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Surface temperature evaluation in multi-scan 
electron beam-irradiated silicon by 
TEM observations and 
optical pyrometry measurements 
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Shrinkage of prismatic dislocation loops, generated in intrinsic silicon single crystals by 
neon implantation and furnace annealing, was observed to take place after multi-scan 
electron-beam irradiation by transmission electron microscopy (TEM). The decrease in 
loop radius by climb motion was found to increase with increasing electron current 
density, until complete loop annealing and successive surface melting of samples was 
observed. By applying the classical theory of loop shrinkage by climb, the surface tem- 
perature of electron-beam-bombarded silicon was evaluated in the range from 1300 to 
1700 K, for the particular current density values and irradiation conditions used. Optical 
pyrometry measurements were also made on silicon wafers irradiated in the same range 
of current densities; the temperature values obtained after correction for absorption by 
the electron gun glass window and silicon emissivity were found to be consistent with 
those derived from TEM observations. This result suggests that multi-scan electron-beam 
irradiation can be considered as a very fast annealing process. 

1. Introduction 
Furnace thermal annealing is the technique com- 
monly used to remove lattice damage and to 
restore the electrical properties of ion-implanted 
silicon devices. However, new methods, such as the 
use of pulsed lasers and pulsed high-power electron 
beams, have been extensively employed during the 
last three years [1-6] .  Both these methods involve 
the melting of a shallow surface layer and a very 
rapid crystallization of the melted region, leading 
to a very good crystal quality, at least from the 
point of view of extended defects. Annealing of 
implanted layers by scanning continuous-wave 
laser beams and, more recently, by scanning 
electron beams has also been reported [4, 5, 7, 8]. 
In this case the physical process involved is a 
solid-phase recrystallization of the damaged 
region. The reports published up to now indicate 

that scanned electron beams have some advantages 
over pulsed beams, due to the possibility of 
annealing both large areas and very defined regions 
in microelectronics devices and to the ability of 
controlling the annealing depth by a proper choice 
of beam energy. 

Because of the short times involved, the deter- 
mination of the heating effects of an electron 
beam incident on a silicon sample is generally 
performed by a numerical solution of the heat 
conduction equation in the one-dimensional case 
under appropriate boundary conditions [9], such 
as no heat dissipation from the lower and the upper 
surface (i.e. sample on a thermally insulated sub- 
strate with negligible surface radiation), or back 
surface of the irradiated specimen having good 
thermal contact with a substrate kept at constant 
temperature and the absence of a lateral tempera- 
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ture gradient. But, when the experimental set-up 
used for electron-beam irradiations does not allow 
for these boundary conditions, as in the case of non- 
adiabatic specimens and of electron guns generating 
two-dimensional thermal gradients (along surface 
and depth) in the target, the results obtained by 
computer calculation may be a long way from 
simulating the actual experimental situation. 

The aim of this work is to show how, in these 
cases, it is sometimes possible to obtain infor- 
mation on the heating effects produced by electron- 
beam irradiation. In particular, the temperature 
rise, as a function of the current density of an 
elliptically scanned electron beam, has been 
evaluated by applying the classical theory of 
climb motion to the shrinkage of prismatic 
dislocation loops observed by TEM as an indirect 
method, and optical pyrometry as a direct method. 
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Figure 1 Sketch of  the experimental  set-up used for the  
electron-beam irradiation. P represents the region where 
the pyrometr ic  measurements  were made.  

2. Exper imenta l  procedure  
(100) silicon wafers, floating zone (FZ) grown, 
about 1000 &2 cm, p-type (B-doped) were used in 
our experiments. The dislocation loops were 
formed by 950 ~ C, 30 min furnace annealing in an 
N2 atmosphere of  wafers previously implanted with 
a dose of 2.5 x 10 Is Ne ionscm -2 at 20KeV 
energy. After several TEM examinations, made to 
check the uniformity of both size and density of 
the loops, the wafers were subjected to multi-scan- 
ning electron-beam irraditations in an electron- 
beam melting furnace (E.S. 1/3/20, Leybold 
Heraeus). T h e  beam, 20KeV monochromatic 
energy and 0.7 cm diameter, was electrostatically 
scanned at a frequency of 50Hz along an elliptical 
pattern, with major and minor axes of 9 cm and 
5 cm, respectively. The wafers, 5 cm x 2cm and 
300/~m thick, spring-clamped on to a water- 
cooled specimen holder (poor thermal contact), 
were mechanically moved at a speed of 1 cm sec -1 
at right arigles through the major axis of the 
elliptical beam (Fig. 1). Our experimental set-up 
is substantially different from the others reported 
up to now (see, for example, [8]), where either a 
quick x - y  electron-beam raster was used to 
irradiate a frame of a few mm 2 several times for 
about 5 x 10 -3 sec, or slower, singly interlaced 
scans were employed to obtain selective annealing. 
In our case in fact, the fast electron sweep of 
the beam and the mechanical movement of the 
carriage generate a hot front running across the 
whole area of the wafers, thus producing a two- 
dimensional thermal gradient. 

The specimens containing the dislocation loops 
were irradiated at different current densities (one 
wafer at one value of current density) in the range 
0.26 to 1.04Acm -2. After this treatment, 3 mm 
diameter discs for TEM were ultrasonically cut in 
the same position for all the samples, i.e. along a 
line halfway through their long side, to avoid 
difficulties due to a possible inhomogeneous 
heating. 

The temperature values were taken on another 
set of silicon wafers by a disappearing filament, 
optical pyrometer at a wavelength of 0.65/~m. Due 
to the rather high speed of the carriage, the data 
were obtained by successive approximations until 
a maximum spread of 5 ~ C was measured for each 
value of current density. The temperature values 
were then corrected to account for the optical 
absorption (7%) of the lead glass window through 
which the measurements were made and for the 
silicon emissivity, as will be discussed later. 

3. Results 
3.1. Shrinkage of prismatic dislocation 

loops by climb 
The study of the annealing kinetics of secondary 
defects, like dislocation loops, has been success- 
fully applied to self-diffusion studies in metals 
[10, 11] and in silicon [12]. In particular, Sanders 
and Dobson [12] have carried out a detailed 
analysis of self-diffusion in silicon over a wide 
range of doping concentrations and have derived 
a value for the self-diffusion coefficient in intrinsic 
material, which is in good agreement with those 
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obtained by other authors [13-16] in different 
ranges of temperature and by different exper- 
imental techniques. 

To overcome the difficulty due to the presence 
of a high content of impurities in silicon, we started 
from a high-resistivity material and generated 
dislocation loops by neon implantation and 
subsequent thermal annealing, so as to utilize the 
values of the intrinsic self-diffusion coefficients 
available from literature, and then correctly apply 
the equations describing the loop shrinkage by 
absorption of point defects from the specimen 
surface. 

Whenever self-diffusion studies are performed 
by this technique, successive TEM observations are 
generally made on the same foil by following the 
decrease in diameter of the same dislocation loops 
after a few heat treatments, so that the climb 
process is not appreciably influenced by chemical 
stresses resulting from point defect supersaturation 
[17]. These in fact can be neglected in a thin foil, 
where the two surfaces act as very effective 
sources or sinks of point defects. 

In our case, due to the impossibility of 
irradiating the specimens already thinned for TEM 
observations, we tried to solve the problem related 
to the effects of chemical stresses, normally 
present in bulk materials, by generating a thin 
layer of dislocation loops very near to the wafer 
surface by low-energy ion implantation. 

In fact, as discussed in detail by Silcox and 
Whelan [17], when the effects due to local super- 
saturation of point defects are expected to be 
important, as in the case of bulk materials, the 
large loops grow at the expense of the small ones, 
which therefore disappear, giving rise to a lower 
concentration of larger loops. While the final state 
produced by annealing bulk material for a 
sufficiently long time should be the same as that 
of  the annealed thin foils (i.e. no loops), the 
detailed behaviour of loops, as they anneal out, 
will be different and will depend markedly on 
their proximity to point defect sources or sinks. 
Therefore, loops very near to the surface are 
expected to shrink in the same way as in a thin 
foil. 

Our TEM observations have shown that 
chemical stresses could indeed be neglected, so 
that our attention was confined to larger loops 
for convenience. 

The prismatic loops studied in this investigation 
have been found to be extrinsic in character, so 

that they shrink either by diffusion of interstitial 
atoms from the loop to the surface or by diffusion 
of vacancies from the surface to the loop, the 
nature of the diffusing species being governed by 
the self-diffusion mechanism. This mechanism in 
silicon is still not well understood, despite several 
studies of the subject. However, a simple mono- 
vacancy mechanism is generally assumed [18-21] ,  
even if a divacancy mechanism is also considered 
as being very probable [22]. 

If vacancies are the mobile species, then the 
rate of shrinkage of a prismatic loop of radius r is 
given by 

d r  
dt fvb in (L/b) 1 -- , (1) 

where 

Ds = Dos exp (--E/kT) (2) 

is the coefficient of self-diffusion in intrinsic 
material, f,, is the correlation factor (equal to 0.5 
for monovacancy diffusion in the diamond cubic 
lattice [23]), b is the modulus of the Burgers 
vector of the loop, L is the distance of the loop 
from the surface, CL is the vacancy concentration 
in equilibrium with the loop and Co is the equili- 
brium vacancy concentration. 

Following the procedures of Silcox and Whelan 
[17] and Sanders and Dobson [12] and integrating 
Equation 1, we obtain the expression 

(rE -- r 2) + 2ab(ro -- r) 2~raDs - t ,  ( 3 )  
fv in (L/b) 

where ro is the initial radius of the loop, r is the 
loop radius at time t, a is a ~emperature-dependent 
parameter, which for silicon we have calculated as 
8 x l0 s T -1"27, and t is the time during which 
shrinkage occurs. 

From TEM observations the mean values of 
ro (5.15 -+ 0.55 x 10 .6 cm),r and L (--~ 6 x 10 -6 cm) 
have been determined, together with the value of 
b, which for perfect dislocations in silicon is 
3.84 x 10 -s cm. 

Fig. 2 and Table I show the decrease of loop 
radius with increasing current density, I ,  of the 
electron beam. It can be observed that r remains 
constant up to 0.52 A cm -2, after which it exper- 
iences an abrupt shrinkage and at 0.91 A cm -2 no 
loop has been detected by TEM. It is important to 
point out, as will be seen later on, that in corre- 
spondence with the current density value of 
1.04Acre -2, incipient surface melting of the 
wafers was observed during irradiation. 
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Figure 2 Decrease in the loop radius r as a function of the 
beam current density. 

The decrease of the loop radius shown in Fig. 2 

was found to be well represented by an expression 
of the type 

rg --  r z = A exp (-- B / I ) ,  (4) 

where A = 3.08 x 10 -7 cm 2 andB = 7A1 cm2A -1. 

Assuming that Equation 4 is valid over all the 
range of current densities, it is possible to obtain, 
for each value of I,  the value of (r~ --  r 2) and then 

of (ro --  r). 
Fig. 3 and Table II show the result of this 

fitting procedure in the range 0 . 5 2 A c m  -2, at 

which the loops start to decrease, to 1.04A cm -2, 
where incipient surface melting was observed. The 

dashed segment between 0.78 and 1 .04Acm -2 

represents extrapolated negative values of r. 
At this point,  the solution of Equation 3, that 

is, the evaluation of the temperature T (present 
in Equation 2 and in the term a) as a function of 
the current density 1, requires the determination 
of t. This can be done by taking the value of 
I =  1.04Acre -2, which gave rise to incipient 

surface melting, as a calibration point. Since 
the melting temperature of silicon is known 

(Tin = 1683 K), from the extrapolated values of 

TABLE I Values of the loop radius observed after 
irradiation at different current densities 

I (Acm -~) r X 10 6 (cm) 

0.260 5.10 -+ 55 
0.390 5.20 -+ 55 
0.520 5.15 -+ 55 
0.650 4.80 -+ 45 
0.715 4.15 -+ 42 
0.780 1.80 -+ 35 
0.910 
1.040 melting 
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Figure 3 Calculated fit of the curve of Fig. 2. The broken 
segment of the straight line represents extrapolated values 
of negative r. 

(rg - r  ~) and (ro - r )  it is possible to deduce the 
value of t, and, in the hypothesis that the electron- 
beam irradiations are isochronal heat treatments, 

the function T against 1 can finally be obtained. 
As has already been pointed out, several authors 

[12-16]  have experimentally determined the 
intrinsic self-diffusion coefficient of silicon in 
different ranges of temperature (Fig. 4) and a 
certain spread in the values of both the pre- 
exponential factor Dos and the activation energy 

TABLE II Values of (r0 2 - r  2) and ( ro- - r )  obtained 
from Equation 4 (see text) 

= --r  2 (cm 2) r o - - r  (cm) I (Acm -z) r o 

0.520 1.97 X 10 -13 1.92 X 10 -8 
0.650 3.42 X 10 -12 3.43 X 10 -7 
0.715 9.66 X 10 -12 1.04 X 10 -~ 
0.780 2.28 X 10 -n 3.22 X 10 -s 
0.910 8.86 X 10 -n 1.30 X 10 -s 
1.040 2.47 X 10 -~~ 2.00 X 10 -s 
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Figure 4 Temperature dependence of the self-diffusion 
coefficients of intrinsic silicon. 

E results from their original papers. This spread 
will of  course affect the value of  t and conse- 
quently the trend of  T against 1. The complete 
outline is summarized in Table III, where a mean 
deviation in T of  about 3 0 K  between 1300 and 
1700 K is evident in the range of  current densities 
we have considered. 

It should be emphasized that the temperature 
data of  Table III  have been obtained by extra- 
polating some of  the self-diffusion coefficients at 

values of  temperature different from those at 
which they have been determined.  This can be 
done only in the case of  no curvature of  the 
Arrhenius plot  of  Fig. 4, as the experimental  
work by Kalinowski and Seguin [16] and the 
theoretical considerations by  Bourgoin and Lannoo 

[21 ] seem to demonstrate.  

3.2. Optical pyromotrg  measurements 
Since, unlike the dislocation-loop annealing tech- 
nique, optical pyrometry  is routinely used for 
temperature determinations, here we only recall 
some of  its fundamental  aspects. As has already 
been pointed out, the pyrometric  measurements 
were made on the wafers (Region P o f  Fig. 1), 
travelling under the scanning electron beam at a 
speed of  1 cm sec -1 , at the wavelength of  0.65 #m. 
The temperature data were corrected for the silicon 
emissivity and after that the absorption of  the lead 
glass window of the electron gun was taken into 
account (7%). Due to the relatively low tempera- 
tures involved, it was possible to use, instead of  
the Planck equation, a very. good approximation 
represented by  the Wien expression 

1 1 X 
- in  ex ,  (5 )  

T Tp C2 

where T is the true temperature,  Tp is the pyro- 
metric temperature,  ~, is the wavelength at which 
the measurements are made, C2 is the second 
radiation constant (=  1.438 cm degree) and ex is 
the emissivity of  the target. 

Unfortunately,  only extremely limited studies 
on the silicon emissivity at high temperature have 
been made [24] and these cannot be considered 
to be highly accurate due to difficulties of  exper- 

T A B L E I II  Rise of the surface temperature of silicon with increasing current density deduced by inserting in 
Equation 3 the values of D o s and E available from the literature. The t values corresponding to the different D s are 
also reported 

Sanders, Kalinowski, Masters, 
Dobson Seguin Ghoshtagore Peart Fairfield 

Do s ( cm-2 sec-I ) 5.8 
E (eV) 4.1 
t (sec) 0.70 

I (A r -2) T (K) 

154 1200 1800 9000 
4.65 4.73 4.77 5.13 
1.17 0.26 0.23 0.55 

T (K) T (K) T (K) T.(K) 

0.520 1339 
0.650 1459 
0.715 1510 
0.780 1559 
0.910 1634 
1.040 1683 

1373 1377 1379 1397 
1483 1486 1488 1500 
1529 1531 1533 1542 
1573 1574 1576 1583 
1640 1640 1641 1644 
1683 1683 1683 1683 
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TABLE I V  Surface temperatures of silicon at increas- 
ing current densities, obtained by optical pyrometry. 
T are the values of Tp after correction for silicon emissivity 

I (Acm -2) Tp (K) T (K) 

0.520 1306 1362 
0.650 1388 1451 
0.715 1438 1506 
0.780 1484 1556 
0.910 1541 1619 
1.040 1601 1685 

imental nature. Therefore, according to other 
authors [8, 25], a value of 0.5 has been used for 
ex which, on the other hand, is in agreement with 
the mean value which can be deduced from the 
results given by Allen [24]. The corrected tem- 
perature data, obtained for current densities of 
the electron beam between 0.52 and 1104 Acm -2, 
are reported in Table IV. The accuracy of these 
values is mainly related to the uncertainty in the 
silicon emissivity: it is significant, however, that 
Equation 5 shows a logarithmic dependence on ca. 
So, an error of about + 15% in 60.65 (reasonable 
in the case of silicon) results in a corresponding 
error of about + 15Kin  the range 1300 to 1700K. 
This mean deviation is comparable with that 
derived from the uncertainty in the silicon self- 
diffusion coefficient. 

4. Discussion and conclusions 
The results reported in this paper suggest that it 
is possible to obtain information on heating effects 
produced by electron-beam irradiation using 
experimental techniques of investigation. 

The temperature values as a function of the 
current density of the beam, obtained by apply- 
ing the climb equations to the loop shrinkage 
and by optical pyrometry, are in fact in good 
agreement, as shown in Fig. 5 where only the 
curves relative to the most different Ds have been 
reported for clarity. This result suggests that 
electron-beam irradiation can be considered as a 
very fast furnace annealing process, since heat 
treatment at 1300 ~ C for 0.26 sec gives rise to the 
same loop shrinkage as that produced by furnace 
annealing at 1000 ~ C for 15 rain. 

Since the purpose of this paper was to evaluate 
the surface temperature of irradiated silicon, no 
particular attention was given to the t values 
resulting from TEM observations. Anyway, on 
account of the experimental conditions of 
irradiation, the range 0.2 to 1.2 sec seems to be 
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Figure 5 Surface temperature of silicon as a function of 
the current density of the incident electron beam. 

reasonable and we do not feel able to indicate one 
value as being more reliable than another. 

In addition, it is to be pointed out that the 
curves of Fig. 5 are valid only in the case of the 
particular conditions we used for our experiments 
(diameter, frequency and pattern of scanning of 
the electron beam; thermal contact between sample 
and holder; speed of mechanical movement). 
Somewhat different shapes in the plot T against 1 
must in fact be expected for different irradiation 
conditions, even when the same electron gun is 
used. 

Finally, as our gun was not specifically planned 
for the kind of application presented here, the 
results we have obtained can be considered as very 
satisfactory. 
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