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Abstract—Electron irradiation of 100% internal quantum effi-
ciency silicon photodiodes having a thin (60Å) SiO2 dead layer
results in measured responsivities ranging from 0.056 A/W at an
incident electron energyE0 = 0:2 keV to 0.24 A/W at E0 = 40

keV. By comparing the data to a Monte Carlo simulation of
electron interactions with the photodiode over an energy range
of 1–40 keV, we derive an average electron-hole pair creation
energy of 3.71 eV, in close agreement with other studies. Analysis
of electron energy lost to processes that do not contribute to
electron-hole pair creation shows that the energy lost in the SiO2
dead layer is dominant for E0 < 1:5 keV, whereas the energy
removed by backscattered electrons is dominant forE0 > 1:5

keV. At E0 = 300 eV, the Monte Carlo simulation results show
that the electron projected range is significantly less than the dead
layer thickness even though the measured response is 0.082 A/W,
indicating that electron-hole pairs generated in the oxide dead
layer are collected by the junction.

Index Terms—Charge carrier processes, dielectric radiation
effects, electron detectors, electron radiation effects, photodiodes,
radiation effects, silicon radiation detectors.

I. INTRODUCTION

RECENT technological developments have yielded sili-
con photodiodes with 100% internal quantum efficiency

having a thin (40–80Å) SiO passivation layer that enables
near-theoretical quantum efficiencies for EUV photons [1]–[3].
These photodiodes can be used for precise EUV measurements
for fusion experiment diagnostics, laboratory plasma analysis,
and space-based EUV detection, for example on the space
shuttle, SOHO, and GOES [4].

In contrast to traditional solid state detectors having a thick
window that stops low-energy (a few keV) particles, plasma
ions and electrons with sufficient energy can transit the thin
dead layer of these photodiodes and induce a photodiode
current. While the presence of these particles introduces an
error when using the photodiodes to measure EUV photons,
these photodiodes provide a unique capability for direct mea-
surement of low-energy plasma particles.
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Fig. 1. The experimental apparatus used to measure the incident electron
beam current and the photodiode current during electron irradiation.

In this study, we have measured and modeled the response
of these photodiodes to 0.2–40 keV electrons. The experimen-
tal procedure, in which we measure the photodiode current
induced by an electron beam with a measured energy and
beam current, is similar to the measurement of the pulse
magnitudes of individual high-energy ions or electrons striking
surface barrier detectors [5]–[7] and measurement of the
electron beam-induced current (EBIC), which is a standard
technique used to characterize semiconductor materials and
devices [8]–[10]. Using these techniques as a basis, we model
the deviation of the measured response of the photodiode from
its theoretical response based on the average electron-hole
pair creation energy by characterizing energy loss mechanisms
in which the incident electrons lose energy that does not
contribute to electron-hole pair creation.

II. EXPERIMENTAL METHOD

Fig. 1 shows the method used to measure the photodiode
response to electrons. An electron beam with energywas
first directed into a Faraday cup, and the incident beam current

was measured. The beam was then directed onto the pho-
todiode, which was operated without bias, and the photodiode
current was measured. To ensure beam stability during
the measurement of , the beam current was measured a
second time, and was taken as the average of the two beam
current measurements.

Two different apparatuses were used to generate the appro-
priate electron beam: a low-energy electron gun that produced
electrons with energies ranging from 0.2 to 4 keV and a
scanning electron microscope (SEM) that generated electrons
with energies ranging from 4 to 40 keV.
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Fig. 2. Schematic of 100% internal quantum efficiency silicon photodiode.

The electron beam produced by the low-energy electron
gun had a diameter of 2.5 mm and a stability better than

1% over all measurements. During electron irradiation of the
photodiode, the photodiode was exposed to the filament of the
electron gun and detected the filament’s photon emission. This
photocurrent, , which was measured by turning the
electron accelerating voltage to 0 V so that electrons are not
accelerated into the photodiode, was stable to within0.01%.
During electron irradiation, we measured the total photodiode
current , from which we derived the photodiode current
due to the electrons according to .
Typically, nA, pA, and ranged
from 5 to 100 nA.

For electrons with energies 4–40 keV, the SEM provided
convenient and precise control of the electron beam param-
eters, including the spot size and the spot location. This
enabled quantification of the dependence of the response on
the electron flux. For these measurements, the spot size was
5 5 m, ranged from 15 pA to 2.5 nA and remained
stable to within 3% for all measurements, and ranged
from 10 nA to 24 A.

The silicon photodiodes, which had an active area of 1 cm,
are illustrated schematically in Fig. 2. They were fabricated
using p–p epitaxial silicon wafers. The pchannel stop and
an n guard ring were produced by diffusions before the active
area formation. Subsequently, the0.1 m active area n-type
layer was created by phosphorus diffusion doping, followed by
the thermal growth of an 60-Å SiO passivating layer. These
diodes do not have a doped dead-region and have zero surface
recombination, resulting in 100% internal quantum efficiency
for EUV, near UV, and visible photons. These characteristics
also enable detection of incident electrons that can traverse
the 60 Å SiO dead layer.

III. RESULTS

We define the measured responsivity as

(1)

which utilizes the electron chargeand the measured values
, , and . Fig. 3 shows the measured responsivity

of the photodiodes derived using the low-energy electron gun
(diamonds) and the SEM (triangles). The measured responsiv-
ity equals 0.24 A/W at electron energies greater than 20 keV,
and decreases with decreasing .

Fig. 3. Photodiode responsivity from 0.2 to 40 keV electrons: experimental
data (symbols), Monte Carlo simulation (solid line), and average responsivity
for Si (dashed line).

is less than the responsivity A/W that is
derived from the average electron-hole pair creation energy

eV [8] in silicon. The deviation of from
results from electron energy loss to processes that do not lead
to electron-hole pair creation or from electron-hole recom-
bination in the photodiode. These processes include energy
loss by incident electrons in the dead layer, energy removed
by backscattered electrons, and residual energy losses, which
primarily consists of recombination of electron-hole pairs
created in the depletion region. We define the fraction of the
incident beam energy contributing to these processes as the
dead layer loss , the backscatter loss , and the residual
loss . The observed responsivity is, therefore

(2)

We include to account for the larger responsivity that is
observed at lower energies compared to the modeled values.
If no energy losses are present, then ; if the total
loss is significant, then .

A. Dead Layer Loss,

Particles transiting the 60̊A SiO dead layer of the pho-
todiode lose energy, and this energy loss is assumed here to
produce no electron-hole pairs that contribute to the observed
photodiode current . The dead layer loss, which equals the
fraction of the incident energy lost in the dead layer, is

(3)

where is the stopping power of the incident particle
in SiO and the integral of represents the total energy
lost by the particle over its pathlength in the dead layer.

Since the integral of is expressed as the average
energy loss per incident electron in the dead layer, the factor

accounts for backscattered particles that can lose a
different amount of energy in the dead layer than the average
energy loss described by the integral of . For example,
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this can result from electrons backscattered in the depletion
region that transit the dead layer twice or from electrons that
backscatter near the surface of the dead layer and therefore
lose little energy in the dead layer.

At keV energies, electrons undergo few scatter events in
the dead layer, so is approximately equal to the dead layer
thickness. At lower energies, the number of electron scattering
events in the dead layer can be large, socan be much greater
than the dead layer thickness.

B. Backscatter Loss,

A significant fraction of incident electrons can be backscat-
tered from the photodiode. By defining the backscatter coeffi-
cient and the average energy of a backscattered electron,
we represent the backscatter loss as the fraction of the incident
energy removed by backscattered electrons as

(4)

As will be shown in Section IV, is the most significant
loss mechanism for keV.

C. Residual Loss,

The residual loss consists of all other energy losses not
included in or that act to decrease the responsivity.
Typically, a significant contribution to is electron-hole
recombination within or at the boundaries of the active area
of the detector. We note that recombination losses form
the basis of EBIC characterization of semiconductor devices
[8]–[10], and quantification of residual losses is crucial for
accurate energy measurements of individual high-energy ions
and electrons detected with silicon surface-barrier detectors
[11], [12].

Recombination of electron-hole pairs created in the deple-
tion region can arise from two sources. First, recombination
centers in the depletion region or at the Si–SiOinterface can
reduce the photodiode current. However, the photodiodes used
here are known to have 100% internal quantum efficiency,
indicating the absence of recombination centers. Second, re-
combination can occur from a high-density plasma formed,
for example, by high-energy ion irradiation, high flux electron
bombardment, or a small electric field across the depletion
region of the device [9], [11]–[14]. Following a simplified
model derived by Finchet al. [12], which overestimates
recombination by not considering the expansion of the initial
ionization along the ionization track of the incident particle,
we estimate the recombination loss to be 510 for the
experimental method and electron energies used in this study.
This will not be observed within the experimental error of the
data.

Using the SEM, we observed no statistically significant
dependence of on the beam current or beam current
density of the incident electron beam. We conclude that
recombination of electron-hole pairs created in the depletion
region is small, so can be neglected. We therefore only
consider and .

Fig. 4. Backscatter coefficient from experimental data (open symbols)
[18]–[23] and the Monte Carlo simulation (points). ForE0 > 1 keV,
the simulations agree with the data.

IV. M ONTE CARLO SIMULATION

OF THE PHOTODIODE RESPONSE

To model the electron interaction with the photodiode, we
use a Monte Carlo simulation [15] that follows individual
electrons as they interact with a solid. The simulation employs
a modified Bethe continuous slow-down approximation [16] to
calculate energy loss and screened Rutherford scattering. We
construct a 60-̊A-thick SiO layer on a Si substrate and track
the energy lost by incident electrons in the dead layer and
depletion region in addition to the fraction () and average
energy ( ) of backscattered electrons. For the SiOlayer,
the Monte Carlo simulation utilized an average atomic number
and atomic mass weighted according to the stoichiometry (i.e.,

10 and an atomic mass of 20) [17]. Each simulation
consisted of 10 incident electrons.

Fig. 4 shows the backscatter coefficient from the photodiode
structure that was derived using the Monte Carlo simulation.
For comparison, measured backscatter yields [18]–[23] from
Si targets are shown as open symbols. The simulation results,
in which ranges from 0.24 at 0.2 keV to 0.16 at 50 keV,
agree with the measured values for incident electron energies
greater than several keV. At this higher energy range, we
expect good agreement with measured backscatter yields since
the dead layer thickness is much less than the projected range
of the electrons, so that most backscattered electrons originate
from the Si depletion region rather than from the SiOdead
layer.

Fig. 5 illustrates the ratio , which is the average
fraction of the incident energy that is carried away by electrons
backscattered from the photodiode structure. The variation of

with incident energy is small, ranging from approxi-
mately 0.6 at 0.2 keV to 0.63 at 50 keV.

Using (4) with the values of and derived from
the Monte Carlo simulations, we obtain the backscatter loss

, illustrated in Fig. 6, which linearly decreases from 0.16
at 200 keV to 0.10 at 50 keV. Also shown in Fig. 6 is the
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Fig. 5. The average backscattered electron energy, derived using the Monte
Carlo simulation and normalized to the incident energy, is a slowly increasing
function of energy.

Fig. 6. Beam energy carried away by backscattered electrons (quantified by
the backscatter loss�B) and energy loss in the dead layer (quantified by
the dead layer loss�DL) cause the measured responsivity to be less than
RA = 0:27 A/W, which is based on the average electron-hole pair creation
energy"A � 3:7 eV in Si. The Monte Carlo simulation predicts no electrons
traverse the dead layer forE0 � 0:3 keV.

dead layer loss , which corresponds to the fraction of the
incident beam energy that is lost in the SiOdead layer of the
photodiode structure.

The magnitudes of the dead layer and backscatter losses
are equivalent at l.5 keV. As decreases below 1.5 keV,

rapidly increases and reaches a constant value for
keV, at which point no energy is deposited in the

depletion layer.
The backscatter loss slowly decreases with increasing en-

ergy, which results from the decreasing backscatter coefficient.
For keV, the simulation results show that
and indicate that electrons interact predominantly with the
depletion region instead of the dead layer.

Fig. 7. Enhancement of the measured responsivity compared to that derived
using the Monte Carlo simulation is shown as a function of energy. These
results indicate that electron-hole pairs created in the dead layer can diffuse
to the depletion region, where they are collected and measured.

Also depicted in Fig. 6 is the total loss that is
predicted by the Monte Carlo simulation. For keV, this
total loss equals the backscatter loss. Since for

keV, the responsivity should equal zero according
to (2).

V. DISCUSSION

We derive the responsivity , which corresponds to the
average electron-hole pair creation energy in Si, by equating
(2) to the measured values of for keV, using the
total loss derived using the Monte Carlo simulation,
and assuming . We obtain A/W for Si. This
corresponds to an electron-hole pair creation energy in Si of

eV, which agrees well with other values ranging
from 3.61–3.79 eV that were derived using high-energy alpha
and beta particles (see Wu and Wittry [8] and references
therein). In particular, this agrees closely with an EBIC study
using 20–50 keV electrons that derived eV [8].

Using (2) with the derived value A/W and
the total loss from the Monte Carlo simulation,
we obtain the modeled responsivity that is shown as the solid
line in Fig. 3. For keV the modeled responsivity
agrees closely with the measured values. However, it clearly
deviates from the measured values for keV, and for

keV the simulation predicts that no electrons will
enter the depletion region which contradicts the measured
responsivity of 0.05.

We use to quantify the deviation between the measured
and modeled responsivity that is observed at lower energies.
We derive using (2) with A/W, and the losses

and computed using the Monte Carlo simulation.
The resulting values of depicted in Fig. 7 show an increase
in the deviation with increasing energy to a maximum value

0.38 at approximately 0.5 keV and a subsequent decrease
toward a value of 0 at 1.5 keV.
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We interpret this enhanced responsivity as diffusion of
electron-hole pairs created in the dead layer to the depletion
region, where they are collected and contribute to the photodi-
ode current. A similar effect has been observed in photodiodes
exposed to photons that are strongly absorbed in the SiO
dead layer [3]. Since is dependent on the depth distribution
of electron-hole pair production and the diffusion of holes
and electrons into the depletion region, we can qualitatively
discuss the general shape ofby reasonably assuming that
electrons and holes that enter the depletion region must be
created in the dead layer close to the Si–SiOinterface. For

keV, decreases nearly linearly with increasing
energy and corresponds to less energy deposited in the dead
layer as the electrons penetrate deeper into the photodiode. For

keV, the decrease in likely results from energy
deposited farther from the Si–SiOinterface and closer to the
surface of the window, where recombination may be more
efficient and the diffusion path of electrons and holes to the
depletion region is longer.

VI. CONCLUSION

The response of 100% internal quantum efficiency pho-
todiodes to low-energy electrons has been measured and
modeled using a Monte Carlo simulation. By comparing the
measured responsivity to the modeled responsivity, we derive
an average electron-hole creation energy of 3.71 eV for Si,
which agrees closely with other studies. The simulation results
show removal of beam power by backscattered electrons
is the primary loss mechanism that reduces the measured
responsivity for energies greater than 1.5 keV, whereas the
dead layer loss is the dominant loss mechanism for lower
energies. At lower incident electron energies, we attribute
the higher measured responsivity compared to the calculated
values to electrons and holes that are created in the dead layer
and diffuse into the depletion region, where they are collected
and measured as a component of the photodiode current.
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