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Radiation ionization energy in a-Si:H
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The radiation ionization energsy, , 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 valegsfaf 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 performest8i: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
g, for reasonable values of the phonon emission mean freehpatha-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.

[. INTRODUCTION average energy lost to nonionizing processes. The observa-
tion thate, is mostly independent of the incident particle
When an energetic ionizing particle enters a condenseénergy from a few time&, up to many GeV indicates that
material, it gradually transfers its energy to the materialits value is totally determined by low-energy processes oc-
through numerous interaction events, among which are elegurring at the very end of the cascade. In fact, only impact
tron excitation, ionization, nuclear displacement, and latticdonization and phonon production, from a few eV above the
excitation. At each ionization event, energetic secondary caf?and edge, have to be considered; all nonionizing processes
riers are produced, which, in turn, are subjected to the sanf@ther than phonon generation playing a negligible role. Some
processes. A cascade is thus generated in which the numb&odels have been proposed to explain the roughly linear
of free carriers increases as their energy decreases. The cé@lationship betweem, and E, in crystalline semiconduc-
rier mu|tip|icati0n Stops when none of these have enougﬁors. In a feW cases, eXp|ICIt Ca|CU|atI0nS haVe been made,
energy to produce further impact ionization. The details oftaking into account the detailed electronic structure of a
this cascade are very complex because it involves a largdiven material, to obtair,. Some of these models are de-
number of particles and many different physical processes ofctibed in Sec. Il in order to identify the approach that seems
a wide energy range. Due to its stochastic nature, each caBest suited for the case of hydrogenated amorphous silicon
cade is unique and one is usually mostly concerned with théa-Si:H).
average final state, i.e., how the initial energy has been Our Monte Carlo simulations are described in detail in
shared between various physical processes. A detailed angec. ll. The physical assumptions are discussed first. Then
lytic description is very difficult in real cases and Monte the electronic density of stat¢EDOS used in the calcula-
Car|0 Simu|ati0ns are best Suited to such questions_ tions is presented. The eXpreSSionS for the ionization and
The electric signal produced by a semiconductor particig?honon production rates are given and the relative normal-
detector is directly related to these processes. Indeed, inigation between these rates is discussed. Finally, the simula-
usual diode detector, if no charge loss occurs due to trappingon algorithm is presented. The results of the simulations,
or recombination, the collected charge is equal to the numbdfoth for crystalline silicon(c-Si) and hydrogenated amor-
of electron-hole pairs produced in the cascade. The charg@hous silicon(a-Si:H), are given in Sec. IV. A discussion
output from such a detector has been observed to be directfp!lows in Sec. V and conclusions are stated in Sec. VI.
proportional, to a high degree of accuracy, to the energy
deposited_in the detector by the incident particle. Thg rgtio of Il. PREVIOUS MODELS USED
the deposited energy to the number of generated pairs is then FOR CRYSTALLINE SEMICONDUCTORS
&p, the mean energy expended per electron-het@) pair,
and is called the radiation ionization energy. Furthermeye, In this section, we review some theoretical models pro-
has been observed to be fairly independent of the particlposed to explain the observed valuessgfin various crys-
species, being a characteristic of the material only. talline semiconductors. The main experimental facts that had
Several measurements gf have been reported for vari- to be accounted for were the almost complete independence
ous crystalline semiconducto(such as Si, Ge, GaAs, GaP, of ¢, on the deposited energy and the more or less linear
InP, CdS, SiC, InSb, and Hgl at different temperatures. relationship betweerE; and e,. This observed linearity
These indicate that, is about three to four times larger than seemed to be valid for all semiconductors as well as for a
the bandgafE,. The difference between, and E, is the  given semiconductor when the changelg was due to a
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change in temperatufeThe independence ef, on the inci- ticular, for SiG, with a gap of 8.5 eVg,=18 eV, much less
dent particle energy down to a few eV indicates that only thehan 25 eV as given by the model. In the caseaebi:H
interactions of hot carriers near the band edges must be comhose optical gap is 1.7 eV, Klein’s model prediefs=5.8
sidered in order to understand the energy sharing betweesV while our experimental measurement indicates a value
ionization and phonon scattering. These models fall intdbetween 3.4 and 4.4 e¥7! much closer to the-Si value
three main categories: some involve the calculation of thehan to the model’s prediction. It is mainly to understand this
various terms of an energy balance equation while otherbow value ofe, in a-Si:H as compared with crystalline semi-
attempt a direct calculation of the mean number of pairsconductors of similaiEy that the present work was under-
produced by a carrier of a given initial energy. Finally, sometaken.

model$® consider plasmons as an intermediate step such

thate, depends orhwy,, the plasmon energy; these are es- B. Models based on calculating the interaction rates

pecially useful to account for the relatively low valuesegf

in insulators. But since we are only concerned here At
anda-Si:H, for which materials the plasmon energy is suffi-
ciently larger than the gap, plasmons are not expected t
affect the value ok, and these models will not be consid-
ered further.

Other models involve an analytical calculation or numeri-
cal simulation of the cascade. This requires explicit expres-
8ions for the two scattering processes that are of importance
In hot carrier thermalization, namely, ionization and optical-
phonon scattering.

The ionization rateW, »(E), for electrons or holes in
c-Si, was calculated by Karé, using first-order time-
dependent perturbation theory. All allowed transitions, Ee.,

Energy conservation allows us to writg,=Ey+(E,), andk conserving, that promote an electron from the valence
where(E, ) is the mean energy loss to nonionizing processes$o the conduction band are summed. The transition matrix
for each pair produced. From measurements-8i, McKay?  elementM;, the expectation value of the Coulomb interac-
found (E, )..si~2.5 eV. The first detailed description of hot tion, is calculated, using the actual silicon band structure.
carrier thermalization was given by ShockfeyOnly two  However, Kane observed that the result is unchangéd if
processes were considered: ionization, characterized by ia assumed constant akdconservation is ignored. In other
mean free path; , and Raman phonon emission with a meanterms, all energy conserving transitions are equally probable
free path\, . According to Shockley, a hot carrier thermal- and the ionization rate is obtained from summing over all
izes through these processes until it reaches below the impaavailable states. For electrons,
ionization threshold enerdy; , where ionization is no longer c .
possible. When all carriers are beldwy, their populations _ — A F 0
are characterized by the average residual enetgigk, and Wie(E) A'eJEFdEl 9(Ey) JfEdS 9(e)9(E=le|=Ey),
(Ex)p for electrons and holes, respectively. Shockley writes 3
the balance equation,

A. Models based on the energy balance equation

whereg denotes the EDOS; is the incident energy of the
£p=Eg+(Ex)et (Ex)ntrfiwy, (1  initial electron, is the energy of the resulting holg, is the
. energy of the resulting electron, akgl, is a constant factor.
wherer =\;/\ is the mean number of Raman phonons pro-sych a simple expression has been used in many instances to
duced between two successive ionization events and is takgfhalyze photoemission data i©+Si as well as in other
to be energy independent. Assuming parabolic bands, equg{aterials'® A similar expression is found fow,(e), and
threshold energies for electrons and holes, and uniform fingkgne found that numerical values W, .(E) and W, (e)
populations in the Brillouin zone, Shockley finds \yere virtually identical for energie® ande at equal distance
(Ex)e=(Ex)n=Z2E; . Using the parametel5=Ey, r=17.5,  from the band edges.
andfw, =63 meV, Eq.(1) yieldse,=3.5 eV forc-Si. In c-Si, a number of experimental observations, such as
Other models differ from the previous one only in the the temperature dependence of the phonon limited mobility
values of the parameters. For example, KiaigesE; = $E, op (Ref. 14 and the saturation velocity at high electric
as suggested by the latest avalanche data and as expecigqd S are explained by invoking hot electron interaction
from energy and momentum conservation in the simplesyyith energetic phonons only. Moreover, at room tempera-

case of a direct gap, parabolic bands with equal effectivgyre, phonon absorption may be neglected. Considering only
masses fOf e|eCtr0nS and h0|es, and Un|f0rm f|na| carrier d|qE2aman phonomﬁwr) emission’ the Scattering rate is

tributions ink space. Klein obtains the result
W,e(E)=Acd(E-fw,). 4
o= BE, +rhor. o (E)=Ag(E-fiwy) @
Klein noted thatr =\;/\, must be energy dependent and 1. Brummond and Molf's model
that rfw, actually represents a weighted average over the Drummond and Mof® numerically calculated the various
carrier energy distributions. He further observed that thigerms of Shockley’s energy balance equation for the case of
term seemed fairly independent of the material and that his-Si. To do so, they wrote recursion relations for the prob-
expression, with 0.5 e¥riw,< 1 eV, reasonably repro- ability P.,(E) that an electron of initial energy produce an
duced all known values af, whenE, stands for the smallest electron-hole pair after exactly phonon scattering events,
gap, whether direct or indirect. But when more precise ex-
perimental values of, or new materials are considered, this P,(E)= Wi(E) )
universality of Klein's formula is less convincirgln par- 0 W, (E)+W,(E)’
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Pm(E)=(1—Pg)-(1—Pp_1) that a carrier of energlg producen pairs. The mean number
of pairs (n,(E)) is then simply2np,(E), the expectation
y Wi(E-miw;) © value ofn, and is observed to depend only slightly on the
W(E-mhw,)+W,(E-mhw,)’ threshold energ; with interaction rates calculated for para-

bolic and isotropic bands. lo-Si, using the normalization

which involve the energy dependent rates of ionizatior\Nr/Wizl_G at 5 eV aboveE., compatible with measure-
W;(E) and of phonon scattering/,(E). Similar expressions  mens from Bartelink, Moll, and Meyéf, they find e, =3.6
are found for hot holes. The average energy loss to phonons,, P

between two ionization event&,) ) is given by the ex-
pectation value ofm, i.e., (E;)(en=(M)@enfio,. The en-
ergy distributions of carriers that are no longer capable of
ionization are then computed by a Monte Carlo simulation. The various models by Shockley, Klein, and others, based
Their mean values yieldEy) . - These distributions are on the energy balance, appear to provide only approximate
found to be nonuniform in the Brillouin zone, thus indicating results fore, and it is not surprising that they may fail for
that previous models were oversimplified. The authors usedew materials and especially for amorphous semiconductors
the following simple expressions for the interaction rates: asa-Si:H. First, the hypothesis of uniform distributions of
residual kinetic energies in the Brillouin zone, for crystalline

C. Conclusions

Wienm(E)=Aiem E-Egl*%  |E[>Eq (7)  materials, is contradicted by calculations by Drummond and
Moll. Second, ionization threshold energies cannot be de-
Wi (en(E)=const, [E[>Eg, (8)  fined in amorphous semiconductors. Finally, the constant

. value of therfiw, term in Klein’s formula[Eq. (2)] that is
where the electron or hole enerdyis measured from the ; . . . :
used to predict, for a given material has no physical basis.

band edge. Wi p(E) closely fits the rates that had been discrepancy between our experimental value obe-
calculated by Kan€ and the approximation of a constant tween 3.4 and 4.4 eVRefs. 8—1] and the value of 5.8 eV

value for Wr(en(E) is justified at least for energies more ¢o "y ieins formula ina-Si:H is then less surprising. To

than 2 e_V from th? band edge. Of particular Importan.Ce.'sunderstand the low value ef, in a-Si:H, we must proceed
the relative normalization of these rates. From photoemission

datal’” Drummond and Moll find a normalization With. a Qetaileq Montg (?arlo simu!ation of hOF cgrrigr ther-
r(E)’:Wre(E)/Wie(E):Z.]B a1 5 eV above the conduction. Malization, using realistic descriptions of the ionization and
band edge. This yields,=4.24 eV forc-Si. Noting that the phonon-scattering rates.

calculated rates and the normalization may not be accurate,

they indicate that a normalizatiar{E)=0.6 at 5 eV above IIl. MONTE CARLO

Ec (whereC is conduction bandwould be needed to yield

Our calculation ofsp follows the same lines that were
SPC-Si:3'6 eVv.

introduced by Drummond and Moll and in which many cas-
cades produced by initial carriers with a given energy distri-
2. Calculation of the mean number of pairs produced bution are generated by a Monte Carlo Simulatioap is
Instead of expressing the ionization eneegyas a sum of ~ obtained from the slope of the average number of pairs pro-
terms in an energy balance equation, another approach is ched as a function of the initial energy. We first describe the
calculate directly, from the ionization and scattering ratespPrinciples of the simulation. The electronic density of states
the average number of pairs,(E) produced by an initial used to calculate the ionization rate is then presented. Next,

carrier of energyE. The ionization energy is then obtained the interaction rates and their relative normalization are dis-
from its definition, cussed. Finally the Monte Carlo algorithm is described. The
results of the simulations are presented in Sec. IV.

E
€p~ np(E) ©) A. General principles of the simulation
Since the interaction rat&4, andW, are constrained by the 1. Initial carrier distributions

requirement of energy conservation, both methods should Before a cascade may be generated, the initial distribu-
yield similar results. Antorik, Di Cola, and Fares&showed  tions of energetic carrier§,(E) and S, (), must be given.
that these rates obey integro-differential equations. But SO|VTWO types of distributions have been considered. First, a
ing these equations to extrag}(E) requires explicit expres-  stype distribution is used, in which carriers of one type only
sions for the rates over a broad energy range and results wefglectrons or holésare injected at a constant initial energy.
given only for a few extremely simplified band models. Re-when many cascades have been simulated for a given initial
sults indicate tha[lp rises steeply from 0 to 1 slightly above energyE, the energy is increased and new events are gener-

E; and increases almost linearly abov8E,. This shows ated. The number of generated pairs is then found to increase
striking resemblance with quantum yield measurements ifinearly with E above a few eV and, is given by

Ge (Ref. 19 and Si(Ref. 20. In both cases, the slope of
7n(E) above a few eV is found to provide the same value of 1 dn,
e, as that obtained with high-energy particles, thus indicat- s T IE" (10
ing thate, is determined only by low-energy processes. P

Using a slightly different approach, Alig, Bloom, and Second, in order to study the yield for UV light, initial dis-
Struck found recursion relations fap,(E), the probability  tributions due to the absorption of photons of enefgyare
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calculated. The initial number of electrons and holes are thean incident radiation prior to charge collection, we must here
equal,No=N,=N,, and their distributions are determined distinguish between prompt processes, which are fast com-

by the requirement of energy conservati@h,= E+|e|) and
the absorption probability by an electron at eneggin the
valence band,

a(e,E))xg(e)f(e)g(e+E)[1-f(e+E)]. (11

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 transpoit A line is then drawn, somewhat arbi-

Many events are thus generated for initial distributions corrarily, between these two regimes by considering in our

responding to several photon energies. The funatigfte )
is again linear above a few eV anmg is obtained from

1 _any
€p B d(E,)"

(12

In previous studies of signal generation in crystalline
semiconductors, electron and hole energies were usually re-

ferred from their respective band edge. FofSi:H where

there is a continuum of states extending into the mobility

gap, bothE and e are measured from the Fermi levEf ;

electrons are given positive energies while holes have neg

tive energies.

2. Cascade generation

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
arious parts of the EDOS are probed by rather different
echniques, a unified description from20 to +20 eV has
been drawn from many sourc¥s*?~33The Fermi levelE¢
lies 4.4 eV below the vacuund. With respect toEg, the
conduction-band(CB) edge E. is at 0.75 eV and the

Hot carriers undergo a sequence of ionization and scatteg;zlence-bandVB) edgeE,,, at —0.95 eV.

ing events that is determined by the interaction probabilities.

For an electron of energy, the probabilityPy.(E) that the
next event be ionization is given by E@) and the probabil-
ity that the next event be phonon emission is

Pre(E)=1—Poe(E). (13

The VB shows two main structures approximately Gauss-
ian in shape; the first peak due t@ lectrons is centered
around—3 eV with a width of about 3 e¥#>?52The second
peak at—7.5 eV is wider(~8 eV); considering this peak as
originating from 3 electrons® both peaks present an inte-
gral of two states per atom, i.e., &&80?? cm™ 3. In hydroge-

When phonon emission occurs, the carrier energy is reducetated material, states appear aroun@.3 and—11 eV due
to E—#w, . In the case of ionization, the final state consiststo SiH, SiH, and SiH bond$® but their overall effect is

of two electrons and one hole of energigs, E,, ande,
respectively.

weak and they are not considered here. The CB has little
structure and presents a constant EDOS above 2.28%8V.

The carrier populations will thus increase until ionization Both bands are considered parabolic near their etfg¥s.
is no longer possible. For ideal crystalline materials with aThe localized states are described by exponential tails of
gap of zero state density, there is a well-defined ionizatiorcharacteristic energiegT, of 50 and 27 meV for the
threshold but for amorphous semiconductors where there iswalence- and conduction-band tails, respectielyplus a
non-negligible density of localized states in the mobility gap,Gaussian distribution of deep states-¢0.25 eV*
ionization due to a transition between extended and localized These various structures are normalized and adjusted to
states is possible. This means that, allowing sufficient timeprovide a continuous EDOS. The result is presented in Fig. 1
all carriers will fall into the localized states. Since we want towith the details of the localized states shown in Fig. 2. In the

determine the number of free carriers initially produced byfollowing expressionsE is in eV andg(E) in eV ! cm

—3.

(E+7.5? (E+2.9)?
_ 2 _ _ _
g(E)—lozexp[ 5353 +2.68x 10%%ex 328 |© ES 2.0 (14
2.28x10%%/—E—-0.92, —2.0<E<-0.95
—E—0.95 (E+0.252 E—0.75
1, 6, _ _
4X 107 exp[—o_OSO }+101 exp{ 0045 }+4><1021ex;{ 0_027}, 0.95<E<0.75
2.28<10°%JE—0.72, 0.7%<E<2.22

2.79x 1072,

E=2.22.
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3.5 T T T T T T
30} n(E,E1)dE;=Aig(E1)[1-f(Ey)]dE;

il XLBds 9(e)f(e)g(E—E1—|e])

L 20}

[i}]

| X[1-f(E-E;—|g|)]. (16)

ui 1ol A similar expression is found fqu(e,e,)de; due to holes of

@ energye. Plots ofn(E,E;)dE; andp(e,e,)de , calculated
0.5F with the a-Si:H EDOS presented in the previous section, are

shown in Fig. 3 for different initial energies of electrons and

005 5 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 &eor
£1 Yield the total ionization rate®Vie(E) andWij(e):

Energy (eV)

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

E Ep
o Wie(E):Aief dE; g(El)[l—f(El)]f de
C. lonization rates Er -E

We first write, for an electron of incident ener@; the Xg(e)f(e)g(E—E;—|e|)[1-f(E-E;—|e])],
rate of ionization of an electron in the valence band, leaving
two resulting electrons at energis andE, in the conduc- (17)

tion band and a hole at energyin the valence band. From o
Fermi’s golden rule, Er e
J wih<s>=Aihf de, g(el>f<s1>fE dE g(E)
F

n(E,E;,E;,e)dE; dE; de X[1—f(E)]g(e +E—¢&,)f(e +E—gy),
(18

=Ad(EDI1-T(E]O(EI[1T(Eo)Jg(e)T(e) where the integrations are performed over all energetically
X 8(E—E,;—E,—|e|)dE; dE; de, (15)  available states, both localized and extended, of the respec-
tive bands with the above-mentioned constraint.

where the matrix elemenf, is supposed to be energy
independent® Due to energy conservation, the final state is
uniquely defined by the energies of two of the final carriers, Let us first calculatéV,.(E) for the simple case of pure
sayE; andE,. Moreover, the rate is zero for bofh, ande parabolic bands with a gap of 1.1 eV as an approximation of
lying into the mobility gap since we excluded transitions ¢-Si. Figure 4 presents our calculation and the parametric
between two localized statésf. Sec. Il A). Integrating over ~equation(7) used by Drummond and Motf, compared with
allowed values ofE, and ¢, the rate of ionization by an Kane's more exact calculatidA.All curves have been nor-
electron of energ\E, leaving one of the resulting electrons malized to the same reference energy of 5.56 eV, i.e., 5 eV
betweenE,; andE; +dE,, is obtained: aboveE;. The rate derived from parabolic bands is in ex-
cellent agreement with Kane’s result below 2 eV and above 5
eV. HoweverW;(E) is overestimated by a factor of 1.5 to 2
T ' ; L between 2.5 and 4 eV. The parametric equatidngives
5 ' 5 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.

1. lonization rates in c-Si

10?2

1 020

&

£

° 18 ; ; ; ;

< 10 2. lonization rates in a-Si:H

5, 1ot The electron ionization rat&V;.(E) in a-Si:H is calcu-
o lated with Eq.(17) using our realistic EDO$E(. (14)]. The
o o result is shown in Fig. 4, compared with resultsci&i, all

normalized at 5.56 eV abovE.. Our curve ina-Si:H and
N . ; N Kane’s results inc-Si are identical above 4 eV where the
s 40 05 00 05 10 15 ionization rate becomes less sensitive to the EDES; and
Energy (eV) a-Si:H then appearing as similar materials far from the band
edge; at lower energy, the ionization rate is significantly less
FIG. 2. Details of the density of states betwdspandEc. In  in a-Si:H due to its wider band gap. We thus takg, and
the text,Er is taken as the origin. the ionization mean free patl, in a-Si:H as equal to the
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FIG. 3. Curves o(E,E;)dE; andp(z,e;)de; in a-SiH for Carrier Energy (V)

various values of the initial energi€&sande. o o )
FIG. 5. lonization and phonon emission rates for hgtegyative

energies and electrongpositive energigsin a-Si:H. The relative

¢-Si values at the calibration point, i.e., 5 eV abokg. normalizations between the phonon and ionization rates are arbi-

Similar results are found for holes. trarily set tor=1 at 5.56 eV fromEg for both electrons and holes.
The normalization between the electron- and hole-scattering rates is
D. Phonon emission rates ira-Si:H arbitrary.
_ S'lnce th_e electron—phonon coupling in a crystalline mate— W,o(E)=Ag(E—fiw)[1—f(E—fiw)], (19)
rial is maximum for high-frequency phonons, all previous
studies ofe,, in crystals have only considered the emission of —
P o W, (e)=A ethow)f(etho,), 20
Raman phonons of enerdgyw, as the nonionizing energy- (#)=Amg( Al ) 20
loss mechanism for hot carriers. ¢taSi, iw, =63 meV. with A, andA,;, constant. Figure 5 shows the energy depen-

The vibrational densities of statégDOS’s) of c-Si and  dence ofW,, andW,, in a-Si:H.
a-Si:H have been compared by Kamitakahatal3® While
the VDOS ina-Si:H understandably does not present the Phonon emission mean free paths in a-Si:H
well-defined discontinuities associated with critiqal points, ?t The mean free path, for the emission of a phonon of
nevertheless show_s a clear resemblancg to its crystall|r1,§:nergthr is simply the mean distance a carrier must travel
counterpart. In particular, a broad peakaiSi:H centered at 1 transfer the energiio, to the network through electron-
60 meV corresponds to the narrow peak at 60 meV due h6n0n interactions. Since no measured value\pfin
TO phonons inc-Si. We then conclude that phonon scatter-_gj:-1y was available, we attempted a measurement of pho-
ing of hot carriers im-Si:H can be realistically described by tocurrent multiplication inp-i-n diodes optimized to with-
the emission of high-energy phonons of 60 meV only. As-giang high reverse biasts® The p-i or n-i interface was
suming an energy-independent coupling, as-8i, Fermi's  jjyminated with 632 nm light from a HeNe laser with an
golden rule yields scattering rates that only depend on th%bsorption length of 0.5—&m, which is short enough com-
available EDOS of states at the carrier’s final energy, pared to the 3—1%m 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 witle-&i avalanche photodi-
ode (RCA C30817 and multiplication was observed above
] 100 V. Figure 6 shows the photocurrents observed inuai-
a-Si:H diode. The increase in the photocurrent below 50 V is
3 due to the buildup or the depletion layer from é to the
n-i interface. No multiplication is observed in this sample up

100 —
107 E
10-2 L

10-3 L

10 [ !’ --B-- ¢-Si (Kane) ] Rt - :
P --0-- ¢-Si {parabolic bands) to electric fields of 5.%10° V/cm. The highest field that

-4~ ¢-Si (Drummond and Moll) could be reached was 6<40° V/cm on a 5.6um diode.

Relative lonization Rate

105k —v— a-SiH (this work 4 . L
Bt v &St (this workg Still, no multiplication could be seen above the leakage cur-

wel 4T ] rent fluctuations of 10% near the breakdown voltage. This
T2 3 4 s s 7 results in a multiplication coefficient lower limit o1 (F)
Electron Energy (V) <1.1 at 6.X10° V/cm. o .
When Baraff's theory of secondary ionizatiiis used to

FIG. 4. Calculated ionization rates for electronsdrsi and ~ extracth, from the field dependence M (F) in c-Si, values
a-Si:H. Thec-Si data for pure parabolic bands are presented tofrom 50 to 70 A are reported depending upon whether ion-
gether with Drummond and Moll's empirical equatitRef. 16 and  ization threshold energie€;=Eg or E;= %Eg are used’
Kane's resultgRef. 12. All curves are normalized at 5.56 eV. Using the same procedure, our measurement leads to upper

[
[(=]
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la-si; this is actually a lower limit and simulations will be

12 ' ' ' ' made with different values of,_g;.4 around this “standard”
o 0 ©,° 0.o'o':°°. one(cf. Sec. V).
L o i
‘e ®0 ¢ ] F. Monte Carlo algorithm
osle o . ) ) _ )
0 ] Before running the Monte Carlo simulation, the interac-

tion rates are calculated for the material's DOS from Egs.
Lo o n-interface (h* current) (17)—(20). The ionization and phonon emission rates for
e piinterface (e” current) i each type of carrier are then normalized with some input
o value of the parametar discussed in the last section. The
ionization probabilitiesPq ) (E) are then evaluatedEq.

(5)) for energies in the range 15 to +19 eV, relative tdeg,

. . . . in steps of AE=0.01 eV for |E|<3 eV where the rates
0 %0 100 0 200 250 change more rapidiyAE=0.05 eV for 3 e\K|E|<5 eV and
AE=1 eV for |E|>5 eV. It has been checked that using
small stepsAE=0.01 eV over the whole energy range would
not improve the accuracy. During the simulation, the same
energy range is discretized in equeE=0.01 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 intervadE. 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:

lllumination on: J

o
(=)
T
o

Photocurrent (Arb. units )
o
S
T

Reverse Voltage (V)
FIG. 6. Measured photocurrents for electrons and holes.

limits of 17 or 22 A ina-Si:H. In both cases, the upper limit
in a-Si:H is a factor of 3 less than, in c-Si. We note that
our upper limit is similar to the value of 10-20 A
measuretf*°in another amorphous semiconduc@axSe, for
which multiplication has been observed at fields off 10
V/cm, just above the highest field reachedaisi:H.

No(E))=N.S.(Ej))AE, i=1n
E. Relative normalization of ionization o(Bi)=NeSe(E)

and phonon emission rates

For our simulation, only the ratiod, /A, and A,.,/A, Nn(2))=NnS(ej)ae, j=1p, (22
are needed in order to normalize the ionization and phonowherei (j) is the electror{hole) vector element indexy (p)
emission rates shown in Fig. 5. For electrons, we define thg the number of electrothole) elements in the vectol,
parameter as the value of the ratio between the interactionandN;, are the total number of injected carriers of each type,
rates alE=5.56 eV, which is the same normalization energyand S,(E) and S(e) are their normalized energy distribu-
used by Drummond and Motf tions. In a typical simulation, the initial number of carriers is
about 100. The total injected energy is

W,.(5.56 eV _ Nje(5.56 eV N o

Wie(5:56 eV Are(5.56 eV’ o= 2, EiNe(E)+ 2, &Np(e). (23
(21) i=1 =1

r=ro(E=5.56 eV=

from which the ratioA,./A;c may be determined. Since no  From this starting point, the simulation proceeds accord-
normalization value is known for holes, we use the sameéng to the following algorithm. We first start with the elec-
ratio between the proportionality constants as for electrongron in the highest occupied energy bin and calculate its ion-
i.e., Apn/Ain=A/Ai.. To ensure that this particular choice ization probability from a Lagrange interpolation of order 5
does not significantly affect the result of the simulation, teston the previously calculated values Bf (E). A random
with different values ofA,,/A;, will serve to measure the numberR, uniformly distributed between 0 and 1, is then
sensitivity ofe,, on this parameter. drawn to select the next interaction event, which is ionization
As mentioned in Secs. Il C and Il D, it is assumed thatif R<Pg(E) and phonon emission otherwise. In a phonon
\i(5.56 eV} is identical inc-Si anda-Si:H and that\, _ event,Ng(E) is reduced by 1 whilN,(E—7%w,) is incre-
a-SitH .
<i\,_, near the band edge. For the purpose of the calcula'€nted and the amoufits, is added tde, the total phonon

. Lo : .. energy loss for electrons. For an ionization event, the final
tion, the upper limit ofs)\rc_Si is used and the hypothesis is state. made of one hole atand two electrons &, andE,,,

made that this factor of measured near the band edge holds;g randomly selected according to a probability that is pro-
at 5.56 eV such that,.s;.=3rc.s;; _ ., bortional to Eq.(15). The calculation of Eq(15) for all
Despite the value..s;=3.2 measured by Bartelirét al. allowed final states that are determinedtbyandE, and the
and due to different simplifying hypotheses in their models,;andom selection oE, and E, is the most time consuming
Drulrpmond and Moll had to use..5=0.6 to finde,=3.6  part of the simulationN(E) is then decremented while
eV.™ Instead of deriving our value af,.g;y from an arbi- — N_(E,), N.(E,), andN,(e) are incremented; one electron-
trarily chosen value of ._g;, we first use our Monte Carlo in  pgle pair has thus been added to the cascade.
c-Si to find the value of . s; that will yield £, _=3.63 eV. The next carrier to be considered is again the highest-
We then take 3 times this..g; as our “standard” value of lying electron; all electrons are thus processed until no more
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FIG. 7. Number of pairs produced by hot electronsi8i cal- r="W, (5.56 eV)/W,(5.56 eV)
culated from interaction rates given by Drummond and MBif.
16) for various values of the normalization FIG. 8. Values ofe, in c-Si as a function of . (*) are results

given by Drummond and Mol{Ref. 16, (X) are results from this
work using the same interaction rates as Ref. 16,(ardare results
electrons are found abo&; +# w, . The same procedure is optained from a parabolic band model.
then applied to holes until all holes beld#,—# w, are con-
sumed. We then go back to electrons that may have been
produced by holes and so forth until all carriers are within ~ Simulations are now made for pure parabolic bands. Here
o, of the mobility gap. Since ionization between two local- again,W; ) (E) is well described by Ed(7) but W, ,)(E)
ized states is excluded, the cascade is then over and the simia-proportional toy|E|—0.56 eV-7%w, and decreases near
lation is stopped. The final distributions and the valueE,gf the band edges. As a consequence, the energy loss to
andE,, are then available. It is easily verified thé andN,, ~ phonons and, therefore,, are expected to decrease for a
have been increased by the same amayntind that the given value ofr. Indeed, results presented in Fig.(&)

energy has been conserved, i.e., indicate thate, is now significantly lower forr>1. At
r=2.18,e,=4 eV in better agreement with the experimental
n p result than previously found.e,=3.63 eV is now obtained

Eo= 2 EiNo(Ej)+ 2, giNn(e))+Ere+Em. (24 with r=1.35, a more acceptable value thes0.6. These
=1 =1 results demonstrate the procedure’s validity and we now pro-

ceed with simulations i@-Si:H.

IV. RESULTS
A. c-Si B. a-Si:H
Simulations have been made @rSi for three main rea- The interaction rates used &Si:H were calculated with

sons: (1) to test our algorithm with the simple model used Egs.(17)—(20) with the DOS aiven by Ea(14). Simulations
by Drummond and Moll in an attempt to reproduce their 9s.(17)-(20) g y Eql4).

results, (2) to improve results inc-Si by using somewhat

more realistic interaction rates, arf@) to find a realistic b 77—
value ofr that would yielde,=3.63 eV inc-Si from which -
“ ” . T [ — -r=7.15
our “standard” value ofr ,_g;.y Will be determined. sk r=226 .
The first simulation is made with the interaction rates L r=0226
used by Drummond and Moll. W;(E) is given by Eq.(7), 4l r=226x102 ]

which is in good agreement with Kane’s calculations, and r=14x10*
W, is taken as constant; interaction rates are the same for
electrons and holes. Figure 7 shows curvesgfE), the
number of pairs produced by electrons of initial enekyy

for values ofr from 0.1 to 10. Curves for holes are identical.
Above a few eV,n,(E) increases linearly witfe such that

&p becomes independent Bfas expected. Figure 8 shows 1L
as a function ofr from these simulation$x). Drummond
and Moll's values forr =0.6 andr =2.18 are also showf¥). ol LY , , ,
It is indeed observed that, within the Monte Carlo statistical -15 -10 5 0 5 10 15 20
fluctuations, Drummond and Moll’s results are reproduced Carrier Energy (eV)

by our simulations. But the low value=0.6 that must be

used to reproduce, shows that the assumption of constant  FIG. 9. Number of pairs produced by hot carriersai®i:H for
phonon scattering rates is not realistic. various values of the normalization

Number of Pairs
w
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FIG. 10. Values of, in a-Si:H as a function of due to mo-
noenergetic initial electrong+), initial energy distributions pro-
duced by photong$Xx) and with a fivefold increase of the phonon
generation rate by hole&, /A, =5Ae/Aje (*).

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

almost identical to those previously found, indicating that
are first generated starting with monoenergetic carrier distriis quite insensitive to the details of the initial distributions.
butions for several values of Curves ofn,(E) are shownin  Other simulations made with ratio&,/A; that were five
Fig. 9; curves for electrons and holes look very similar. Al-times larger for holes than for electrofisin Fig. 10 indi-
though no ionization threshold energy was imposed, someate that shorter mean free paths for holes would cayise
effective threshold is clearly observed at about 2.5 eV, i.e.increase only slightly.
about 1.&,. Above 5 eV ,n,(E) is almost linear with varia- An important goal of the simulations was to assess the
tions from linearity that could be statistical. Figure 10 showseffect of the intragap states of amorphous semiconductors on
values ofe;, for monoenergetic electrons as a functionrof the value ofs,. Compared with crystalline semiconductors,
(+); values for holes are almost identical. Our “standard” jonization is now possible for carriers below the ionization
valuer ,_giy=3rc.si= 4 yieldse,=4.6 eV, somewhat higher
than our experimental value of about 4 &#? r=3 would
give g,~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(Ed). to evalu-
ate the optical quantum efficieneyE ) in a-Si:H. Figure 11
shows initial carrier distributions for 5- and 10-eV photons 8 ey

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

and Fig. 12 presents curves gfE,) for three values of . < .
Values ofe, obtained from these curvéX in Fig. 10 are OZ Tr e .
© -
O
> 6 T 1
2500 . . . £ | e
8
.;:, -,:'. = St T
2000 - ) , L Bev 1 &t %
Lo S » i
. 1500} P PR . g
©) Fo ' 10ev | & £ 3 .
z S o m S 1 .
1000 F = . R - o e
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Carrier Energy (eV)
r= W, (5.56 eV)/W,(5.56 eV)
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 FIG. 13. Fraction of carriers that are produced directly in the
from Eq. (11). localized states by an ionization event.
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events but some of the carriers could remain in the localized=2.18 could be due to some simplification of the model as
state8® and not contribute to the signal. Some of these carthe use of pure parabolic bands, the constant matrix elements
riers could nevertheless take part in the signal through therA; and A, or the randork approach.
mal reemission or field-assisted detrapping. The effectjve The same algorithm is then used @Si:H using the
could then increase with the applied electric field, possiblyEDOS from Eq(14). A value ofr somewhat more than three
following Onsager's theory of geminate recombinatfoas  times larger than ir-Si is used to account for the absence of
was suggested by our measuremeéfftand measurements of muiltiplication in oura-Si:H p-i-n diodes under high reverse
photogeneration ia-Si:H by Carasco and Spe&tFigure 13 bias. A valuer . siy~4 would then lead te,~4.6 eV in
shows the fraction of the carriers in the gap states at the engtasonable agreement with our measurements. From Fig. 10,
of a cascade produced by 10-eV photons as a functian of our experimental range would translate into a range of
For reasonable values of less than 1% of the final popula- from 0.1 to 4. Values <3 are excluded from our photocur-
tions are in the gap andshould be lowered by many orders rent measurements. Values gf above 4.4 eV must be re-
of magnitude before this fraction becomes significantjected since this is an absolute limit corresponding to the
Clearly, these simulations indicate that the intragap stateBighest amount of collected charge actually measured in our
play a negligible role in the cascade process. Although someetectors. A result ~3, yielding e,~4.4 eV would then
carriers are created in the gap, the process is infrequent beeem reasonable while values gf~5.8 eV predicted by
causeW,, though nonzero, decreases steeply near the baridein’s model and ofe,=6 eV measured by Kaplaet al?
edge andW, is soon completely dominant. The density of are excluded. While it could be argued that our measure-
states in the gap could be increased by orders of magnitudeents ina-Si:H detectors at high field underestimatgdue
before this process would play any significant role. 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
V. DISCUSSION values ofg, in Ref. 44, the agreement with Klein’s model
being fortuitous.
The small difference between, in c-Si and a-Si:H,
despite much larger values &, andr in a-Si:H, and the
discrepancy with Klein’s mod®is explained by the fact that

This Monte Carlo has been developed to perform a de
tailed simulation of hot carrier thermalization m+Si and
a-Si:H in order to understand the surprisingly low value of

i A4-4, edanBi:H. Although the : . ; o
gp In the range 3.4-4.4 eV measur ! U9 p is found to increase slowly with, almost logarithmically,

actual simulations may require long calculations, the mode . ) . ;
y red g instead of linearly as assumed in Klein's and other simple

is conceptually simple and could be applied to any semicon-

ductor or insulator by introducing the proper EDOS. From ‘,jlmodelsf"6 Also, since the avalanche probability at high field

. . 6 . . . .
given EDOS, the energy dependence of ionization and phO(jecreases exponentially with*® materials in which little or

non emission ratesW, and W,, are calculated in the no multiplication is observed can still exhibit reasonably low

randomk approximation, which has been shown to be 'usti—VaIues Ofep . . .
fied by Ka[r)]21'2 The model also requires that the relétive From the energy distribution of carriers at the end of the

value ofr =W./W, be known at some energy to normalize thermalization process, it is found that very few carriers are
these rates ro produced in the localized states by ionization events, indicat-
One of tHe main results of the simulations. which is validing that possible extraction of these carriers by the external
in c-Si anda-Si:H, is thate, is independent 01" the carrier's 1ield before geminate recombination could not lead to a field-
:H, p . : :
initial energy as long as this energy is a few eV above th epephderg%‘}galue Of, . Jh'ts contrlaQ|ct?hone t?f ourdeafr_lula(;
band edge, a fact that was also observed by Drummond a eggn§:nt collg:r((:)tipoonsifficice)ns; pTa\l/Ivr:) otr?eropSSGSri\ﬁe eflect_s
Moll.*® This clearly shows that, is determined by thermal- o T . ot
° S clearly SAOWs P y mely, fast recombination of carriers from neighboring

ization processes at the very end of the cascade, in agreemelit. o . oS
pairs and monomolecular recombination, are still possible in

with the well-known experimental fact thag is independent th hiah ier density track produced b oo
of the energy from a few eV up to many GeV. Another € ver;l/mlzg carner density frack produced by an lonizing

important result is that,, varies slowly withr (Figs. 8 and particle:
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 Eg4. These last two observations contradict the main  The model presented here answered many of our interro-
hypotheses of models based on simple arguments of energyations concerning the process of pair creation by energetic
balance developed by ShockKlein,® and others. particles ina-Si:H and c-Si. Monte Carlo simulations in
Simulations performed ir-Si provide results which are c¢-Si, using interaction rates derived from parabolic bands
identical to those of Drummond and M8llwhen the same that allowW, to decrease near the band edge, provided im-
interaction rates are usdgéig. 8 although our calculation provement over similar calculations made by Drummond and
spans a much broader range of the paramet&¥ith rates  Moll.'® Similar simulations ina-Si:H have reproduced our
derived from parabolic bands and that allo\y to decrease experimental value of, and explained why, in a-Si:H is
near the band edge,,=3.63 eV is found inc-Si with a  lower than was first expected from simple models. From the
normalizationr =1.35 in better agreement with photoemis- simulated final carrier distributions, the Onsager effect is not
sion data thanr=0.6, necessary with the rates used byexpected to contribute to the observed field-dependent
Drummond and Moll. The discrepancy with the actual valuecharge collection efficiency ia-Si:H.

VI. CONCLUSION
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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 rem
unanswered. First, uncertainties over the value iofa-Si:H
should be resolved. Also, the discrepancy between.35
which must be used io-Si and the actual value 0=2.18 is
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