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Response of 100% Internal Quantum
Efficiency Silicon Photodiodes to
200 eV-40 keV Electrons
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Abstract—Electron irradiation of 100% internal quantum effi- Ny EUV Photodiode
ciency silicon photodiodes having a thin (607A) SiO, dead layer
results in measured responsivities ranging from 0.056 A/W at an o
incident electron energy Ey = 0.2 keV to 0.24 A/W at Ey, = 40 Electron
keV. By comparing the data to a Monte Carlo simulation of Beam N @
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 Si©
dead layer is dominant for Ey < 1.5 keV, whereas the energy
removed by backscattered electrons is dominant forE, > 1.5
keV. At Eo = 300 eV, the Monte Carlo simulation results SNOW Fig 1. The experimental apparatus used to measure the incident electron

that the electron projected range is significantly less than the dead peam current and the photodiode current during electron irradiation.
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. In this study, we have measured and modeled the response
Index Terms—Charge carrier processes, dielectric radiation Of these photodiodes to 0.2-40 keV electrons. The experimen-

effects, electron detectors, electron radiation effects, photodiodes, tal procedure, in which we measure the photodiode current

radiation effects, silicon radiation detectors. 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

RECENT technological developments have yielded siljactron beam-induced current (EBIC), which is a standard

\ con photodiodes with 100% internal quantum efficienCichnique used to characterize semiconductor materials and
having a thin (40-8%) SiO, passivation layer that enablesyeyices [8]-[10]. Using these techniques as a basis, we model
near-theoretical quantum efficiencies for EUV photons [1]-{3}he deviation of the measured response of the photodiode from
These photodiodes can be used for precise EUV measuremgai§heoretical response based on the average electron-hole
for fusion experiment diagnostics, laboratory plasma analysiir creation energy by characterizing energy loss mechanisms
and space-based EUV detection, for example on the spg¢&yhich the incident electrons lose energy that does not

shuttle, SOHO, and GOES [4]. . _contribute to electron-hole pair creation.
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 [I. EXPERIMENTAL METHOD

dead layer of these photodiodes and induce a photodiodgsig 1 shows the method used to measure the photodiode
current. While the presence of these particles introduces @3ponse to electrons. An electron beam with endigywvas
error when using the photodiodes to measure EUV photofge; directed into a Faraday cup, and the incident beam current
these photodiodes provide a unique _capablllty for direct MeA- was measured. The beam was then directed onto the pho-
surement of low-energy plasma particles. todiode, which was operated without bias, and the photodiode
current Ipp was measured. To ensure beam stability during
Manuscript received May 15, 1997; revised August 5, 1997. The work € measurement ofpp, the beam current was measured a
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I. INTRODUCTION
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Fig. 2. Schematic of 100% internal quantum efficiency silicon photodiode. & - ¢ Electron gun data E
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The electrqn beam produced by the Iow-_e_nergy electron 0.0 . ol i
gun had a diameter of 2.5 mm and a stability better than 0.1 1 10
£1% over all measurements. During electron irradiation of the Electron Energy, £ (keV)

photodiode, the photodiode was exposed to the filament of the

electron gun and detected the filament’s photon emission. Thig 3. Photodiode responsivity from 0.2 to 40 keV electrons: experimental
hot t] hich was measured bv turning th data (symbols), Monte Carlo simulation (solid line), and average responsivity

photocurrent./rroron, W y 9 &, i (dashed line).

electron accelerating voltage to 0 V so that electrons are not

accelerated into the photodiode, was stable to within01%. ) o )

During electron irradiation, we measured the total photodiode M IS 1€ss than the responsivitits, ~ 0.27 A/W that is

currentZror, from which we derived the photodiode currenflerived from the average electron-hole pair creation energy
due to the electrons according o = Itor — Iproron. €A ~ 3.7 eV [8] in silicon. The deviation ofi?y; from R4

Typically, Ipnoron & 700 nA, Iy ~ 120 pA, andIpp ranged results from electron energy loss to processes that do not lead
from 5 to 100 nA. to electron-hole pair creation or from electron-hole recom-

For electrons with energies 4-40 keV, the SEM providelgjnation_in_the photodiode_. These processes include energy
convenient and precise control of the electron beam paral@SS PY incident electrons in the dead layer, energy removed
eters, including the spot size and the spot location. THRy backscattered electrons, and residual energy losses, which
enabled quantification of the dependence of the responsePginarily consists of recombination of electron-hole pairs

the electron flux. For these measurements, the spot size WERAted in the depletion region. We define the fraction of the
5 x 5 um, I, ranged from 15 pA to 2.5 nA and remainedncident beam energy contributing to these processes as the

stable to within+3% for all measurements, angp ranged dead layer losa\py,, the backscatter los&g, and the residual
from 10 nA to 24 uA. loss Ag. The observed responsivity is, therefore

The silicon photodiodes, which had an active area of ,cm Ry = Ra(1— App, — Ag — Ag +1). )
are illustrated schematically in Fig. 2. They were fabricated
using p—p" epitaxial silicon wafers. The¥pchannel stop and We includeI’ to account for the larger responsivity that is
an " guard ring were produced by diffusions before the activébserved at lower energies compared to the modeled values.
area formation. Subsequently, th@.1 zm active area n-type If no energy losses are present, thRgy ~ Ry; if the total
layer was created by phosphorus diffusion doping, followed #§ss Apr. + Ap + Ag is significant, thenizy < Ra.
the thermal growth of an-60-A SiO, passivating layer. These
diodes do not have a doped dead-region and have zero surfacé&ead Layer Loss)Apr,
recombination, resulting in 100% internal quantum efficiency particles transiting the 68 SiO, dead layer of the pho-
for EUV, near UV, and visible phOtonS. These Characteristi@édiode lose energy, and this energy loss is assumed here to
also enable detection of incident electrons that can travefs@duce no electron-hole pairs that contribute to the observed
the 60A SiO, dead layer. photodiode currenfpp. The dead layer loss, which equals the

fraction of the incident energy lost in the dead layer, is

lll. RESULTS
«(E) dE
We define the measured responsivity; as Apr = B | s ds 3
Ry = _fep (1) wheredE/ds is the stopping power of the incident particle
Io(Eo/c) in SiO; and the integral oflF'/ds represents the total energy
which utilizes the electron chargeand the measured valuedost by the particle over its pathlength in the dead layer.
Ipp, I, and Ey. Fig. 3 shows the measured responsivity; Since the integral ofiE£/ds is expressed as the average

of the photodiodes derived using the low-energy electron genergy loss per incident electron in the dead layer, the factor
(diamonds) and the SEM (triangles). The measured responsi{£) accounts for backscattered particles that can lose a
ity equals~0.24 A/W at electron energies greater than 20 ke\djfferent amount of energy in the dead layer than the average
and Ry, decreases with decreasitig. energy loss described by the integrald# /ds. For example,
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this can result from electrons backscattered in the depletion 0.3 T
region that transit the dead layer twice or from electrons that L i
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 ‘q"c) -
the dead layer, sa is approximately equal to the dead layer é 02—
thickness. At lower energies, the number of electron scattering % -
events in the dead layer can be largeyscan be much greater 3 i
than the dead layer thickness. 5 i

E |~ | —e— Monte Carlo simulation 7
Q 0.l —1| A Bishop [18] —

B. Backscatter Loss\p —:é - g [‘;"éi‘rtfryic[}}?%o] -

A significant fraction of incident electrons can be backscat- G e e 2] ]
tered from the photodiode. By defining the backscatter coeffi- N O Reimer and Tolkamp [23] i
cientn and the average enerdys of a backscattered electron, 0.0 coand v ronnl 1
we represent the backscatter loss as the fraction of the incident 0.1 1 10 100
energy removed by backscattered electrons as Electron Energy, £, (keV)

UEB Fig. 4. Backscatter coefficient fr_om experime_ntal data (open symbols)
Ap = ——. (4) [18]-[23] and the Monte Carlo simulation (points). Fdéf, > 1 keV,
Eq the simulations agree with the data.

As will be shown in Section IVAg is the most significant

loss mechanism foE, > 1.5 keV. IV. MONTE CARLO SIMULATION
OF THE PHOTODIODE RESPONSE

C. Residual LossAg To model the electron interaction with the photodiode, we

The residual losg\g consists of all other energy losses notS€ @ Monte Carlo simulation [15] that follows individual
included inAp;. or Ap that act to decrease the responsivitﬁleCtrqns as they |nter.act with a solid. The 5|mu.lat|o.n employs
Typically, a significant contribution ta\g is electron-hole a modified Bethe continuous slow-down approximation [.16] to
recombination within or at the boundaries of the active ar&g/culate energy loss and screened Rutherford scattering. We
of the detector. We note that recombination losses forf@nstruct a 60A-thick SiO, layer on a Si substrate and track
the basis of EBIC characterization of semiconductor devicH¥ €nergy lost by incident electrons in the dead layer and
[8]-[10], and quantification of residual losses is crucial fof€Pletion region in addition to the fractiom)(and average
accurate energy measurements of individual high-energy idtRerdy Es) of backscattered electrons. For the sildyer,
and electrons detected with silicon surface-barrier detectdi§ Monte Carlo simulation utilized an average atomic number
[11], [12]. and atomic mass weighted according to the stoichiometry (i.e.,

Recombination of electron-hole pairs created in the deplé-= 10 and an atomic mass af = 20) [17]. Each simulation

tion region can arise from two sources. First, recombinatigionsisted of 18 incident electrons. .
centers in the depletion region or at the Si—Sifterface can  Fig. 4 shows the backscatter coefficient from the photodiode

reduce the photodiode current. However, the photodiodes u§dgicture that was derived using the Monte Carlo simulation.
here are known to have 100% internal quantum efficiendyOr comparison, measured backscatter yields [18]-[23] from
indicating the absence of recombination centers. Second, wklargets are shown as open symbols. The simulation results,
combination can occur from a high-density plasma formett Which 7 ranges from 0.24 at 0.2 keV to 0.16 at 50 keV,
for example, by high-energy ion irradiation, high flux electroggree with the measured values for incident electron energies
bombardment, or a small electric field across the depleti@feater than several keV. At this higher energy range, we
region of the device [9], [11]-[14]. Following a simplified€xpect good agreement with measured backscatter yields since
model derived by Finchet al. [12], which overestimates the dead layer thickness is much less than the projected range
recombination by not considering the expansion of the initigf the electrons, so that most backscattered electrons originate
ionization along the ionization track of the incident particléfom the Si depletion region rather than from the Sidead
we estimate the recombination loss to bex510~* for the layer. .
experimental method and electron energies used in this studyFig. 5 illustrates the ratia’s/Eo, which is the average
This will not be observed within the experimental error of th&action of the incident energy that is carried away by electrons
data. backscattered from the photodiode structure. The variation of
Using the SEM, we observed no statistically significants/Eo with incident energy is small, ranging from approxi-
dependence of?y; on the beam current or beam currentately 0.6 at 0.2 keV to 0.63 at 50 keV.
density of the incident electron beam. We conclude thatUsing (4) with the values of; and Ez/E, derived from
recombination of electron-hole pairs created in the depletitimee Monte Carlo simulations, we obtain the backscatter loss
region is small, sAg can be neglected. We therefore onlyAg, illustrated in Fig. 6, which linearly decreases from 0.16
considerApr, and Ag. 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 Md:rige 7. Enhancement of the measured responsivity compared to that derived

Carlo simulation and normalized to the incident energy, is a slowly increasihlgIng the Monte Carlo simulation |s‘shown as a function of energy. These
function of energy. results indicate that electron-hole pairs created in the dead layer can diffuse

to the depletion region, where they are collected and measured.

1.0 *—o< — T . . . . .
r o ' T Also depicted in Fig. 6 is the total los&g + Apy, that is
B . predicted by the Monte Carlo simulation. FBg > 5 keV, this
< 08| _ total loss equals the backscatter loss. Singet+ Apr, = 1 for
@ - . Ey < 0.3 keV, the responsivity should equal zero according
o = _
S| B ] to (2).
Z 0.6 - —
s . -
o - i
= oal . V. DISCUSSION
s~ . — ]
8 - . We derive the responsivity?s, which corresponds to the
g i ] average electron-hole pair creation energy in Si, by equating
£ 02 b — (2) to the measured values &%, for £, > 20 keV, using the
i o total lossAg+Apy, derived using the Monte Carlo simulation,
L [ N N 4 and assumin@ = 0. We obtaink, = 0.270 A/W for Si. This
0‘001 S '”'1 : '\"‘*“10 —— corresponds to an electron-hole pair creation energy in Si of

ea = 3.71 eV, which agrees well with other values ranging
Electron Energy, £ (keV) from 3.61-3.79 eV that were derived using high-energy alpha
Fig. 6. Beam energy carried away by backscattered electrons (quantifiedz"d;'}d beta part'(j‘les (See_ Wu and Wittry [8] and references
the backscatter loss\g) and energy loss in the dead layer (quantified bgherein). In particular, this agrees closely with an EBIC study

the dead layer losg\|);,) cause the measured responsivity to be less thgnej _ i _ r
Ra = 0.27 A/W, which is based on the average electron-hole pair creatig#\rsmg 20-50 keV electrons that derived = 3.75 eV [8]

energyz s & 3.7 €V in Si. The Monte Carlo simulation predicts no electrons Using (2) with the derived valugty = 0.270 A/VV ar_‘d
traverse the dead layer fdfy < 0.3 keV. the total lossAg + Apr, from the Monte Carlo simulation,

we obtain the modeled responsivity that is shown as the solid

dead layer losg\py,, which corresponds to the fraction of thelme in Fig. 3. Forkp > 1.5 keV the modeled responsivity

o . . . agrees closely with the measured values. However, it clearl
incident beam energy that is lost in the Si@ead layer of the dgviates fromythe measured values & < 1 keV, and for y
photodiode structure. iy '

Th itud t the dead | d back | FEy < 0.3 keV the simulation predicts that no electrons will
€ magmtu es of the dead layer and backscatter l0S3gge; e depletion region which contradicts the measured
are equivalent at 1.5 keV. A¢), decreases below 1.5 keV

i X 'responsivity of>0.05.
Apr rapidly increases and reaches a constant value foRyg yser to quantify the deviation between the measured
Ey < 0.3 keV, at which point no energy is deposited in theng modeled responsivity that is observed at lower energies.
depletion layer. We derivel using (2) withR, = 0.270 A/W, and the losses
The backscatter loss slowly decreases with increasing €9z and Ap;. computed using the Monte Carlo simulation.
ergy, which results from the decreasing backscatter coefficiemhe resulting values df depicted in Fig. 7 show an increase
For Ey > 5 keV, the simulation results show thats > Apr.  in the deviation with increasing energy to a maximum value
and indicate that electrons interact predominantly with tHe= 0.38 at approximately 0.5 keV and a subsequent decrease
depletion region instead of the dead layer. toward a value of® = 0 at 1.5 keV.
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We interpret this enhanced responsivity as diffusion of3] L. R. Canfield, J. Kerner, and R. Korde, “Stability and quantum

electron-hole pairs created in the dead layer to the depletion efficiency performance of silicon photodiode detectors in the far ul-
. h h I . h h . traviolet,” Appl. Opt.,vol. 28, no. 18, pp. 3940-3943, 1989.
region, where they are collected and contribute to the photodjz; r. korde and L. R. Canfield, “Silicon photodiodes with stable, near

ode current. A similar effect has been observed in photodiodes theoretical quantum efficiency in the soft x-ray region,"Hroc. SPIE,

exposed to photons that are strongly absorbed in the SiO gznmcmré}';*:yg;‘dsgt’i?ﬁl“gggic\ilr:r-_ ‘iifz'l%gyp'p'?'i;rgf‘lgg}’s-'AStrOphyS-' and
dead layer [3]. Sincé" is dependent on the depth distribution [} R H. Pehl, F. S. Goulding, D. A. Landis, and M. Lenzlinger, “Accurate

of electron-hole pair production and the diffusion of holes determination of the ionization energy in semiconduction detectors,” in

and electrons into the depletion region, we can qualitatively \?\frrxcﬁ'?g%‘ggtrhg:f'gatpmI‘g‘f gﬁéegof gﬂ‘;si'r‘;‘;‘f" LWE’S%"iVn”dton

discuss the general shape Iofby reasonably assuming that DC: National Acad. Sci., 1969, pp. 19-36.
electrons and holes that enter the depletion region must @ B. D. Wilins, M. J. Fluss, S. B. Kaufman, C. E. Gross, and E. P.

: Lol Steinberg, “Pulse-height defects for heavy ions in a silicon surface-
created in the dead layer close to the Si-Sifterface. For barrier detector,'Nucl. Instrum. Methodsyol. 92, pp. 381-391, 1971.

Eo > 0.5 keV, I' decreases nearly linearly with increasing[7] H. Funaki, M. Mashimo, M. Shimizu, Y. Oguri, and E. Arai, “Pulse
energy and corresponds to less energy deposited in the dead height defect of low energy ions in surface barrier detectorgjel.

. . Instrum. Methods Phys. Res. B)l. 56, pp. 975-977, 1991.
Iayer as the electrons penetrate deeper into the phOtOdIOde. F[ar C. J. Wu and D. B. Wittry, “Investigation of minority-carrier diffusion

Ey < 0.5 keV, the decrease i likely results from energy lengths by electron bombardment of Schottky barrieds Appl. Phys.,
deposited farther from the Si—SjGnterface and closer to the __ Vol- 49, no. 5, pp. 2827-2836, 1978.

. L 9] H.J.Leamy, “Charge collection scanning electron microscogpyAppl.
surface of the window, where recombination may be moré] Phys.,vol. )é& ho. 96, pp. R51-R80, 1932. PyRPP

efficient and the diffusion path of electrons and holes to ttH#o] D. B. Holt, “The conductive mode,” irSEM Microcharacterization
; ; ; of Semi-Conductord). B. Holt and D. C. Joy, Eds. London, U.K.:
depletion region is longer. Academic, 1989, pp. 241-338,
[11] E. P. Steinberg, S. B. Kaufman, B. D. Wilkins, C. E. Cross, and M.
J. Fluss, “Pulse height response characteristics for heavy ions in silicon
VI. CONCLUSION surface-barrier detectors\ucl. Instrum. Methodsjol. 99, pp. 309-320,
. _ 1972.
The response of 100% internal quantum efficiency ph@r; £ C. Finch, M. Asghar, and M. Forte, “Plasma and recombination

todiodes to low-energy electrons has been measured and effects in the fission fragment pulse height defect in a surface barrier

i i ; ; detector,”Nucl. Instrum. Methodsyol. 163, pp. 467-477, 1979.
modeled using a Monte Carlo simulation. By comparing thf::lll%] M. QOgihara, Y. Nagashima, W. Galster, and T. Mikumo, “Systematic

measured responsivity to the modeled responsivity, we deriVe’ measurements of pulse height defects for heavy ions in surface-barrier
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: - : : : 4] E. C. Finch, “Systematic measurements of pulse height defects for heavy
which agrees closely with other studies. The simulation I’ESUHS ions in surface-barrier detectors—A commemyicl. Instrum. Methods,

show removal of beam power by backscattered electrons vol. A257, pp. 381-383, 1987. _ _
is the primary loss mechanism that reduces the measuf&e D. C. Joy,Monte Carlo Modeling for Electron Microscopy and Micro-

. . analysis. New York: Oxford, 1995.
responsivity for energies greater than 1.5 keV, whereas th@] D. C. Joy and S. Luo, “An empirical stopping power relationship for
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