Photothermal radiometric investigation of implanted silicon: The influence
of dose and thermal annealing

Andreas Othonos, Constantinos Christofides,? and Andreas Mandelis®
Department of Natural Sciences, Faculty of Pure and Applied Sciences, University of Cyprus,
P.O. Box 537, 1678 Nicosia, Cyprus

(Received 12 April 1996; accepted for publication 29 May 1996

Photothermal radiometric measurements were performed on phosphorus implanted and annealed
silicon wafers. Data were collected over modulation frequencies ranging between 0.1 and 100 kHz
with the 488 nm Ar ion laser line as the excitation source. The sensitivity of this technique on
implantation dose and annealing temperature is discussed. A semiquantitative analysis of the data is
also carried out. ©1996 American Institute of PhysidsS0003-695(96)04432-4

lon implantation is a key technological process in mod-with phosphorus at various dosésat 150 keV(W1-W6, see
ern microelectronics which was introduced as an alternativelescription in Fig. L The phosphorus ion implantation was
to diffusion for the semiconductor doping procéssHow-  performed through a thin oxide layer at room temperature.
ever, some disadvantages result from ion implantation sucBome samples were then annealed isochronallylft at
as damage into the semiconductor due to the energetic chararious temperatures ranging from 300 to 1100 °C nai
acter of the process. The consequence of this bombardmentosphere. After annealing, the oxide overlayer was etched
is the amorphization of the semiconductor surface and thaway and the samples were used for the experiments. The
presence of electrical defects such as interstitials, dislocesame series of samples has been used for PMTR measure-
tions, grain boundaries, or inhomogeneitiésTherefore, ion  ments by Seas and Christofidés.
implantation has to be followed by an annealing process in  Figure 1 presents the variation of the PTR signal ampli-
order for the semiconductor to recover its crystallinity andtude as a function of the modulation frequency for various
for the doping impurity to become active. implantation dose¢samples: W1-Wpfor the non-annealed

Since the mid-1980’s various photothermal techniquesamples. We generally note a decrease of the PTR amplitude
have been developed for the characterization of implante¢especially at low frequencigsvith increasing implantation
materials’ The non-contact character of the thermal wavedose. The trend, however, is not monotonic, especially for
techniques makes them particularly attractive for nondestrugsamples W4-W6. Similar phenomena were also observed in
tive evaluation(NDE) of materials*® Photothermal radiom- the past by Shearelt al>® To understand this behavior we
etry (PTR), which allows the measurements of the optically can use the simple relation given by Sheatdl™*
induced emission of blackbody radiation at the surface of a
semiconductof;?is a powerful technique for the character- 7o(1-R)
ization of implanted wafers. It was found that the residual ~ Aq={————, ()

. . . . vo(Do+5s)

damage in the lattice reduces the photothermal radiometric
signal level from the sample under certain conditions. With
this technique one can deduce information concerning théd is the PTR signaly is the photocarrier generation effi-
amorphization level of the implanted layer through the band€iency, andR is the surface reflectivityt, is the beam in-
to-band and/or band-to-impurity level recombination timetensity;hv is the photon energys is the surface recombina-
and the surface recombination velocity. A significant advan-
tage of PTR of semiconductors over pump/probe photo-

modulated thermoreflectancé®MTR) detection® is the Nor-annesled samples
observatioh' that, with relatively low impurity concentra- e g e
. . . . : —a— W3 5x10™ (P*/om’
tions, the PTR §|gnal is §trongly domlnateq by.the dynamics e e )
of the photoexcited carrier plasma recombination. 107 4 - o W5 5x10°° (P

—— W6 : 1x10” (P'/em®)

In this letter we present experimental results on the in-
fluence of implantation dose on the PTR signal, as well as
the influence of the annealing temperature. All photothermal
radiometric measurements in this work have been obtained
using apparatus similar to the one employed in the pdst.
Experimental data obtained from PTR measurements on
phosphorus implanted silicon are presented. Silicon wafers,
lightly doped with boron f~20-25( cm), were implanted 102
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tion velocity; D is the ambipolar diffusion coefficient; and

Annealed at 1100 °C

o is the complex plasma-wave propagation coefficient given 10" (Pl
by : 1x1o:: (P:/cmz)
1 5X10™ (P'/om”)
6 :1X10™ (P'/em?)
: : 'S (P*rem?
o= 1 + J wT (2) S :i’é:gw EP'/ng;
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with w being the angular modulation frequency andhe £
carrier recombination lifetime. Taking logarithms we obtain £
1+jorT B
logidAd(w)[*A~logig | ———|(1+U)], 3)
whereU is given by s
108 16‘ 10%
U ST (4) Frequency {(Hz)
Lev 1+jorT) FIG. 2. Photothermal radiometric amplitude vs modulation frequency for

A is a normalization constant anq} is the injected carrier highly annealed1100 °Q samples implanted at the various doses of Table

diffusion length,L,=D7. In general, in the case of im-

planted siliconJ can be ignored for the working modulation

frequencies 0.1-100 kHz utilized in the present experimentdiude for the highest annealed samples W1-&HO0 °Q as a
work: U was calculated for pure siliconr€4x10°% s,  function of the modulation frequency for various implanta-
s=10 cm/s, andD =18 cnf/s)*® and for highly implanted tion doses. The signal is almost one order of magnitude
and amorphous silicon=1x108 s, s=10* cm/s, and higher than that obtained from the non-annealed samples.
D=1 cnf/s)* Thus, at low frequencieswr<1, and Again, this can be explained by the fact that in the annealed
the above relation becomes equaltte- log;,7, independent samples the plasma-wave mechanisms is partially or totally
of w for both cases. From this relation it is now obvious restored, which leads to higher signals. In this case the
that at low frequencies an increasemofeads to an increase slightly implanted wafers W1-W2 exhibit the independence
of the photothermal radiometric signal. On the other hand afrom the modulation frequency fdr<5x10* Hz, expected
high frequencies wherewr>1, Eq. (3) approaches from low-frequency plasma waves, E), with a similar
A+log,o(j w+ 1/7+ (s/D)/(1/7) +jw). For long recombi- downturn rate at higher frequencies signifying similar values
nation lifetimes, so thawr>1, this expression approxi- of the parametes/\/D. On the other hand the annealing of
mately become#\+10g;o(j @+ (s/vD)jw). The slope of the more heavily implanted wafers W3-W6 was incomplete,
the curve is determined by the material parameter rati@s they still exhibit a thermal-wave decay envelope through-
s/\/D. For shortr, so thatwr<1, the foregoing expression out the entire frequency range. The high-frequency downturn
becomesA+log,o(1/7+5s/L,), independent ofv. These re-  signifies similar values fos/\D for their group. In both
marks explain the PTR signal amplitude decrease with inFigs. 1 and 2 we note that for each frequency the PTR signal
creasing implantation dose, as the results of a decrease of tieé wafer W6 is lower than the one of wafer W5 which was
carrier lifetime. Furthermore, in Fig. 1 one can distinguishimplanted at a lower dose. This is due to self-annealing, as
two groups of curves: one group which contains the slightlywas recently reportetf:*°

implanted wafers(W1l and W2 and another group with Figure 3 presents the PTR signal amplitude as a function
heavier implantation around the critical amorphization dose

(W3-W6). The foregoing discussion also indicates that the

10!

carrier surface recombination velocities and electronic diffu- o -
sivities are similar for wafers W1 and W2 wheser=1 is _ W
expected. On the other hand it is expected thai 1 for the e b

wafers W3-W6, yielding high-frequency slopes essentially - e S na

independent ofv. The frequency-dependent negative slopes
of the PTR amplitudes of Fig. 1 are due to the thermal-wave
component?® This component is additive to the plasma-wave
response and appears dominant at low frequencies in curves

W1 and W2, and at low frequencies in curves W3-W6, con- R

sistent with the increased degree of damage in the latter. The 2 sooe
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implantation-induced deterioration of the near-surface ther- Dol
mophysical properties of samples W5, W6 appears to be se- —s too‘’c

102

vere, resulting in the localization of the thermal-wave cen- 10 % A 105

troid and an increase in the PTR signal, due to poor heat Frequency (Hz)

conduction to the substrate. This reverses the amplituele _ _ _ _

thermal-wave intensily trend in W5, W6 compared to FIG. 3. Photothermal radiometric amplltudes_vs modulation frequency for
W6-type samples of Table | annealed at various temperatures. Inset: PTR

samples W3 and W4. o _ “signal amplitude vs frequency for the silicon substrate and two implanted
Figure 2 presents the variation of the PTR signal amplisamples.
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4 ther annealing at higher temperatures results in the disap-
pearance of dislocations and the PTR signal amplitude in-
creases again.

In conclusion, we have shown that the photothermal ra-
diometric technique is a useful and sensitive NDE technique
for studying the influence of ion implantation dose as well as
the subsequent thermal annealing process of implanted wa-
fers through the relative interplay between plasma and ther-
mal wave mechanisms. In view of this conclusion, it is also
important to put in perspective the sensitivity of this tech-
nigue in comparison with other semiconductor characteriza-
/\_/ tion methods: We performed Raman spectrosc8p§ pho-

0 — - — — toluminescence measureméntsas well as photothermal

0 20 roncaiod Tompmure () 1000 reflectance measurements on the same series of satfples.
Comparison of the PTR results with the data obtained with

FIG. 4. Photothermal radiometric vs annealing temperature for Wé-typdhose previously used techniques showed superiority of the

samples implanted at410'® P*/cn? for various modulation frequencies sensitivity of the radiometric technique toward monitoring

between 100 Hz and 1 MHz. implantation defects including residual damage. A quantita-

tive analysis of the foregoing comparisons will be submitted

of modulation frequency for the W6 series samples. Thidor publication in the near future.
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