear stopping processes.

We furthermore note that extrapolation to higher energies (
keV/amu) of the 40 and 60 keV C, N, and O data shown in
Fig. 3 indicates a systematic and significant deviation from the
fitted line. At these higher energies, the nuclear stopping power
rapidly decreases so that the total energy lost to nuclear stop-
ping approaches a constant value that is independent of energy
but dependent on mass. The apparent deviation of the data if
extrapolated to higher energies likely reflects the mass depen-
dence of this constant.

B. Comparison With SRIM

The semi-empirical SRIM computer code [18] is routinely
used for simulating the kinetics of ion interactions in solids [8],
[26], [27] and is often regarded as a standard for gauging the ac-
curacy of particle-solid interaction models. We have used SRIM
in the “full damage cascade mode” that follows every Si recoil
until its energy falls below the displacement energy of Si atoms
from the lattice ( 15 eV). For each of these Monte Carlo sim-
ulations, the fraction of energy lost to ionizations by
both the incident ion and recoil atoms was computed.

Fig. 4 shows the ratio of to the fraction of en-
ergy lost to electronic stopping derived from the responsivity
data in Fig. 3. The data substantially disagree with SRIM at the
smallest values of used in this study but converge to-
ward agreement with SRIM with increasing

. For keV/amu, the agreement sug-
gests that the total energies lost to electronic and nuclear stop-
ping processes are correctly partitioned at higher energies by
SRIM. For reference, the measured for the heavy ions is ap-
proximately 20–25% at keV/amu. An inter-
esting deviation is observed for He, which follows the same
general trend as the Hdata except that it agrees with SRIM
down to a value of that is approximately five times
lower than for H .

SRIM significantly overestimates the amount of total energy
lost to electronic stopping processes for
keV/amu, and this overestimation increases nearly linearly with
decreasing to a value of almost 3 at 0.1 keV/amu.
Several studies agree with these results. For example, [28]
found a consistent 15% underestimation by SRIM of the range
and range straggling of Er and Yb in Si at ranging
from 0.28 to 3.81 keV/amu. The experimental results were
compared with simulations using the IMSIL Monte Carlo code
[29] in which a correction factor to the electronic stopping was
employed. The comparison showed an enormous overestima-
tion of electronic stopping at 0.28 keV/amu and a moderate

Fig. 4. By multiplying the responsivityR by the energyE = 3:7 eV
required to create an electron-hole pair in Si, we obtain the fractionf of an
ion’s initial energy lost to electronic stopping (ionizing) processes by both the
primary ion and recoils. The figure shows the ratio off determined by
SRIM to the measuredf as a function ofE=mZ . The error bars represent
the energy lost by the incident ion in the SiOdead layer, similar to Figs. 2 and 3.

overestimation of electronic stopping at 3.8 keV/amu. Using
range experiments of Au incident on Si at ranging
from 0.7 to 1.7, [30] also found a substantial overestimation by
SRIM of the electronic stopping power.

The underestimation of the projected range by SRIM for slow,
heavy ions in light targets has been attributed to a correlation
between nuclear and electronic stopping that is not included in
SRIM [31]–[33]. While SRIM results and the range observa-
tions agree closely when this correlation is included, the corre-
lation term results in areductionof the nuclear stopping power, a
net decrease in the stopping power, and an increase in ion range.
In contrast, the present results suggest that the nuclear stop-
ping component is underestimated by SRIM rather than over-
estimated.

IV. CONCLUSION

Nuclear stopping processes have a direct impact on radia-
tion damage, whereas electronic stopping processes generate
charge in a device that is the source of radiation-enhanced dif-
fusion, which can result in damage annealing. To date, exper-
iments such as comparing range measurements to theory have
indirectly inferred the partitioning of these stopping processes
at low energies for which nuclear stopping cannot be ignored.

Measurement of the response of thin window, 100% internal
carrier collection efficiency photodiodes described in this study
has fortuitously allowed the direct quantification of the fraction
of the total ion energy lost to nuclear and electronic stopping
processes. Using a scaling factor of , the responsivity
data (and therefore the fraction of energy lost to electronic or
nuclear stopping) fall on a single curve for all ion energies and
species used in this study. This dependence can be used for a
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reasonably accurate estimation of the total energy lost to nuclear
or electronic stopping processes. When the data are compared to
SRIM calculations, SRIM is observed to systematically overes-
timate the fraction of the total energy lost to electronic stopping
processes for keV/amu, although the data con-
verge toward agreement with SRIM for .
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