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Effect of the local electronic temperature on secondary-ion spectra
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The problem of secondary-ion formation is investigated theoretically and experimentally. The effect of local
electronic temperature on the collisional cascade region in the secondary-ion energy spectrum is examined. It
is shown that the shift of the maximum of the energy spectrum with a change of the emission angle is
explained well under the assumption of local heating of the electronic subsystem followed by cooling down.
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[. INTRODUCTION tion of the previous modeksee Fig. L The ionization prob-
ability P* of a secondary particle can be presentedl as:
Electron exchange between an atomic particle and a solid
surface in secondary-ion emission has been the field of inter-

est of many experimental and theoretical groups during the . 2A(zp) |Ea(Z*)]
last years. In spite of this attention and importance, the PT=exp| — Yo, +I ¥Te +1
mechanism of secondary-ion formation is still poorly under-
stood(see, for example, the review of Yu |Ea(Z*)]
In this paper we study the effect of the local electronic Xexp| — T. | (1)

temperature on the energy spectra of secondary ions. Experi-
mentally, these spectra are shifted with increasing emission
angle, usually towards higher energies. So far, attempts t¢herev, is the normal component of the secondary-particle
explain this effect have used the electron-tunneling model tyelocity; T is the local electronic temperatur;(z) is the
describe charge-state formation of a secondary pafticle. valence level of an atomic particle,(z) = d(Ex(2))/dz; z is
The model allowed one to describe the experimental shape#istance from the surfacéy(z) is the half-width of the level,
of the energy spectra, but led to a overestimation of the abA(z) =Aqexp[— yz], where y is the inverse of the character-
solute values of the ionization probability by several ordergstic length related to the electronic wave functiag;is the
of magnitudeé® Below we demonstrate that the local heating effective distance of neutralizatioa} is the effective ther-
of the electronic subsystem in the collisional cascade are@nalization distance[z* =y 'In(2Ay/yv,)]; and I' is the
and its subsequent cooling dowfin particular, during gamma function.
charge-state formatigrshould be taken into account for an ~ The first term in the expressio(l) for the ionization
adequate description of the experimental observations. ~ probability P results mostly from kinetic effects induced by
the rapid change dE,(z) with z when it crosses the Fermi

level. The second term represents the “thermalization” of
II. IONIZATION PROBABILITY OF ATOMIC PARTICLES

SPUTTERED FROM METALS

. ) . 10-2:_""|""|""|""|""_:
The energy distribution of secondary ions depends on the g — electron-tunneling model

processes of charge exchange during secondary-ion emis- S W Sroubek’s model
sion. In this section we will consider the mechanisms respon- I
sible for the formation of the charge state of the escaping 10°
atomic particle. N

Two theoretical models of electron exchange in P I
secondary-ion emission are most widely used: the electron- 10
tunneling modé™ and the substrate-excitation model of
Sroubek’

In Ref. 8 two charge-state formation mechanisms were
shown to operate simultaneously, namely, the tunneling and
thermalization mechanisms, which can be related to the two
above-mentioned models. The theory gives a quantitative de- :
scription of the experimental data using the local electronic 00 b o e L L
temperature as a fitting parameter. The obtained theoretical
results do not disagree with either the electron-tunneling ’ v (10‘6 s/em)
model or the one by Sroubek. Moreover, under certain con-
ditions either of these models becomes a particular case of FIG. 1. Typical dependence of the ionization probability of sec-
the proposed theory, which can be considered as a unificandary particles on the inverse velocity.

expression (1)
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the atomic level, i.e., the tendency towards equilibrium oc-charge-state formation process, small deviations from the
cupation corresponding to the local electronic temperatur&ermi-Dirac distribution with a local enhanced temperature
Te. are not important. Therefore, we can use the heat conduction
The problem of the electronic temperature in the cascadequation for the electron subsystem:

region is now under discussion. This temperature can be ex- .

pected to differ significantly from the ionic one and be as CedTe/dt+Va=Q(r,t) —g(Te—Ty), (4)
large as few thousands of KThe ionization probability and, W

as a consequence, the energy spectra depend on the Iogﬁj
electronic temperature, which varies in time.

ereC, is electronic heat capacity per unit volume. For a

generate Fermi systef,= aT,, wherea=72v/3, vg is

the density of electron states at the Fermi surfapés the

vector of heat fluxg= — k,VT,, andx, is the thermal con-

ll. TIME DEPENDENCE OF THE ELECTRONIC ductivity of electrons. For a degenerate Fermi system,
TEMPERATURE IN A COLLISION CASCADE ko.=aD.T,, whereD, is the electron diffusion coefficient

Ain the cascade regiom,~10 A?%/fs; see Ref. 14

Secondary-ion emission normally occurs as a result of The second term on the right-hand side of E4). de-

collision cascade in the solid. A fraction of the energy of theScribes the energy loss from electrons to the phonon sub-

cascade is transferred to the electronic subsystem. system;g is the constant of the electron-phonon interaction
The effect of the collision cascade on the electronic sub>Y 9 P '

. andT; is the temperature of the phonon subsystem. The con-
?ystem cannbe represented by an effective heat squncg) stanté is of aboL)t 1861047 W/rr% K 13 |n theycasca de re-
see Ref. 1 .

gion in the time interval of interegbetween 100 and 300 fs
Q(r,t) =QuF(r 1), 2) after the keV primary-ion energy impgp_this term will be

very small compared to the one describing the energy supply
where Qg is the power of the sourc@uring the bombard- to the electron subsystem from the moving atofns.,
ment of surface with atomic particles of keV energies,Q,/ 7% §(t)>gT,, even for T,~1 eV] and can be ne-
Qo~0.1-1 eV/fs, and F(r,t) gives the distribution of the glected. The effect of phonon creation on the electronic tem-
source in space and tim&(r,t) is normalized to the cas- perature can be important at some distance from the heat
cade volumé source(the collision cascade zopand also after the source

Since we are mainly interested in the time dependence dfecomes weak. But as we are interested in the situation in

the electronic temperature, we choose a convenient spatittie cascade region at the time when the cascade is active,
shape ofF(r,t) and focus on the peculiarities of the time energy transfer from electrons to phonons can be disre-

dependence of the source: garded.
It is convenient to rewrite Eq4) for a functionu(r,t)
exd —r2/ri(t)] which is given by the equation
F(HFWI((U. 3

T2=T3+u(r,t), (5
where the cascade center is taken to be the coordinate Origi\'R/hereT is the bulk temperature
The functionry(t) describes the current size of the cascade, We zfrrive at a nonuniform diﬁusion equation with zero

and the functionf(t) is related to the processes of cascade, ... S
development and decdynaxf(t)]=1). Initial conditions:

Approximately after 100 fs, the number of atomic par- au(r,t)/at=D V2u(r,t)+2Q(r t)/a,
ticles knocked out from their equilibrium positions no longer
increases? It can therefore be said that the formation of a u(r,t=0)=0. (6)

cascade regiofwith size of about,~20 A) is over. This is

approximately the time when the emission of secondary The solution is
atomic particles with energies near the spectrum maximum is

started. Then the cascade decays; i.e., the atomic subsystem 2 [t s, . ,
returns to the equilibrium configuration. The characteristic ~ Y(f\D)=— JOde_w d°r’ G(r,r',t=71)Q(r',7),
time for this process, which is on the order of several hun-
dreds of fs(~500—1000 f5** determines the time scale for

F_r!|2
f(t). In the time interval of charge-state formatitretween G(r,r' t—7)=[4mDq(t— )] %2 exp{ _ & )
100 and 300 fs after the primary-ion impact(t) is a de- 4D¢(t—1)
creasing function f(t) ~1]. @)
If the electron subsystem is in a local quasiequilibrium,  \ow we take into account the fact that
we can speak about a local electronic temperature. This is
correct only in the case when the characteristic time scale [af/at][r3/4De]<f,
connected with the time scale of the heat souseweral 100
fs) is larger than the time of the local quasithermalization of [(9ro/<9t][r§/4De]<ro, @)

the electron subsystem. As appears from the time-resolved

photoelectron spectroscopy ddsee Ref. 12 this condition ~ wherer 3/4D.~10 fs when the cascade radiyg~20 A.
seems to be valid especially at an enhanced temperature. Of The inequalitieg8) seem to be quite reasonable since the
course, a small fraction of nonthermalized electrons igime behavior off (t) andr(t) is governed by atomic colli-
present in electron distributiofsee Ref. 18 But for the  sions, whose time scale is larger tha§4D, .
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low-energy secondary particle or large emission angle, the
cooling of the electronic subsystem can be especially impor-
tant.
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IV. VALIDITY OF THE THEORY
FOR SEMICONDUCTORS

2500

2000 . .
So far, we have been considering metals where the energy

for excitation of electrons near the Fermi surface can be in-
finitely small. It could be expected that in semiconductors,
the presence of a band gap should render the above theory
inapplicable. However, some recent resuksg., Ref. 14
indicate the metallization of the semiconductor in the cas-
| ] cade region. In Ref. 14, the density of electronic states in
ol o silicon in the cascade area is calculated and found to be
0 1 2 3 4 5 6 7 8 9 10 metal-like and similar to that of aluminum.
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V. INFLUENCE OF ELECTRON SUBSYSTEM COOLING

FIG. 2. Cooling down of the electron subsystem in the cascade ON CHARGE EXCHANGE

region. . . .
9 As was mentioned in Sec. lll, in the case of a small en-

ergy of the secondary particle, the cooling of the electronic

subsystem becomes important in the processes of charge-

state formation. Rigorous treatment of this effect in the
" framework of quantum theory is a difficult problem because

f(r (t))' (9)  the temperature is not a dynamical variable. However, in the
0

thermally dominated case we can use the so-called “prob-
where erfk) is the error function integral; erf/x~1 at

Taking relationg8) into account, the solution fau(r,t)
inside the cascade regidne., atr <ry(t)] becomes

L Quf() ()
U= S Do) T

ability approach™® in which one writes down a master
equation for the probability of the occupation of the atomic

x<1 level (n,(t))
Therefore, the time dependence of the electronic tempera- artm
ture Te(t) in the cascade is given by d(na(1))/dt=24(2)[F(Ea(2), Te(1) ~ (na()],
f(t) 1/2 (11)
T= T2+Q0— 10 where the terms on the right-hand side are the tunneling
1 07 2aD,ry(t) (10
@Lelo probability to and from the atorinote thatA(z) is the level

half-width; F¢ is the Fermi distribution with the electronic
We assume the sample to be at room temperdtyte800  temperaturg Within the probability approach, we can con-
K. In the case of the bombardment of a metal surface withsjger the electronic temperature as a known time-dependent
keV atomic particles, knogvmg the cascade characteristicgnction T(t). In this case we obtain the same formia
Qo~0.1-1 eVi/fs,D~10 zA /fs, rg~20 A and taking into  for the jonization probability in which the electronic tem-
account thatae~50 J/nf K? the parame;eQOIZaDero can  peratureT,=const is replaced by the valig(t*), where
be found to be on the order of 3010 K2, Therefore, local ¢ —2*/v, . When the thermalization mechanism plays the

heating of the electron subsystem by up to several thousar}gzﬂajor role, the second term in formul#) predominates and

K is possible. we have
We recall that the cascade expands most rapidly during
the first 100 fs(cascade lifetime is on the order of 500—1000 . |[Ea(z%)|
fs). The emission of the majority of the secondary particles P wex;{ - W (12

begins approximately 100-200 fs after the start of the cas-
cade. The heating of the electron subsystem takes place at Thus we have established a dependence betWgemnd
the initial stage of the cascade development, while the emi&he normal component of the secondary_partide Ve|0city
sion of the secondary particles with energies near the maxihrough the paramete* =z*/v, . This is only natural be-

mum of the energy distribution occurs at the stage of theause the slower the escaping particle, the lower the effective
cooling down of the electron subsystem. Therefore, forglectronic temperature.

t>100 fs the dependencédgt) andr,(t) were modeled as

follows: f(t) =exd—(t—100 f9%(500 f3°] and ro(t)=5 VI. FORMATION OF THE ENERGY SPECTRA

A+15 AX(1—exd —t/100 fg)). The time dependence of the OF SECONDARY IONS

electronic temperature in the cascade redigft) is given in

Fig. 2. The energy and angular distribution of secondary ions

The smaller the normal component of the secondaryS*(E,#6) (E is the energy of the escaping particle, and the
particle velocity, the larger the time of the secondary-ionangledis counted off from the surface norméd determined
formation, and the greater the variation of the electronic temby the respective distribution of all the atomic particles emit-
perature during the charge exchange. Thus, in the case ofted, S(E, #), and the ionization probabilitP * (E, ), i.e.,
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S™(E,0)=S(E,0)P"(E,¥). (13 9 . ——— ,

The S(E, 6) distribution is most often described by the
expression which follows from Sigmund’s cascade thébry:

E cow
S(E,G)N(E_’_—U)g, (14

whereU is the binding energy of a surface atom.

For the secondary-ion energy near the energy maximum
(5—-15 eV} and an exit angle range covered in experiments
(0°-709, the thermalization mechanism predominétes.
Therefore, we can use formu(&2) for the ionization prob-
ability.

By (€V)

From the formula foiT ;(t) derived in Sec. Ill, in the case 2 . L . L . L .
Te>To, we haveT~ \f(t), wheref(t) ~exg —t%/t2]; t is 0 20 40 60 8
counted from the start of emission, and the constgris 6 (degree)
related to the lifetime of the collision cascade. Then,
T(t*)=Toe exp[—t* /2t (2)] =Tpe EXp[—Z* 212y ft (2)]. The FIG. 3. Position of the energy spectrum maximum of secondary

parameterT,, can be estimated from the absolute value ofions as a function of the emission angle witg=1 ps and without

the ionization probability. NormallyT,. is on the order of (t;=) taking into account the cooling down of the electron sub-

several thousand Ke.g., for Si,Tp,~3000 K). system. The parameters are as followkl=4.2 eV, Aj=2 eV,
The position of the maximum of the energy spectrum,y=1 A™%, E,(z) (in a.u)=EJ+1/4(z—z,), E3=—4 eV, and

E.nad6), can be found from the conditio’S*/9JE=0, which  z,=0.5 A.

leads to the equation

tra did not change with increasing

Figure 4 presents the experimental and calculated depen-

E= B ( + 3f(E.0) ) dences of the position of the energy spectrum maximum on
2 2—1(E,0))’ the emission angle. The shapes of the energy spectra and
their angular dependence for the Si samples studied are in

Ea (Z%) t*2[1+(yz*) 1] ELZ*) agreement with theoretical calculations, as illustrated in Fig.

T, 2t2 29T, (19 4.In the calculation, the cascade lifetime wgs-500 fs in
agreement with the estimates in Ref. 11. It is important to

Equation(15) can be solved numerically to give the re- NOt€ }Pat 75the calculated  ionization  probability
quired E,,(6) dependence. The parametersE,(z), and P ~10"-10" agrees well with the experimental values.
A(z) are system dependent and can be calculated in everin€refore, the proposed theory adequately describes both the
particular casésee, for example, Ref)8The binding energy ~ i0nization probability and the angular behavior of the
U can be found from the energy spectrum of the sputtere§econdary-ion energy spectrum.
atoms, whose maximum corresponddui? (for Si, U~4.2

f(E,0)=—

e\/)' T — 1 T — T

Analysis of the functiorE,,(6) (see Fig. 3 shows that w0k ' ' I ' I i
even a slight cooling of the electronic subsystem on a time . experiment
scale of charge-state formatigqr-100 f9 can significantly | theory
affect the energy spectrum of secondary ions, especially at °r T <3000 K ]
large emission angles. ve”

_sb t, =500 fs ]
VIl. COMPARISON WITH THE EXPERIMENTAL DATA ;%/

Secondary-ion emission from th&11) face of Si single mé !
crystals ofn andp type was studied with energy and angular
resolution and for various incident angles. Boron-doped 5r ]
(n=10"® cm® and phosphorus-dopedn=10** cm 3
samples were chosen for the investigation. The samples were 5 -
bombarded with 6-keV Af ions. The angles of incidence, T DU N TS R
were 5° and 20° and the angle of observatignaried from 20 3 40 50 60 70
35° to 65°(the angles are measured from the surface nor- O (degree)

mal). With increasingé, the shape of the energy spectra

change and the positions of the maxima are shifted towards F|G. 4. Position of the energy spectrum maximum of secondary
larger energies. Both samples show the same results, and thigs of Si" as a function of the emission angle. The cascade lifetime
fact is in favor of the metallization of the semiconductor in is t,~500 fs. The parametetd, y, A,, andE, are the same as in
the cascade region. The positions of maxima of energy speeig. 3.
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VIIl. CONCLUSION followed by its cooling down. There is good agreement be-
tween the experimental and calculated results for both

In_conclusmn, the eﬁgct of the local e|(i.'_CtI'OI’]IC tempera—Emax(a) and for the order of magnitude of ionization prob-
ture in the cascade region on secondary-ion formation hagbility of the secondary particle

been considered. The time dependence of the electronic tem-
perature was examined. It is shown that the time dependence
of the electronic temperature affects the energy spectra of

secondary ions. The shift of the maximuiy,,,(6) of the ACKNOWLEDGMENTS
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