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The radiation ionization energy«p , which is the mean energy expended per electron-hole pair generated in
a given material by an ionizing radiation, is one of the most important parameters governing the properties of
radiation detectors based on this material. Since the advent of semiconductor detectors in the 1950s, a great
deal of experimental and theoretical work has been done to determine values of«p for various crystalline
semiconductors. After some review of the theoretical models proposed for crystalline semiconductors, we
present a detailed study for an amorphous semiconductor. A microscopic Monte Carlo calculation, taking into
account the actual density of states, was performed ina-Si:H to study the energy sharing between ionization
and phonon production during hot carrier thermalization. This simulation yields values from 4.3 to 5.0 eV for
«p for reasonable values of the phonon emission mean free pathlr in a-Si:H. This result is in agreement with
experimental results of about 4.4 eV and are comparable to 3.63 eV in crystalline silicon, despite the larger 1.7-
eV gap.

I. INTRODUCTION

When an energetic ionizing particle enters a condensed
material, it gradually transfers its energy to the material
through numerous interaction events, among which are elec-
tron excitation, ionization, nuclear displacement, and lattice
excitation. At each ionization event, energetic secondary car-
riers are produced, which, in turn, are subjected to the same
processes. A cascade is thus generated in which the number
of free carriers increases as their energy decreases. The car-
rier multiplication stops when none of these have enough
energy to produce further impact ionization. The details of
this cascade are very complex because it involves a large
number of particles and many different physical processes on
a wide energy range. Due to its stochastic nature, each cas-
cade is unique and one is usually mostly concerned with the
average final state, i.e., how the initial energy has been
shared between various physical processes. A detailed ana-
lytic description is very difficult in real cases and Monte
Carlo simulations are best suited to such questions.

The electric signal produced by a semiconductor particle
detector is directly related to these processes. Indeed, in a
usual diode detector, if no charge loss occurs due to trapping
or recombination, the collected charge is equal to the number
of electron-hole pairs produced in the cascade. The charge
output from such a detector has been observed to be directly
proportional, to a high degree of accuracy, to the energy
deposited in the detector by the incident particle. The ratio of
the deposited energy to the number of generated pairs is then
«p , the mean energy expended per electron-hole (e-h) pair,
and is called the radiation ionization energy. Furthermore,«p
has been observed to be fairly independent of the particle
species, being a characteristic of the material only.

Several measurements of«p have been reported for vari-
ous crystalline semiconductors~such as Si, Ge, GaAs, GaP,
InP, CdS, SiC, InSb, and HgI2! at different temperatures.
These indicate that«p is about three to four times larger than
the bandgapEg . The difference between«p andEg is the

average energy lost to nonionizing processes. The observa-
tion that «p is mostly independent of the incident particle
energy from a few timesEg up to many GeV indicates that
its value is totally determined by low-energy processes oc-
curring at the very end of the cascade. In fact, only impact
ionization and phonon production, from a few eV above the
band edge, have to be considered; all nonionizing processes
other than phonon generation playing a negligible role. Some
models have been proposed to explain the roughly linear
relationship between«p and Eg in crystalline semiconduc-
tors. In a few cases, explicit calculations have been made,
taking into account the detailed electronic structure of a
given material, to obtain«p . Some of these models are de-
scribed in Sec. II in order to identify the approach that seems
best suited for the case of hydrogenated amorphous silicon
~a-Si:H!.

Our Monte Carlo simulations are described in detail in
Sec. III. The physical assumptions are discussed first. Then
the electronic density of states~EDOS! used in the calcula-
tions is presented. The expressions for the ionization and
phonon production rates are given and the relative normal-
ization between these rates is discussed. Finally, the simula-
tion algorithm is presented. The results of the simulations,
both for crystalline silicon~c-Si! and hydrogenated amor-
phous silicon~a-Si:H!, are given in Sec. IV. A discussion
follows in Sec. V and conclusions are stated in Sec. VI.

II. PREVIOUS MODELS USED
FOR CRYSTALLINE SEMICONDUCTORS

In this section, we review some theoretical models pro-
posed to explain the observed values of«p in various crys-
talline semiconductors. The main experimental facts that had
to be accounted for were the almost complete independence
of «p on the deposited energy and the more or less linear
relationship betweenEg and «p . This observed linearity
seemed to be valid for all semiconductors as well as for a
given semiconductor when the change inEg was due to a
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change in temperature.1 The independence of«p on the inci-
dent particle energy down to a few eV indicates that only the
interactions of hot carriers near the band edges must be con-
sidered in order to understand the energy sharing between
ionization and phonon scattering. These models fall into
three main categories: some involve the calculation of the
various terms of an energy balance equation while others
attempt a direct calculation of the mean number of pairs
produced by a carrier of a given initial energy. Finally, some
models2,3 consider plasmons as an intermediate step such
that «p depends on\vpl , the plasmon energy; these are es-
pecially useful to account for the relatively low values of«p
in insulators. But since we are only concerned here withc-Si
anda-Si:H, for which materials the plasmon energy is suffi-
ciently larger than the gap, plasmons are not expected to
affect the value of«p and these models will not be consid-
ered further.

A. Models based on the energy balance equation

Energy conservation allows us to write«p5Eg1^EL&,
where^EL& is the mean energy loss to nonionizing processes
for each pair produced. From measurements inc-Si, McKay4

found ^EL&c-Si;2.5 eV. The first detailed description of hot
carrier thermalization was given by Shockley.5 Only two
processes were considered: ionization, characterized by a
mean free pathli , and Raman phonon emission with a mean
free pathlr . According to Shockley, a hot carrier thermal-
izes through these processes until it reaches below the impact
ionization threshold energyEi , where ionization is no longer
possible. When all carriers are belowEi , their populations
are characterized by the average residual energies^EK&e and
^EK&h for electrons and holes, respectively. Shockley writes
the balance equation,

«p5Eg1^EK&e1^EK&h1r\v r , ~1!

wherer5l i /l r is the mean number of Raman phonons pro-
duced between two successive ionization events and is taken
to be energy independent. Assuming parabolic bands, equal
threshold energies for electrons and holes, and uniform final
populations in the Brillouin zone, Shockley finds
^EK&e5^EK&h5

3
5Ei . Using the parametersEi5Eg , r517.5,

and\vr563 meV, Eq.~1! yields «p53.5 eV forc-Si.
Other models differ from the previous one only in the

values of the parameters. For example, Klein6 usesEi5
3
2Eg

as suggested by the latest avalanche data and as expected
from energy and momentum conservation in the simplest
case of a direct gap, parabolic bands with equal effective
masses for electrons and holes, and uniform final carrier dis-
tributions ink space. Klein obtains the result

«p5
14
5 Eg1r\v r . ~2!

Klein noted thatr5l i /l r must be energy dependent and
that r\v r actually represents a weighted average over the
carrier energy distributions. He further observed that this
term seemed fairly independent of the material and that his
expression, with 0.5 eV,r\v r, 1 eV, reasonably repro-
duced all known values of«p whenEg stands for the smallest
gap, whether direct or indirect. But when more precise ex-
perimental values of«p or new materials are considered, this
universality of Klein’s formula is less convincing.7 In par-

ticular, for SiO2 with a gap of 8.5 eV,«p518 eV, much less
than 25 eV as given by the model. In the case ofa-Si:H
whose optical gap is 1.7 eV, Klein’s model predicts«p55.8
eV while our experimental measurement indicates a value
between 3.4 and 4.4 eV,8–11 much closer to thec-Si value
than to the model’s prediction. It is mainly to understand this
low value of«p in a-Si:H as compared with crystalline semi-
conductors of similarEg that the present work was under-
taken.

B. Models based on calculating the interaction rates

Other models involve an analytical calculation or numeri-
cal simulation of the cascade. This requires explicit expres-
sions for the two scattering processes that are of importance
in hot carrier thermalization, namely, ionization and optical-
phonon scattering.

The ionization rateWi (e,h)(E), for electrons or holes in
c-Si, was calculated by Kane,12 using first-order time-
dependent perturbation theory. All allowed transitions, i.e.,E
andk conserving, that promote an electron from the valence
to the conduction band are summed. The transition matrix
elementMif , the expectation value of the Coulomb interac-
tion, is calculated, using the actual silicon band structure.
However, Kane observed that the result is unchanged ifMif
is assumed constant andk conservation is ignored. In other
terms, all energy conserving transitions are equally probable
and the ionization rate is obtained from summing over all
available states. For electrons,

Wie~E!5AieE
EF

E

dE1 g~E1!E
2E

EF
d« g~«!g~E2u«u2E1!,

~3!

whereg denotes the EDOS,E is the incident energy of the
initial electron,« is the energy of the resulting hole,E1 is the
energy of the resulting electron, andAie is a constant factor.
Such a simple expression has been used in many instances to
analyze photoemission data inc-Si as well as in other
materials.13 A similar expression is found forWih~«!, and
Kane found that numerical values ofWie(E) andWih~«!
were virtually identical for energiesE and« at equal distance
from the band edges.

In c-Si, a number of experimental observations, such as
the temperature dependence of the phonon limited mobility
mph ~Ref. 14! and the saturation velocity at high electric
field,15 are explained by invoking hot electron interaction
with energetic phonons only. Moreover, at room tempera-
ture, phonon absorption may be neglected. Considering only
Raman phonon~\vr! emission, the scattering rate is

Wre~E!5Areg~E2\v r !. ~4!

1. Drummond and Moll’s model

Drummond and Moll16 numerically calculated the various
terms of Shockley’s energy balance equation for the case of
c-Si. To do so, they wrote recursion relations for the prob-
ability Pm(E) that an electron of initial energyE produce an
electron-hole pair after exactlym phonon scattering events,

P0~E!5
Wi~E!

Wi~E!1Wr~E!
, ~5!
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Pm~E!5~12P0!•••~12Pm21!

3
Wi~E2m\v r !

Wi~E2m\v r !1Wr~E2m\v r !
, ~6!

which involve the energy dependent rates of ionization
Wi(E) and of phonon scatteringWr(E). Similar expressions
are found for hot holes. The average energy loss to phonons
between two ionization eventŝEr& (e,h) is given by the ex-
pectation value ofm, i.e., ^Er& (e,h)5^m& (e,h)\v r . The en-
ergy distributions of carriers that are no longer capable of
ionization are then computed by a Monte Carlo simulation.
Their mean values yield̂EK& (e,h) . These distributions are
found to be nonuniform in the Brillouin zone, thus indicating
that previous models were oversimplified. The authors used
the following simple expressions for the interaction rates:

Wi ~e,h!~E!5Ai ~e,h!uE2Egu4.2, uEu.Eg ~7!

Wr ~e,h!~E!5const, uEu.Eg , ~8!

where the electron or hole energyE is measured from the
band edge. Wi (e,h)(E) closely fits the rates that had been
calculated by Kane13 and the approximation of a constant
value forWr (e,h)(E) is justified at least for energies more
than 2 eV from the band edge. Of particular importance is
the relative normalization of these rates. From photoemission
data,17 Drummond and Moll find a normalization
r (E)5Wre(E)/Wie(E)52.18 at 5 eV above the conduction-
band edge. This yields«p54.24 eV forc-Si. Noting that the
calculated rates and the normalization may not be accurate,
they indicate that a normalizationr (E)50.6 at 5 eV above
EC ~whereC is conduction band! would be needed to yield
«pc-Si

53.6 eV.

2. Calculation of the mean number of pairs produced

Instead of expressing the ionization energy«p as a sum of
terms in an energy balance equation, another approach is to
calculate directly, from the ionization and scattering rates,
the average number of pairsnp(E) produced by an initial
carrier of energyE. The ionization energy is then obtained
from its definition,

«p5
E

np~E!
. ~9!

Since the interaction ratesWi andWr are constrained by the
requirement of energy conservation, both methods should
yield similar results. Antoncˇik, Di Cola, and Farese18 showed
that these rates obey integro-differential equations. But solv-
ing these equations to extractnp(E) requires explicit expres-
sions for the rates over a broad energy range and results were
given only for a few extremely simplified band models. Re-
sults indicate thatnp rises steeply from 0 to 1 slightly above
Ei and increases almost linearly above;3Eg . This shows
striking resemblance with quantum yield measurements in
Ge ~Ref. 19! and Si ~Ref. 20!. In both cases, the slope of
h(E) above a few eV is found to provide the same value of
«p as that obtained with high-energy particles, thus indicat-
ing that«p is determined only by low-energy processes.

Using a slightly different approach, Alig, Bloom, and
Struck8 found recursion relations forpn(E), the probability

that a carrier of energyE producen pairs. The mean number
of pairs ^np(E)& is then simplySnpn(E), the expectation
value of n, and is observed to depend only slightly on the
threshold energyEi with interaction rates calculated for para-
bolic and isotropic bands. Inc-Si, using the normalization
Wr /Wi51.6 at 5 eV aboveEC , compatible with measure-
ments from Bartelink, Moll, and Meyer,17 they find«p53.6
eV.

C. Conclusions

The various models by Shockley, Klein, and others, based
on the energy balance, appear to provide only approximate
results for«p and it is not surprising that they may fail for
new materials and especially for amorphous semiconductors
as a-Si:H. First, the hypothesis of uniform distributions of
residual kinetic energies in the Brillouin zone, for crystalline
materials, is contradicted by calculations by Drummond and
Moll. Second, ionization threshold energies cannot be de-
fined in amorphous semiconductors. Finally, the constant
value of ther\v r term in Klein’s formula@Eq. ~2!# that is
used to predict«p for a given material has no physical basis.
The discrepancy between our experimental value of«p be-
tween 3.4 and 4.4 eV~Refs. 8–11! and the value of 5.8 eV
from Klein’s formula in a-Si:H is then less surprising. To
understand the low value of«p in a-Si:H, we must proceed
with a detailed Monte Carlo simulation of hot carrier ther-
malization, using realistic descriptions of the ionization and
phonon-scattering rates.

III. MONTE CARLO

Our calculation of«p follows the same lines that were
introduced by Drummond and Moll and in which many cas-
cades produced by initial carriers with a given energy distri-
bution are generated by a Monte Carlo simulation.«p is
obtained from the slope of the average number of pairs pro-
duced as a function of the initial energy. We first describe the
principles of the simulation. The electronic density of states
used to calculate the ionization rate is then presented. Next,
the interaction rates and their relative normalization are dis-
cussed. Finally the Monte Carlo algorithm is described. The
results of the simulations are presented in Sec. IV.

A. General principles of the simulation

1. Initial carrier distributions

Before a cascade may be generated, the initial distribu-
tions of energetic carriers,Se(E) andSh~«!, must be given.
Two types of distributions have been considered. First, a
d-type distribution is used, in which carriers of one type only
~electrons or holes! are injected at a constant initial energy.
When many cascades have been simulated for a given initial
energyE, the energy is increased and new events are gener-
ated. The number of generated pairs is then found to increase
linearly with E above a few eV and«p is given by

1

«p
5

]np
]E

. ~10!

Second, in order to study the yield for UV light, initial dis-
tributions due to the absorption of photons of energyEg are
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calculated. The initial number of electrons and holes are then
equal,Ne5Nh5Ng , and their distributions are determined
by the requirement of energy conservation~Eg5E1u«u! and
the absorption probability by an electron at energy« in the
valence band,

a~«,Eg!}g~«! f ~«!g~«1Eg!@12 f ~«1Eg!#. ~11!

Many events are thus generated for initial distributions cor-
responding to several photon energies. The functionnp(Eg)
is again linear above a few eV and«p is obtained from

1

«p
5

]np
]~Eg!

. ~12!

In previous studies of signal generation in crystalline
semiconductors, electron and hole energies were usually re-
ferred from their respective band edge. Fora-Si:H where
there is a continuum of states extending into the mobility
gap, bothE and « are measured from the Fermi levelEF ;
electrons are given positive energies while holes have nega-
tive energies.

2. Cascade generation

Hot carriers undergo a sequence of ionization and scatter-
ing events that is determined by the interaction probabilities.
For an electron of energyE, the probabilityP0e(E) that the
next event be ionization is given by Eq.~5! and the probabil-
ity that the next event be phonon emission is

Pre~E!512P0e~E!. ~13!

When phonon emission occurs, the carrier energy is reduced
to E2\v r . In the case of ionization, the final state consists
of two electrons and one hole of energiesE1, E2, and «,
respectively.

The carrier populations will thus increase until ionization
is no longer possible. For ideal crystalline materials with a
gap of zero state density, there is a well-defined ionization
threshold but for amorphous semiconductors where there is a
non-negligible density of localized states in the mobility gap,
ionization due to a transition between extended and localized
states is possible. This means that, allowing sufficient time,
all carriers will fall into the localized states. Since we want to
determine the number of free carriers initially produced by

an incident radiation prior to charge collection, we must here
distinguish between prompt processes, which are fast com-
pared to charge collection, from other processes occurring on
longer time scales. Among these, the ‘‘slow’’ thermalization
of carriers, a fewkT above the band edge, and thermal de-
trapping are the basic processes leading to multitrapping dis-
persive transport.21 A line is then drawn, somewhat arbi-
trarily, between these two regimes by considering in our
simulation that transitions from extended to localized states
due to phonon emission and transitions between two local-
ized states are forbidden. The cascade will then stop when all
carriers are at or below the band edge and the simulation will
provide the average number of carriers and their distributions
at the end of the ‘‘prompt’’ processes.

B. Electronic density of states ina-Si:H

An accurate description of the EDOS of a material is es-
sential for a realistic calculation of the scattering rates. Since
various parts of the EDOS are probed by rather different
techniques, a unified description from220 to 120 eV has
been drawn from many sources.17,22–33The Fermi levelEF
lies 4.4 eV below the vacuum.17 With respect toEF , the
conduction-band~CB! edge EC is at 0.75 eV and the
valence-band~VB! edgeEV , at20.95 eV.

The VB shows two main structures approximately Gauss-
ian in shape; the first peak due to 3p electrons is centered
around23 eV with a width of about 3 eV.25,26,28The second
peak at27.5 eV is wider~;8 eV!; considering this peak as
originating from 3s electrons,25 both peaks present an inte-
gral of two states per atom, i.e., 8.631022 cm23. In hydroge-
nated material, states appear around26.3 and211 eV due
to SiH, Si2H, and Si3H bonds25 but their overall effect is
weak and they are not considered here. The CB has little
structure and presents a constant EDOS above 2.22 eV.28,33

Both bands are considered parabolic near their edges.27,30

The localized states are described by exponential tails of
characteristic energieskTc of 50 and 27 meV for the
valence- and conduction-band tails, respectively31,32 plus a
Gaussian distribution of deep states at20.25 eV.23

These various structures are normalized and adjusted to
provide a continuous EDOS. The result is presented in Fig. 1
with the details of the localized states shown in Fig. 2. In the
following expressions,E is in eV andg(E) in eV21 cm23:

g~E!51022expF2
~E17.5!2

23.53 G12.6831022expF2
~E12.9!2

3.28 G , E<22.0 ~14!

2.2831022A2E20.92, 22.0,E,20.95

431021expF2E20.95

0.050 G11016expF2
~E10.25!2

0.045 G1431021expFE20.75

0.027 G , 20.95<E<0.75

2.2831022AE20.72, 0.75,E,2.22

2.7931022, E>2.22.
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C. Ionization rates

We first write, for an electron of incident energyE, the
rate of ionization of an electron in the valence band, leaving
two resulting electrons at energiesE1 andE2 in the conduc-
tion band and a hole at energy« in the valence band. From
Fermi’s golden rule,

n~E,E1 ,E2 ,«!dE1 dE2 d«

5Aieg~E1!@12 f ~E1!#g~E2!@12 f ~E2!#g~«! f ~«!

3d~E2E12E22u«u!dE1 dE2 d«, ~15!

where the matrix elementAie is supposed to be energy
independent.16 Due to energy conservation, the final state is
uniquely defined by the energies of two of the final carriers,
sayE1 andE2. Moreover, the rate is zero for bothE2 and«
lying into the mobility gap since we excluded transitions
between two localized states~cf. Sec. III A!. Integrating over
allowed values ofE2 and «, the rate of ionization by an
electron of energyE, leaving one of the resulting electrons
betweenE1 andE11dE1 , is obtained:

n~E,E1!dE15Aieg~E1!@12 f ~E1!#dE1

3E
VB
d« g~«! f ~«!g~E2E12u«u!

3@12 f ~E2E12u«u!#. ~16!

A similar expression is found forp(«,«1)d«1 due to holes of
energy«. Plots ofn(E,E1)dE1 andp(«,«1)d«1 , calculated
with thea-Si:H EDOS presented in the previous section, are
shown in Fig. 3 for different initial energies of electrons and
holes. Note that the integral of the final carrier distribution
increases with the incident energy since the total number of
available final states increases. New integrations overE1 or
«1 yield the total ionization ratesWie(E) andWih~«!:

Wie~E!5AieE
EF

E

dE1 g~E1!@12 f ~E1!#E
2E

EF
d«

3g~«! f ~«!g~E2E12u«u!@12 f ~E2E12u«u!#,

~17!

Wih~«!5AihE
«

EF
d«1 g~«1! f ~«1!E

EF

u«u
dE g~E!

3@12 f ~E!#g~«1E2«1! f ~«1E2«1!,

~18!

where the integrations are performed over all energetically
available states, both localized and extended, of the respec-
tive bands with the above-mentioned constraint.

1. Ionization rates in c-Si

Let us first calculateWie(E) for the simple case of pure
parabolic bands with a gap of 1.1 eV as an approximation of
c-Si. Figure 4 presents our calculation and the parametric
equation~7! used by Drummond and Moll,16 compared with
Kane’s more exact calculation.12 All curves have been nor-
malized to the same reference energy of 5.56 eV, i.e., 5 eV
aboveEC . The rate derived from parabolic bands is in ex-
cellent agreement with Kane’s result below 2 eV and above 5
eV. However,Wi(E) is overestimated by a factor of 1.5 to 2
between 2.5 and 4 eV. The parametric equation~7! gives
excellent results in the range of 2.5–6 eV but underestimates
the ionization rate by a factor of 5 below 2 eV and overes-
timates it by 30% above 6 eV.

2. Ionization rates in a-Si:H

The electron ionization rateWie(E) in a-Si:H is calcu-
lated with Eq.~17! using our realistic EDOS@Eq. ~14!#. The
result is shown in Fig. 4, compared with results inc-Si, all
normalized at 5.56 eV aboveEF . Our curve ina-Si:H and
Kane’s results inc-Si are identical above 4 eV where the
ionization rate becomes less sensitive to the EDOS,c-Si and
a-Si:H then appearing as similar materials far from the band
edge; at lower energy, the ionization rate is significantly less
in a-Si:H due to its wider band gap. We thus takeWie and
the ionization mean free pathlie in a-Si:H as equal to the

FIG. 1. Density of electronic states, showing the main features
of the valence and conduction bands.

FIG. 2. Details of the density of states betweenEV andEC . In
the text,EF is taken as the origin.
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c-Si values at the calibration point, i.e., 5 eV aboveEC .
Similar results are found for holes.

D. Phonon emission rates ina-Si:H

Since the electron-phonon coupling in a crystalline mate-
rial is maximum for high-frequency phonons, all previous
studies of«p in crystals have only considered the emission of
Raman phonons of energy\vr as the nonionizing energy-
loss mechanism for hot carriers. Inc-Si, \vr563 meV.

The vibrational densities of states~VDOS’s! of c-Si and
a-Si:H have been compared by Kamitakaharaet al.35 While
the VDOS in a-Si:H understandably does not present the
well-defined discontinuities associated with critical points, it
nevertheless shows a clear resemblance to its crystalline
counterpart. In particular, a broad peak ina-Si:H centered at
60 meV corresponds to the narrow peak at 60 meV due to
TO phonons inc-Si. We then conclude that phonon scatter-
ing of hot carriers ina-Si:H can be realistically described by
the emission of high-energy phonons of 60 meV only. As-
suming an energy-independent coupling, as inc-Si, Fermi’s
golden rule yields scattering rates that only depend on the
available EDOS of states at the carrier’s final energy,

Wre~E!5Areg~E2\v r !@12 f ~E2\v r !#, ~19!

Wrh~«!5Arhg~«1\v r ! f ~«1\v r !, ~20!

with Are andArh constant. Figure 5 shows the energy depen-
dence ofWre andWrh in a-Si:H.

Phonon emission mean free paths in a-Si:H

The mean free pathlr for the emission of a phonon of
energy\vr is simply the mean distance a carrier must travel
to transfer the energy\vr to the network through electron-
phonon interactions. Since no measured value oflr in
a-Si:H was available, we attempted a measurement of pho-
tocurrent multiplication inp- i -n diodes optimized to with-
stand high reverse biases.11,35 The p- i or n- i interface was
illuminated with 632 nm light from a HeNe laser with an
absorption length of 0.5–1mm, which is short enough com-
pared to the 3–15-mm i layer but long enough to reach
through the 30- and 500-nm doped layers. The beam was
mechanically strobed at 250 Hz and the signal was fed into a
lock-in amplifier to extract the photocurrent from the leakage
current. The setup was tested with ac-Si avalanche photodi-
ode ~RCA C30817! and multiplication was observed above
100 V. Figure 6 shows the photocurrents observed in a 4-mm
a-Si:H diode. The increase in the photocurrent below 50 V is
due to the buildup or the depletion layer from thep- i to the
n- i interface. No multiplication is observed in this sample up
to electric fields of 5.53105 V/cm. The highest field that
could be reached was 6.93105 V/cm on a 5.6-mm diode.
Still, no multiplication could be seen above the leakage cur-
rent fluctuations of 10% near the breakdown voltage. This
results in a multiplication coefficient lower limit ofM (F)
,1.1 at 6.93105 V/cm.

When Baraff’s theory of secondary ionization36 is used to
extractlr from the field dependence ofM (F) in c-Si, values
from 50 to 70 Å are reported depending upon whether ion-
ization threshold energies,Ei5Eg or Ei5

3
2Eg are used.37

Using the same procedure, our measurement leads to upper

FIG. 3. Curves ofn(E,E1)dE1 andp(«,«1)d«1 in a-Si:H for
various values of the initial energiesE and«.

FIG. 4. Calculated ionization rates for electrons inc-Si and
a-Si:H. The c-Si data for pure parabolic bands are presented to-
gether with Drummond and Moll’s empirical equation~Ref. 16! and
Kane’s results~Ref. 12!. All curves are normalized at 5.56 eV.

FIG. 5. Ionization and phonon emission rates for holes~negative
energies! and electrons~positive energies! in a-Si:H. The relative
normalizations between the phonon and ionization rates are arbi-
trarily set tor51 at 5.56 eV fromEF for both electrons and holes.
The normalization between the electron- and hole-scattering rates is
arbitrary.
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limits of 17 or 22 Å ina-Si:H. In both cases, the upper limit
in a-Si:H is a factor of 3 less thanlr in c-Si. We note that
our upper limit is similar to the value of 10–20 Å
measured38,39in another amorphous semiconductor,a-Se, for
which multiplication has been observed at fields of 106

V/cm, just above the highest field reached ina-Si:H.

E. Relative normalization of ionization
and phonon emission rates

For our simulation, only the ratiosAre/Aie andArh/Aih
are needed in order to normalize the ionization and phonon
emission rates shown in Fig. 5. For electrons, we define the
parameterr as the value of the ratio between the interaction
rates atE55.56 eV, which is the same normalization energy
used by Drummond and Moll:16

r5r e~E55.56 eV!5
Wre~5.56 eV!

Wie~5.56 eV!
5

l ie~5.56 eV!

l re~5.56 eV!
,

~21!

from which the ratioAre/Aie may be determined. Since no
normalization value is known for holes, we use the same
ratio between the proportionality constants as for electrons,
i.e., Arh/Aih5Are/Aie . To ensure that this particular choice
does not significantly affect the result of the simulation, tests
with different values ofArh/Aih will serve to measure the
sensitivity of«p on this parameter.

As mentioned in Secs. III C and III D, it is assumed that
li~5.56 eV! is identical inc-Si anda-Si:H and thatl r a-Si:H
, 1

3l r c-Si
near the band edge. For the purpose of the calcula-

tion, the upper limit of13l r c-Si
is used and the hypothesis is

made that this factor of13 measured near the band edge holds
at 5.56 eV such thatr a-Si:H*3r c-Si.

Despite the valuer c-Si53.2 measured by Bartelinket al.17

and due to different simplifying hypotheses in their models,
Drummond and Moll had to user c-Si50.6 to find «p53.6
eV.16 Instead of deriving our value ofr a-Si:H from an arbi-
trarily chosen value ofr c-Si , we first use our Monte Carlo in
c-Si to find the value ofr c-Si that will yield «pc-Si

53.63 eV.

We then take 3 times thisr c-Si as our ‘‘standard’’ value of

r a-Si:H ; this is actually a lower limit and simulations will be
made with different values ofr a-Si:H around this ‘‘standard’’
one ~cf. Sec. IV!.

F. Monte Carlo algorithm

Before running the Monte Carlo simulation, the interac-
tion rates are calculated for the material’s DOS from Eqs.
~17!–~20!. The ionization and phonon emission rates for
each type of carrier are then normalized with some input
value of the parameterr discussed in the last section. The
ionization probabilitiesP0(e,h)(E) are then evaluated~Eq.
~5!! for energies in the range215 to119 eV, relative toEF ,
in steps ofDE50.01 eV for uEu,3 eV where the rates
change more rapidly,DE50.05 eV for 3 eV,uEu,5 eV and
DE51 eV for uEu.5 eV. It has been checked that using
small stepsDE50.01 eV over the whole energy range would
not improve the accuracy. During the simulation, the same
energy range is discretized in equalDE50.01 eV intervals
and the electron and hole distributions are stored in two long
vectors, the elements of which record the number of elec-
trons or holes in the intervalDE. The carrier energy is then
reduced by six energy steps at each phonon emission event.
Before the simulation, these vectors are loaded with some
initial populations:

Ne~Ei !5NeSe~Ei !DE, i51,n

Nh~« j !5NhSh~« j !D«, j51,p, ~22!

wherei ( j ) is the electron~hole! vector element index,n (p)
is the number of electron~hole! elements in the vector,Ne
andNh are the total number of injected carriers of each type,
and Se(E) and Sh~«! are their normalized energy distribu-
tions. In a typical simulation, the initial number of carriers is
about 100. The total injected energy is

Etot5(
i51

n

EiNe~Ei !1(
j51

p

« jNh~« j !. ~23!

From this starting point, the simulation proceeds accord-
ing to the following algorithm. We first start with the elec-
tron in the highest occupied energy bin and calculate its ion-
ization probability from a Lagrange interpolation of order 5
on the previously calculated values ofP0e(E). A random
numberR, uniformly distributed between 0 and 1, is then
drawn to select the next interaction event, which is ionization
if R,P0e(E) and phonon emission otherwise. In a phonon
event,Ne(E) is reduced by 1 whileNe(E2\v r) is incre-
mented and the amount\vr is added toEre , the total phonon
energy loss for electrons. For an ionization event, the final
state, made of one hole at« and two electrons atE1 andE2,
is randomly selected according to a probability that is pro-
portional to Eq.~15!. The calculation of Eq.~15! for all
allowed final states that are determined byE1 andE2 and the
random selection ofE1 andE2 is the most time consuming
part of the simulation.Ne(E) is then decremented while
Ne(E1!, Ne(E2!, andNh~«! are incremented; one electron-
hole pair has thus been added to the cascade.

The next carrier to be considered is again the highest-
lying electron; all electrons are thus processed until no more

FIG. 6. Measured photocurrents for electrons and holes.
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electrons are found aboveEC1\v r . The same procedure is
then applied to holes until all holes belowEV2\v r are con-
sumed. We then go back to electrons that may have been
produced by holes and so forth until all carriers are within
\vr of the mobility gap. Since ionization between two local-
ized states is excluded, the cascade is then over and the simu-
lation is stopped. The final distributions and the values ofEre
andErh are then available. It is easily verified thatNe andNh
have been increased by the same amountnp and that the
energy has been conserved, i.e.,

Etot5(
i51

n

EiNe~Ei !1(
j51

p

« jNh~« j !1Ere1Erh . ~24!

IV. RESULTS

A. c-Si

Simulations have been made inc-Si for three main rea-
sons: ~1! to test our algorithm with the simple model used
by Drummond and Moll in an attempt to reproduce their
results,~2! to improve results inc-Si by using somewhat
more realistic interaction rates, and~3! to find a realistic
value of r that would yield«p53.63 eV inc-Si from which
our ‘‘standard’’ value ofr a-Si:H will be determined.

The first simulation is made with the interaction rates
used by Drummond and Moll.Wi(E) is given by Eq.~7!,
which is in good agreement with Kane’s calculations, and
Wr is taken as constant; interaction rates are the same for
electrons and holes. Figure 7 shows curves ofnp(E), the
number of pairs produced by electrons of initial energyE,
for values ofr from 0.1 to 10. Curves for holes are identical.
Above a few eV,np(E) increases linearly withE such that
«p becomes independent ofE as expected. Figure 8 shows«p
as a function ofr from these simulations~3!. Drummond
and Moll’s values forr50.6 andr52.18 are also shown~* !.
It is indeed observed that, within the Monte Carlo statistical
fluctuations, Drummond and Moll’s results are reproduced
by our simulations. But the low valuer50.6 that must be
used to reproduce«p shows that the assumption of constant
phonon scattering rates is not realistic.

Simulations are now made for pure parabolic bands. Here
again,Wi (e,h)(E) is well described by Eq.~7! butWr (e,h)(E)
is proportional toAuEu20.56 eV2\v r and decreases near
the band edges. As a consequence, the energy loss to
phonons and, therefore,«p are expected to decrease for a
given value ofr . Indeed, results presented in Fig. 8~1!
indicate that«p is now significantly lower forr.1. At
r52.18,«p54 eV in better agreement with the experimental
result than previously found.«p53.63 eV is now obtained
with r51.35, a more acceptable value thanr50.6. These
results demonstrate the procedure’s validity and we now pro-
ceed with simulations ina-Si:H.

B. a-Si:H

The interaction rates used ina-Si:H were calculated with
Eqs.~17!–~20! with the DOS given by Eq.~14!. Simulations

FIG. 7. Number of pairs produced by hot electrons inc-Si cal-
culated from interaction rates given by Drummond and Moll~Ref.
16! for various values of the normalizationr . FIG. 8. Values of«p in c-Si as a function ofr . ~* ! are results

given by Drummond and Moll~Ref. 16!, ~3! are results from this
work using the same interaction rates as Ref. 16, and~1! are results
obtained from a parabolic band model.

FIG. 9. Number of pairs produced by hot carriers ina-Si:H for
various values of the normalizationr .
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are first generated starting with monoenergetic carrier distri-
butions for several values ofr . Curves ofnp(E) are shown in
Fig. 9; curves for electrons and holes look very similar. Al-
though no ionization threshold energy was imposed, some
effective threshold is clearly observed at about 2.5 eV, i.e.,
about 1.5Eg . Above 5 eV,np(E) is almost linear with varia-
tions from linearity that could be statistical. Figure 10 shows
values of«p for monoenergetic electrons as a function ofr
~1!; values for holes are almost identical. Our ‘‘standard’’
valuer a-Si:H53r c-Si54 yields«p54.6 eV, somewhat higher
than our experimental value of about 4 eV.9–12 r53 would
give «p;4.4 eV, the upper experimental limit.

In addition to simulations of monoenergetic carriers, ini-
tial carrier distributions produced by the absorption of UV
photons have been calculated according to Eq.~11! to evalu-
ate the optical quantum efficiencyh~Eg! in a-Si:H. Figure 11
shows initial carrier distributions for 5- and 10-eV photons
and Fig. 12 presents curves ofh~Eg! for three values ofr .
Values of«p obtained from these curves~3 in Fig. 10! are

almost identical to those previously found, indicating that«p
is quite insensitive to the details of the initial distributions.
Other simulations made with ratiosAr /Ai that were five
times larger for holes than for electrons~* in Fig. 10! indi-
cate that shorter mean free paths for holes would cause«p to
increase only slightly.

An important goal of the simulations was to assess the
effect of the intragap states of amorphous semiconductors on
the value of«p . Compared with crystalline semiconductors,
ionization is now possible for carriers below the ionization
threshold of a crystalline semiconductor with the same gap
since transitions are now allowed toward final states in
which, out of the three carriers, one or two have been created
in the gap. This would increase the number of ionization

FIG. 10. Values of«p in a-Si:H as a function ofr due to mo-
noenergetic initial electrons~1!, initial energy distributions pro-
duced by photons~3! and with a fivefold increase of the phonon
generation rate by holesArh/Aih55Are/Aie ~* !.

FIG. 11. Initial energy distributions of hot carriers produced in
a-Si:H by the absorption of photons of 5 and 10 eV as calculated
from Eq. ~11!.

FIG. 12. Quantum efficiency ina-Si:H as a function of the
photon’s energy for three values ofr .

FIG. 13. Fraction of carriers that are produced directly in the
localized states by an ionization event.
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events but some of the carriers could remain in the localized
states40 and not contribute to the signal. Some of these car-
riers could nevertheless take part in the signal through ther-
mal reemission or field-assisted detrapping. The effective«p
could then increase with the applied electric field, possibly
following Onsager’s theory of geminate recombination41 as
was suggested by our measurements9,42and measurements of
photogeneration ina-Si:H by Carasco and Spear.43 Figure 13
shows the fraction of the carriers in the gap states at the end
of a cascade produced by 10-eV photons as a function ofr .
For reasonable values ofr , less than 1% of the final popula-
tions are in the gap andr should be lowered by many orders
of magnitude before this fraction becomes significant.
Clearly, these simulations indicate that the intragap states
play a negligible role in the cascade process. Although some
carriers are created in the gap, the process is infrequent be-
causeWi , though nonzero, decreases steeply near the band
edge andWr is soon completely dominant. The density of
states in the gap could be increased by orders of magnitude
before this process would play any significant role.

V. DISCUSSION

This Monte Carlo has been developed to perform a de-
tailed simulation of hot carrier thermalization inc-Si and
a-Si:H in order to understand the surprisingly low value of
«p in the range 3.4–4.4 eV measured ina-Si:H. Although the
actual simulations may require long calculations, the model
is conceptually simple and could be applied to any semicon-
ductor or insulator by introducing the proper EDOS. From a
given EDOS, the energy dependence of ionization and pho-
non emission rates,Wi and Wr , are calculated in the
random-k approximation, which has been shown to be justi-
fied by Kane.12 The model also requires that the relative
value of r5Wr /Wi be known at some energy to normalize
these rates.

One of the main results of the simulations, which is valid
in c-Si anda-Si:H, is that«p is independent of the carrier’s
initial energy as long as this energy is a few eV above the
band edge, a fact that was also observed by Drummond and
Moll.16 This clearly shows that«p is determined by thermal-
ization processes at the very end of the cascade, in agreement
with the well-known experimental fact that«p is independent
of the energy from a few eV up to many GeV. Another
important result is that«p varies slowly withr ~Figs. 8 and
10!; in the region of interest, the dependence is approxi-
mately logarithmic instead of linear. It is also observed that
«p is somewhat sensitive to the details of the EDOS and not
only to Eg . These last two observations contradict the main
hypotheses of models based on simple arguments of energy
balance developed by Shockley,5 Klein,6 and others.

Simulations performed inc-Si provide results which are
identical to those of Drummond and Moll16 when the same
interaction rates are used~Fig. 8! although our calculation
spans a much broader range of the parameterr . With rates
derived from parabolic bands and that allowWr to decrease
near the band edge,«p53.63 eV is found inc-Si with a
normalizationr51.35 in better agreement with photoemis-
sion data thanr50.6, necessary with the rates used by
Drummond and Moll. The discrepancy with the actual value

r52.18 could be due to some simplification of the model as
the use of pure parabolic bands, the constant matrix elements
Ai andAr or the random-k approach.

The same algorithm is then used ina-Si:H using the
EDOS from Eq.~14!. A value ofr somewhat more than three
times larger than inc-Si is used to account for the absence of
multiplication in oura-Si:H p- i -n diodes under high reverse
bias. A valuer a-Si:H'4 would then lead to«p'4.6 eV in
reasonable agreement with our measurements. From Fig. 10,
our experimental range would translate into a range ofr
from 0.1 to 4. Valuesr,3 are excluded from our photocur-
rent measurements. Values of«p above 4.4 eV must be re-
jected since this is an absolute limit corresponding to the
highest amount of collected charge actually measured in our
detectors. A resultr'3, yielding «p'4.4 eV would then
seem reasonable while values of«p'5.8 eV predicted by
Klein’s model and of«p56 eV measured by Kaplanet al.44

are excluded. While it could be argued that our measure-
ments ina-Si:H detectors at high field underestimate«p due
to signal multiplication, this is refuted by the fact that no
multiplication could be observed during dedicated photocur-
rent measurements. It then seems more probable that insuf-
ficient collection efficiency would have led to overestimated
values of«p in Ref. 44, the agreement with Klein’s model
being fortuitous.

The small difference between«p in c-Si and a-Si:H,
despite much larger values ofEg and r in a-Si:H, and the
discrepancy with Klein’s model6 is explained by the fact that
«p is found to increase slowly withr , almost logarithmically,
instead of linearly as assumed in Klein’s and other simple
models.5,6 Also, since the avalanche probability at high field
decreases exponentially withr ,36 materials in which little or
no multiplication is observed can still exhibit reasonably low
values of«p .

From the energy distribution of carriers at the end of the
thermalization process, it is found that very few carriers are
produced in the localized states by ionization events, indicat-
ing that possible extraction of these carriers by the external
field before geminate recombination could not lead to a field-
dependent value of«p . This contradicts one of our earlier
hypotheses9,43 proposed to explain the observed field-
dependent collection efficiency. Two other possible effects,
namely, fast recombination of carriers from neighboring
pairs and monomolecular recombination, are still possible in
the very high carrier density track produced by an ionizing
particle.11,42

VI. CONCLUSION

The model presented here answered many of our interro-
gations concerning the process of pair creation by energetic
particles in a-Si:H and c-Si. Monte Carlo simulations in
c-Si, using interaction rates derived from parabolic bands
that allowWr to decrease near the band edge, provided im-
provement over similar calculations made by Drummond and
Moll.16 Similar simulations ina-Si:H have reproduced our
experimental value of«p and explained why«p in a-Si:H is
lower than was first expected from simple models. From the
simulated final carrier distributions, the Onsager effect is not
expected to contribute to the observed field-dependent
charge collection efficiency ina-Si:H.
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This work constitutes a detailed analysis of pair creation
by energetic ionizing particles in an amorphous semiconduc-
tor. But despite the results achieved, some questions remain
unanswered. First, uncertainties over the value ofr in a-Si:H
should be resolved. Also, the discrepancy betweenr51.35
which must be used inc-Si and the actual value ofr52.18 is
taken as an indication that the model could be improved. In
particular, the energy dependence ofAi and Ar should be
considered.
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